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Purpose: To investigate the role of the CD40-CD40 ligand (CD40L) pathway in the regulation of Th1, Th17, and regulatory T (Treg)- 
cell responses in an elastin peptide (EP)-induced autoimmune emphysema mouse model.
Methods: BALB/c mice were transnasally treated with EP on day 0, injected intravenously with anti-CD40 antibody via the tail vein 
on day 33, and sacrificed on day 40. The severity of emphysema was evaluated by determining the mean linear intercept (MLI) and 
destructive index (DI) from lung sections. The proportions of myeloid dendritic cells (mDCs) and Th1, Th17, and Treg cells in the 
blood, spleen, and lungs were determined via flow cytometry. The levels of the cytokines interleukin (IL)-6, IL-17, interferon (IFN)-γ, 
and transforming growth factor (TGF)-β were detected via enzyme-linked immunosorbent assay. Ifnγ, IL17a, Rorγt and Foxp3 
transcription levels were detected via polymerase chain reaction.
Results: CD40+ mDCs accumulated in the lungs of EP-stimulated mice. Blocking the CD40-CD40L pathway with an anti-CD40 
antibody alleviated Th1 and Th17 responses; increased the proportion of Treg cells; decreased MLI and DI; reduced the levels of 
cytokines IL-6, IL-17, and IFN-γ as well as the transcription levels of Ifnγ, IL17a, and Rorγt; and upregulated the expression of TGF-β 
and Foxp3.
Conclusion: The CD40-CD40L pathway could play a critical role in Th1, Th17 and Treg cell dysregulation in EP-mediated 
emphysema and could be a potential therapeutic target.
Keywords: elastin peptide, dendritic cell, Cluster of Differentiation 40, CD40, Th cell, emphysema

Introduction
Chronic obstructive pulmonary disease (COPD) is a heterogeneous lung condition characterized by persistent respiratory 
symptoms and incompletely reversible airflow limitation due to airway abnormalities1. COPD affects more than 
300 million people and has become the third major cause of death globally.2 However, current treatment modalities 
for COPD lack effectiveness and are less ineffective in controlling airway inflammation and halting the decline in lung 
function. Thus, more effective treatment modalities and targets need to be identified.

The two traditional clinical phenotypes of COPD are emphysema and chronic bronchitis. Emphysema, which is 
characterized by abnormal and permanent expansion of distal airspaces and destruction of alveolar walls, is a major patho-
logical feature of COPD.3 As the most important risk factors for COPD, cigarette smoke exposure can cause direct 
structural damage to the alveoli and epithelial cells in the airways.4 In addition, cigarette smoke exposure can also trigger 
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the activation of innate and adaptive immune cells in the lungs, which results in persistent amplifying inflammation and 
contributes to the destruction of the lung parenchyma.5 The activation and dysregulation of adaptive immune cells results 
in irreversible airway inflammation and emphysema in patients with COPD and experimental animal models.6,7 Notably, 
chronic cigarette smoke exposure induces the release of damage-associated molecular patterns (DAMPs), such as lung 
elastin fragments, which can promote autoimmunity and become involved in COPD pathogenesis.8–11

Elastin peptide (EP), which is produced by neutrophil and macrophage elastase in lung tissue through the decom-
position of elastin fibers, accumulates significantly in the lungs of patients with COPD and healthy smokers.12,13 

Hexapeptides with a VGVAPG structure have the broadest range of biological activity.14 The amount of EP positively 
correlates with the severity of emphysema and even predicts poor outcomes in COPD.12,15 EP can not only cause 
emphysema-related changes in the lungs, but also promote dysregulation of adaptive immune cells in the airway and 
even airflow limitations, making it an ideal agent for inducing COPD in animals.5,11,14,16,17

The interaction between EP and the elastin receptor S-gal could be one of the mechanisms by which EP promotes 
T-cell activation,18 but the mechanisms for regulating T-cell differentiation remain unclear. It has been reported that the 
CD40-CD40 ligand (CD40L) costimulatory signaling pathway plays a critical role in myeloid dendritic cell (mDC)- 
dependent activation of Th-cell immunity and in the development of smoking-associated COPD/emphysema.19,20 The 
CD40 receptor on the surface of DCs binds with CD40L on the surface of T cells and then regulates Th cell activation 
and differentiation.21 CD40 plays a crucial role in promoting the polarization of Th17 cells.22,23 However, whether the 
CD40-CD40L axis could serve as a therapeutic target in EP-induced emphysema is unclear.

In this study, we used the anti-CD40 antibody HM40-3 to competitively inhibit the interaction between CD40 and 
CD40L in EP-induced emphysema mice and observed Th1, Th17, and Treg cell responses. This study aimed to further 
investigate the autoimmunity mechanisms of EP-mediated emphysema.

Materials and Methods
Animals and Ethics
BALB/c mice (6–8 weeks of age) weighing 18–22 g were purchased from the Guangxi Medical University Laboratory 
Animal Center (Nanning, China). All mice were housed in standard laboratory cages with free access to clean food and 
water with a 12-h light-dark cycle. They were randomly divided into three groups, namely, the control group, EP group, 
and EP+anti-CD40 group, with eight mice per group, as described below. All experimental protocols were approved by 
the Animal Research Care Committee for Animal Studies of Guangxi Medical University, China. Animal ethics review 
followed the Guiding Opinions on the Treatment of Laboratory Animals issued by the Ministry of Science and 
Technology of the People’s Republic of China and the Laboratory Animal Guideline for Ethical Review of Animal 
Welfare issued by the National Standard of the People’s Republic of China (GB/T35892-2018).

EP-Induced Emphysema Models and CD40 Blockade
EP (VGVAPG, Cat#GPS2957, Genepep, Prades-le-Lez, Paris, France) powder was dissolved in deionized water 
following the manufacturer’s instructions and then diluted in phosphate-buffered saline (PBS, Cat#10010023, 
Thermo Fisher Scientific, Massachusetts, USA) before use. According to a method described previously with minor 
adjustments,20 mice in the EP group and the EP+anti-CD40 group received intranasal instillations of EP suspensions 
(20 μg EP/50 μL PBS) after appropriate sedation on day 0. On day 33, the mice in the EP+anti-CD40 group were 
injected with anti-CD40 antibody (0.25 mL, 1 mg/mL, HM40-3, Cat#553721, BD Pharmingen, Franklin Lakes, NJ, 
USA) via the tail vein, while mice in the EP group were injected with an identical volume of PBS. Mice not receiving 
EP treatment that received an equal volume of PBS without EP via the tail vein were used as the control group. On day 
40, all mice were anesthetized with 10% chloral hydrate (0.3 mL/100 g) and sacrificed. Blood was sampled from the 
posterior orbital vein after anesthesia. Peripheral blood mononuclear cells were isolated using Ficoll-Hypaque 
(Cat#P8620, Solarbio, Beijing, China) gradient centrifugation, as previously described.24 All animal experiments 
were replicated three times.
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Single-Cell Suspension Processing
The spleens were chopped as finely as possible, dissolved as single-cell suspensions and filtered through a nylon mesh. 
Then, these cell suspensions were collected and centrifuged (300×g, 10 min). The supernatants were discarded, and the 
residual erythrocytes in the cell pellets were lysed for 5 min using 3 mL of RBC lysis buffer (Cat#R1010, Solarbio) at 
room temperature, preferably in the dark. Finally, the cells were washed twice with PBS by centrifugation.

Lung single-cell suspensions were obtained as described previously.17 Briefly, the lungs were cleaned with PBS, and 
PBS was flushed through the right ventricle. The lungs were then thoroughly chopped and digested at 37°C in RPMI 
1640 medium (Cat#11875093, Gibco, Thermo Fisher Scientific, Massachusetts, USA) with 1 mg/mL type IV collagenase 
(Cat#C4-BIOC, Sigma–Aldrich, St. Louis, MO, USA) for 30–45 min. Next, the lung suspensions were ground with 
a syringe plunger and filtered through a strainer. The cell suspension was washed with PBS.

Histology
The left lung of each mouse was fixed with 10% formalin, embedded in paraffin, sectioned at a thickness of 5 μm, stained 
with hematoxylin-eosin (H&E), and analyzed histologically. We quantified the severity of emphysema by calculating the 
mean linear intercept (MLI) and destructive index (DI) as previously described.25,26 For each mouse, ten different regions 
were randomly collected from lung sections. Two investigators blinded to the specific groups measured and calculated 
the MLI and DI independently.

Bronchoalveolar Lavage Fluid Collection
For bronchoalveolar lavage fluid (BALF) collection, mice were first anesthetized, and then a tracheal cannula for PBS 
installation and recovery was inserted four times (0.25 mL each time). The collected liquid was centrifuged (300×g, 10 
min). The supernatants were aspirated and stored at −80°C before use in enzyme-linked immunosorbent assays (ELISAs).

Flow Cytometry
The proportions of mDCs and Th1, Th17, and Treg cells from the blood, spleen, and lungs were determined via flow 
cytometry using the flow antibodies against the following molecules: CD11c (FITC; Cat#11-0114-82, eBioscience, San 
Diego, CA, USA), MHC-II (2 mg/mL, PerCP-eFluor® 710; Cat#46-5321-82, eBioscience), CD40 (PE; Cat#553791, BD 
Pharmingen, San Diego, CA, USA), CD4 (PerCP; Cat#553052, BD Pharmingen), CD25 (PE; Cat#MA5-17495, 
eBioscience), FOXP3 (APC; Cat#17-5773-82, eBioscience), interferon (IFN)-γ (APC; Cat#554413, BD Pharmingen), 
and interleukin (IL)-17A (PE; Cat#559502, BD Pharmingen). Appropriate isotype controls were used for each antibody. 
The cell surface markers were stained in the dark at 4°C for 30 min. For intracellular detection of IFN-γ and IL17, cells 
were stimulated with phorbol-myristate-acetate (25 ng/mL; Cat# P1585, Sigma–Aldrich) and ionomycin (1 μg/mL; 
Cat#407951, Sigma–Aldrich) in the presence of GolgiStop (containing monensin, Cat#554724, BD Pharmingen) for 4 
h at 37°C in 5% CO2 before labeling. After surface staining, cells were fixed/infiltrated in a fixation/infiltration solution 
(Cytofix/Cytoperm™; Cat#554722, BD Pharmingen) according to the manufacturer’s instructions and dyed with APC- 
IFN-γ and PE-IL-17A (4°C, 30 min). Cells were then cleaned with buffer (Cat#554723, BD Pharmingen) and resus-
pended in PBS for flow cytometry analysis. To detect the transcription factor FOXP3, cells were fixed/infiltrated using 
the Foxp3/Transcription Factor Staining Buffer Set Kit (Cat#00-5523-00, eBioscience) after staining with PerCP-CD4 
and PE-CD25. The cells were then stained with APC-FOXP3 for 30 min at 4°C. Flow cytometry was performed using 
a BD FACS Canto II (BD Biosciences, Franklin Lakes, NJ, USA). Data were analyzed using FlowJo 7.6 software.

Real-Time Quantitative Polymerase Chain Reaction (PCR)
Total RNA was obtained from lung tissue using TRIzol reagent according to the manufacturer’s instructions (Cat#9108, 
Takara, Dalian, China). The quality and quantity of total RNA were analyzed using a spectrophotometer (NanoDrop2000, 
Thermo Fisher Scientific, Waltham, MA, USA). Complementary DNA (cDNA) was transcribed from total RNA using 
a PrimeScript RT reagent kit with gDNA Eraser following the manufacturer’s protocol (Cat#RR047Q, Takara, Dalian, 
China). Real-time PCR was conducted using SYBR® Premix Ex Taq™ II (Cat#RR820A, Takara) in a typical 20-μL PCR 
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mixture that included 10 μL of SYBR® Premix Ex Taq™ II, 0.8 μL of each PCR primer, 2 μL of template cDNA, 0.4 μL 
of ROX reference dye, and 6 μL of ddH2O. The cycling conditions were as follows: 95°C for 30s, followed by 40 cycles 
at 95°C for 5 s and 60°C for 30s. All samples were run on the ABI 7500 Real-Time PCR System (Applied Biosystems, 
Foster City, CA, USA). The following primers were used: β-actin forward, 5ʹ-CATCCGTAAAGACCTCTATGCCAAC 
-3ʹ; β-actin reverse, 5ʹ-ATGGAGCCACCGATCCACA-3ʹ; Rorγt forward, 5ʹ-GCTCCATATTTGACTTTTCCCACT-3ʹ; 
Rorγt reverse, 5ʹ-GATGTTCCACTCTCCTCTTCTCTTG-3ʹ; Ifn-γ forward, 5ʹ-AGGAACTGGCAAAAGGATGGT-3ʹ; 
Ifn-γ reverse, 5ʹ-ACGCTTATGTTGTTGCTGATGG-3ʹ; Foxp3 forward, 5ʹ-AGTGCCTGTGTCCTCAATGGT-3ʹ, Foxp3 
reverse, 5ʹ-AGGGCCAGCATAGGTGCAAG-3ʹ. Relative gene expression was calculated using the 2−∆∆Ct method.

Cytokine Detection
For cytokine detection, the concentrations of IFN-γ, IL-17, IL-6, and transforming growth factor (TGF)-β in BALF were 
measured using ELISA kits (Cat#CSB-E04578m, Cat#CSB-E04608m, Cat#CSB-E04639m, Cat#CSB-E04726m, 
Cusabio, Wuhan, China) according to the manufacturer’s protocols. All samples were assayed in duplicate.

Statistical Analysis
Data are expressed as the mean ± standard deviation. According to whether the data were normally distributed, 
differences between groups were compared using parametric one-way ANOVA or nonparametric Kruskal–Wallis tests 
with Bonferroni adjustment. All statistical analyses were performed using SPSS version 16.0 Statistical Software 
(Chicago, IL, USA); P < 0.05 was considered statistically significant.

Results
Blocking CD40 Attenuates EP-Induced Emphysema in Mice
We have shown that EP promotes emphysema in a previous study.17 In this study, the MLI value was significantly higher in 
the EP group than in the control group (26.26 ± 2.49 μm vs 18.58 ± 1.66 μm, P < 0.001; Figure 1A and B). The DI in the 
EP group was also significantly higher than that in the control group (75.88 ± 4.93% vs 51.88 ± 7.68%, P < 0.001; 
Figure 1C). In contrast, after anti-CD40 treatment, the MLI in the EP+anti-CD40 group was lower than that in the EP group 
(18.69 ± 1.66 μm vs 26.26 ± 2.49 μm, P < 0.001; Figure 1A and B). Compared with the EP group, the DI in the EP+anti- 
CD40 group was also lower (63.95 ± 6.51% vs 75.88 ± 4.93%, P =0.004; Figure 1C).

Anti-CD40 Antibody Decreases the Expression of CD40 on mDCs in EP-Treated 
Mice
Compared with the control group, the EP group showed increased proportions of mDCs in the spleen (0.93 ± 0.28% vs 
0.46 ± 0.13%, P < 0.001) and lung (0.92 ± 0.38% vs 0.40 ± 0.14%, P = 0.021) (Figure 2A and B). The proportion of mDCs in 
the spleen of mice in the EP+anti-CD40 group showed no significant differences from that in the EP group (0.99 ± 0.21% vs 
0.93 ± 0.28%, P > 0.999). The proportion of mDCs in the lungs of the EP+anti-CD40 group (3.70 ± 0.44%) was higher than 
that of the control group (0.40 ± 0.14%, P < 0.001) and EP group (0.92 ± 0.38%, P < 0.001) (Figure 2B).

Next, we evaluated the expression of CD40 on mDCs in the lungs and spleen. The proportion of CD40 in the EP 
group was significantly higher than that in the spleens and lungs of the control group (26.24 ± 5.71% vs 10.21 ± 5.05%, 
30.15 ± 7.33% vs 14.27 ± 2.63%, both P < 0.001; Figure 3A and B). After blocking with anti-CD40 antibody, the 
proportion of CD40 decreased in the spleens and lungs of mice in the EP+anti-CD40 group (11.75 ± 6.64% vs 
26.24 ± 5.71%, 14.55 ± 3.90% vs 30.15 ± 7.33%, both P < 0.001; Figure 3A and B). The results of the geometric 
fluorescence intensity of CD40 showed the same trend as those of CD40 proportions (Figure 3C).

Blocking CD40 Decreases EP-Induced Pulmonary and Systemic Th1 and Th17 Cell 
Responses and Promotes Treg Cell Expansion
We previously found that EP triggers Th1 and Th17 cell responses and suppresses Treg cells.17 To further investigate 
whether the CD40-CD40L pathway plays a critical role in Th17/Treg- and Th1-related cell responses in EP-treated mice, 
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we measured the proportions of Th1, Th17, and Treg cells in EP-treated mice injected with the anti-CD40 antibody. As 
expected, Th1 and Th17 cell proportions in the blood, spleen, and lungs were significantly lower in the EP+anti-CD40 
group than in the EP group (all P < 0.05; Figure 4A–D). In addition, Treg cells were significantly more abundant in the 
blood, spleen, and lungs of mice in the EP+anti-CD40 group than in the EP group (all P < 0.001; Figure 5A and B). The 
mRNA levels of Ifn-γ, Rorγt, and Foxp3 were in line with the trends of Th1, Th17, and Treg proportions, respectively 
(Figure 6A–C).

Additionally, the levels of IL-6, IL-17, and IFN-γ were increased in the bronchoalveolar lavage fluid (BALF) of EP- 
exposed mice (Figure 7A–D). Compared with the EP group, the EP+anti-CD40 group showed significantly decreased 
levels of IL-6, IL-17, and IFN-γ (all P < 0.01; Figure 7A–C). In contrast, the level of TGF-β was markedly higher in the 
EP+anti-CD40 group than in the control and EP groups (all P < 0.001, Figure 7D).

Discussion
Adaptive immune dysregulation is one of the manifestations and mechanisms of COPD progression. Persistent immune 
inflammation leads to the remodeling and obstruction of small airways.27 The immune dysregulation of T cells in COPD 
is characterized by remarkable Th1-, Th17- and Tc1-cell responses and impaired function of Treg cells.28,29 CD4+ T-cell- 
mediated immune inflammation induced by EP synergistically strengthens the airway inflammatory response caused by 
smoking.17 We found that a single dose of 20 µg of VGVAPG promoted inflammatory Th1 and Th17 cell responses and 
reduced the number of Treg cells in the spleens and lungs of mice, leading to a systematic inflammatory response and 
immune dysregulation.17 The effect of EP is consistent with the immunologic changes associated with smoking-induced 
emphysema, such as an increased MLI; activation of DCs, Th1 cells, and Th17 cells; and suppression of Treg cells.18,30,31

Moreover, the proinflammatory effect of EP can be independent of cigarette smoke exposure.17,18 Herein, to rule out 
the effects of cigarette smoke on pulmonary immune cells, we used EP alone to induce the emphysema model. We found 
that EP exposure led to an accumulation of mDCs in the lungs with the upregulation of CD40 on mDCs, as well as an 

Figure 1 EP induces emphysema, and blocking the CD40-CD40L pathway reduces emphysema in mice. (A) Representative images of lung sections showing the pulmonary 
pathology of the control group, EP group, and EP+anti-CD40 group. Comparison of the lung (B) MLI and (C) DI among the three groups. Data are expressed as the mean ± 
standard deviation (n = 8 in each group). **P < 0.01, ***P < 0.001. 
Abbreviations: EP, elastin peptide; MLI, mean linear intercept; DI, destructive index.
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increase in Th1/Th17 cell responses and a decrease in Treg cells in mice. Blocking the CD40-CD40L pathway may 
alleviate Th1 and Th17 cell responses, increase Treg cell proportions, and alleviate the severity of emphysema. Our 
findings indicate that CD40-CD40L signaling could be one of the major pathways in the EP-triggered Th-cell response 
involved in the pathogenesis of EP-mediated emphysema.

CD40 expression is critical for the function of DCs, B cells, and monocytes. CD40 is upregulated when DCs are 
stimulated by microorganisms,21,32 Toll-like receptor ligands (eg, LPS),33 neutrophil extracellular traps,34 etc. DC 
activation plays a critical role in the initiation of the Th cell response.21 Herein, intravenous injection of an anti-CD40 
antibody blocked the interaction between CD40 and CD40L, resulting in a decrease in the proportions of Th1 and Th17 
cells and an increase in the proportion of Treg cells. Interestingly, blocking CD40 could promote the accumulation of 
mDCs in the lungs. A previous study showed that CD40 blockade could upregulate IL-4 produced by DCs.35 IL-4 can 

Figure 2 EP induces mDC expansion in mice. (A) Representative flow cytometric scatter plot of the proportions of mDCs in the spleen and lungs in the control group, EP 
group, and EP+anti-CD40 group. (B) Comparisons of the proportions of mDCs in the spleen and lungs among the three groups. Data are expressed as the mean ± standard 
deviation (n = 8 in each group). *P < 0.05, ***P < 0.001. 
Abbreviation: mDCs, myeloid dendritic cells.
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promote the expression of MHC-II and lead to an increasing number of CD11c+MHC-II+ mDCs. This may be the reason 
for the increased proportion of mDCs in the EP+anti-CD40 group compared with the EP group in our study. Notably, 
in the absence of analyzing CD40 on other immune cells together, we cannot fully attribute the change in Th cells to 
CD40 on DCs in our study, but we did not find any published studies that reported that CD40 on macrophages, 
monocytes or neutrophils could regulate Th1 or Th17 cells in COPD/emphysema.

Th1 and Th17 cells are two important proinflammatory cell types involved in airway inflammation in COPD.7 It was 
reported that CD40-CD40L influences Th17 differentiation more than Th1 cell differentiation.21,23 However, herein, we 
found that CD40 blockade also reduced the proportions of Th1 cells and Th17 cells. Indeed, it is clear that CD40L 
crosslinking can activate T cells and induce the production of IFN-γ.21 Blocking the CD40-CD40L interaction between 
DCs and T cells can also prevent the priming of IFN-γ production by CD8+ cells.36 IFN-γ can activate macrophages and 
strongly upregulate matrix metalloproteinase (MMP)12, a potent elastolytic proteinase that functions in emphysema 
development.7 In addition, IFN-γ and tumor necrosis factor (TNF)-α secreted by Th1 cells can promote B-cell 
differentiation into plasma cells, which express autoreactive antibodies.7 Th17 cells have attracted large amount of 
attention in recent years. Activated Th17 cells mainly function by producing the inflammatory cytokine IL-17, which is 
regulated by the transcription factor peroxisome proliferator-activated receptor-γ (RORγt).37 IL-17 was found to be 

Figure 3 Effect of anti-CD40 antibody on CD40+ mDC expression. (A) Representative flow cytometric histogram of mDCs in the spleens and lungs of the control group, 
EP group, and EP+anti-CD40 group. (B) Comparisons of the proportions of CD40+ mDCs in the spleen and lungs among the three groups (n = 8 mice/group). (C) 
Comparisons of the GFI of CD40 in mDCs among the three groups. Data are expressed as the mean ± standard deviation (n = 8 in each group). *P < 0.05, **P < 0.01, 
***P < 0.001. 
Abbreviation: GFI, geometric fluorescence intensity.
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critical for neutrophil and macrophage accumulation in a COPD mouse model.38 In addition, IL-17 can regulate the 
expression of receptor activator of nuclear factor-kB ligand (RANKL) on B cells and DCs and is involved in lymphoid 
neogenesis in COPD.39 Undoubtedly, Th17 cells play a critical role in the pathogenesis of COPD. Nevertheless, anti- 
IL17A monoclonal antibodies failed to show good efficacy in a Phase II clinical trial of COPD.40 This suggests that we 
need to search for more potentially effective targets.

In this study, we found that the Treg cell proportion was decreased when lung inflammation persisted in mice with 
EP-induced emphysema. Treg cells are subsets of CD4+ T cells with immunoregulatory functions that can inhibit 
autoimmunity and inflammation.29 Treg cells can inhibit other T cells or antigen-presenting DCs via a contact- 
dependent mechanism, such as CTLA-4 and CD80 and/or CD86 coinhibitory function, or by producing anti- 
inflammatory cytokines, such as IL-10 and TGF-β.29 CD40 inhibition was found to attenuate allergic symptoms and 
increase the proportion of Foxp3+ Tregs in mice.41 In our previous study, an increase in the proportion of Treg cells was 
observed when treatment for emphysema was effective.17 Here, after blocking CD40, Treg accumulation was increased, 
which was in line with that but may have different mechanisms. Adoptive Treg cell transfer treatment is successful in 
some organ transplant rejection and autoimmune diseases but is seldom reported in studies on COPD/emphysema.42 We 

Figure 4 Blocking the CD40-CD40L pathway reduces EP-induced Th17 and Th1 cell responses in mice. (A) Gating strategy for Th1 and Th17 cells. Lymphocytes were 
identified based on FSC and SSC. Th1 cells were identified as CD4+IFN-γ+ cells, whereas Th17 cells were identified as CD4+IL-17+ cells. (B) Representative flow cytometry 
scatter plot of Th1 and Th17 cells in the spleens and lungs of the control group, EP group, and EP+anti-CD40 group. Comparisons of the proportions of (C) Th1 and (D) 
Th17 cells in the spleen and lungs among the three groups. Data are expressed as the mean ± standard deviation (n = 8 in each group). *P < 0.05, ***P < 0.001. 
Abbreviations: FSC, forward scatter; SSC, side scatter.
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believe that CD40 blockade may be an effective treatment to promote Foxp3+ Tregs and contribute to immune 
homeostasis.

This study has some limitations, including the lack of in vitro observations. Furthermore, we did not assess the 
proportions of other immune cells that expressed CD40. Further studies are needed to evaluate the effect of EP-induced 
emphysema on other immune cells (especially macrophages, monocytes and neutrophils). Despite these limitations, our 
study is valuable because, to our knowledge, this is the first report to identify CD40-CD40L as a regulator of the Th cell 

Figure 5 Blocking the CD40-CD40L pathway recovers Treg cells, which are depressed in EP-induced mice. (A) Representative flow cytometry scatter plot of Treg cells in 
the spleens and lungs of the control group, EP group, and EP+anti-CD40 group. (B) Comparisons of the proportions of CD4+CD25+FOXP3+ Treg cells in the spleen and 
lungs of the three groups. Data are expressed as the mean ± standard deviation (n = 8 in each group). *P < 0.05, **P < 0.01, ***P < 0.001.

International Journal of Chronic Obstructive Pulmonary Disease 2023:18                                                https://doi.org/10.2147/COPD.S428832                                                                                                                                                                                                                       

DovePress                                                                                                                       
2695

Dovepress                                                                                                                                                               Ma et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

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


Figure 6 Comparisons of the relative mRNA expression levels of (A) Ifn-γ, (B) Rorγt, and (C) Foxp3 in the spleens and lungs of the control group, EP group, and EP+anti- 
CD40 group. Data are expressed as the mean ± standard deviation (n = 8 in each group). *P < 0.05, **P < 0.01, ***P < 0.001.

Figure 7 Comparisons of the levels of IL-6, IL-17, IFN-γ, and TGF-β in BALF. BALF was obtained from mice in the three groups and examined using ELISA. Comparison of 
the concentrations of (A) IL-6, (B) IL-17, (C) IFN-γ, and (D) TGF-β in BALF among the three groups. Data are expressed as the mean ± standard deviation (n = 8 in each 
group). **P < 0.01, ***P < 0.001. 
Abbreviations: BALF, bronchoalveolar lavage fluid; ELISA, enzyme-linked immunosorbent assay.
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response in EP-induced emphysema. Moreover, our findings help provide a foundation for developing novel therapeutic 
modalities to regulate EP-triggered Th cell immune responses and airway inflammation in COPD.

Conclusion
In conclusion, blocking the CD40-CD40L pathway in vivo alleviated EP-triggered Th1 and Th17 cell responses, 
increased the proportion of Treg cells, and ultimately attenuated EP-induced emphysema. The levels of proinflammatory 
cytokines, such as IFN-γ, IL-6, and IL-17, were decreased in EP-exposed mice treated with the anti-CD40 antibody. Our 
findings prove that CD40-CD40L signaling is involved in EP-triggered CD4+ T-cell dysregulation and could serve as 
a therapeutic target in EP-mediated autoimmune emphysema.
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