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Background: Dysregulation and pyroptosis of T-helper (Th) cells and inflammatory cytokines have been implicated in the 
pathogenesis of chronic obstructive pulmonary disease (COPD). However, the immune response mechanisms as a consequence of 
tobacco smoke exposure are not fully understood. We hypothesized that cigarette smoke-induced inflammation could be modulated 
through the cytokine milieu and T-cell nicotinic acetylcholine receptors (nAChRs).
Methods: The proportions of peripheral blood Th1 and Th2 cells from patients with COPD, smokers without airway obstruction and 
healthy nonsmokers were analyzed using flow cytometry. The levels of plasma proinflammatory cytokines and their potential 
association with pulmonary function were also measured. The influence of cigarette smoke extract (CSE) on the conditioned 
differentiation of T helper cell subsets was further examined in vitro.
Results: Significantly higher Th1 cell and plasma IFN-γ and IL-18 levels but lower levels of Th2 cells were found in the peripheral 
blood from patients with COPD. The increased plasma levels of IFN-γ and IL-18 were negatively correlated with pulmonary function 
(FEV1% predicted value). Pyroptosis participates in COPD development probably through the activation of the NLRP3 inflammasome 
upon exposure to CSE. CSE does not directly induce the differentiation of T helper cells; however, under conditioned medium, CSE 
promotes Th1 development through α7 nAChR modification, while it does not substantially interfere with Th2 differentiation.
Conclusion: The differences in the cytokine milieu play a key role in the effects of CSE on the immune response in patients with 
COPD.
Keywords: chronic obstructive pulmonary disease, COPD, cigarette smoke, T helper 1, Th1 cells, Th2, nicotinic acetylcholine 
receptors, nAChRs

Introduction
Chronic obstructive pulmonary disease (COPD) is the third leading cause of death worldwide and is characterized by 
local and systemic inflammation.1 In addition to innate immunity, an increasing number of studies suggest that that 
adaptive immune responses play key roles in the pathogenesis of COPD, as COPD is typically characterized by the 
propagation of autoreactive T cells and B cells.1,2 These pathogenic lymphocyte cells exert a variety of functions by 
releasing various mediators and recruiting and activating other immune and parenchymal effector cells. Tobacco Smoke 
skews immune responses to promote the development of COPD, and smoking cessation can change the natural history of 
COPD.3–5

T-helper (Th) cells are a subtype of T cells that participates in the immune response; IFN-γ-producing Th1 cells are 
responsible for cellular immunity and tissue injury in autoimmune and infectious diseases, while IL-4-producing Th2 
cells are mainly involved in the humoral response through enhancing antibody secretion by B cells.6 Previous studies 
have attempted to characterize the lymphocyte and cytokine production profile in COPD patients, but the results are 
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conflicting. The majority of studies indicated that patients with COPD showed a predominant Th1 pattern,7–9 whereas 
others reported a predominant Th2 phenotype.10,11 Moreover, the characteristics of intrapulmonary and circulating 
lymphocytes in COPD patients are notable for often discrepant results.8 Tobacco smoke might contain antigens that 
induce Th1 responses in susceptible individuals, but not all smokers develop COPD and, unlike the findings in humans, 
inflammatory and disease parameters of lung emphysema attenuate after smoke cessation in mice.12 Pyroptosis is 
commonly induced by the NLRP3 inflammasome and is accompanied by the release of inflammatory cytokines such 
as IL-1β and IL-18.13 However, the role of pyroptosis in the pathogenesis of COPD remains unknown.

Recent studies have shown that nicotinic acetylcholine receptors (nAChRs) play a pivotal part in development and 
differentiation of T cells.14,15 Inflammatory cytokines can change α7 nAChRs expressed by immune cells, and these 
receptors display immunosuppressive function by inhibiting the release of inflammatory lymphocytes/cytokines.16,17 

Moreover, we have previously reported that the expression of anti-inflammatory α7 nAChR in CD4+ T cells was reduced 
in patients with COPD.18 We therefore hypothesized that the different effects of cigarette exposure on Th1/Th2 
dysregulation might suggest differences in the inflammatory microenvironment, which may further change α7 nAChR 
expression in CD4+ T cells.

In this study, we measured the proportion of Th1 and Th2 cells in the peripheral blood from patients with COPD. 
Moreover, we characterized the plasma levels of IFN-γ, IL-4, IL-1β and IL-18 and analyzed the potential association of 
cytokines with pulmonary function in those patients. Notably, we investigated the interaction of cigarette smoke extract 
(CSE) and the cytokine milieu on the specific differentiation of T helper cell subsets in vitro, especially on the expression 
of immunosuppressive α7 nAChR in CD4+ T cells. We present the following article in accordance with the MDAR 
reporting checklist.

Materials and Methods
Subjects
The study protocol was approved by the Ethics Committee of People’s Hospital of Zhengzhou University (#2021-52), 
and written informed consent was obtained from each subject. Based upon the Global Initiative for Chronic Obstructive 
Lung Disease (GOLD) criteria,19 22 patients with stable COPD who were free of exacerbation for more than 4 weeks 
were recruited (Table 1). At the same time, a cohort of healthy nonsmoking controls with normal lung function (HC; n = 
20) and healthy asymptomatic smokers with normal lung function (HS; n = 18) were matched on age and sex to patients. 
COPD patients and HS individuals had a matched smoking history of more than 10 packs/year. Individuals with asthma, 
malignant tumors, inflammatory bowel disease, or other immune-related diseases were excluded.

Table 1 Demographics and Clinical Characteristics of All Participants

Variables HC HS COPD

Subjects (No.) 20 18 22

Age (year) 58.0 ± 1.9 58.8 ± 0.9 57.5 ± 1.5
Sex (Male/female) 18/2 16/2 19/3

Tobacco (pack/year) – 36.5 (10/60) 39.5 (12/68)

FEV1 (% predicted) 94.4 ± 0.8 94.2 ± 0.8 53.1 ± 2.0*#

FEV1/FVC (%) 85.26 ± 1.57 81.56 ± 1.52 41.35 ± 2.36*#

GOLD stage – – II(n=13); III(n=9)

Comorbidities (No.)
Hypertension 3 2 3

Hypercholesterolemia 2 1 2

Peptic ulcer disease 1 0 3
Anxiety or Depression 1 1 3

Notes: The data are represented as the mean ± SEM or median (range). *P < 0.05 vs the HC group; 
#P < 0.05 vs the HS group. 
Abbreviations: FEV1, forced expiratory volume in one second; FVC, forced vital capacity; GOLD, 
Global Initiative for Chronic Obstructive Lung Disease.
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Sample Collection and Processing
Peripheral blood samples from each subject were collected in heparin-treated tubes (BD Biosciences, San Diego, USA). 
The blood samples were immersed in ice immediately and were then centrifuged at 2000 rpm for 10 min. The plasma 
aliquots were immediately frozen at −80°C for later determination of cytokine levels. Peripheral blood mononuclear cells 
(PBMCs) were isolated using Ficoll-Hypaque density-gradient centrifugation (#50494, MP Biomedicals, Illkirch, 
France).

Flow Cytometry
The expression of markers on T cells from peripheral blood was analyzed using flow cytometry as previously described18 

after surface or intracellular staining with anti-human-specific antibodies (Abs) conjugated with FITC, PerCP-cy5.5, PE, 
or PE-CY7. These human Abs included anti-CD3 (#45-0037-41), anti-CD8 (#555366), anti-IFN-γ (#12-7319-42), anti-IL 
-4 (#25-7049-82) and isotype mAbs, which were purchased from BD Biosciences or eBioscience (San Diego, USA). To 
explore the expression of intracellular cytokines, T cells were stimulated with PMA (#P8139, 50 ng/mL; Sigma‒Aldrich, 
St. Louis, USA) and ionomycin (#I3909, 1 μg/mL; Sigma‒Aldrich) in the presence of GolgiStop (#554724, BD 
Biosciences) for 5 h and were then stained with the corresponding mAbs conjugated to fluoresceins after fixation and 
permeabilization (#88-8824, permeabilization kit, eBioscience) according to the manufacturer’s instructions. Flow 
cytometry was performed on a FACS Canto II (BD Biosciences) and analyzed with BD FACSDiva Software and 
FlowJo_V10 software (TreeStar, San Carlos, USA).

Cell Isolation
CD4+ T cells were isolated from PBMCs by magnetic-activated cell sorting (MACS) based on negative selection using 
the CD4+ T-cell isolation kit (#130-096-533, Miltenyi Biotec, Bergisch Gladbach, Germany) according to the manufac-
turer’s instructions. The purity of CD4+ T cells was > 97%, as measured by flow cytometry.

Quantitative Real-Time PCR
Quantitative gene expression was determined by quantitative real-time PCR (qRT‒PCR) as previously described.18 Briefly, 
total RNA from CD4+ T cells was extracted using RNAiso plus (#9108, TaKaRa, Dalian, China) and reverse transcribed into 
cDNA using the PrimeScriptTM RT Reagent Kit (#RR036A, TaKaRa). Subsequently, qRT‒PCR was performed in 
a StepOnePlus Real-Time PCR System (Applied Biosystems, Foster City, USA) using gene-specific primers and SYBR® 

Premix Ex TaqTM (#DRR420A, TaKaRa). The qRT‒PCR data were determined by StepOne software v2.3 (Applied 
Biosystems). The relative expression values of each gene were normalized to GAPDH expression by the 2-∆Ct method 
(∆Ct = Ct target gene - Ct GADPH).20 The sequences of the primers were forward 5’-GCACCGTCAAGGCTGAGAAC-3’ and 
reverse 5’-TGGTGAAGACGCCAGTGGA-3’ for GAPDH; forward 5’-TGGCCAGATTTGGAAACCAGA-3’ and reverse 
5’-AGTGTGGAATGTGGCGTCAAAG-3’ for α7 nAChR; and forward 5’- CCGCCATGTACTACCTGCT-3’ and reverse 
5’- ACCCCTTTTCGAATTTGCCAT −3’ for NLRP3.

Measurement of Cytokine Levels
The plasma levels of IFN-γ (#EK0373), IL-4 (#EK0404), IL-1β (#EK0392) and IL-18 (#EK0864) were measured using 
sandwich ELISA kits according to the manufacturer’s protocols (all kits were purchased from Boster, Wuhan China). All 
samples were assayed in duplicate. The limits of detection for IFN-γ, IL-4, IL-1β and IL-18 were 1 pg/mL, 1.5 pg/mL, 
3.9 pg/mL and 31.2 pg/mL, respectively.

CSE Preparation
CSE was prepared as previously described18 by infusing smoke from 1 cigarette (Huanghelou, Wuhan, China) into 
2.5 mL of serum-free RPMI-1640. This solution was considered to be 100% CSE and was further filtered with a 0.22-μm 
filter (Millipore, Pittsburgh, USA) to remove bacteria and large particles. The 100% CSE was freshly prepared and 
diluted to the final working concentration 30 min prior to each experiment.
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Differentiation of Th1/Th2 Cells in CSE-Conditioned Medium
Purified CD4+ T cells (1 × 106) were cultured in 200 μL of complete medium containing human IL-2 (10 ng/mL) in 96- 
well plates and stimulated with soluble anti-CD3 (#16-0037-38, 3 μg/mL; eBioscience) and anti-CD28 mAbs (#16-0289- 
85 μg/mL; eBioscience) for 5 d. To investigate the contribution of cigarette smoke and the cytokine milieu to the 
differentiation of CD4+ T cells, different concentrations of CSE with or without 20 ng/mL IL-12 (#200-12) or IL-4 
(#200-04) (both from PeproTech, Rocky Hill, USA) were simultaneously added at the initiation of culture. Cells were 
harvested, and intracellular staining for IFN-γ and IL-4 was performed using flow cytometry as described above. The 
expression of the NLRP3 gene was quantified at the mRNA level using qRT‒PCR as described above.

In vitro Cytotoxicity Assay
Purified CD4+ T cells were seeded in 96-well plates as described above, and cells were stimulated with serial dilutions of 
CSE from 0.025% to 0.4%. Cell viability was assessed 5 d later using a Cell-Counting Kit-8 (#CK04, CCK-8; Dojindo 
Laboratories, Kumamoto, Japan) assay according to the manufacturer’s protocol.

Cytokine Stimulation Experiments
CD4+ T cells were incubated in the presence of anti-CD3/CD28 alone or with CSE, IL-12 (20 ng/mL), IL-4 (20 ng/mL) 
or GTS-21 (#ab120560, an agonist for the α7 nAChR; Abcam; Cambridge, USA, 10 μmol/l), and then α7 nAChR 
expression and Th1/Th2 differentiation were evaluated.

Statistics
Data are expressed as the mean ± SEM unless otherwise indicated. Comparisons of the data between different 
groups were performed using the Kruskal‒Wallis test followed by Dunn’s post hoc test. The correlations between 
variables were calculated by Spearman’s rank correlation coefficients. Analysis was completed with GraphPad Prism 
6 software (GraphPad Software, La Jolla, USA), and p values of less than 0.05 were considered statistically 
significant.

Results
Patients with COPD Exhibit Imbalance in Circulating Th1/Th2 Cells
We first performed flow cytometry on PBMCs with gating on CD3+ and CD8− T cells to identify Th1 and Th2 cells 
(Figure 1A and B). We noted that the PBMCs from COPD patients contained an increased proportion of IFN-γ+ CD4+ 

T cells and a decreased proportion of IL-4+ CD4+ T cells compared with those from HC and HS subjects (Figure 1C and D). 
In addition, no significant differences in Th1 and Th2 levels were observed between HC and HS subjects. Thus, the 
accumulation of Th1 cells may play an important role in COPD immune dysregulation.

Increased Production of a Proinflammatory Th1-Associated Cytokine in the Plasma of 
COPD Patients
The presence of a Th1/Th2 imbalance prompted us to examine the cytokine milieu in patients with COPD. Indeed, we 
found significantly increased plasma levels of the proinflammatory Th1-associated cytokine IFN-γ in patients with COPD 
(Figure 2A). Although IL-4 levels did not significantly differ among the tested groups, we found a declining trend in IL-4 
plasma levels in the COPD group (Figure 2B). Therefore, our results demonstrated that the plasma cytokine milieu in 
patients with COPD was skewed toward a Th1-associated proinflammatory phenotype. However, no significant differ-
ences in the levels of Th1/Th2 cells and related cytokines were observed between HC and HS subjects (Figures 1 and 2), 
suggesting that tobacco smoke exposure alone is not sufficient for the immune disorder. Moreover, as key cytokines for 
pyroptosis, the levels of IL-1β and IL-18 in patients with COPD were also evaluated. Although no significant difference 
in IL-1β levels was observed among the different groups, we found significantly increased IL-18 levels in the plasma of 
patients with COPD (Figure 2C and D).
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Correlation of Plasma Cytokines with Pulmonary Function in COPD Patients
To examine the potential association of plasma cytokines with pulmonary function in COPD patients, single regression 
analysis was performed. Notably, unlike IL-4, increased levels of the proinflammatory cytokine IFN-γ exhibited a negative 
correlation with FEV1 (% predicted value, r = - 0.457, p < 0.05), suggesting that the predominant Th1 cytokine pattern 
worsens lung function in patients with COPD (Figure 3A and B). Notably, we observed that the IL-18 level displayed 
a negative correlation with FEV1 (% predicted) (r = - 0.464, p < 0.05) (Figure 3C), supporting an essential role for pyroptosis 
in airway inflammation. However, the level of IL-1β did not correlate with pulmonary function (Figure 3D).

Figure 1 Imbalance of circulating Th1 and Th2 cells in patients with chronic obstructive pulmonary disease (COPD). (A) Lymphocytes were gated on forward scatter area 
(FSC-A) versus side scatter area (SSC-A) plots, and CD4+ T cells were identified based on their expression of CD3, not CD8. (B) Representative flow cytometric dot plots 
of Th1 and Th2 cells in peripheral blood. Comparisons of Th1 (C) and Th2 (D) cell percentages in the peripheral blood from healthy controls (HC, n = 20), healthy smokers 
(HS, n = 18) and COPD patients (n = 22). The data are represented as the mean ± SEM; a value of P < 0.05 (2-tailed) was considered statistically significant.
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Figure 2 Disorder of pro-inflammatory cytokines in the plasma from patients with chronic obstructive pulmonary disease (COPD). Standardized sandwich ELISAs of plasma 
from healthy controls (HC, n = 20), healthy smokers (HS, n = 18) and COPD patients (n = 22) were performed to assess the levels of IFN-γ (A), IL-4 (B), IL-1β (C) and IL-18 
(D). The data are represented as the mean ± SEM; a value of P < 0.05 (2-tailed) was considered statistically significant.

Figure 3 Correlation between plasma cytokine levels and lung function in patients with chronic obstructive pulmonary disease (COPD). Correlation of plasma IFN-γ (A), 
IL-4 (B), IL-1β (C) and IL-18 (D) levels with FEV1% predicted value in COPD patients (n = 22). Each symbol represents one individual COPD patient (black dots); a value of 
P < 0.05 (2-tailed) was considered statistically significant.
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Cytotoxicity of CSE on CD4+ T Cells
Since high concentrations of CSE are known to be cytotoxic, we performed a CCK-8 assay based on dehydrogenase 
activity evaluation in viable cells to ensure that the concentrations of CSE we used had no toxic effects on human CD4+ 

T cells. As shown in Figure 4, CSE at a concentration of ≥ 0.2% substantially reduced viability; therefore, we used 
0.025% to 0.1% CSE as stimulation in subsequent experiments.

Contribution of the Cytokine Milieu and CSE-Conditioned Medium to the T Helper 
Cell Differentiation in vitro
Since the immune response mechanisms stimulated by tobacco smoke exposure are involved in COPD,21 we analyzed 
the immunomodulatory effects of CSE on alterations in T helper cell differentiation. We exposed purified CD4+ T cells 
from healthy nonsmokers to different concentrations of CSE for 5 d and then evaluated changes in the levels of Th1/Th2 
cells by flow cytometry. However, the results showed that CSE did not directly induce the differentiation of either Th1 or 
Th2 cells (Figure 5A and B).

It has been ascertained that the cytokine milieu of COPD patients differs from that of healthy individuals, with 
abnormally increased IL-12 levels and abnormally decreased IL-4 levels. It is also known that the development and 
differentiation of Th1/Th2 cells can both affect and be affected by cytokine milieu.6 Therefore, we hypothesized that 
differences in the inflammatory cytokines could contribute to the various effects of CSE treatment on T helper cell 
development. To verify this hypothesis, we further established the unique features of COPD using IL-12 stimulation 
(model) or IL-4 stimulation (control) in vitro. Notably, unlike IL-4, the presence of IL-12 renewed the ability of various 
concentrations of CSE (0.025% to 0.1%) to significantly increase the number of IFN-γ-producing CD4+ T cells in 
a concentration-dependent manner (Figure 5A and B). However, CSE did not substantially interfere with the number of 
Th2 cells in the cytokine milieu (Figure 5B).

Pyroptosis and inflammation are involved in the development of COPD.13 Increased mRNA levels of NLRP3 was 
observed after exposure to CSE (Figure 5C). Unlike the Th2-conditioned milieu, the Th1-conditioned milieu further 
promoted NLRP3 inflammasome activation induced by CSE (Figure 5C).

Cytokines Modulate α7 nAChR Expression in CD4+ T Cells
It has been reported that cytokine milieu, but not nicotinic stimulation, can modify α7 nAChR expression by immune 
cells, and α7 nAChRs exhibit anti-inflammatory functions.16,17 Therefore, the diverse effects of CSE on Th1/Th2 
differentiation might reflect α7 nAChR expression differences in CD4+ T cells modulated by the local cytokine milieu.

Figure 4 The effect of cigarette smoke extract (CSE) on cell viability. The cytotoxicity of CSE based on the dehydrogenase activity of viable cells was measured by CCK-8 
assay at an absorbance of 450 nm. The CD4+ T cells were stimulated with serial dilutions of CSE for 5 d (n = 4). The data are represented as the mean ± SEM; *P < 0.05 vs 
0% CSE. 
Abbreviation: OD, optical density.
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To test this hypothesis, we determined the changes in α7 nAChR expression under the action of IL-12 and IL-4 using 
qRT‒PCR. Figure 6A shows that CSE did not directly induce α7 nAChR expression. In the presence of anti-CD3/CD28 
stimulation, IL-12 significantly downregulated α7 nAChR mRNA expression, whereas IL-4 markedly upregulated it 
(Figure 6B). In addition, our study demonstrated that GTS-21, a selective α7 nAChR agonist, had the potential to reduce 
the levels of Th1 cells by directly acting on T cells and inhibiting their production (Figure 6C). The presence of GTS-21 
did not affect Th2 cell differentiation (Figure 6D). Hence, IL-12 might reinforce the proinflammatory effects of CSE by 
specifically reducing expression of the immunosuppressive α7 nAChR in CD4+ T cells.

Discussion
In this study, we found an imbalance in proinflammatory Th1 and Th2 responses in patients with COPD. Importantly, we 
report for the first time that differences in the cytokine milieu play a critical part in altering the outcome of cigarette 
smoke exposure on the immune response (Figure 7). The Th1-associated inflammatory milieu found in COPD patients 
inhibited expression of the immunosuppressive α7 nAChR in CD4+ T cells, which may partially account for the 
development of COPD in some smokers.

It is now well established that T lymphocytes actively participate in the smoke-induced inflammatory response in 
COPD.1 In contrast to patients with asthma, COPD patients exhibit Th1 infiltration and IFN-γ production in the airways 
and lung parenchyma.22 Consistent with these findings, the the expression of the Th1-associated chemokine receptor 
CXCR3 and its ligand IFN-γ inducible protein10 (IP-10, CXCL10) is upregulated and there is a polarized localization of 

Figure 5 The contribution of IL-12 and IL-4 on cigarette smoke extract (CSE)-regulated Th1 and Th2 differentiation. The CD4+ T cells from healthy nonsmokers were 
stimulated with IL-2/anti-CD3/CD28 (control -conditioned) in the presence of serial concentrations of cigarette smoke extract (CSE) with and without 20 ng/mL IL-12 (Th1- 
conditioned) or IL-4(Th2-conditioned) for 5 d. The expression of Th1/Th2 was analyzed using flow cytometry (A and B), and NLRP3 mRNA levels were analyzed using 
qRT‒PCR (C) (n = 4). The data are represented as the mean ± SEM; *P<0.05 vs control-conditioned; #P<0.05 vs 0% CSE.
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Figure 6 Alterations of α7 nAChR expression in CD4+ T cells by IL-12 and IL-4. The CD4+ T cells from healthy nonsmokers were incubated in the presence of IL-2/anti- 
CD3/CD28 alone or with cigarette smoke extract (CSE), IL-12 (20 ng/mL), IL-4 (20 ng/mL) or GTS-21 (an agonist for the α7 nAChR; 10 μmol/l) for 5 d, after which the 
levels of α7 nAChR mRNA (A and B) and Th1/Th2 differentiation (C and D) were analyzed (n = 4). The data are represented as the mean ± SEM; *P<0.05 vs Control; 
#P<0.05 vs anti-CD3/CD28/IL-12. ΔP<0.05 vs anti-CD3/CD28/IL-12 + CSE.

Figure 7 Schematic representation of Th1/Th2 cell dysfunction via the cytokine milieu. (A) In the presence of a normal milieu, appropriate α7 nAChR expression in CD4+ 

T cells keeps effector T cells in balance. (B) However, upon inflammatory insult or cigarette smoke extract (CSE) exposure, downregulation of α7 nAChRs by the activated 
immune system in susceptible individuals evokes Th1 cell-mediated proinflammatory responses.
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IFN-γ inducible T-cell α chemoattractant (CXCL11) in the airways of patients with COPD.6,9 However, other studies 
have shown predominantly Th2 intrapulmonary lymphocytes in situ.10,11

It is difficult to acquire a suitable intrapulmonary specimen, and identifying reliable biomarkers that can be easily 
determined in peripheral blood is necessary.23 However, only a limited number of studies have investigated the presence 
of Th1/Th2 cells in the peripheral blood of COPD patients, and the findings of these studies are considerably 
heterogeneous.8,11 Majori et al found that circulating CD4+ T lymphocytes produce increased IFN-γ and decreased IL- 
4 levels in patients with COPD compared to smokers with normal lung function and healthy nonsmokers,24 which was 
consistent with our findings. The discrepancy seen between our results in peripheral blood and those reported in local 
intrapulmonary lymphocytes may be related to considerable differences in tissue samples, different stimuli, disease 
severity and other experimental methodologies.

Concordant with an earlier report,25 we detected significantly higher levels of plasma IFN-γ in COPD patients, and high 
IFN-γ levels were negatively correlated with lung function, which suggests that a proinflammatory immune response 
characterized by Th1 cytokines worsens lung function. IFN-γ or any type I cytokine can cause COPD-relevant pulmonary 
tissue inflammation and structural remodeling.6 The decreasing trend of plasma IL-4 levels in the patients with COPD could 
be considered consistent with a relative predominance of IFN-γ since IFN-γ inhibits the activity and function of Th2 cells.26 

When viewed in combination, these studies suggest that the Th1-associated pro-inflammatory milieu, and/or the pathways it 
activates, may contribute to the development of abnormal expiratory airflow obstruction.

Although long-term exposure to tobacco smoke is regarded as the primary risk factor for the pathogenesis of COPD, 
only a small number of smokers develop COPD, and inflammation persists even after smoking cessation.21 Importantly, we 
have demonstrated that peripheral levels of Th1/Th2 cells and related cytokines from non-COPD smokers were comparable 
with those from healthy nonsmokers, suggesting that the development of this disorder cannot be fully explained by cigarette 
smoking. To reveal the mechanisms in charge of the adaptive immune response following tobacco smoke exposure in 
COPD, we determined the immunologic outcome of CSE on freshly isolated CD4+ T cells from healthy nonsmokers. 
Consistent with an earlier report,27 in vitro CSE stimulation did not induce the differentiation of CD4+ T cells, indicating 
that the development of Th1 and Th2 cells could not be facilitated simply through cigarette smoke.

It is also known that IL-12 and IL-4 are potent inducers of Th1 and Th2 cell synthesis, respectively, and suppress the 
differentiation of Th2 and Th1, respectively.26 Therefore, differences between tobacco smoke effects on smokers with 
and without COPD might reflect different inflammatory microenvironments (Figure 7). Since COPD patients exhibited 
increased IL-12 and decreased IL-4 plasma levels when compared with those in healthy controls, we wondered if these 
cytokines could modulate the CSE effects on T cells mediating immune inflammation in vivo. Thus, we investigated 
whether IL-12 (model) or IL-4 (control) modified the capacity of CSE to promote Th1/Th2 differentiation in CD4+ 

T cells. Although CSE did not substantially interfere with Th2 development in the cytokine milieu, the presence of IL-12 
renewed the ability of CSE to significantly increase the number of IFN-γ-producing CD4+ T cells in a concentration- 
dependent manner (0.025% to 0.1%). In contrast, IL-4 did not modify the stimulatory effect of CSE. Hence, the impact of 
CSE on T-cell development depends not only on the CSE concentration but also on the cytokine milieu.

Pyroptosis is an inflammatory form of cell death that is accompanied by the release of inflammatory cytokines such as 
IL-1β and IL-18.13 Currently, it has been shown that CSE activates the NLRP3/caspase-1 signaling pathway and 
sequentially stimulates pyroptosis in bronchial epithelial cells, which causes severe lung injury.28 In this study, we found 
negative correlations between FEV1 predicted values and plasma IL-18 levels, supporting the hypothesis that systemic 
inflammation induces airflow obstruction in the pathogenesis of COPD. Notably, the Th1-conditioned milieu might further 
promote NLRP3 inflammasome activation and pyroptosis after exposure to CSE. Thus, the NLRP3 inflammasome is vital 
for the development of COPD, and blockade of NLRP3 might be a therapeutic strategy for COPD treatment.

To reveal the possible mechanisms by which cytokines affect the immunological processes in response to CSE 
exposure, we determined the expression of α7 nAChRs, which exhibit immunosuppressive functions by regulating 
inflammatory cytokines. Inflammatory cytokines themselves could regulate the function of α7 nAChR,16,17 which 
suggested a positive feedback loop. Additionally, there is an association between the α7 nAChR pathway and T-bet 
(Th1 transcription factor) expression in the T cells of colon cancer patients.29 Our current study elucidated the action of 
IL-12 and IL-4 to exhibit dichotomous effect on α7 nAChRs expression at the mRNA level, which is consistent with 
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a previous study in mice.14 Consistent with the downregulation of α7 nAChR expression by IL-12, we have previously 
demonstrated the lack of α7 nAChRs in patients with COPD.18 Thus, the distinct outcome of cigarette exposure on Th1/ 
Th2 generation might reflect differences in α7 nAChR expression in CD4+ T cells modulated by the local cytokine 
milieu. We also demonstrated the therapeutic potential of GTS-21 in COPD, which exerts anti-inflammatory actions on 
T cells by inhibiting the differentiation of Th1 via mechanisms that remain to be determined. However, the present study 
has several limitations that warrant mention. It is worth to notice IL-1β and IL-18 are not linked to pyroptosis exclusively 
but are significant mediators in other biological processes. Meanwhile, it would be interesting to determine cells/ 
cytokines in the bronchoalveolar lavage fluid (BALF), which directly reflect lung condition per se. Further work is 
needed to demonstrate the potential roles of downstream signals. In addition, functional studies such as animal 
experiments and knockdown/overexpression in human T cells in vitro are warranted to clarify the underlying mechanism.

Conclusions
In conclusion, the present study indicated an imbalance between Th1 and Th2 responses in COPD patients. The results 
presented in our study highlight the importance of the combined action of both the internal environment (cytokine milieu) and 
external environment (cigarette smoke exposure) in immune responses. Moreover, our data enrich the concept of the 
cholinergic (nicotinic) anti-inflammatory pathway and provide a novel pathway for future therapeutic intervention in COPD.
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