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Background: The role of irreversible airway inflammatory damage in chronic obstructive pulmonary disease (COPD) progression is 
evident. Autophagy is an essential process in the cellular material metabolic cycle, and a family of resistant vegetative molecules may 
be involved in the COPD autophagic process. In this study, we investigated the mechanism of resistin-like molecule β (RELMβ) in 
COPD smoking-induced autophagy.
Methods: Firstly, the expression differences of RELMβ and autophagy markers between COPD and control groups were analyzed in 
the Gene Expression Omnibus (GEO) datasets and clinical specimens. Secondly, in vitro and in vivo experiments were conducted 
using immunoblotting, immunofluorescence, immunohistochemistry, and other methods to investigate the mechanism by which 
RELMβ promotes airway inflammation through autophagy in a cigarette smoke extract-induced 16HBE cell inflammation model 
and a cigarette smoke-induced COPD-like mouse model. In addition, immunoprecipitation was used to analyze the binding of RELMβ 
to the membrane protein TLR4.
Results: The expression of RELMβ and autophagy genes p62 and LC3B in lung tissue of COPD patients was significantly increased. 
RELMβ can mediate the activation of autophagy in 16HBE cells, and through autophagy, it increases the expression of inflammatory 
cytokines in a cigarette smoke extract-induced 16HBE cell inflammation model. RELMβ promotes cigarette smoke-induced COPD-like 
mouse airway inflammation through autophagy, and RELMβ can mediate signal transduction through the cell membrane receptor TLR4.
Conclusion: The RELMβ binds to TLR4 to encourage signal transduction and that RELMβ can promote inflammation in smoky 
COPD lungs through autophagy.
Keywords: autophagy, COPD, airway inflammation, cigarette smoke extract

Introduction
The high incidence of chronic obstructive pulmonary disease (COPD) and the low control rate in China suggest that 
COPD will remain an insurmountable problem in China for some time to come1 because the pathogenesis of COPD is 
still unclear. COPD is a group of respiratory diseases with persistent airflow limitation, and the mechanism of COPD is 
still inflammatory damage.2,3 Smoking and damage to the airways by harmful particulate matter leads to chronic 
inflammatory infiltration of the central airways, the proliferation of cupped cells leading to mucus hypersecretion, airway 
obstruction, and the formation of emphysema.4 There are more studies on the mechanism of COPD. However, none of 
them are clear, so further in-depth studies on the pathogenesis of COPD, especially the study of chronic airway 
inflammation, will be essential for diagnosing and treating slow obstructive pulmonary disease.
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Autophagy is a normal metabolic process of cells that contributes to the cellular cycle of material metabolism.5 

Autophagy engulfs metabolic substances, peptides, and residual organelles within the autophagosomal double membrane 
layer, which are then delivered to lysosomes for digestion, during which the enclosed substances are broken down.6,7 

These enclosed metabolic substances and organelles are also a source of inflammatory signals.8 There is a complex 
regulatory relationship between inflammation and autophagy in lung diseases. Autophagy is involved in a variety of lung 
diseases. Autophagic vesicles are significantly more accumulated in patients with COPD.9 Cigarette smoke extract (CSE) 
in vitro has been shown to stimulate airway epithelial cells to regulate airway inflammation via autophagy and activate 
high mobility group box 1 (HMGB1)/Rage on the cell membrane, thus promoting signal transduction.10 CSE-mediated 
autophagy dysfunction was found to lead to intracellular ceramide accumulation and induce emphysema and that 
antioxidant-induced autophagy attenuates the accumulation of ceramide in autophagic vesicles caused by tobacco 
smoke extract.11

Resistin-like molecule β (RELM-β) is a newly identified member of the small molecule secretory protein family12 and 
is a homolog of hypoxia-induced mitogenic factors.13 In hypoxic environments, RELMβ expression is elevated in 
alveolar epithelial cells and lung fibroblasts, and significant cell proliferation effects can be observed in RELM-β- 
overexpressing cells.14 The pathological changes of thickened small pulmonary arteries increased the right ventricular 
hypertrophy index, and increased proper ventricular mean arterial pressure due to hypoxia can be reversed in RELMβ 
gene-deficient mice.15 In terms of airway inflammation, inflammation is a significant factor in the elevation of RELMβ.16 

CSE stimulation mediates elevated airway inflammation RELMβ. Our study found high RELMβ expression in mouse- 
induced airway inflammation.17 RELMβ is significantly elevated in CSE-stimulated airway epithelial cells, along with 
the inflammatory factors IL-1β and IL-8, and further studies have shown that recombinant RELMβ protein (rhRELMβ) 
can regulate inflammatory effects via the p38 mitogen-activated protein kinase (MAPK) signaling pathway.18 However, 
how RELMβ handles inflammatory effects and whether autophagy is involved in RELMβ-mediated inflammatory 
regulation have not been reported. Our study first analyzed the expression of RELMβ and autophagy genes in COPD 
patients from the GEO dataset, verified the mechanism of RELMβ-regulated inflammation via autophagy at the cellular 
level, and further demonstrated in vivo in animals that RELMβ regulates tobacco smoke-stimulated airway inflammation 
via autophagy.

Materials and Methods
GEO Database Analysis
We searched for transcriptomic gene expression in COPD patients in the online database Gene Expression Omnibus 
(GEO) (https://www.aclbi.com/static/index.html/), downloaded the data, and used the R language. The normalize 
Quantiles function in the preprocessor package was used to normalize the data and analyze the gene expression in 
COPD patients and control patients.

Human Study Subjects
We collected surgical specimens from the Department of Thoracic Surgery of the First Affiliated Hospital of Jinan 
University due to surgical resection of lung cancer. COPD diagnosis was made according to the GOLD (Global Initiative 
for Chronic Obstructive Lung Disease) guidelines. All experiments were performed in accordance with the ethical 
standards of the Helsinki Declaration.

Cell and Transfection of Small Interfering RNA
We obtained a 16HBE cell line from Sun Yat-sen University. The cell STR analysis using multiplex amplification system 
(CELL STR IDTM) by Beijing Huake genetechnology co., LTD. The 16HBE-RELMβ-Flag cell line was preserved by 
our group. The 16HBE cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) high sugar medium 
containing 10% fetal bovine serum (FBS). The cells were passaged when they reached approximately 80–90% 
confluence. Cells were spread evenly in 6-well plates and transfected overnight when cell confluence reached 50%- 
70%. The transfection reagent LipoFectMax™ (ABP© Bioscience, Wuhan, China) was mixed with diluted small 
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interfering RNA (siRNA) (GenePharma, Shanghai, China) and left to stand for 20 min. The transfection efficiency was 
measured after 24 hours of transfection, and the protein expression level was measured after 48 hours.

Preparation of CSE
The cigarette without a filter was passed through 10mL of Dulbecco’s modified Eagle’s medium, filtered through a 0.22- 
μm filter, and the optical density was measured at 405 nm after filtration. The pH was adjusted to 7.4, and an optical 
density of 0.2 was considered to represent 100% CSE. These extracts were used for cell preparation within 30 minutes 
after preparation.

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)-Cas9
Three guide RNAs of the RELMβ gene were designed using CRISPR–Cas9 guide RNA online design software 
(http://www.e-crisp.org/E-CRISP), and the plasmid was transfected into 293T cells. The viral fluid was collected and 
transfected into 16HBE cells, and monoclonal cell proliferation was assessed by the limited dilution method after 
drug screening. The gene was sequenced and validated at the polymerase chain reaction (PCR) and protein levels.

mRFP-GFP-LC3B Transfection of 16HBE Cells with Adenoviral Fluid
The 16HBE cells were spread evenly in a 24-well plate lined with cell slides, changed overnight, and transfected with 
medium containing 2% FBS. The concentration of the viral solution was diluted at 1:1000 (MDI of 15) and switched to 
complete fresh medium after the eighth. Fluorescence efficiency was observed after 24 h. Cells were collected after 
rhRELMβ and chloroquine (CQ inhibited the binding of autophagosomes and lysosomes) stimulation. The cells were 
fixed with 4% paraformaldehyde, permeabilized with tris-buffered saline with Tween 20 (TBST) (Triton X-100) for 20 
min, and then sealed with a blocker containing diamidino-2-phenylindole (DAPI).

Hematoxylin-Eosin Staining (HE) and Immunohistochemistry (IHC)
The obtained lung tissue specimens were fixed in paraffin, the nucleus was stained with hematoxylin, and then the 
cytoplasm was eosin-stained. Resin-sealed slices were microscopically observed and counted. Paraffin-fixed lung tissue 
was sectioned, dewaxed, and hydrated. After antigen repair, the primary antibody working solution was closed overnight, 
the rabbit secondary antibody was incubated for 2 hours, and the slices were sealed and photographed under microscope 
observation.

Immunocytochemistry
After treatment, the cells were fixed with 4% PFS, permeabilized with TBST (Triton X-100) for 20 min, closed for 1 h, 
and incubated with the primary antibody working solution overnight at 4°C. The fluorescent secondary antibody 
identification was incubated for 1 h at room temperature and protected from light, and blocked with DAPI in a light- 
protected environment. Microscopic photographs were taken for statistical analysis.

Western Blot (WB) and ELISA
Cell supernatants were used for enzyme-linked immunoassay (ELISA). The supernatants were harvested, and 100µL of 
antibody dilutions (RELMβ, Abcam, Cambridge, UK; IL-1β, Abcam, Cambridge, UK; IL-8, Abcam, Cambridge, UK) 
were added to each well and incubated for 1 h. The secondary antibodies were added, and the reaction was terminated 
with the termination solution. A wavelength of 450 nm was used to measure the absorbance.

Co-Immunoprecipitation (Co-IP) Assay
The supernatant was collected from the lysed cells, and the supernatant was incubated with protein A/G agarose beads 
(Thermo Fisher Scientific, USA) for 1 hr at 4°C and then incubated with TLR4 antibody (Santa Cruz Biotechnology, 
USA) overnight at 4°C. The protein A/G agarose beads were eluted with PBS and the precipitated proteins were detected 
by Western blot analysis.
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Reverse Transcription-PCR (RT-PCR) and Real-Time Quantitative PCR (Q-PCR)
After the cells and tissues were collected, the total RNA of the cells and tissues were extracted by adding the appropriate 
Trizon. Reverse transcription and PCR amplification were performed. The amplification conditions were as follows: 
preheating at 98°C for 3 min, followed by annealing at 60°C for 10–15 s for 30–35 cycles. The amplification products 
were detected by agarose gel electrophoresis. GAPDH was used as the loading control. cDNAs were amplified by 
quantitative PCR using a C.F.X. instrument (BioRad, Hercules, CA, USA).

Animals
Six- to eight-week-old male C57BL/6 mice were purchased from The Southern Medical University Laboratory Animal 
Center. Retnlb−/− mice were purchased from Nanjing Model Organism (Nanjing, China). Thirty male mice were housed 
in SPF class mouse holding rooms. The Ethical Committee approved all experimental protocols for Animal Studies at 
Jinan University.

In vivo CS Exposures and Treatments
Mice were given smoke fumes in stainless steel chambers, 10 cigarettes per session, and each time the smoke was 
diffused in the room for 30 min, 50 cigarettes per day, 5 days per week, and 2 weeks of smoke exposure. The total 
particulate matter concentrations in the exposure chamber were between 150–180 mg/m3. The mice were treated with the 
autophagy inhibitor 3-MA by intra-nasal 2 hours before smoke exposure, placed in air for another 2 weeks, and then 
started to receive elastase by airway drip after Day 29 for 3 days, 24 hours after the last drip. Mouse elastin peptide was 
suspended in sterile saline. Each airway drip was 40 µL, for a total of 100 µg per drip. 3-MA was dissolved in saline at 
5 mg/mL, 40 µL per drip. 3-MA was administered 2 hours before each smoke stimulation.

Statistical Analysis
Differences between two groups were analyzed using Student’s t-test. Three or more groups were analyzed using one- 
way analysis of variance (ANOVA) for differences between groups. All data are expressed as the mean ± standard error 
of the mean (sem). The analyses and graphs were generated using GraphPad Prism 5.0 software (GraphPad Software 
Inc., San Diego, CA, USA.). A value of P less than 0.05 was considered statistically significant.

Results
RELMβ and Autophagy Markers are Highly Expressed in COPD Patients
We analyzed the correlation between the RELMβ gene and autophagy-related genes in the GSE5058 dataset,19,20 which 
is a genomic expression analysis of airway and small airway epithelium from 12 patients with normal control, 11 patients 
with simple smoking, and 16 patients with COPD, by analyzing data from the GEO database COPD dataset. Gene 
expression was analyzed by downloading the raw data from the GEO database, normalizing the raw data using the 
R language, and converting the probe ID into a gene symbol. The results showed that RELMβ mRNA expression was 
higher in COPD patients than in normal controls and the smoking-only group (Figure 1A). The mRNA expression of the 
autophagy markers LC3B, p62, and BECN1 (Figure 1A) was significantly higher in the COPD group than in the control 
group and the smoking-only group. We further collected and analyzed the tissues of lung cancer patients with COPD 
combined with lung cancer removed due to surgery in the thoracic surgery department of our hospital. Preoperative 
pulmonary function suggests a diagnosis of COPD based on diagnostic criteria.21 All organizations are derived from 
cancerous tissues greater than 2cm in size in lung cancer tissue. The pathological tissues of lung cancer without COPD 
were used as the control group. PCR, IHC and WB were used to detect the expression of RELMβ in the tissues. The 20 
patients paraffin tissue sections were used for immunohistochemistry staining, and patient information is shown in 
Table 1. The 8 fresh patient tissues were used for total RNA and total protein extraction, and patient information is shown 
in Table 2. The results showed that the expression of RELMβ was significantly increased both at the mRNA level 
(Figure 1B) and protein level (Figure 1D) as well as at the tissue level (Figure 1D). We further analyzed the expression of 
the autophagy markers LC3BI/II and p62, and the results showed that the accumulation of p62 was significantly 
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Figure 1 The expression of RELMβ and autophagy genes is elevated in COPD patients. (A), Analysis of RELMβ and autophagy gene expression in the GEO database; (B), 
RT-PCR detection of RELMβ and autophagy gene mRNA levels in the COPD and control groups; (C), Immunohistochemical detection of RELMβ and autophagy genes in the 
COPD and control groups. The expression at the tissue level in the control group; (D), Western blot detection of the expression of RELMβ and autophagy genes at the 
protein level in the COPD and control groups. (*p < 0.05, **p < 0.01, ***p < 0.001.).
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increased in COPD patients at the mRNA level (Figure 1B) and protein level (Figure 1D). The mRNA level showed 
a significant increase in LC3B expression (Figure 1B), and the tissue level showed a significant increase in COPD 
patients (Figure 1C).

RELMβ Promotes the Expression of Autophagy Markers in vitro
To verify that RELMβ affects autophagy, autophagic markers were detected by culturing 16HBE cells in vitro at different 
concentrations and times. 16HBE cells were verified by STR and no cross-contamination of other human cell lines was 
found. The results showed that at a concentration of 100 ng/mL rhRELMβ, with the extension of stimulation time, the 
expression of the autophagic marker LC3BI/II was evident at the 24th hour of rhRELMβ (Figure 2A). The accumulation 
of p62 started to appear at the 3rd hour and was evident at the 24th hour (Figure 2A). The BECN protein showed 
increased expression at the 6th hour (Figure 2A), and thereafter, there was always a significant increase in expression. We 
further analyzed the expression of autophagy markers stimulated at different concentrations in the presence of rhRELMβ 
for 24 h. The results showed that the expression of LC3BI/II started to appear significantly increased at rhRELMβ 50 ng/ 
mL (Figure 2B), the accumulation of p62 was significant at rhRELMβ 100 ng/mL (Figure 2B), and BECN protein 
showed increased expression at rhRELMβ 100 ng/mL (Figure 2B). From this, we know that rhRELMβ promotes the 
expression of autophagy in 16HBE cells, and the most pronounced autophagy was observed at an action concentration of 
100 ng/mL and 24 h stimulation time. In addition, we also analyzed the intracellular localization of the autophagy marker 
LC3BI/II using the immunofluorescence technique. The analysis showed that LC3BI/II was expressed outside the 
nucleus, and no apparent intranuclear localization was observed (Figure 2C). Mrfp-GFP-LC3B adenovirus solution 
transfected with 16HBE cells showed that rhRELMβ alone promoted autophagic vesicles in 16HBE cells, and the 
accumulation of autophagic vesicles was more pronounced when the autophagy-lysosome inhibitor CQ was present 
(Figure 2D). Our results suggest that RELMβ promotes early autophagy in 16HBE cells and autophagosome accumula-
tion in 16HBE cells.

RELMβ-Mediated Accumulation of Autophagy Promotes the Effects of Inflammation
We further investigated the rhRELMβ-mediated autophagic effect of 16HBE to further investigate the autophagic effect 
of rhRELMβ. We further analyzed the time-dependent autophagic vesicle accumulation of rhRELMβ protein over time, 
and the results showed that the accumulation of LC3BI/II started at 6 h and was significant at 24 h (Figure 3A); the 

Table 1 Demorgraphics on the Patients

Disease Group Age (Year) Gender (M/F) Smoking (No/Yes)

Normal 46–72 3/7 7/3
COPD 60–76 1/9 6/4

Abbreviation: COPD, chronic obstructive pulmonary disease.

Table 2 The Information of Patients

Patient ID Age 
(Year)

Gender 
(M/F)

Smoking 
(No/Yes)

COPD 
(No/Yes)

Location of Lung 
(Left/Right)

1 53 M Yes No Left

2 53 F No No Left
3 64 M No No Left

4 57 F No No Left

5 71 M Yes Yes Right
6 58 M No Yes Right

7 53 M Yes Yes Left

8 54 F No Yes Right

Abbreviation: COPD, chronic obstructive pulmonary disease.
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Figure 2 RELMβ promotes autophagic effects. (A), rhRELMβ promotes autophagy protein expression in 16HBE cells in a time-dependent manner (A1), Western blot 
analysis of the expression of autophagy proteins p62, LCB3I/II, and BECN in 16HBE cells; (A2–4), Densitometric analysis of the corresponding protein grayscale values). (B), 
rhRELMβ promoted the expression of autophagy proteins in 16HBE cells in a concentration-dependent manner (B1), Western blot analysis of the expression of autophagy 
proteins p62, LCB3I/II, and BECN in 16HBE cells; (B2–4), Densitometric analysis of the corresponding protein grayscale values). (C), Immunofluorescence detection of 
autophagy protein accumulation around the nucleus of 16HBE cells. (D), mRFP-GFP-LC3B double-fluorescence infection with 16HBE to detect autophagosome aggregation. 
(*p < 0.05, **p < 0.01).
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Figure 3 RELMβ promotes 16HBE inflammatory effects via autophagy. (A), The effect of autophagy became more pronounced in a time-dependent manner (A1), Western 
blot analysis of autophagy proteins p62, LCB3I/II, and BECN expression in 16HBE cells; (A2–4), Densitometric analysis of the corresponding protein grayscale values). 
(B and C), RELMβ promotes the expression of IL-1β and IL-8 in 16HBE cells via autophagy (B1), PCR analysis of autophagy proteins p62, LCB3I/II, and BECN expression in 
16HBE cells; (B2), PCR densitometric analysis; (C1), Western blot analysis of autophagy proteins IL-1β and IL-8 expression in 16HBE cells; (C2), Densitometric analysis of 
the corresponding protein grayscale values). (D), Replenishment experiments confirmed that RELMβ promotes the expression of IL-1β and IL-8 in 16HBE cells via autophagy 
(D1), Western blot analysis of autophagy proteins IL-1β and IL-8 expression in 16HBE cells; (D2 and 3), Densitometric analysis of the corresponding protein grayscale 
values). (*p < 0.05, **p < 0.01).
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collection of p62 began at 12 h and was effective at 24 h (Figure 3A). When cells were pretreated with chloroquine (CQ) 
for 2 hours, there was a significant increase in autophagic vesicle accumulation, indicating that rhRELMβ could activate 
early autophagy. We also further analyzed the effect of autophagy inhibitors on inflammatory development. The results 
showed that the expression of the inflammatory factors IL-1β and IL-8 was increased in the presence of increased 
autophagosome accumulation, and IL-1β (Figure 3B) and IL-8 (Figure 3B) at the mRNA and protein levels (Figure 3B) 
were significantly increased. In the presence of the autophagy initiation inhibitor 3-MA, IL-8 expression was significantly 
decreased both at the mRNA level (Figure 3B) and at the protein level (Figure 3C). The expression of IL-1β was reduced 
at both the mRNA and protein levels, indicating that the autophagic process influences rhRELMβ-mediated inflammatory 
effects in bronchial epithelial cells and suggesting that the regulation of autophagy exerts an important influence on 
inflammation.

We performed backfill experiments to further investigate the regulation of inflammation involved in autophagy. Using 
small interfering RNA, an essential gene in the autophagic process, ATG5 interfered with the expression of ATG5. The 
results of the analysis of inflammatory factors showed that the expression of IL-1β (Figure 3D) and IL-8 (Figure 3D) 
showed a significant decrease compared to rhRELMβ alone, even with the intervention of CQ IL-1β (Figure 3D) and IL- 
8 (Figure 3D) expression remained significantly reduced, suggesting that rhRELMβ mediates inflammation, both in the 
early and late stages of autophagy and that the effect of autophagy on inflammation is present. Our analysis indicates that 
autophagic mechanisms regulate RELMβ-mediated inflammation in bronchial epithelial cells.

Tobacco Smoke Promotes COPD Airway Inflammatory Expression via RELMβ- 
Mediated Autophagy
To further analyze the effect of the inflammatory autophagy-regulated impact of RELMβ, we edited the expression of the 
RELMβ gene using the CRISPR Cas9 guide-RNA technique. We observed the inflammatory effects in the 16HBE cell 
model with CSE intervention in the presence of a small interfering RNA technique to interfere with the ATG5 gene. The 
results showed that CSE alone promoted RELMβ gene expression. In contrast, when the RELMβ gene was edited using 
CRISPR Cas9 guide-RNA gene-editing technology, RELMβ was expressed at the mRNA (Figure 4A), and the protein 
levels (Figure 4A) were almost undetectable We also interfered with the expression of the ATG5 gene using the small 
interfering RNA technique. The results showed that only CSE alone stimulated significant expression of the 16HBE 
inflammatory factors IL-1β (Figure 4B) and IL-8 (Figure 4B), while both the RELMβ gene and the ATG5 gene 
expression were edited. IL-1β (Figure 4B) and IL-8 (Figure 4B) were significantly decreased. We found that when the 
RELMβ gene was edited with or without ATG5 gene intervention, the expression of IL-8 (Figure 4B) was further 
decreased. IL-1β showed a decreasing trend, but the difference was not significant. Our experiments further confirmed 
that autophagic mechanisms are involved in RELMβ-mediated airway inflammation in tobacco smoke sensitization.

RELMβ Promotes Airway Inflammatory Effects via Autophagy in Smoked Mice
To further clarify the real-world effects of the RELMβ gene on autophagy, we verified the altered airway inflammation in 
mice by tobacco smoke combined with elastase in a C57BL/6J mouse slow-onset lung-like model with or without 
intervention with the autophagy inhibitor 3-MA using CRISPR Cas9 technology to edit RELMβ. The WB (Figure 5A) 
and IHC (Figure 5B) detection showed almost no expression of RELMβ in gene knockout mice. HE staining showed that 
tobacco smoke fumigation combined with elastase resulted in a significant increase in the airway and alveolar 
inflammatory infiltrates in mice, with a slight rise in alveolar septa compared to wild mice (Figure 5C). The airway 
inflammation was significantly better in mice when airway drops of the autophagy inhibitor 3-MA were administered. 
There was a trend of reduced inflammation in smoked C57BL/6JRELMβ-/- mice compared with C57BL/6JWT mice. In the 
case of C57BL/6JRELMβ-/- mice that smoked with airway drops of the autophagy inhibitor 3-MA, we found a significant 
reduction in airway inflammation. Our study showed an important regulatory role of RELMβ in tobacco smoke- 
sensitized subpulmonary inflammation and autophagy in RELMβ-mediated tobacco smoke-sensitized airway 
inflammation.
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Figure 4 CSE promotes 16HBE inflammatory effects via RELMβ-mediated autophagy. (A), CRISPR-Cas9 technology edits the RELMβ gene, and Western blot detects the 
expression of RELMβ in 16HBE cells stimulated by tobacco smoke extract (A1), Western blot analysis of RELMβ protein expression in 16HBE cells; (A2), QPCR analysis of 
RELMβ mRNA expression level; (A3), Densitometric analysis of corresponding protein grayscale values). (B), When the RELMβ gene is edited, combined with small 
interfering RNA technology to detect the expression of the inflammatory factors IL-8 and IL-1β (B1), Western blot analysis of protein expression of ATG5, IL-1β, and IL-8 in 
16HBE cells; (B2–4), Densitometric analysis of corresponding protein grayscale values). (*p < 0.05, **p < 0.01, ***p < 0.001).
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We further analyzed RELMβ promotes COPD airway inflammation in C57BL/6J mice via autophagy. BALF total cell 
counts and neutrophil percentages (Figure 6B1) were lower in the smoked C57BL/6JWT group pretreated with 3-MA than 
C57BL/6JWT smoked mice. Moreover, the results showed that the expression of IL-8 and IL-1β (Figure 6B2) in mice 
BALF was significantly inhibited in smoked C57BL/6JWT mice pretreated with 3-MA. Meanwhile, the expression of the 
mice lung inflammatory factors IL-1β (Figure 6B3) and IL-8 (Figure 6B3) was decreased in smoked C57BL/6JWT mice 
pretreated with 3-MA. The expression of the autophagy markers LC3BI/II (Figure 6B3) and p62 (Figure 6B3) was also 
decreased, indicating that autophagy can promote inflammatory effects in mice. The IHC stain of p62 was also showed 
3-MA inhibited airway inflammation induced by cigarette smoking in C57BL/6JWT mice (Figure 6A).

Figure 5 Validation of the C57BL/6JRELMβ-/- knockout COPD mouse model. (A), Western blot verification of RELMβ knockout in C57BL/6J mice. (B), IHC staining 
verification of RELMβ knockout in smoked C57BL/6 J RELMβ-/- mice and smoked C57BL/6J mice. (C), HE staining verified that the COPD model was successfully established 
in C57BL/6J mice. (*p < 0.05, **p < 0.01, ***p < 0.001).
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Figure 6 RELMβ promotes COPD airway inflammation in C57BL/6J mice via autophagy. (A), IHC verification of p62 expression in C57BL/6J mice. (B1), Mouse BALF total cell count 
and percentage of neutrophils in 3-MA pretreated C57BL/6J mice; (B2) Mouse BALF IL- 8 and IL-1βsecretion by ELISA in 3-MA pretreated C57BL/6J mice; (B3) The expression of IL-8, 
IL-1β and autophagy protein in mouse lung tissue; (B4) Densitometric analysis of the protein grayscale values. (C1), Mouse BALF total cell count and percentage of neutrophils in C57BL/ 
6JRELMβ-/- mice; (C2) mouse BALF IL- 8 and IL-1βsecretion by ELISA in C57BL/6JRELMβ-/- mice; (C3) The expression of IL-8 and IL-1β and autophagy protein in C57BL/6JRELMβ-/- 
mice lung tissue; (C4) Densitometric analysis of the protein grayscale values. (D1), Mouse BALF total cell count and percentage of neutrophils in 3-MA pretreated C57BL/6J RELMβ-/- 
mice; (D2) Mouse BALF IL- 8 and IL-1βsecretion by ELISA in 3-MA pretreated C57BL/6J RELMβ-/- mice; (D3) The expression of IL-8 and IL-1β and autophagy protein in 3-MA 
pretreated C57BL/6J RELMβ-/- mice; (D4) Densitometric analysis of the protein grayscale values. (*p < 0.05, **p < 0.01, ***p < 0.001).
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We also analyzed the expression of inflammatory factors in C57BL/6J RELMβ-/- mice. Our analysis showed that total 
cell counts (Figure 6C1) and neutrophil percentages (Figure 6C1) were lower in the BALF of the smoked C57BL/ 
6JRELMβ-/- group than in the BALF of the C57BL/6JWT smoked mice. Meanwhile, in smoked C57BL/6JRELMβ-/- mice, the 
expression of IL-8 (Figure 6C2) and IL-1β (Figure 6C2) was significantly decreased compared with that in smoked 
C57BL/6JWT mice BALF. We also examined the changes inflammatory effects in lung tissues by WB, the expression of 
the inflammatory factors IL-1β (Figure 6C3) and IL-8 (Figure 6C3) was significantly downregulated in smoked C57BL/ 
6J RELMβ-/- mice compared with smoked C57BL/6JWT mice. The expression of the autophagy markers LC3BI/II 
(Figure 6C3) and p62 (Figure 6C3) were significantly lower in smoked C57BL/6J RELMβ-/- mice pretreated with 3-MA 
for 2 h than in smoked C57BL/6JRELMβ-/- and C57BL/6JWT mice alone. The IHC stain of p62 was significantly decreased 
in C57BL/6JWT cigarette smoking mice (Figure 6A). The results showed that RELMβ gene loss has a protective effect on 
airway inflammation in mice.

While, after concomitant airway dripping of 3-MA in C57BL/6JRELMβ-/- mice, total cell counts (Figure 6D1) in BALF 
were significantly reduced in C57BL/6JRELMβ-/- smoked mice with 3-MA pretreated than C57BL/6JRELMβ-/- smoked 
mice. In contrast, in C57BL/6J RELMβ-/- mice, there was a more pronounced expression of the inflammatory factor IL-8 
(Figure 6D2) and a decrease in IL-1β expression in C57BL/6J RELMβ-/- smoked mice when airway drops of 3-MA were 
administered 2 hours prior to tobacco smoke fumigation. Nevertheless, there was no significant difference (Figure 6D2). 
The expression and inflammatory effect of IL-8 (Figure 6D3) were significantly decreased in mice lung, and IL-1β was 
slightly decreased, but the differences were not statistically significant (Figure 6D3) in smoked C57BL/6 J RELMβ-/- mice 
pretreated with 3-MA. The IHC stain of p62 was significantly decreased in smoked C57BL/6 J RELMβ-/- mice pretreated 
with 3-MA (Figure 6A). Our results further confirm that autophagy intervention can alleviate airway inflammation in 
C57BL/6JRELMβ-/- mice.

RELMβ Binds to the Cell Membrane Receptor TLR4 to Promote Signal Transduction
RELMβ is a cytoplasmic secretory protein, and its expression was significantly elevated in extracellular plasma and 
serum in inflammatory states. To further analyze whether RELMβ mediates signaling into the cell and thus promotes 
signaling, we verified the binding of RELMβ to TLR4 by cellular assays. The results showed that rhRELMβ stimulated 
increased TLR4 gene expression at the mRNA (Figure 7A) and protein levels (Figure 7B). In comparison, TLR4 
expression was increased at the mRNA (Figure 7A) and protein levels (Figure 7B) in the presence of increased 
accumulation of autophagic vesicles under the action of the autophagy inhibitor CQ. To clarify whether RELMβ binds 
to the TLR4 cell membrane receptor, we analyzed TLR4 expression with RELMβ by immunocytochemistry, and the 
immunofluorescence results showed that TLR4 expression was also significantly increased in the RELMβ-overexpressing 
cell line (Figure 7C). Additionally, immunoprecipitation results showed that the expression of 16HBE cell lines with Flag 
tags overexpressing the RELMβ gene was also increased using antigen-antibody complexes after incubation with TLR4 
antibody (Figure 7D). Our results suggest that RELMβ activates the increased expression of TLR4 receptors on the 
membranes of 16HBE cells while binding to TLR4 and thus mediating signaling.

Discussion
We analyzed the results by searching the GEO database and showed that in COPD patients with increased RELMβ, the 
expression of autophagy markers was also increased, suggesting a role for autophagy in COPD patients. Although 
RELMβ expression is elevated in tumors,22–24 we analyzed RELMβ expression in cancerous tissue located over 2cm 
away from the tumor, and the results showed increased expression of autophagy markers in pathological tissues of COPD 
patients at the mRNA and protein levels as well as at the tissue level. The study of autophagy in COPD is a current 
research hotspot, and immunohistochemical analysis of lung tissues from patients with COPD showed a significant 
increase in the accumulation of p62 protein in patients with severe COPD compared to regular nonsmoking patients.25,26 

Increased p62 protein accumulation leads to increased secretion of inflammatory factors, such as increased expression of 
γ-IFN, which is involved in the inflammatory response,27 suggesting that RELMβ is associated with autophagy 
regulation. Studies on the RELM family in autophagy have focused on RELMα, a cytokine highly expressed under 
hypoxia, and researchers have found significant accumulation in alveolar macrophages in a model of pulmonary 
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Figure 7 RELMβ and cell membrane TLR4 receptors promote signal transduction. (A1), RT-PCR to verify rhRLMEβ activation of TLR4 in 16HBE cells; (A2) Densitometric 
analysis of (A1). (B1), Western blot to verify rhRLMEβ activation of TLR4 levels in 16HBE cells; (B2) Densitometric analysis of the protein grayscale values. (C1), 
Immunofluorescence to detect TLR4 binding to Flag of 16HBE-RELMβ; (C2) Mean fluorescence density analysis. (D), Immunoprecipitation analysis of TLR4 binding to Flag of 
16HBE-RELMβ. (*p < 0.05, ***p < 0.001).
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hypertension. These macrophages also overexpress high mobility protein 1 and late glycosylation end-product 
receptors,28 blocked by related antibodies. The expression of LC3B-II and Beclin1 was decreased in cells when relevant 
antibodies blocked these proteins. These results suggest that RELMα may mediate the regulation of LC3B-II and Beclin1 
expression in hypoxic or inflammatory states. A previous researcher indicated29 that the cumulative expression of the 
autophagy marker p62 increased in lung mouse smooth muscle cells in a hypoxic environment. Nevertheless, in mice 
with the deletion of the RELMα gene,24 the accumulation of the autophagy marker p62 was reduced, suggesting the 
existence of hypoxia-induced RELMα-mediated autophagy. In contrast, researchers observed that treating human 
pulmonary vascular smooth muscle using human resistin epithelial cells affected the expression of the autophagy 
markers LC3BI/II and p62. The above studies suggest a role for the RELM family in airway inflammatory diseases. 
Our results confirm that RELMβ also has a facilitative role in COPD autophagic mechanisms. However, there are some 
drawbacks to our data. The expression of the autophagy marker LC3BI/II was not statistically significant at the protein 
level, considering the inconsistent autophagy levels in different patients with chronic obstructive pulmonary disease. 
Lung specimens from paracancerous tissue, where the level of inflammation affects the carcinogenesis of the tissue, have 
been shown to further affect the expression of autophagy levels.30

There is an inherently complex regulatory relationship between autophagy and inflammation. Mice with deletion of 
the autophagy-associated gene Atg7 lysosome-specific gene mediated the development of lung inflammation, with 
significantly increased expression of the inflammatory factors TNFα, IL-6, and Cxcl1 and significantly increased 
neutrophil counts and dendritic cell counts.31,32 Microscopic pathology showed that lung tissue inflammatory cells in 
mice with deletion of the Atg7 gene or Atg5 gene aggregated in the submucosa increased, along with an increase in 
collagen content and cuprite chemotaxis.33 The role of autophagy in alveolar macrophage-mediated airway inflammation 
is crucial for sputum secretion and airway mucus secretion by rhabdocytes,31,32 and airway mucosal rhabdocytes are 
significantly proliferated in Atg16L1 gene-deficient mice in inflammatory states. Second, it has been shown in the 
literature34,35 that mice deficient in the autophagy genes Hdac6 and Pink1 inhibit the development of emphysema and 
mucosal secretion capacity, but the exact mechanism is unclear. We verified the relationship between the regulation of 
inflammation by RELMβ via autophagy at the cellular and animal levels. The results showed that at the cellular level, 
rhRELMβ promoted the inflammatory effect of 16HBE cells. This effect could be limited by inhibiting ATG5 gene 
expression, and the greater the accumulation of autophagic vesicles, the more pronounced the inflammatory effect. In 
tobacco smoke combined with elastase-induced COPD-like model mice, we further observed that both autophagic and 
inflammatory effects were differentially inhibited in autophagy inhibitor-pretreated smoked mice. Moreover, in C57BL/ 
6JWT mice, lung inflammation was partially alleviated, and autophagy marker expression was significantly decreased in 
the group of smoked mice with 3-MA pretreatment. Recent studies have shown that inhibition of autophagy in an acute 
COPD-like mouse model reduces the counts of neutrophils, macrophages, etc., in BALF,9 which is consistent with our 
experimental results. The above data suggest that autophagy has a significant role in promoting airway inflammation in 
COPD. In C57BL/6JRELMβ-/- mice, this airway inflammation relief was even more pronounced. In conclusion, our 
experiments further demonstrate that RELMβ promotes airway inflammation progression via autophagy in COPD mice.

RELMβ, as a secreted protein, is less studied in signal transduction. TLR4 is a member of the cell membrane receptor 
molecule family. TLR4 is highly expressed in patients with COPD,36 and cigarette smoke promotes TLR4 expression in 
peripheral blood CD8+ T cells. The expression of TLR4 correlates with lung function, especially the degree of 
obstructive ventilatory dysfunction, which is negatively correlated with the presentation of TL4.36 TLR4-mediated 
autophagy has been studied more frequently. Recently, in a mouse model of LPS-mediated ALI, LPS was shown to 
activate the expression of the autophagy marker LC3I/II via TLR4. In porcine pancreatic elastin- and LPS-stimulated 
interferon-regulated protein 3-deficient mice, alveolar septa were reduced, the alveolar lumen was enlarged, and the 
expression of LC3BI/II was significantly increased in extracted lung neutrophils after chloroquine stimulation.37,38 These 
studies show that TLR4 and its related signaling pathways are closely associated with the occurrence of autophagic 
mechanisms in COPD. We stimulated 16HBE cells with rhRELMβ and showed that TLR4 expression was significantly 
increased when autophagic vesicle accumulation was increased, indicating that rhRELMβ activates the upregulation of 
TLR4. We further analyzed whether rhRELMβ binds to TLR4 by immunofluorescence and immunoprecipitation. Our 
analysis showed that RELMβ could attach to the cell membrane TL4R receptor, thereby mediating the signaling pathway 
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transduction activated by RELMβ. Since RELMβ binds to and activates TLR4, it is possible that RELMβ activates 
cellular or immune regulation and thus is involved in inflammatory effects. In fact, early in the study of intestinal 
diseases, we found that RELMβ was closely associated with intestinal mucosal immunity.39 In the intestine of RELMβ- 
deficient mice, the parasite load was higher, and intestinal immune function was significantly reduced.40 Therefore, the 
role of RELMβ in airway mucosal immunity is unknown and deserves in-depth analysis.

In conclusion, our study shows that RELMβ, as a secretory protein, can bind to TLR4 receptors on the cell membrane to 
promote signal transduction and that RELMβ promotes inflammation in tobacco smoke-stimulated bronchial epithelial cells 
that can be regulated by autophagy. Chloroquine, an autophagy inhibitor that we use at the cellular level, is commonly used as 
an autophagy-based agent in acute and chronic inflammation, especially in novel coronavirus infections that have emerged in 
recent years. CQ is a substantial basis for a therapeutic agent in this disease to support a significant ameliorative effect on the 
condition.41–43 In COPD in a three-dimensional airway organoid COPD model, CQ has been shown to inhibit the differentia-
tion of airway basal cells to mucous and ciliated cells and suppress the ciliated function of the airway.44 In contrast, the 
autophagy-inducing agent fisetin restored phagocytosis in tobacco smoke-stimulated mice with impaired airway autophagy.45 

However, whether it can be further applied to clinical patients is still unknown and needs to be further investigated.
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