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Background: M2 polarized macrophages are involved in the occurrence and development of emphysema in COPD patients. 
However, the molecular mechanism of M2 macrophage polarization is still unclear. This study investigated the molecular mechanism 
of let-7 differentially expressed in bronchial epithelial cells of COPD patients participating in COPD emphysema by regulating the 
expression of IL-6 and inducing M2 polarization of alveolar macrophages (AM).
Materials and Methods: We measured let-7c expression in human lung tissue, serum and the lung tissue of cigarette smoke (CS)- 
exposed mice by qRT‒PCR. We observed the M1/M2 AM polarization in the lungs of COPD patients and COPD model mice by 
immunofluorescence analysis. Western blotting was used to determine the expression of MMP9/12 in the lung tissue of COPD patients 
and CS-exposed mice. An in vitro experiment was performed to determine the molecular mechanism of let-7c-induced macrophage 
polarization.
Results: Let-7c expression was downregulated in COPD patients, CS-exposed mice, and CS extract (CSE)-treated human bronchial 
epithelial (HBE) cells. AMs in COPD patients and CS-exposed mice were dominated by the M2 type, and the release of MMP9/12 
was increased. In vitro, the transfection of mimics overexpressing let-7 or the use of tocilizumab to block signal transduction between 
HBE cells and macrophages inhibited the IL-6/STAT3 pathway. M2 macrophage polarization was inhibited, and MMP9/12 release was 
reduced.
Conclusion: Our results indicate that CS decreased let-7c expression in HBE cells, and M2 AM polarization was dominant in COPD. 
In HBE cells, let-7c could inhibit M2 polarization of AMs through the IL-6/STAT3 pathway, providing potential diagnostic and 
therapeutic value for slowing COPD emphysema.
Keywords: let-7c, macrophage polarization, interleukin-6, IL-6/signal transducer and activator of transcription 3, STAT3, signaling 
pathway, emphysema, COPD

Introduction
Chronic obstructive pulmonary disease (COPD) is a common chronic airway disease. At present, COPD has become the 
third leading cause of death worldwide. It has been reported that the prevalence of COPD is approximately 11.7% in 
people over 30 years old. Patients may have symptoms such as wheezing, shortness of breath, chest tightness, and 
dyspnea. The pathogenesis of COPD includes inflammatory reactions, oxidative stress, protease antiprotease imbalance, 
muscle dysfunction, and pulmonary microorganisms.1–4 Emphysema is a common feature of COPD and refers to 
a decrease in the elasticity of the distal airway of the terminal bronchioles of the lung, excessive inflation of the airway, 
an increase in lung volume and damage to the airway. It is generally recognized that the development of COPD 
emphysema is associated with an imbalance in proteases and antiproteases. Proteases can destroy the lung parenchyma, 
affecting tissue remodeling and repair, while antiproteases play a protective role by inhibiting protease activity.5 When 
proteolytic activity exceeds the inhibitory capacity of the lung, it will lead to the destruction of the lung parenchyma and 
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the development of emphysema, which will then lead to the occurrence of COPD. Although it is clear that the imbalance 
between proteases and antiproteases causes COPD emphysema, the factors and mechanisms affecting this imbalance are 
still unclear.

Macrophages are important immune cells that release cytokines and proteases in response to antigen transmission and 
phagocytosis and play a role in regulating the immune system. Macrophages are highly plastic and can be polarized into 
M1 and M2 phenotypes.6–9 M1 macrophages produce inducible nitric oxide synthase (iNOS) and tumor necrosis factor 
(TNF-α), which play proinflammatory and immune defense roles. M2 macrophages, which express CD206, Arg1 and 
secrete transforming growth factor beta (TGF-β), inhibit inflammation and are involved in tissue remodeling and 
angiogenesis. Macrophage polarization plays an important role in the pathogenesis of COPD.10–12 Previously, some 
scholars believed that macrophages in COPD tended to M1 type, while others believed that they tended to M2 type. 
Recently, it has been considered that alveolar macrophages (AMs) tend to exhibit M1 polarization in the early stage but 
more M2 polarization in the later stage.13 It is also believed that macrophages can also be bipolarized and express M1 
and M2 at the same time.14 However, the specific dynamic process is still unclear. A large number of studies have shown 
that smoke stimulation can cause emphysema in mice and that macrophages are polarized into the M2 type and release 
a large number of matrix metalloproteinases (MMPs).15 MMPs are proteolytic enzymes. When the level of proteases 
increases and the levels of antiproteases are relatively insufficient, various proteins in the extracellular matrix (ECM) are 
degraded, leading to emphysema. It has been found that activation of the matrix metalloproteinase-9 (MMP-9) gene leads 
to continuous deterioration of airway remodeling and airway obstruction, which has been confirmed by many 
researchers.16–18 Although we know that macrophage polarization is involved in COPD emphysema, the effect of 
macrophage polarization on the pathogenesis of COPD is still unclear and needs further study.

Let-7 was the second miRNA family to be discovered after Lin-4, and there are a total of 13 members. Let-7 can 
target the mRNA expression of many genes and regulate cell proliferation, differentiation, metabolism and apoptosis.19 It 
was found that the expression of let-7 in whole blood, serum, bronchoalveolar lavage fluid and lung tissue of COPD 
patients was significantly lower than that of normal subjects, especially let-7a, let-7b, let-7c and let-7d. The expression of 
let-7 correlates with the number of neutrophils in the lung and may be involved in the recruitment of immune cells to the 
lung or airway.20 Let-7 participates in the pathogenesis of COPD through various mechanisms. For example, let-7 can 
directly target arginase 2 (ARG2) in BEAS-2B cells, reduce the level of intracellular reactive oxygen species (ROS) and 
the percentage of apoptotic cells, and participate in the oxidative stress process of COPD. Let-7 can also target signal 
transducer and activator of transcription 3 (STAT3) in macrophages to inhibit inflammation induced by LPS and play an 
anti-inflammatory role.21,22 Furthermore, let-7 was expressed in human bronchial epithelial (HBE) cells and was 
differentially expressed when the cells were stimulated by CSE. In Di’s study, let-7 mimics were transfected into HBE 
cells, which were cocultured with fibroblasts. It was confirmed that let-7 participates in COPD airway remodeling by 
targeting the expression of interleukin (IL)-6 and inhibiting fibroblast differentiation and ECM deposition.23 Although the 
mechanism by which let-7 affects COPD pulmonary fibrosis has been determined, the effect of let-7 on COPD 
emphysema and the polarization of AMs mediated by CS exposure is still unclear.

Here, we hypothesized that let-7 expression was downregulated in CSE-treated HBE cells. IL-6 was released by HBE 
cells and used to connect HBE cells with AMs. When IL-6 binds to IL-6R on the surface of AMs, it transmits signals to 
the cells. It can induce M2 polarization in AMs by affecting STAT3 phosphorylation and release large amounts of MMP- 
9/12. It is important to understand the mechanism by which COPD emphysema develops by examining the regulatory 
effect of let-7 on AM polarization.

Materials and Methods
Reagents and Cell Culture
HBE cells (Chi Scientific, Jiangsu, China), a normal HBE cell line, were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM) with 10% fetal bovine serum (FBS) (Gibco Life Technologies, USA), 100 U/mL penicillin and 100 
μg/mL streptomycin (Thermo Fisher Scientific, USA).
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THP-1 cells, which are human myeloid leukemia mononuclear cells, were obtained from the National Collection of 
Authenticated Cell Cultures. THP-1 cells were cultured in RPMI 1640 (Gibco Life Technologies, USA) with 10% FBS. 
Both cell lines were cultured in a humidified incubator containing 95% air and 5% CO2 at 37°C.

In the coculture system, THP-1 cells were seeded on six-well plates at a density of 1×106 cells per well and treated 
with 10 µM PMA for 48 h to form THP-1 macrophages (THP-M cells). Then, THP-M cells were cocultured with normal, 
CSE-treated or let-7 mimic-transfected HBE cells seeded on 24 mm diameter inserts with 0.4 μm pores (#3412, Corning, 
USA). HBE cells were transfected with mimics for 48 h and treated with 5% CSE, while THP-M cells were treated with 
tocilizumab24,25 (HY-P9917, MedChemExpress, China), an anti-IL-6 receptor antibody before they were cocultured.

Human Sample Collection
Peripheral lung tissues were collected from COPD patients undergoing lung transplantation and patients with lung 
nodules undergoing pulmonary lobectomy at Wuxi People’s Hospital. All tissue donors provided informed consent in 
accordance with the Declaration of Istanbul. Peripheral lung tissues were stored in several tubes at −80°C.

Serum samples were collected from COPD patients and healthy volunteers for medical examination between 2020 
and 2022 at Wuxi People’s Hospital. All serum donors provided informed consent in accordance with the Declaration of 
Istanbul. Serum samples were stored at −80°C.

This study was approved by the Ethics Committee of Wuxi People’s Hospital Affiliated to Nanjing Medical 
University. Informed consent was obtained from all donors in accordance with the Declaration of Istanbul. All COPD 
patients met the diagnosis criteria of GOLD 2021. Lung function and other characteristics of subjects participating in the 
study are reported in Table 1. As shown in Table 1, the median age and sex ratio were similar in all groups of subjects.

Establishment of Murine COPD Model
Male 6-to-8 week old C57BL6J mice (Changzhou Kawensi Experimental Animal Co., Ltd. China) were divided into two 
groups; the experimental group was exposed to smoke, and the normal control group was exposed to the air. The mice 
were exposed to smoke from 20 Da Qian Men (10 mg tar and 0.8 mg nicotine/cigarette, Shanghai, China) cigarettes in 
a tempered glass box for 2 h twice per day, 6 h apart, 7 days a week for a total of 6 months. The control group that was 
not exposed to smoke was kept in a similar environment. The animals in this study were treated humanely according to 
a protocol approved by the Institutional Animal Care and Use Committee of Wuxi People’s Hospital, Jiangsu Province, 
in compliance with the law on the administration of experimental animals.

Preparation of Cigarette Smoke Extract (CSE)
CSE was prepared according to the experimental model previously reported.23,26 The smoke from two cigarettes 
(Daqianmen, China) was dissolved in 10 mL of serum-free DMEM (Gibco, USA) to form a CSE solution with a pH 
of 7.4. Then, the CSE solution was filtered through a 0.22-μm pore filter (Merck Millipore, USA) to remove insoluble 

Table 1 Clinical Characteristics of the Subjects

Nonsmokers Without COPD  
(Control-NS)

Smokers Without COPD  
(Control-S)

COPD Patients

Number 7 9 7
Sex radio (F/M) 0/7 0/9 0/7

Age (years) 61.86±9.82 66.11±4.86 63.28±8.32

Smoking (pack-years) 0±0 43.75±14.33 54.64±32.35
FEV1% pred 94.83±12.10 83.2±11.62 23.35±8.16

FEV1/FVC (%) 86.89±9.03 77.12±10.18 40.46±10.00

Note: Values are presented as the means±SD. 
Abbreviations: COPD, chronic obstructive pulmonary disease; FEV1% pred, forced expiratory volume in one second per cent predicted; 
FEV1, forced expiratory volume in one second; FVC, forced vital capacity.
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particles and was standardized by measuring the absorbance at 320 and 540 nm, which was defined as 100% CSE. The 
CSE was diluted to a concentration of 5% with DMEM and used within 30 min.

Cell Transfection
The let-7c mimic and negative control (NC) mimic plasmids were designed by Jikai Gene (Shanghai, China). HBE cells 
were seeded into six-well plates. The plasmids were transfected into cells when the cell density reached 70%-80%. 
According to the instructions of Lipofectamine 3000 reagent (Thermo Fisher Scientific, USA), 2500 ng of plasmid, 7.5 
µL of Lipo3000 and 5 µL of p3000 were dissolved in 250 µL of opti-MEM and mixed for 30 min in each well. Then, the 
mixture was added to six-well plates and supplemented with opti-MEM medium to a volume of 2 mL per well. After 4–6 
h of transfection, the medium was replaced with DMEM supplemented with 10% FBS. After 48 h of transfection, CSE 
was added according to the experimental group.

RNA Extraction and Real-Time PCR
RNA was isolated from tissues and cells by using RNAiso Plus (TaKaRa, Japan). According to the manufacturer’s 
recommendations, 1000 ng of RNA was transcribed into cDNA by using a reverse transcription kit (TaKaRa, Japan), and 
then the cDNA was stored at −20°C. The primers were synthesized by Sangon Biotech (Shanghai, China), and the primer 
sequences are listed in Table 2. The RT‒PCR assay was performed with TB Green™ Premix Ex Taq™ II (Takara, Japan) 
and an ABI 9600 real-time PCR detection system (Applied Biosystems). The microRNA and mRNA internal controls 
were U6 and GAPDH, respectively. The ratio of the expression level of each gene was compared using the formula 2— 
(ΔΔCt) by the comparative threshold cycle (Ct) method. Statistical data were obtained from at least three independent 
experiments.

Western Blot Analysis
Total protein was extracted from cells using RIPA buffer (KeyGEN, China) supplemented with a protease inhibitor 
cocktail (CWBIO CW2200, China) and phosphatase inhibitor (CWBIO CW2383, China). Equal amounts (20 μg-40 µg) 
of protein were separated via SDS‒PAGE and transferred onto PVDF membranes (Millipore, Billerica, MA). After being 
blocked for 1 h in 5% milk, the membranes were incubated with antibodies targeting GAPDH (Proteintech, China), 
MMP9 (Abcam), MMP12 (Proteintech), STAT3 (Cell Signaling Technology), and phospho-STAT3 (Cell Signaling 
Technology) at 4°C overnight. After being incubated with secondary antibodies (Jackson ImmunoResearch, USA) for 
1 h at room temperature, the protein bands were measured with the Immobilon ECL system (Millipore, S.p.A., Italy). 
ImageJ software was used for densitometric analyses.

Elisa Assay
The cell supernatant was centrifuged at 3000 rpm for 5 min and analyzed with a human IL-6 ELISA kit (R & D Systems, 
USA) according to the manufacturer’s instructions. The absorbance was measured at wavelengths of 450 nm and 540 nm. 
The release of IL-6 was calculated according to the standard curve, and at least three independent experiments were 
performed.

Dual-Luciferase Reporter Assay
To investigate whether let-7c (GAGGUA) has a binding sequence with IL-6 mRNA, IL-6-WT (TACCTC) and IL-6-MT 
(ATGGAG) were designed by Jikai Gene (Shanghai, China). The let-7c, NC, IL-6-WT and IL-6-MT mimics were 
transfected into HBE cells for 48 h by using Lipofectamine 3000 (Thermo Fisher Scientific, USA). The cells were 
harvested, and firefly and Renilla activities were measured using a dual-luciferase reporter assay system (Promega, USA) 
with an Infinite 200 PRO multimode microplate reader (Tecan Group, Ltd., Switzerland).

Immunofluorescence Analysis
Lung tissue sections were incubated with antibodies against CD68 (Proteintech), F4/80 (Santa Cruz Biotechnology), 
iNOS (Abcam) and CD206 (Abcam) overnight at 4°C. Then, the sections were incubated with Alexa 594-labeled goat 
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Table 2 Primers Used in the Study

Genes Sequence (5’ to 3’) Genes Sequence (5’ to 3’)

H-let-7cRT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAACCAT M-let7c-RT GGTTGTGGTTGGTTGGTTTGTATACCACAACCAACCAT

H-U6-RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAAAATA M-U6-RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAAAATA

H-let-7c F:CCAGCTGGGTGAGGTAGTAGGTTGT 
R:TCCAGTGCAGGGTCCGAGGTA

M-let-7c F:AGGGTGAGGTAGTAGGTTGT 
R:GTTGTGGTTGGTTGGTTTGT

H-U6 F:AGAGAAGATTAGCATGGCCCCTG 
R:ATCCAGTGCAGGGTCCGAGG

M-U6 F:AGAGAAGATTAGCATGGCCCCTG 
R:ATCCAGTGCAGGGTCCGAGG

H- iNOS F:GACTTTCCAAGACACACTTCAC 
R:TTCGATAGCTTGAGGTAGAAGC

M- iNOS F:ATCTTGGAGCGAGTTGTGGATTGTC 
R:TCGTAATGTCCAGGAAGTAGGTGAGG

H-TNF-α F:TGGCGTGGAGCTGAGAGATAACC 
R:CGATGCGGCTGATGGTGTGG

M- TNF-α F:ATGTCTCAGCCTCTTCTCATTC 
R:GCTTGTCACTCGAATTTTGAGA

H- Arg1 F:GGACCTGCCCTTTGCTGACATC 

R:TCTTCTTGACTTCTGCCACCTTGC

M- Arg1 F:CATATCTGCCAAAGACATCGTG 

R:GACATCAAAGCTCAGGTGAATC

H- TGF-β F:CTGTACATTGACTTCCGCAAG 

R:TGTCCAGGCTCCAAATGTAG

M- TGF-β F:CCAGATCCTGTCCAAACTAAGG 

R:CTCTTTAGCATAGTAGTCCGCT

H-IL-6 F:CACTGGTCTTTTGGAGTTTGAG 

R:GGACTTTTGTACTCATCTGCAC

H-GAPDH F:CGGAGTCAACGGATTTGGTCGTAT 

R:AGCCTTCTCCATGGTGGTGAAGAC

M-GAPDH F:CTCCTCCTGGCCTCGCTGT 

R:GCTGTCACCTTCACCGTTCC

Abbreviations: H, human; M, mouse; RT, reverse transcription; F, forward; R, reverse.
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anti-mouse and Alexa 488-labeled goat anti-rabbit secondary antibodies for 1 h at 37°C. DAPI (Beyotime, Shanghai, 
China) was added for nuclear staining. The fluorescent staining of CD68+ cells (total macrophages), iNOS+CD68+ cells 
(M1 macrophages)27,28 and CD206+CD68+ cells (M2 macrophages)29 was observed by a fluorescence microscope. Use 
ImageJ software to extract each single channel from the merge image, and analyze the average fluorescence intensity of 
each channel for quantitative analysis. Average fluorescence intensity=total fluorescence intensity/area.

Hematoxylin and Eosin (H&E) Staining
Mouse lung tissue sections were stained with hematoxylin for 5 min, hydrochloric acid-ethanol for 2–3 s, and eosin for 2 min 
and fixed with neutral resin. Pathological changes in the different groups were observed under an Olympus microscope. The 
alveolar space distance was measured by the mean linear intercept (MLI) and mean alveolar number (MAN).

Flow Cytometry
Cocultured cells were collected with trypsin EDTA and centrifuged at 2500 r for 5 min. The cell pellets were resuspended 
in 200 µL of PBS containing 10% FBS. Nonspecific staining was blocked with Fc Block (564219, BD). The cells were 
incubated with fluorescence-conjugated antibodies against APC CD86 (564544, BD) and BB515 CD206 (550889, BD) at 
4°C for 30 min. After the addition of 300 µL of ice-cold PBS and centrifugation at 2500 r for 5 min, the cells were 
resuspended in 500 µL of PBS containing 10% FBS. M1 (CD86+) and M2 (CD206+) cells were distinguished by flow 
cytometry, and the data were analyzed by FlowJo software.

Lung Function Measurement
Mouse lung function was measured with whole-body plethysmography (Buxco Electronics, Ltd., USA) at Jiangsu 
Provincial Center for Disease Control and Prevention. The enhanced pause (Penh) and apnea index (PAU) were recorded 
using FinePoint software (Buxco Electronics Ltd., USA) to determine pulmonary resistance.

Statistical Analysis
All data are shown as the mean ± SD of at least three independent experiments and were analyzed with SPSS 2.0 
software. Comparisons of mean values were analyzed using one-way ANOVA (Dunnett’s t-test) and two-tailed Student’s 
t-test. Values of P < 0.05 were considered statistically significant (*P<0.05; **P < 0.01).

Results
M2-Polarized Macrophages are Dominant in the Lung Tissues of COPD Patients
Lung function and the clinical characteristics of the subjects are shown in Table 1. The study was performed on 23 
subjects who were categorized into three groups (healthy nonsmoking controls, non-COPD smokers and COPD patients). 
In addition to clinically distinct respiratory symptoms, the total number of AMs in COPD patients and smokers was 
increased compared with that in healthy nonsmoking controls, which was a pathological manifestation. The number in 
the COPD group was approximately 7-fold more than that in the healthy group (Figure 1A and B). Macrophages are 
classified into M1 and M2 phenotypes. To investigate which macrophage phenotype was predominant in the alveoli of 
COPD patients, the total macrophage surface marker CD68 was labeled with green fluorescence, and iNOS and CD206 
were labeled with red fluorescence to indicate M1 and M2 macrophages, respectively. The immunofluorescence results 
indicated no significant differences between iNOS+/CD68+ and CD206+/CD68+ cells in healthy controls. However, the 
CD206+/CD68+ ratio in the smoking group was approximately 3-fold higher than the iNOS+/CD68+ ratio, while in the 
COPD group, it was approximately 8-fold higher, indicating an M2-polarized phenotype (Figure 1C). Furthermore, M2 
macrophages release MMPs, which degrade the ECM to destroy the alveolar septum. The expression of MMP9/12 in 
COPD lung tissues was 2-3-fold higher than that in the control group, as shown by Western blot analysis (Figure 1D and 
E), indicating the presence of substantial numbers of M2 macrophages in COPD patients.
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Emphysema and M2 Polarization Occur in CS-Exposed Mice
The COPD animal model was constructed according to the experimental method, and noninvasive assessment of 
pulmonary function was performed. The Penh value was obtained as an index of airway responsiveness in mice, and 
higher Penh values indicated enhanced airway resistance. The Penh value of the COPD group was 2- to 3-fold higher 
than that of the control group, suggesting that the airway resistance of mice was increased after stimulation with CS 
(Figure 2A). Histological analysis by H&E staining also confirmed the development of emphysema in CS-exposed mice; 
the MLI level was significantly increased and the MAN level was significantly decreased in lung tissues (Figure 2B and 
C). To analyze the polarization of AMs in mice, immunofluorescence experiments were performed, and the results 
showed that the total number of AMs in CS-exposed mice was increased approximately 5-fold compared with that in the 
control group (Figure 2D and E), while the proportion of M2 macrophages among total macrophages in CS-exposed mice 
was twice as high as that in air-exposed mice, and the proportion of M1 macrophages was reduced (Figure 2F). The 
transcription levels of M1 and M2 polarization markers in the lung tissues of mice were measured by qRT‒PCR. We 
found that the transcription levels of the M2-related markers Arg1 and TGF-β in CS-exposed mice were significantly 
upregulated compared with those in the control group, while no significant changes in the transcription of the M1-related 
markers iNOS and TNF-α were detected (Figure 2G). In addition, the protein expression of MMP9/12 in CS-exposed 
mice was 1.5–1.7 times higher than that in the control group (Figure 2H and I). Collectively, these data indicate that the 
polarization of AMs in CS-exposed mice was shifted toward the M2 phenotype, which is consistent with the phenom
enon in COPD patients.

The Induction of M2 Macrophage Polarization by CSE-Treated HBE Cells in vitro and 
the Downregulation of Let-7 Expression in vitro and in vivo
Considering that patients in the COPD group were generally in a severe condition, we tried to extend the duration of CSE 
exposure in cellular experiments to mimic the physiological environment in patients. According to the preliminary experi
ments, the longest time that HBE cells could withstand 5% CSE treatment was 48 h. We chose 5% CSE treatment for 48 h as 

Figure 1 Increased M2 macrophage polarization in COPD patients. Con-NS, nonsmokers without COPD; Con-S, smokers without COPD; COPD, COPD patients. (A) 
Lung macrophages were observed by immunofluorescence analysis in the Con-NS (n=5), Con-S (n=4), and COPD (n=3) groups. Scale bars, 50 µm. CD68: green; iNOS: red; 
CD206: red. (B) Immunofluorescence analysis of the total number of AMs. (C) Quantification of the percentages of M2 and M1 macrophages among total macrophages. 
Total macrophages: CD68+. M1%: iNOS+/CD68+. M2%: CD206+/CD68+. (D) Western blots. (E) Relative protein levels of MMP9 and MMP12 in the lung. The data are the 
mean ± SD (n=5). **P < 0.01.
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the experimental conditions in vitro. To simulate the interaction between cells after smoke enters the human respiratory tract, 
HBE cells that were treated with 5% CSE (CHBE) were cocultured with macrophages induced by THP-1 and supplemented 
with PMA for 48 h (Figure 3A). TNF-α and iNOS were used as markers of M1 polarization, while Arg1 and TGF-β were 
used as markers of M2 polarization. The transcription level of macrophage polarization markers was measured by qRT‒PCR. 
The transcription levels of Arg1 and TGF-β in macrophages that were cocultured with CHBE cells were elevated by 1.5–2 
times compared with those in the control group, while the M1 polarization marker levels showed no significant differences 
between the two groups (Figure 3B). The M2/M1 macrophage ratio in the coculture model was examined by flow cytometry. 
The results showed that the M2/M1 ratio of macrophages cocultured with CHBE was approximately 1.4 times higher than 
that of the control group (Figure 3C and D). These results indicated that 5% CSE treatment of HBE cells for 48 h induced M2 
macrophage polarization, which was consistent with the phenomenon in severe COPD patients. Thus, the crosstalk between 
HBE cells and macrophages could facilitate M2 macrophage polarization during the occurrence and progression of COPD.

To investigate whether let-7c, which is a microRNA, was involved in the crosstalk between HBE cells and 
macrophages to enhance COPD progression, we initially performed qRT‒PCR to validate the expression level of let- 
7c in the lung tissues (Figure 3E) and serum (Figure 3F) of nonsmokers, smokers and COPD patients. We found that the 
expression level of let-7c in the smoking group was lower than that in the nonsmoking group. In particular, let-7c 
expression was barely detectable in the COPD group. Similarly, the expression level of let-7c in the lung tissues of 
COPD mice decreased by approximately half compared with that in the control group (Figure 3G). Furthermore, HBE 
cells were stimulated with 5% CSE for 0, 12, 24 and 48 h. We found that the let-7c expression level was downregulated 

Figure 2 Emphysema and increased M2 macrophages in CS-exposed mice. Male C57BL/6J mice (6–8 weeks of age) were exposed to CS for 24 weeks. (A) Pulmonary 
function is shown as Penh in air-exposed mice and CS-exposed mice (n=6). (B) H&E staining of lung sections (scale bars, 100 µm) and (C) quantification of the MLI. (D) Lung 
macrophages in air-exposed mice (n=4) and CS-exposed mice (n=5) were observed by immunofluorescence analysis (scale bars, 100 µm). (E) Immunofluorescence analysis 
of the total number of macrophages and (F) quantification of the percentages of M2 and M1 macrophages among total macrophages in mouse sections. Total macrophages: 
F4/80+. M1%: iNOS+/F4/80+. M2%: CD206+/F4/80+. (G) The mRNA levels of M2 macrophage markers (Arg1 and Tgf-β1) and M1 macrophage markers (iNOS and TNF-α) 
were measured by quantitative RT–PCR. (H) Western blotting was performed, and (I) the relative protein levels of MMP9 and MMP12 were determined. The data are the 
mean ± SD (n=4). *P<0.05; **P < 0.01.
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at 24 h, and it declined by approximately 5-fold at 48 h after CSE administration (Figure 3H). It can be concluded that 
CS stimulation reduced let-7c expression, indicating that let-7c may participate in the crosstalk between HBE cells and 
macrophages to promote the development of COPD.

IL-6 is Released from CHBE Cells and Regulated by Let-7c
Many studies have shown that IL-6 expression is increased in the sputum and plasma of COPD patients. IL-6 is 
a well-known inflammatory factor that can be produced and released by HBE cells. We stimulated HBE cells with 
2% and 5% CSE for 0.12.24.48 h. The results showed that the release of IL-6 increased at 24 h (Figure 4A). 
Furthermore, 5% CSE stimulation for 48 h facilitated substantial IL-6 generation and release from HBE cells 
(Figure 4A and B). In addition, under the same duration of smoking, the release of IL-6 stimulated by 5% CSE was 
higher than that stimulated by 2% CSE. This result indicated that the release of IL-6 was regulated by the duration 
and concentration of CSE.

These results suggest that IL-6 and let-7c in HBE cells are differentially expressed in response to smoking. We 
hypothesized that the release of IL-6 was regulated by let-7. Next, we transfected let-7c mimics into HBE cells and 
determined the levels of IL-6 in the cell culture supernatant by ELISA. The results showed that the release of IL-6 
from HBE cells in the let-7c mimic group was less than that in the control group (Figure 4C), demonstrating that let- 
7c could directly regulate the expression of IL-6. Bioinformatics analysis showed that let-7c (GAGGUA) has 
a potential binding site in the 3’UTR (TACCTC) of IL-6 (Figure 4D). We cotransfected IL-6MT mimics or IL- 
6WT mimics with let-7c mimics or NC mimics into HBE cells. The dual-luciferase reporter assay results revealed that 
the luciferase activity in the IL-6WT+let-7c group was one-half less than that in the control group, while there was no 
significant difference between the other groups (Figure 4E). These results indicated that Let-7c could bind to IL-6 and 
directly regulate the expression of IL-6.

Figure 3 CHBE induced polarization of M2 type macrophages and expression of let-7c. (A) Scheme illustrating co culture experimental set-up. (B) The mRNA levels of 
macrophage markers in macrophages that were cocultured with CHBE cells were measured by quantitative RT–PCR.(C) Flow cytometry was performed, and (D) the M2/M1 
ratio in the coculture cell model was determined. (E and F) Let-7 expression in human lung tissues (n=4) and serum (n=6). (G) Let-7 expression in the lung tissues of mice (n=4). 
(H) The mRNA levels of macrophage markers in HBE cells stimulated with 5% CSE for 0, 12, 24 and 48 h were measured. The data are the mean ± SD. *P<0.05; **P < 0.01.

International Journal of Chronic Obstructive Pulmonary Disease 2023:18                                                https://doi.org/10.2147/COPD.S404850                                                                                                                                                                                                                       

DovePress                                                                                                                         
583

Dovepress                                                                                                                                                               Liu et al

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

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


IL-6 Mediates HBE Cells and Macrophages and Induces STAT3 Phosphorylation in 
Macrophages
IL-6 was proven to be involved in cell-to-cell signaling.30,31 Next, we examined the downstream pathway in macro
phages that was regulated by IL-6 signaling. The IL-6 receptor has been reported to exist on the surface of macrophages 
and can be activated by binding with IL-6, subsequently inducing STAT3 phosphorylation in macrophages. When 
tocilizumab,24,25 an IL-6 receptor inhibitor, was added to the macrophage culture medium, the p-STAT3/STAT3 ratio 
was significantly reduced to 1/3 of that in the control group (Figure 5A and B). It was reported that p-STAT3 was 
transferred to the nucleus in the form of a dimer, where it functioned as a transcription factor and regulated the 
transcription and expression of related genes by binding to DNA sequences.32 Our previous data showed that M2 
macrophage polarization was promoted by CSE. To examine the effect of IL-6/STAT3 pathway activation on the 
polarization of macrophages, qRT‒PCR and flow cytometry experiments were performed. The results showed that the 
transcription levels of TNF-α and iNOS in the tocilizumab-treated group were upregulated, while the mRNA levels of 
Arg1 and TGF-β were downregulated by half (Figure 5C). These results suggested that a compromised IL-6 receptor 
might inhibit M2 macrophage polarization and promote M1 polarization, which was further confirmed by flow cytometry 
(Figure 5D). The differential levels of MMP9/12 released by M2 macrophages were confirmed by Western blot analysis. 
Because of the inhibition of M2 polarization by tocilizumab, the expression of MMP9/12 was reduced by half (Figure 5E 
and F). These results indicated that IL-6 transferred signals to macrophages to regulate STAT3 phosphorylation. In 
summary, the IL-6/STAT3 pathway was involved in inducing M2 macrophage polarization.

MicroRNA Let-7 Inhibits M2 Macrophage Polarization via the IL-6/STAT3 Pathway
To further verify the effect of let-7 on macrophage polarization and the important role of the IL-6/STAT3 pathway in this 
process, we conducted an in vitro intervention experiment. The let-7c and NC mimics were transfected into HBE cells, 
and the transfection efficiency was evaluated by PCR. The results showed that the expression of let-7c in the let-7c- 

Figure 4 The release of IL-6 was stimulated by CSE and regulated by let-7c. NC, HBE cells treated with the NC mimic for 48 h. Let-7c, HBE cells treated with the let-7c 
mimic for 48 h. (A) IL-6 derived from 2% and 5% CSE-treated HBE cells induced for different times and measured by ELISA. (B) Relative mRNA expression of IL-6 in 5% 
CSE-treated HBE cells. (C) ELISA was performed to determine the relative release of IL-6 by HBE cells. (D) Schematic showing the putative let-7c target sites in the 3’UTR 
of IL-6 and the sequences of the mutant UTRs. (E) A luciferase reporter assay was performed after cotransfection with the let-7c mimic or NC mimic and IL-6-wt mimic or 
IL-6-mut mimic. The data are the mean ± SD (n=3). *P<0.05; **P < 0.01.
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transfected group was more than twice that in the control group (Figure 6A). It is thought that the transfection rate is 
consistent with the standard, which provides a reliable prerequisite for subsequent experiments. In the in vitro rescue 
experiment, we used let-7c or NC plasmid-transfected HBE cells, added 5% CSE according to the groupings and 
cocultured the cells with macrophages for 48 h. After the cocultured macrophages were collected, the phosphorylation 
level of STAT3 protein and the expression of macrophage polarization markers were measured. The results showed that 
let-7 overexpression in HBE cells had little effect on macrophages, while let-7 overexpression in CHBE cells signifi
cantly reduced the phosphorylation level of STAT3 in macrophages (Figure 6B and C). Next, we observed the effect of 
let-7c on macrophage polarization and found that the proportion of M2/M1 macrophages in the let-7c overexpression 
group was significantly lower than that in the NC transfection control group, as determined by flow cytometry (Figure 6D 
and E). Furthermore, we confirmed that let-7 overexpression in CHBE cells increased the mRNA expression of iNOS and 
TNF-α in macrophages, but the difference was not significant. However, the mRNA expression of TGF-β and Arg1 
decreased 0.6 times relative to that in the NC plasmid group (Figure 6F). The level of MMP9/12 released by 
macrophages was measured by Western blotting, which indirectly showed that let-7 inhibited the M2 macrophage 
polarization (Figure 6G and H). Collectively, these data indicate that smoke reduces let-7c in HBE cells and promotes 
M2 macrophage polarization by activating the IL-6/STAT3 pathway. However, when let-7c is overexpressed in CHBE 
cells, the IL-6/STAT3 pathway is inhibited to reduce the formation of M2 macrophages, thereby reducing MMP-mediated 
damage to alveoli.

Discussion
COPD is the main cause of the global incidence and mortality of chronic diseases, and the overall global prevalence of 
COPD is on the rise.33 Among the risk factors related to COPD, smoking has always been the main factor causing the 

Figure 5 IL-6 induced STAT3 phosphorylation in M2 macrophages in vitro. CHBE, HBE cells that were treated with 5% CSE for 48 h; CHBE+tocilizumab, HBE cells that 
were pretreated with tocilizumab (4 µg/mL) for one hour and then treated with 5% CSE for 48 h. THP-1 cells were cocultured with HBE, CHBE and CHBE+tocilizumab cells 
for 48 h. Band densities were quantified by ImageJ software. GAPDH levels were measured in parallel and served as controls. (A) Western blotting was performed, and (B) 
the relative protein levels of STAT3 and p-STAT3 were determined. (C) The mRNA levels of M1 and M2 macrophage markers were measured by quantitative RT–PCR. (D) 
Quantification of the proportions of M2/M1 macrophages was assessed by flow cytometry. (E) Western blotting was performed, and (F) the relative protein levels of MMP9 
and MMP12 were determined. The data are the mean ± SD. *P<0.05; **P < 0.01.
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disease burden of COPD in the past decade. COPD is a chronic airway disease characterized by incomplete reversible 
airflow restriction. This airflow restriction is comprehensively affected by small airway diseases (such as chronic 
obstructive bronchitis) and lung parenchyma destruction (emphysema).34 Emphysema is anatomically defined as 
abnormal permanent enlargement of terminal bronchioles accompanied by the destruction of alveolar walls. The decrease 
in alveolar elastic retraction force is the main pathological mechanism of COPD caused by emphysema. Smoking can 
affect different types of emphysema.35 Our research shows that let-7 is induced by CS and can affect the polarization of 
AMs by reducing the release of IL-6 from bronchial epithelial cells and reduce the release of MMPs to slow the 
progression of COPD emphysema.

With the progression of COPD, emphysema becomes more obvious. Macrophages play an important role in 
promoting emphysema.36 The relative number of M2 macrophages is not only closely related to the severity of 
emphysema but also affects macrophage phagocytosis. To study the dynamic process of macrophage polarization, we 
used in vitro experiments to simulate the cell‒cell interactions after CS enters the human airway. We cocultured HBE 
cells that were treated with 5% CSE and macrophages induced by Thp-1 with PMA for 0.12, 24, and 48 h. The mRNA 
expression of M1 polarization genes (iNOS and TNF-α) increased from 0–24 h and decreased at 48 h. In contrast, the 
mRNA expression of M2 polarization genes (Arg1 and TGF-β) did not change much within 24 h but increased 
significantly at 48 h (Figure 7). We concluded that with increasing smoking time, the polarization of macrophages 
induced by bronchial epithelial cells gradually shifted from M1 to M2. It is generally believed that in the early stage of 
the disease, macrophages polarize into the M1 phenotype, which has proinflammatory functions and is beneficial for 
eliminating invading pathogens and stimulating adaptive immunity. In the late stage of the disease, when the inflamma
tory reaction is too strong and damages the tissues, macrophages shift to an anti-inflammatory M2 phenotype to 
neutralize the inflammatory reaction, protect the host from inflammatory damage and trigger wound healing. This 
finding is also consistent with our in vitro experimental results. A large number of studies have focused on the 

Figure 6 MicroRNA let-7 inhibits M2 macrophage polarization through the IL-6/STAT3 pathway. (A) PCR was performed to measure the transfection efficiency of the let-7c 
mimics. (B) Western blotting was performed, and (C) the relative protein levels of STAT3 and p-STAT3 were determined. (D) Flow cytometry was performed, and (E) the 
ratio of M2/M1 in the coculture cell model was determined. (F) The mRNA levels of M1 and M2 macrophage markers were measured by quantitative RT–PCR. (G) Western 
blotting was performed, and (H) the relative protein levels of MMP9 and MMP12 were determined. The data are the mean ± SD. *P<0.05; **P < 0.01.
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polarization of macrophages in COPD. Clinical studies have shown that CS can cause M2 polarization of macrophages in 
COPD patients. The ratio of M2 cells to monocytes in the sputum and bronchoalveolar lavage fluid of COPD patients is 
much higher than that of M1 cells.36,37 CS-induced M2 macrophages play a major role in COPD and secrete large 
amounts of MMP9/12 to exacerbate emphysema.10,38 Our experimental results are consistent with these views. First, the 
number of macrophages in the lungs of COPD patients and COPD model mice was significantly increased, and the 
proportion of M2 macrophages was greater than that of M1 macrophages. Second, the expression of MMP9/12 in the 
COPD group was significantly higher than that in the smoking control group and nonsmoking control group. MMP9/12 is 
a matrix metalloproteinase that is mainly released by M2 macrophages and can destroy the alveolar septum and promote 
the formation and progression of emphysema.39–41 Studies have shown that the level of MMP-12 in the alveolar lavage 
fluid of COPD patients is approximately 4–10 times higher than that of healthy people. Moreover, the addition of an 
MMP-12 inhibitor or the elimination of MMP12 expression can slow the expansion of the air cavity and ultimately 
prevent the occurrence of emphysema.42,43 COPD emphysema is closely related to M2 macrophage polarization.

The IL-6/STAT3 signaling pathway affects neutrophil activity, contributes to the severity of inflammation and immune 
regulation, and causes lung tissue damage.44–46 In recent years, it has been found that IL-6/STAT3 is involved in regulating 
the proliferation and apoptosis of human lung cancer cells. In addition, the IL-6/STAT-3 pathway can promote the 
polarization of M2 macrophages.47,48 In physiological conditions, the STAT-3 protein exists in the cytoplasm in an inactive 
form. In response to IL-6, stimulation the binding of IL-6 and its receptor IL6R induces the dimerization of the receptor 
subunit gp130, which causes JAK tyrosine kinase to cross-phosphorylate, become activated and directly phosphorylate the 
STAT3 protein. Then, the IL-6/STAT-3 pathway is activated.49,50 Subsequently, p-STAT3 forms a dimer, translocates from 
the cytoplasm to the nucleus and binds to the promoter regions of target genes such as PPAR to induce gene expression and 
promote M2 polarization.51,52 To verify the correlation between IL-6 and STAT3, we used tocilizumab to block the IL-6 
receptor on the surface of macrophages in vitro. As a result, the phosphorylation of the STAT3 protein in cells was inhibited, 
and the mRNA expression of M2 polarization marker genes was reduced. Furthermore, the release of MMP-9/12 was 
reduced. At the protein level, flow cytometry showed that the M2/M1 ratio of macrophages that were treated with 
tocilizumab was decreased. Some studies have shown that IL-6 is significantly increased in the plasma of COPD patients, 
which is involved in the expression of intercellular adhesion factor in the alveolar epithelium and the initiation of the early 
pulmonary inflammatory response.53 IL-6 is also a predictor of the severity and exacerbation frequency of COPD.54,55 Most 
studies suggests that the level of IL-6 in the sputum of COPD patients is increased, and Kiszalkiewicz et al found that the 
levels of IL-6 in the sputum of patients with acute exacerbation of COPD were higher than those in patients with stable 
COPD.56,57 However, different researchers have different results, which may be affected by other basic diseases or by 
ignoring smoking factors in the control group. The pathophysiological mechanism is complex, and pathways interact with 
each other. The expression level of IL-6 is affected by many factors. Clarifying the role of the IL-6/STAT3 pathway in the 
pathogenesis of COPD still needs further analysis.

The let-7 family is a microRNA family that was discovered early. The differential expression of let-7 is involved in 
the pathogenesis of many diseases. Among the 627 miRNAs in the sputum of COPD patients, let-7c was significantly 
lower than that in the sputum of nonsmokers. The expression of let-7c is negatively correlated with the expression of 

Figure 7 The mRNA levels of macrophage markers were measured in macrophages co-cultured with CHBE for 0.12.24.48 h by quantitative RT–PCR. The data are the mean 
± SD. *P<0.05; **P < 0.01.
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tumor necrosis factor receptor type II (TNFR2), which is involved in the pathogenesis of COPD.58,59 The expression of 
let-7 family was measured in the lung tissue, serum and primary bronchial epithelial cells of COPD patients. It was found 
that the expression of let-7a, let-7c, and let-7d were significantly down regulated, among which let-7c was the most down 
regulated.23 This finding is consistent with the significant decrease in let-7c in the lung tissue and serum of COPD 
patients and the lung tissue of COPD model mice compared with the control group in our study. Furthermore, we verified 
that a longer the smoking time resulted in lower let-7c expression in vitro. IL-6 can be generated and released by HBE 
cells and can mediate communication between HBE cells and AMs. Our study also confirmed that the expression of IL-6 
was regulated by let-7, and the release of IL-6 increased with increasing smoke concentration and smoking time. IL-6 
participates in COPD emphysema by connecting HBE cells and macrophages. According to the research results of our 
research group, let-7 is not only involved in the process of airway remodeling, but also in the pathogenesis of COPD 
emphysema.

In conclusion, our results demonstrate that smoke stimulation can downregulate the expression of let-7 in the HBE cells 
and induce the formation of M2 macrophages. In addition, let-7c can reduce M2 polarization in AMs by inhibiting the IL-6/ 
STAT3 pathway, thereby reducing the release of MMPs and slowing the progression of severe COPD emphysema (Figure 8). 
Therefore, let-7 is expected to provide a new therapeutic target for the prevention and treatment of COPD emphysema. 
However, our research has limitations. First, we lack in vivo experiments to directly prove that let-7 can inhibit the 
occurrence of COPD emphysema. Second, we only studied patients with severe COPD, but the polarization of macrophages 
is a dynamic process. To understand the dynamic changes in macrophage polarization from the onset of COPD and the 
turning point of macrophage M1 to M2 polarization, more research is needed. Moreover, it is unclear whether let-7c also 
mediates other important molecular mechanisms to participate in the pathogenesis of COPD.
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