
Oncotarget74720www.impactjournals.com/oncotarget

Cigarette smoke promotes COPD by activating platelet-activating 
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ABSTRACT

Neutrophils are the most important effector cells during the development of 
chronic obstructive pulmonary disease (COPD). Although neutrophil elastase is 
critical in cigarette smoke (CS)-induced lung parenchyma, the mechanism by which 
CS triggers elastase release from neutrophils remains unclear. Here we report that CS 
induction of autophagy in neutrophils by activating platelet- activating factor receptor 
(PAFR) promotes COPD progression in mouse. We found that the dead neutrophils 
were increased in bronchoalveolar lavage fluid from CS-exposed mice. Blocking PAFR 
suppressed the CS-induced autophagy in neutrophils, protected neutrophils from 
death, and reduced elastase release. Mechanistically, CS enhanced ROS production 
and High mobility group box 1 (HMGB1) expression through activation of PAFR. The 
elevated HMGB1 interacted with beclin1, which promoted the dissociation of Bcl-2 from 
beclin1 and the assembly of autophagy core complex. Moreover, the antagonism of 
PAFR by rupatadine, a prescription PAFR inhibitor, protected against the development 
of emphysema, and reduced the autophagic death of neutrophils after CS exposure. 
These results suggest that CS contributes to the pathogenesis of COPD partly by 
inducing a PAFR-dependent autophagic death of neutrophils. Therefore, PAFR may be 
a therapeutic target for COPD and inhibition of PAFR may provide potential therapeutic 
benefits in the treatment of patients with COPD.

INTRODUCTION

Chronic obstructive pulmonary disease (COPD) is 
one of the most common respiratory diseases that threaten 
the lives of the patients [1]. The most classic pathologic 
features of COPD are pulmonary emphysema caused 
by the irreversible destruction of the alveoli and airway 
obstructions caused by airway inflammation and remodeling 
(e.g. airway fibrosis) [2]. Generally, persistent and repeated 
injury of the alveolar epithelium and inflammation caused 
by inhaled insults such as cigarette smoke (CS) are the most 

important driving forces for the development of COPD 
[3]. Moreover, the immune microenvironment of the lung 
tissue which is maintained by neutrophils, macrophages, 
lymphocytes, epithelial cells and fibroblasts also promotes 
the progression of this disease [4, 5]. Indeed, several 
studies demonstrated that the numbers of immune cells are 
increased in the airway lumen in patients with COPD [5]. 
CS and other inhaled insults in the airway stimulate resident 
macrophages and epithelial cells to release large quantity 
of chemokines, which recruit neutrophils, monocytes and 
lymphocytes into the damaged tissue [6, 7]. Neutrophils are 
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the key cells in innate immune system which can remove 
pathogens through phagocytosis and degranulation. An 
increase in airway neutrophil recruitment can be observed 
during COPD exacerbation, and the amount of neutrophils 
correlate with the decline of lung function [8]. In the lung, 
neutrophils secrete elastase, cathepsin G and proteinase-3 
followed by cigarette smoke stimulation, which contribute 
to alveolar destruction [9]. In addition, a significantly 
increased number of apoptotic neutrophils have been 
found in sputum from COPD patients [10], and these dead 
neutrophils are important source of neutrophil elastase (NE). 
On the other hand, CS induces inflammation and oxidative 
stress through activating various receptors on cells. Platelet-
activating factor receptor (PAFR) is a G-protein-coupled 
receptor that may be involved in the pathogenesis of 
COPD. It has been reported that the expression of PAFR 
is increased in airway epithelial cells from COPD patients 
[11, 12], and that CS exposure can promote the production 
of platelet-activating factor (PAF) [13]. In addition, PAF 
can facilitate the adhesive function of neutrophils, and has 
the potential to promote neutrophil recruitment [14, 15]. 
Nevertheless, whether neutrophil participates in CS-induced 
COPD through PAFR remains unknown.

Autophagy is a conserved lysosomal degradation 
process in eukaryotic cells, which can be activated by 
many stimuli, including pathogen-associated molecular 
patterns (PAMPs), danger-associated molecular patterns 
(DAMPs) and endoplasmic reticulum (ER) stress [16]. 
Basal autophagy is required for the clearance of unfolded 
or misfolded proteins, macromolecules and damaged 
organelles in injured cells; however, overactive autophagic 
flux could trigger autophagic cell death [17]. Several 
studies have indicated the role of autophagy activity in 
inflammatory pulmonary diseases like acute lung injury 
and pulmonary fibrosis [18–20]. It has also reported that 
autophagic proteins are increased in lung tissue from 
COPD patients [21]; and cigarette smoke extract (CSE) 
can induce autophagy in airway epithelial cells [22], 
which facilitates oxidative stress and DNA damage [23]. 
However, the biological link between autophagy and 
neutrophils activity in the pathogenesis of COPD and if 
CS can induce autophagy in neutrophils remain elusive.

In this study, we proposed that PAFR participates in 
CS-induced autophagy in neutrophils during the development 
of COPD. We found that CSE-induced neutrophils death 
and NE releasing depend partly on the activation of PAFR. 
Activation of PAFR in response to CSE exposure enhances 
the expression of HMGB1 by inducing reactive oxygen 
species (ROS) generation in neutrophils, which decreases 
the association of Bcl-2 and Beclin-1, promotes autophagic 
flux and autophagic cell death. Pharmacologic inhibition 
of PAFR by rupatadine, a prescription PAFR antagonist, 
protects against the development of the CS induced COPD 
in mouse. Collectively, these findings not only reveal a new 
mechanism of COPD development, but also suggest that 
PAFR on neutrophils is a promising target for COPD therapy.

RESULTS

The expression of PAFR is increased in 
neutrophils from cigarette smoke-induced COPD 
mice

A 16-week chronic model of CS exposure was 
used to mimic COPD in C57BL/6 mice [24–26]. 
Histopathological examination revealed that the alveolar 
space were enlarged (Figure 1A) and the mean linear 
intercept were increased (Figure 1B) after CS exposure. 
Furthermore, the increases in inspiratory capacity, lung 
resistance and lung compliance were observed in CS-
exposed mice as compared to control mice (Figure 1C), 
indicating a decline of the lung function in these mice. 
CS exposure was associated with the increased number 
of neutrophils and the quantity of NE in bronchoalveolar 
lavage fluid (BALF) from CS-exposed mice (Figure 1D 
and 1E), suggesting that smoke stimulation induces the 
lung injury and COPD accompanied with the activation 
of neutrophils. Previous studies showed that platelet-
activating factor (PAF) can induce neutrophil adhesion 
and activation by cooperation with selectin signaling 
[27, 28]. Compared with control mice, the expression of 
PAFR was enhanced in lung tissue and on neutrophils in 
BALF from CS- exposed mice (Figure 1F-1H). Moreover, 
higher concentration of PAF and lower activity of 
platelet-activating factor acetylhydrolase (PAF-AH) were 
detected in BALF from mice after chronic CS stimulation 
(Figure 1I and 1J), which may format a feedback control 
mechanism to keep the PAFR signaling pathway activation 
[13]. These results suggest that activation of PAFR 
signaling in neutrophils is involved in the pathogenesis of 
CS-induced COPD.

CSE-induced autophagy is partly dependent on 
PAFR in neutrophils

It has been confirmed that CS can induce autophagy 
in lung epithelial cells, fibroblasts and macrophages [22, 
29]. We found that the ratios of LC3B-II/I level, as well 
as the expression of Atg5 and beclin1, were increased in 
lung tissue from COPD mice (Figure 2A). As a marker 
of autophagic flux, p62 is involved in the degradation of 
unfolded or misfolded proteins in cells, and the content 
of insoluble p62 is an indicator of autophagy activation 
[30]. We observed that the amount of insoluble p62 but 
not soluble p62 was significantly decreased in lung tissue 
after CS exposure, suggesting that CS activates autophagy 
in lung tissue (Figure 2A). We then isolated the neutrophils 
in BALF from control and COPD mice to observe the 
autophagy activity in these cells. Interestingly, inconsistent 
with the increment of LC3B-II level and reduction of 
insoluble p62 amount, the beclin1 level in neutrophils from 
BALF was not changed after CS exposure (Figure 2B), 
indicating that CS-induced autophagy in neutrophils is 
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independent of enhancing beclin1 expression. To determine 
the mechanism of CS-induced autophagy in neutrophils, 
neutrophils were isolated from bone marrow (BM) of 
C57BL/6 mice, and treated with different concentrations 
of CSE. CSE stimulation increased the ratio of LC3B-II/I, 
and reduced the amount of insoluble p62 in a concentration-
dependent manner, but the beclin1 expression was not 
enhanced after CSE treatment (Figure 2C). As the cellular 
energy metabolism signals, the PI3K/AKT/mTOR pathway 
negatively regulates the activity of autophagy [31]. 
However, CSE significantly increased the ratio of p-AKT/
AKT in neutrophils without changing the ratio of p-mTOR/
mTOR and p-S6K/S6K, which suggests that CSE triggered 
autophagy is not dependent on activation of this upstream 
signaling (Figure 2C). Using GFP-LC3 plasmid, we found 
that CSE promoted the formation of autophagosome in 
neutrophils (Figure 2D). Knockdown PAFR or treatment 
of the cells with PAFR inhibitor CV3988 suppressed the 

CSE-induced LC3B-I to LC3B-II conversion, reduced the 
phosphorylation of AKT, and increased the insoluble p62 
expression (Figure 3A and 3B). Using immunofluorescence 
technology, we found that silencing or inhibiting PAFR 
decreased LC3 fluorescent punctas in autophagosomes in 
neutrophils after CSE stimulation (Figure 3C). Moreover, 
activation of PAFR with C-PAF induced autophagy in 
neutrophils as indicated by the reduction of insoluble 
p62 content and the formation of autophagosome (Figure 
3D-3F). To further verify whether CSE could induce 
autophagic flux in neutrophils, the flux rate of autophagy 
was evaluated using mRFP-GFP-LC3 adenovirus [32]. CSE 
treatment increased red punctas in neutrophils, suggesting 
CSE enhances autophagic flux in these cells. In contrast, 
silencing or inhibiting PAFR blocked CSE-induced 
autophagy as indicated by an increase in yellow punctas 
in neutrophils (Figure 3G). These data indicate that PAFR 
mediates CS-induced autophagy in neutrophils.

Figure 1: PAFR is involved in the pathogenesis of CS induced COPD.  (A-E) H&E-staining (A), the mean linear intercept of 
lung tissue (B), lung function (inspiratory capacity, dynamic resistance and dynamic compliance) (C), the number of neutrophils in BALF 
(D), and the concentration of neutrophil elastase in BALF (E) were detected to evaluate the development of COPD in mice after air or 
CS exposure for 16 weeks (n = 8). (F) Quantitative histopathology analyses of PAFR expression in lung samples from control and COPD 
mice (n = 8). (G and H) The expression of PAFR on neutrophil in BALF from CS exposed mice was detected with flow cytometry (G) and 
Western blot (H) (n = 6). (I) The activity of PAF-AH in BALF from the indicated mice was evaluated with PAF Acetylhydrolase Activity 
Assay Kit (n = 8). (J) The concentration of PAF was analyzed with ELISA in BALF from the indicated mice (n = 8). Data are mean ± SEM. 
Statistical significance between two groups was determined by student t test. *P < 0.05, **P < 0.01, ***P < 0.001.
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PAFR mediates CSE induced neutrophil death 
via inducing autophagy

Neutrophil death is an important source for 
neutrophil-derived proteinases such as elastase and 
cathepsin G [33]. Indeed, the increased number of 
apoptotic neutrophils was observed in BALF obtained 
from CS-exposed mice in comparison with normal mice 
(Figure 4A). Similarly, CSE induced significant apoptosis 
of bone marrow neutrophils; but pharmacologic inhibition 
of autophagy by 3-MA prevented neutrophils from 
CSE triggered apoptosis (Figure 4B), which may result 
from the 3-MA inhibited autophagic core complex and 
autophagosome formation. In addition, 3-MA treatment 
reduced cleaved caspase 3, LC3B-II level, and inhibited 
elastase release from CSE treated neutrophils (Figure 4C). 
These data indicate that the over-activated autophagy results 
in autophagic death of neutrophils. Moreover, activation 
of PAFR abolished 3-MA-prohibited autophagic death of 
neutrophils and elastase release caused by CSE stimulation 
(Figure 4B and 4C). Indeed, directly activating PAFR by 

C-PAF neither induced neutrophil apoptosis nor promoted 
elastase release (Figure 4D and 4E). However, silencing or 
inhibiting PAFR prevented neturophils from autophagic 
death and reduced elastase release which respond to CSE 
treatment (Figure 4F and 4G). These data suggest that the 
activation of PAFR mediates the CSE-induced autophagic 
death of neutrophils during COPD development.

PAFR induces autophagy by suppressing the Bcl-
2/Beclin1 interaction

To investigate the mechanism of PAFR-induced 
autophagy in CS-caused neutrophil death, we analyzed 
autophagic flux in CSE- and C-PAF- stimulated neutrophils 
using a LC3B-II/I ratio assay. CSE or C-PAF stimulation 
increased the level of LC3B-II, co-stimulation of the 
cells with CSE plus Bafilomycin A1 or C-PAF plus 
Bafilomycin A1 further increased LC3B-II, soluble and 
insoluble p62 levels in neutrophils, suggesting that both 
CSE and C-PAF caused LC3B-II accumulation is due to 
an enhanced formation of autophagosome (Figure 5A 

Figure 2: CS activates autophagy in neutrophils. (A) The expression of autophagy related proteins in lung tissues were evaluated 
with Western blot. Data are representative immunoblots and the ratios of the indicated protein to GAPDH. (n = 6). (B) The level of 
autophagy related proteins in neutrophils from BALF were evaluated with Western blot (n = 6). (C) Neutrophils from bone marrow (BM) 
were treated with different concentration of CSE for 24 hr, and the proteins level was determined with Western blot. Data are representative 
immunoblots and the ratios of the indicated protein to GAPDH (n = 3). (D) BM neutrophils overexpressed GFP-LC3 were treated with 
different concentration of CSE for 24 hr, and the GFP fluorescent in cells was detected with flow cytometer after washed with 0.05% 
saponin (n = 3). Data are mean ± SEM. Statistical significance between two groups was determined by student t test; *P < 0.05, **P < 0.01, 
***P < 0.001.
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and 5B). Knockdown or inhibition of PAFR reduced the 
formation of autophagosome as indicated by a decreased 
LC3B-II/I turnover (Figure 5C and 5D). PAFR, a G-protein 
coupled receptor, positively contributes to inflammatory 
response, tumorigenesis and angiogenesis by enhancing 
the production of reactive oxygen species (ROS) [34, 35]. 

We verified that C-PAF or CSE treatment increased ROS 
level in neutrophils (Figure 5E-5H); silencing or inhibiting 
PAFR remarkably reduced ROS level in CSE treated 
neutrophils (Figure 5G and 5H). HMGB1 is an important 
nuclear protein which regulates the production of cytokines 
in neutrophils [36]; in addition, oxidative stress is a key 

Figure 3: PAFR mediates CS-induced autophagy in neutrophils. (A) PAFR silenced BM neutrophils were stimulated with 5% 
CSE for 24 hr, and the protein levels were examined with Western blot. Data are representative immunoblots and the ratios of the indicated 
protein to GAPDH (n = 3). (B) The expression of autophagy related proteins in BM neutrophils were determined with Western blot after 
treatment with 5% CSE or CSE plus CV3988 (30 μM) for 24 hr (n = 3). (C) The LC3 puncta in BM neutrophils overexpressing GFP-
LC3 were evaluated with confocal after indicated treatment (n = 3). (D) BM neutrophils were treated with C-PAF (5 μg/ml) for 24 hr, and 
autophagy related proteins were analyzed with Western blot. Data are representative immunoblots and the ratios of the indicated protein to 
GAPDH. (n = 3). (E) GFP-LC3 overexpressed BM neutrophils were treated with C-PAF (5 μg/ml) for 24 hr, and the GFP fluorescent in cells 
was detected with flow cytometer after washed with 0.05% saponin (n = 3). (F) The LC3 puncta in GFP-LC3 overexpressed BM neutrophils 
were evaluated with confocal after stimulated with 5 μg/ml of PAF for 24 hr (n = 3). (G) The fluorescent of BM neutrophils infected with 
mRFP-GFP-LC3 adenovirus were analyzed with confocal after indicated treatments (n = 3). Data are mean ± SEM. Statistical significance 
between two groups was determined by student t test; statistical significances among groups were determined by one-way ANOVA test; 
*P < 0.05, **P < 0.01, ***P < 0.001.



Oncotarget74725www.impactjournals.com/oncotarget

Figure 4: PAFR mediates CSE induced neutrophil death through autophagy. (A) The number of apoptotic neutrophils in 
BALF from COPD mice was detected with flow cytometry (n = 6). (B) The number of apoptotic neutrophils from bone marrow (BM) was 
detected with flow cytometry after treatment with 5% CSE, 3-MA (10 mM), or/and C-PAF (5 μg/ml) for 24 hr (n = 3). (C) The expression 
of LC3B, apoptosis related proteins in BM neutrophils, and neutrophil elastase in the culture supernatant were detected with Western blot 
after treatment with 5% CSE, 3-MA (10 mM), or/and C-PAF (5 μg/ml) for 24 hr. Data are representative immunoblots and the ratios of 
the indicated protein to GAPDH (n = 3). (D) The number of apoptotic BM neutrophils was detected with flow cytometry after C-PAF (5 
μg/ml) stimulation for 24 hr (n = 3). (E) The expression of apoptosis related proteins in BM neutrophils and neutrophil elastase in the 
culture supernatant were analyzed with Western blot after C-PAF (5 μg/ml) stimulation for 24 hr (n = 3). (F) The number of apoptotic BM 
neutrophils was detected with flow cytometry after 5% CSE exposure and indicated treatments for 24 hr (n = 3). (G) The expression of 
apoptosis related proteins in BM neutrophils and neutrophil elastase in the culture supernatant were detected with Western blot after CSE 
exposure and indicated treatments. Data are representative immunoblots and the ratios of the indicated protein to GAPDH (n = 3). Data 
are mean ± SEM. Statistical significance between two groups was determined by student t test; statistical significances among groups were 
determined by one-way ANOVA test; *P < 0.05, **P < 0.01, ***P < 0.001.
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regulator of HMGB1 production and releasing [37]. 
We observed that HMGB1 expression was enhanced in 
C-PAF or CSE treated neutrophils; however, knockdown 
or blocking PAFR attenuated CSE induced HMGB1 
expression (Figure 5I and 5J). It has been reported that 
HMGB1 can activate autophagy by binding with beclin1 
and disrupting the Bcl-2/beclin1 interaction [38]. We found 
that HMGB1 interacted with beclin1 in neutrophils and this 
interaction was increased after CSE or C-PAF treatment 
(Figure 6A). In parallel, the interaction between Bcl-2 and 
beclin1 was decreased in the presence of C-PAF or CSE 
(Figure 6B). Moreover, silencing HMGB1 recovered the 
association of Bcl-2 with beclin1 and reduced autophagic 
death in CSE-stimulated neutrophils (Figure 6C and 6D). 
To verify if the CSE induced autophagy is depend on 
beclin1, beclin 1 was silenced in CSE exposed neutrophils. 
We found that silencing beclin1 resulted in the inhibition 
of LC3B-II/LC3B-I conversion (Figure 6E). These finding 
illustrate that CSE induces autophagic death of neutrophils 
through increasing HMGB1 expression and promoting the 
formation of the autophagic core complex.

Rupatadine attenuates COPD by inhibiting 
autophagic neutrophil death

To verify whether PAFR could be a therapeutic 
target for the treatment of COPD, we observed the effects 
of rupatadine, a prescription dual antagonist for PAFR and 
histamine1 receptor (H1R), in mouse model of CS-induced 
COPD. H1R inhibitor loratadine was used as a control. 
Rupatadine, but not loratadine treatment significantly 
attenuated the enlargement of alveolar space (Figure 7A), 
reduced the airway wall thickness (Figure 7B) and mean 
linear intercept (Figure 7C), increased the number of 
alveolar attachments in the lung tissue from cigarette smoke 
exposed mice (Figure 7D). The number of white blood cells, 
neutrophils, eosinophils, and basophils were significantly 
reduced in BALF from rupatadine treated COPD 
mice; however, loratadine only decreased the counts of 
eosinophils and basophils (Figure 7E). Similarly, inhibiting 
PAFR by rupatadine significantly reduced the content of IL-
8, IL-1β, TNF-α, and PAF in BALF from smoke exposed 
mice (Figure 7F). Lung function is a good standard for 
evaluating the progression of COPD both in clinic and 
pre-clinical studies. Rupatadine treatment reduced the 
inspiratory capacity, lung resistance, lung compliance, and 
increased lung elasticity, airway resistance (Rn), and tissue 
elasticity (H) of CS-exposed mice, suggesting rupatadine 
inhibits the small airway destruction and emphysema 
(Figure 7G). However, the improvement effect of loratadine 
on lung function was very limited (Figure 7G). As expected, 
the autophagic death ratio of neutrophils in BALF was 
decreased after inhibiting PAFR, which was indicated by 
Annexin V and PI staining, LC3B-II/I ratio, and the amount 
of insoluble p62 level (Figure 8A and 8B). In consistent 
with this finding, the NE levels in lung tissue and in BALF 

were reduced in CS-exposed mice treated with rupatadine 
(Figure 8C-8E). These results suggest that rupatadine is 
a promising medicine for the treatment of patients with 
COPD (Figure 8F).

DISCUSSION

Cigarette smoke is the most important independent 
risk factor for the development of COPD as well as lung 
cancer and idiopathic pulmonary fibrosis. However, CS 
contains thousands of chemicals, which results in extremely 
complicated network of the mechanism involved in the 
pathogenesis of CS induced COPD. The present study 
illustrates that CS induced neutrophil death and elastase 
release are partly dependent on PAFR-medicated autophagy. 
The association of Bcl-2 and beclin1 was suppressed by 
HMGB1 whose expression was increased in neutrophil 
after CS stimulation. Inhibition of PAFR not only decreased 
HMGB1 level, suppressed autophagy activity, decreased 
NE release, but also produced therapeutic efficacy in mouse 
model of CS induced COPD.

Previous findings indicated that the content of PAF 
is increased in BALF and blood from COPD patients, and 
CS exposure promotes the synthesis of PAFR agonist in 
CS-exposed mice [39]. In addition, high level of PAFR 
is expressed on both large and small airway epithelium 
and alveolar epithelial cells in COPD patients [11, 12], 
which may facilitate PAFR-mediated inflammation. 
However, the mechanism whereby PAFR on airway 
epithelium promotes COPD development is unclear 
yet. Streptococcus pneumoniae is the most important 
bacteria during pathogenesis of COPD, which adherence 
to airway is mediated by PAFR [40], but whether this 
process contributes to airway obstruction is unknown. 
PAF is a potent biological molecule which contributes to 
the pathogenesis of many inflammatory diseases, such 
as allergy, asthma and pulmonary fibrosis [34, 41]. It has 
been reported that PAF can promote pro-survival activity 
and phagocytic capacity on neutrophils [14]. Moreover, 
PAF promotes the formation of neutrophil extracellular 
traps [15]. In this study, we found that C-PAF stimulation 
alone cannot induce neutrophil death but inhibiting PAFR 
activity blocks CSE triggered autophagic neutrophils 
death, suggesting that the specific chemical constituent of 
CS cooperates with PAFR-induced autophagy to promote 
COPD progression. In addition, these findings also indicate 
that CSE can activate PAFR on neutrophils, and this may 
result from autocrine PAF agonist induced by CSE exposure 
[42]. Thus, further investigation into the role of CS in 
activating PAFR is needed. In addition, we cannot rule out 
the possibilities of other G protein coupled receptors on 
neutrophils which were involved in CS induced COPD.

A number of studies indicate autophagy involved 
in the development of COPD. CS or CSE induces 
autophagy in human bronchial epithelial and in mouse 
airway cells by increasing the LC3B-II/I ratio [43, 44]. 
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Figure 5: CS exposure increases ROS production in neutrophils. (A and B) BM neutrophils were treated with 5% CSE (A), 
C-PAF (5 μg/ml) (B), or/and bafilomycin A1 (100 nM) for 12 hr, and the expression of LC3B and p62 was detected with Western blot. Data 
are representative immunoblots and the ratios of the indicated protein to GAPDH (n = 3). (C) LC3B level was detected with Western blot 
in PAFR-silenced BM neutrophils after indicated treatment (n = 3). (D) LC3B level was detected with Western blot in BM neutrophils after 
treatment with bafilomycin A1 (100 nM), 5% CSE, and CV3988 (30 μM) for 12 hr (n = 3). (E and F) BM neutrophils were treated with 
C-PAF (5 μg/ml) for 24 hr, and the ROS level was analyzed with immunofluorescence stain (E) and flow cytometry (F) (n = 3). (G and H) 
ROS production in BM neutrophils was evaluated with immunofluorescence stain (G) and flow cytometry (H) after indicated treatments. 
(I) The expression of HMGB1 was detected in BM neutrophils with Western blot after indicated treatments. Data are representative 
immunoblots and the ratios of the indicated protein to GAPDH (n = 3). (J) Con-siRNA or PAFR-siRNA transfected BM neutrophils were 
treated with 5% CSE for 24 hr, and the HMGB1 level was analyzed with Western blot. Data are representative immunoblots and the ratios 
of the indicated protein to GAPDH (n = 3). Data are mean ± SEM. Statistical significance between two groups was determined by student t 
test; statistical significances among groups were determined by one-way ANOVA test; *P < 0.05, **P < 0.01, ***P < 0.001.



Oncotarget74728www.impactjournals.com/oncotarget

In addition, it has been proved that autophagy activity is 
increased in lung tissues from COPD patients [14], and 
LC3B-/- mice shows resistance to CS induced emphysema 
and apoptosis [45]. However, the accumulations of p62 
and ubiquitinated proteins were increased after the 
transiently activation of autophagy [46, 47], suggesting 
CS or CSE blocks autophagic flux in these epithelial 
cells and might cause airway inflammation [48]. It 
also has been reported that the autophagic flux status 
is depend on CSE concentration in epithelial cells [49]. 
Our results showed that the expression of beclin1 and the 
ratio of LC3B-II/I were increased in lung tissues form 
the mice after CS exposure. In parallel, beclin1 level 
was not enhanced in CS-exposed neutrophil, suggesting 
CS induces autophagy through various pathways in 
different types of cells. Furthermore, CSE could increase 
the LC3B-II level and promote AKT phosphorylation 
in neutrophil. These results illustrate that CSE induced 
autophagy in neutrophil is independent of the AKT/
mTOR pathway. Indeed, we found that PAFR enhanced 
HMGB1 promotes the assembling of autophagy core 
complex by reducing the Bcl-2/beclin1 interaction in 
CSE treated neutrophils, suggesting that PAFR-HMGB1-
Bcl-2-beclin1 pathway mediated the autophagy induction 
in CS exposed neutrophils, which contribute to the 
development of COPD.

Neutrophil is often considered as the effector cells in 
the pathogenesis of COPD through releasing proteinases 
such as elastase [9]. In addition, the inhibitor of NE is 
undergoing clinical trial for COPD therapy [50]. Previous 
studies suggested that reduced neutrophil apoptosis in 
circulation is a pathogenic factor in the development of 
COPD, and promoting neutrophil apoptosis has been 
considered as a therapeutic strategy for this respiratory 
disease [51]. In this study, we found that the number of 
dead neutrophils in BALF was increased from CS exposed 
mice, which is consistent with the previous report that 
increased apoptosis of neutrophils can be observed in 
sputum from COPD patients [10]. More importantly, some 
specific type of neutrophil death, such as NETosis could 
trigger the release of neutrophil extracellular traps (NETs), 
which are composed of elastase, cathepsin G, chromatin, 
and histone [28]. Interestingly, previous study confirmed 
that the formation of NETs requires autophagy activation 
[52]. The present study confirms that PAFR induced 
ROS production mediates autophagic neutrophil death 
after CSE treatment based on the following evidences: 
1) autophagy was induced in CSE exposed neutrophils; 
2) the induction of autophagy was parallel to neutrophils 
death; 3) blocking autophagy in neutrophils prevented 
CSE triggered cell death. Moreover, this process may 
eventually causes elastase release and lung injury. Thus, 

Figure 6: HMGB1 mediates PAFR induced autophagy by interfering with the Bcl-2/beclin1 interaction. (A) IP assay 
analyses of the HMGB1/beclin1 interaction in BM neutrophils after 5% CSE or C-PAF (5 μg/ml) treatment for 24 hr (n = 3). (B) IP 
assay analyses of the Bcl-2/beclin1 interaction in BM neutrophils after indicated treatments (n = 3). (C) Con-siRNA or HMGB1-siRNA 
transfected BM neutrophils were treated with 5% CSE for 24 hr, and the Bcl-2/beclin1 interaction was detected with IP assay (n = 3). (D) 
The number of apoptotic neutrophils from BM was detected with flow cytometry after indicated treatment (n = 3). (E) BM neutrophils were 
transfected with Beclin-1-siRNA for 12 hr and then treated with 5% CSE for 24 hr, and the expression of LC3B was detected with Western 
blot. Data are mean ± SEM. Statistical significance between two groups was determined by student t test; statistical significances among 
groups were determined by one-way ANOVA test; *P < 0.05, **P < 0.01, ***P < 0.001.
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future studies should be directed at neutrophil apoptosis 
in the time course of COPD progression. Also, it has 
been reported that CSE can induce epithelial apoptosis 
either through autophagy or through Fas death receptor 

apoptotic pathway, indicating that CSE can trigger cell 
death through different mechanisms.

Despite recent mechanistic insights into the 
pathogenesis of COPD, therapeutics for this chronic 

Figure 7: Rupatadine ameliorates CS induced COPD in mice. (A-D) Mice were exposed with CS for 16 weeks, and were treated 
with rupatadine or loratadine (qd, ig) during the last 4 weeks of CS exposure. H&E-staining (A), airway wall thickness (B), the mean linear 
intercept of lung tissue (C), and number of alveolar attachments (D) were detected to evaluate the pathologic change of COPD in mice (Br: 
bronchia, BM: basement membrane, BV: blood vessel, Ep: epithelial cell) (n = 20). (E) The number of inflammatory cells was detected in 
BALF from the mice with the indicated treatment (n = 8). (F) The levels of IL-8, IL-1β, IL-6, TNF-α, PAF, and Histamine in BALF from 
the mice with the indicated treatment were evaluated with ELISA (n = 6). (G) Lung function of the mice was evaluated after 16 weeks CS 
exposure (n = 20). Data are mean ± SEM. Statistical significances among groups were determined by one-way ANOVA test; *P < 0.05, 
**P < 0.01, ***P < 0.001.
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diseases remain a significant clinical unmet need. COPD 
is already the third most common cause of death in 
world with the pathologic changes of progressive airway 
obstruction, emphysema, and fibrosis of small airways [1, 
2]. Bronchodilator and the inhaled glucocorticoids are by 
far two of the most effective medicines to prevent COPD 
progression [53]. In general, these medicines cannot 
reverse COPD, but only control the symptoms during 
COPD progression. In this study, we found that PAFR 
antagonist rupatadine, which is a clinical used PAFR 
and H1 receptor dual inhibitor, suppresses CSE induced 
autophagic cell death, decreases the release of elastase 

from neutrophils, protects mice from CS caused COPD. 
However, using H1 receptor antagonist alone doesn’t 
show the therapeutic effects on COPD as rupatadine does 
in this study. These findings suggest that rupatadine may 
be a promising medicine for COPD therapy, especially in 
smoking patients. Moreover, the anti-inflammatory and 
anti-fibrosis features of rupatadine may also contribute to 
its anti-COPD effects [41, 54]. In summary, our current 
study indicates that PAFR is involved in the CS caused 
COPD through promoting autophagic neutrophil death and 
elastase release, which can be antagonized by rupatadine, 
a clinical used PAFR antagonist.

Figure 8: Rupatadine suppresses autophagic death of neutrophil in CS exposed mice. (A) The number of apoptotic neutrophils 
in BALF from the indicated mice was evaluated with flow cytometry (n = 6). (B) Autophagy related proteins expression were detected with 
Western blot in lung tissue from the indicated mice. Data are representative immunoblots and the ratios of the indicated protein to GAPDH 
(n = 6). (C and D) The expression of neutrophil elastase in lungs from control and COPD mice was analyzed with immunohistochemistry 
(C) and Western blot (D) (n = 8). (E) The level of neutrophil elastase in BALF from control and COPD mice was evaluated with ELISA 
(n = 6). (F) Schematic diagram illustrates the role of PAFR-induced autophagy in COPD development. Data are mean ± SEM. Statistical 
significances among groups were determined by one-way ANOVA test; *P < 0.05, **P < 0.01, ***P < 0.001.
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MATERIALS AND METHODS

Animal model of COPD

All animal procedures were conducted in accordance 
with the guidelines of ARRIVE and approved by the 
Institutional Animal Care and Use Committee of the 
Chinese Academy of Medical Sciences and Peking Union 
Medical College (Permit No. 002802). All protocols were 
in accordance with the approved guidelines. Male C57 BL/6 
mice (18 g, 6-8 wk) (Vital River Lab Animal Technology 
Co., Ltd) were maintained in animal facility at the Institute 
of Materia Medica under Specific Pathogen Free (SPF) 
conditions. For animal studies, mice were earmarked 
before grouping and then were randomly separated into 
groups by an independent person. COPD mouse model 
was done according to previously published methods 
with modification [24–26]. Briefly, mice were exposed to 
cigarette smoke at a particle concentration of 200 mg/m3 
in a chamber (60 ×35 ×30 cm, Shuang Yu, Beijing, China) 
for 4 hr a day, 5 days per week, for 16 weeks. Cigarette 
smoke exposure was performed using The University of 
Kentucky reference research cigarettes 3R4F (Lexington, 
KY, USA). Rupatadine (3 mg/kg) or Loratadine (3 mg/kg) 
was administered to the mice by oral gavage once a day 
during the last 4 weeks of CS exposure. 24 hr after the last 
administration, all the mice were anesthetized by avertin, 
and the lung function was measured. Lungs were excised 
and fixed for morphological evaluation or for measurement 
of protein expression.

Reagent and antibody

Saponin, 3-MA and C-PAF (Carbamyl-PAF, a non-
hydrolyzable bioactive analog of PAF) was purchased 
from Sigma-Aldrich (St. Louis, MO, USA). CV-3988 
was purchased from ENZO life sciences (NY, USA). 
Bafilomycin A1 was purchased from Calbiochem (San 
Diego, CA, USA). Rupatadine was a generous gift from 
Zhejiang CiFu Pharmaceutics Inc. (Zhejiang, China). 
Loratadine was purchased from National institutes for 
Food and Drug Control (Beijing, China). Mouse neutrophil 
elastase, PAF and histamine ELISA kits were obtained 
from Cusabio Biotech Co., Ltd (Wuhan, China), whereas 
the other ELISA kits were purchased from eBioscience 
(San Diego, CA). Anti-mouse LC3B, neutrophil elastase 
antibodies were obtained from Abcam (Cambridge, UK); 
anti-mouse p62 antibody was purchased from Sigma- 
Aldrich. Anti-GAPDH antibody was purchased from 
Kangcheng Bio-tch (Shanghai, China). All the other 
antibodies were obtained from Cell Signaling technology.

Lung function measurement

Mice were anesthetized with 400 mg/kg avertin by 
i.p injection and placed on a flexivent system (flexivent, 

SCIREQ Inc., Montreal, Canada). Then the mice were 
mechanically ventilated with a tidal volume of 10 ml/
kg and respiratory rate of 150 breaths/min; 3 cmH2O 
positive end-expiratory pressure (PEEP) for evaluating 
lung function as described previously [41].

Histological analysis

After the lung tissues were removed, the specimens 
were fixed with 4% paraformaldehyde then embedded 
in paraffin. Hematoxylin and eosin (H&E) staining was 
performed to determine the mean linear intercept. For 
detecting the airway wall thickness in the lung, all the 
sections were scanned at × 200 magnification, and the 
airway thickness was calculated using software Image-
Pro plus 5.1.

PAF-AH activity measurement

BALF was obtained from CS or air exposed mice, 
and the PAF-AH activity in BALF was detected using PAF 
acetylhydrolase inhibitor screening kit (BioVision).

Neutrophils isolation and transfection

Neutrophils in BALF and bone marrow (BM) 
from mice were isolated using Neutrophil Isolation Kit 
(Miltenyi Biotec) according to manufacturer’s guideline. 
To obtain BALF, mice were sacrificed by over dosage 
avertin. The trachea was exposed using scissors. Using 
a 23 G needle to slowly inject 1 ml cold PBS with 0.1 
mM EDTA into the lung, then collect the BALF from 
lungs. To obtain BM, femurs and shins were isolated 
with scissors from sacrificed mice, and then the bits of 
bone were removed. Flush the femurs and shins with 3 
ml cold RPMI-1640 medium using a 25 G needle. The 
BM neutrophils were cultured in RPMI-1640 medium 
supplemented with 10% FBS and 1000 U/ml penicillin 
and 1000 μg/ml streptomycin. For plasmid transfection, 
the expression vector was transfected into BM neutrophils 
using the monocyte nucleofector kit (Lonza) according 
to the manufacturer’s instructions. Delivery of HMGB1-
siRNAs (RIBOBIO) or PAFR-siRNAs (Santa Cruz) into 
cells was carried out with Lipofectamine RNA interference 
MAX Transfection Reagent (Life Technologies) following 
the manufacturer’s instructions.

Immunoprecipitation

Co-immunoprecipitation experiments were per-
formed as described previously [30]. Briefly, cells were 
collected and lysed for 30 min on ice. Soluble lysates were 
incubated with indicated antibodies at 4 °C overnight, 
followed by incubation with Protein A/G Plus–Agarose 
(Santa Cruz) at 4 °C for 2 hr. Immunocomplexes were 
separated from the beads and then boiled for 10 min. The 
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precipitated proteins were subjected to SDS–PAGE and 
blotted with specific antibodies.

Preparation of cigarette smoke extract

Cigarette smoke extract (CSE) was prepared as 
previous described [55] by bubbling single 3R4F cigarette 
smoke into 10 ml RPMI-1640 medium using a 50 ml 
plastic syringe. This conditional medium was filtered with 
a 0.22 μm filter and considered to be 100% CSE.

Apoptosis assay for flow cytometry

Cells were stained with both FITC-Annexin V and 
PI (Beyotime). After 15 min incubation at 37 °C, stained 
samples were analyzed with flow cytometer (BD). For 
analysis apoptotic neutrophil in BALF, the cells were also 
stained with APC-Ly-6G antibody (Biolegend), and then 
the Ly-6G positive cells were detected with FITC-Annexin 
V and PI by flow cytometer.

Autophagic assay

For detect autophagic flux, bone marrow neutrophils 
were infected with mRFP-GFP-LC3 adenoviral [30], 
and incubated with CSE or/and CV-3988 for 24 hr on 
a glass coverslips. For immunofluorescence staining, 
cells were fixed with 4% buffered paraformaldehyde for 
15 min at room temperature. Images were acquired by 
confocal microscope (Leica Microsystems). For detect 
autophagosome formation, bone marrow neutrophils 
were transfected with GFP-LC3 plasmid, and stimulated 
with different concentration of CSE for 24 hr. Cells were 
harvested and washed with PBS containing 0.05% saponin. 
The GFP fluorescence was measured using flow cytometer.

Western blot and immunostaining

Proteins were extracted from cells or lung tissues 
using RIPA buffer (Cell Signaling Technology), and 
the protein concentrations were determined with BCA 
Protein Assay Kit. The RIPA buffer-insoluble fraction 
was washed with PBS and resuspended in Laemmli SDS 
sample buffer. Protein sample were separated using SDS-
PAGE, transferred to a PVDF membrane, and subjected 
to immunoblot analysis using specific antibody. The 
signaling was captured by a LAS4000 Image Station 
(General Electric Company, Fairfield, CT, USA). To 
evaluate the quantity of NE releasing from neutrophils, 
the culture supernatants were mixed with 5 × SDS loading, 
and the NE level was analyzed with immunoblot. The 
analysis of insoluble p62 was performed as previously 
report [30]. For immunohistochemical staining, the 
sections were scanned at × 200 magnification. The images 
were then digitalized, and the integrated optical density 
(IOD) of PAFR or NE were calculated using software 
Image-Pro plus 5.1.

ROS measurement

Bone marrow neutrophils were treated with 
CSE (5%), C-PAF (5 μg/ml), or CV3988 (30 μM) 
for 24 hr, and intercellular ROS level was evaluated 
with dichlorofluorescin diacetate (DCFDA) (Abcam). 
Cells were stained with 20 μM DCFDA at 37 °C for 
30 min. Then the cells were washed once, and the 
dichlorofluorescein (DCF) level was detected with 
confocal or flow cytometer.

Statistics

Data are represented as the mean ± standard error 
of the mean (SEM). Student’s t test (2-tailed) was used 
to compare difference between two groups. One-way 
ANOVA with Tukey-Kramer’s comparison test was used 
to analyze difference among multiple groups. Generally, 
all assays were carried out with n ≥ 3 biological replicates. 
P < 0.05 was considered statistically significant.
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