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Abstract

High-mobility group box 1 (HMGB1) shows pro-inflammatory activity in various
inflammatory diseases and has been found up-regulated in chronic obstructive
pulmonary disease (COPD). Lung macrophages play an important role in airway in-
flammation and lung destruction in COPD, yet whether HMGB1 is involved in ciga-
rette smoke (CS)-induced lung macrophage dysfunction is unknown. We sought to
evaluate the intracellular localization and release of HMGB1 in lung macrophages
from COPD patients and CS-exposed mice, and to investigate the role of HMGB1 in
regulating autophagy in CS extract (CSE)-treated lung macrophages (MH-S cells). Our
results showed that HMGB1 was highly expressed in lung tissues and sera of COPD
patients and CS-exposed mice, along with predominantly cytoplasmic exporting from
nuclei in lung macrophages. In vitro experiments revealed that CSE promoted the ex-
pression, nucleocytoplasmic translocation and release of HMGB1 partly via the nico-
tinic acetylcholine receptor (nAChR). Blockade of HMGB1 with chicken anti-HMGB1
polyclonal antibody (anti-HMGB1) or glycyrrhizin (Gly) attenuated the increase of
LC3B-Il and Beclinl, migration and p65 phosphorylation, suggesting the involve-
ment of HMGB1 in autophagy, migration and NF-xB activation of lung macrophages.
Hydroxychloroquine (CQ), an autophagy inhibitor, enhanced the increase of LC3B-I|
but not Beclinl in CSE or rHMGB1-treated MH-S cells, and inhibition of autophagy
by CQ and 3-methyladenine (3-MA) abrogated the migration and p65 phosphoryla-
tion of CSE-treated cells. These results indicate that CS-induced HMGB1 translo-
cation and release contribute to migration and NF-xB activation through inducing
autophagy in lung macrophages, providing novel evidence for HMGB1 as a potential

target of intervention in COPD.
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1 | INTRODUCTION

Chronic obstructive pulmonary disease (COPD) is characterized by
persistent airway inflammation and lung destruction, with increased
numbers of lung macrophages, neutrophils and lymphocytes in air-
ways, lung parenchyma and pulmonary vessels.! Lung macrophages
play a critical role in clearing inflammatory mediators and maintain-
ing of lung homeostasis and are key mediators in the pathogenesis
of COPD.%?

In COPD, lung macrophages are increased but with impaired
functions, which may responsible for pathogenesis of the disease.>*
A growing body of evidence indicates that autophagy plays a critical
role in regulating production, recruitment, polarization and phago-
cytosis of macrophages,®® and findings from patients and animal
models showed activation of autophagy in the lungs of COPD.”®
Autophagy is a lysosomal degradation pathway and a physiolog-
ical process associated with clearance of aggregated proteins and
damaged organelles, which are critical for maintenance of cellular
homeostasis.” Recent studies showed that cigarette smoke (CS) in-
duced autophagy activation in macrophages.’®'! However, the un-
derlying molecular mechanisms have not been fully elucidated.

High-mobility group box 1 (HMGB1) is a DNA-binding nuclear
protein, contributing to stabilization of chromatin structures and
modulation of target gene transcription.!? HMGB1 is present in the
nuclei of almost all eukaryotic cells, especially highly expressed in
macrophages, epithelial and endothelial cells, and has been impli-
cated in several lung diseases.*?'® Under endotoxin or endogenous
pro-inflammatory cytokine conditions, HMGB1 can be transported
from the nucleus to the cytoplasm, a process called nucleocytoplas-
mic translocation, and then released from the cell to the extracellular
milieu.'>'* Extracellular HMGB1, as a danger-associated molecular
pattern (DAMP), has been shown to be involved in a variety of in-
flammatory diseases,® such as sepsis,16 asthma ' and arthritis.*>*®
Evidence from COPD patients revealed high expression of HMGB1
in lung tissue, bronchoalveolar lavage fluid (BALF), sputum and
plasma, and it was negatively correlated to post-bronchodilator
FEV1/FVC ratio of lung function.?° In acute CS-exposed mouse
models, HMGB1 translocation and release in lung epithelial cells me-
diated lung inflammation.?* Collectively, these findings implicate
the involvement of HMGB1 in the pathogenesis of COPD, but its
exact role is not clear. Because studies have illustrated that released
HMGB1 exerts pro-inflammatory effects through the induction of

2223 \ye, therefore, hypothesized that

autophagy in macrophages,
CS-induced HMGB1 translocation and release might participate in

pathogenesis of COPD by regulating autophagy of lung microphages.

2 | MATERIALS AND METHODS

2.1 | Reagents

Recombinant (r) HMGB1 was purchased from R&D Systems and
chicken anti-HMGB1 polyclonal antibody (anti-HMGB1) and chicken
IgY control were from Shino-Test Corporation. Glycyrrhizin (Gly),

mecamylamine (MEC), hydroxychloroquine (CQ) and 3-methylad-
enine (3-MA), all water-soluble, were obtained from Sigma-Aldrich
Corporation. Antibodies of HMGB1, CDé68, F4/80, LC3B-I/Il and
Beclinl were purchased from Abcam Corporation, while phos-
pho (p)-p65 (Ser536), p65 and B-actin were purchased from Cell
Signaling Technology. Histon H3 was obtained from Abclonal
Biotech. Horseradish peroxidase (HRP)-conjugated donkey anti-rab-
bit or anti-mouse IgG antibodies were purchased from Cell Signaling
Technology. Alexa 594-labelled goat anti-rabbit I1gG (H + L) and
alexa 488-labelled goat anti-mouse IgG (H + L) antibody were from
Jackson ImmunoResearch while alexa 488-labelled goat anti-rat or
anti-rabbit IgG (H + L) antibodies were from Abcam Corporation.

2.2 | Study subjects

Forty-five subjects were consecutively recruited in Peking University
Third Hospital and were divided into three groups: COPD group,
Smoker group and Non-smoker group. Written informed consent
was obtained from all subjects, and the Ethics Committee of Peking
University Third Hospital approved this study, and the research was
carried out according to the World Medical Association Declaration
of Helsinki. Patients in COPD group were subjects with a smoking
history of 220 pack-years and post-bronchodilator FEV1/FVC < 70%,
according to the Global Initiative for Chronic Obstructive Lung
Disease (GOLD) guidelines.! Subjects with a smoking history of 220
pack-years and normal lung function (post-bronchodilator FEV1/
FVC 2 70%) were categorized as the Smoker group. Subjects in Non-
smoker group denied smoking history and showed normal lung func-
tion (post-bronchodilator FEV1/FVC 2 70%). Patients with COPD
were clinically stable and had not experienced any exacerbations for
>3 months preceding inclusion in the study. All patients had received
surgery for solitary lung nodules, and lung tissues for this study were
collected at maximum distance from the pulmonary lesions and with-

out signs of retro-obstructive pneumonia or tumour invasion.

2.3 | Cigarette smoke exposure protocol for the
mouse model

Procedures for establishment of the mouse model followed the com-
mittee's animal care and use guidelines and were approved by the
Ethics Committee of Peking University Third Hospital. CS-exposure
protocols were described in our previous study.?* Briefly, 6-8 week
old, specific-pathogen-free (SPF), female C57BL/6 mice were pur-
chased from Beijing Vital River Laboratory. Mice were exposed to CS
(Baisha cigarettes with filter, Hunan, China; tar 11 mg, nicotine 0.9 mg,
CO 12 mg) or air by using a nose-only, directed flow inhalation and
smoke exposure system (SG-300; SIBATA) for 50 min each time, two
times a day with 20-minute free interval, 5 days a week for 24 weeks.

2.4 | Quantification of emphysema

The mean linear intercept (MLI) and destructive index (DI) were used
to quantify emphysema, as described in our previous study.?* Briefly,
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MLI was measured by using a 100 x 100 um grid passing randomly
through the lung. MLI was calculated as the total length of each
line of the grid divided by the number of alveolar intercepts. The
measurement of DI was performed by a grid with 42 points which
were at the centre of hairline crosses superimposed on the lung field.
Structures lying under these points were marked as normal (N) or
destroyed (D) alveolar and/or duct spaces. Points falling over other
structures, such as duct walls, alveolar walls, did not enter into the
calculations. DI was calculated as D/ (D + N) x100%.

2.5 | Immunohistochemistry and
immunofluorescence of lung tissues

Lung tissue sections (5 pm thick) were deparaffinized and treated
with 3% H,0,-CH,OH for 15 minutes to block endogenous peroxi-
dase. Samples were submerged in citrate buffer (pH 6.0) in a micro-
wave oven for antigen retrieval, blocked with 5% BSA for 30 minutes
at room temperature and then incubated overnight with antibody
HMGB1 (1:1000). After washing with PBS, slices were incubated
with horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG
(ZSGB-Bio) at 37°C for 30 minutes and then stained with DAB de-
tection system kit (ZSGB-Bio). HMGB1 expression and localization
in the lung were detected under light microscopy and analysed by
image-pro plus 6.0 software.

For immunofluorescence, lung tissue sections were incubated
overnight with antibodies HMGB1 (1:600), CD68 (1:100) or F4/80
(1:100). After washing with PBS, sections were incubated with alexa
594-labelled goat anti-rabbit secondary antibody and alexa 488-la-
belled goat anti-mouse/rat secondary antibody for 1 hour at 37°C,
and then 4, 6-diamidino-2-phenylind-ole dihydrochloride (DAPI)
(Beyotime) were added for cellular nuclear staining. Co-localization
of HMGB1 and CDé68 or F4/80 was evaluated with confocal micros-
copy (TCS-SP8; Leica Microsystems).

2.6 | Measurement of HMGB1 in serum and
supernatants

Serum samples and cell culture supernatants were collected and
used for assessing HMGB1 level by enzyme-linked immunosorb-
ent assay (ELISA), according to the manufacturer's instructions for
human HMGB1 ELISA kit (Elabscience) and mouse HMGB1 ELISA
kit (Elabscience).

2.7 | Cell culture and treatment

The MH-S cells, a mouse alveolar macrophage cell line, were pur-
chased from Bio-Rad Biological Technology Co. Ltd, an agent of
ATCC. Cells were cultured in RPMI-1640 medium (Hyclone) contain-
ing 10% foetal calf serum (Gibco) at 37°C and 5% CO,. Medium was
changed every day, and cells were seeded to proper culture plates
at a density of 10°cells/cm? for the following experiments. Different
concentrations of CS extract (CSE) or rHMGB1 were then added to

the culture medium for indicated time with or without pre-treatment
by anti-HMGB1, Gly, MEC, CQ and 3-MA.

2.8 | CSE preparation

CS extract was prepared as described in our previous study.?* In

brief, smoke fogs from five cigarettes were passed through 10 mL
of RPMI-1640 medium at a constant airflow and then was sterile
filtered through a 0.22 um filter. Absorbance value was constant

(4.0 £ 0.05) by measuring at a wavelength of 320 nm.

2.9 | Cell viability by MTT assay

Cell viability was tested with the MTT assay. Cells were seeded into
96-well plates with 2000 cells/well. Cell viability was assessed using
the MTT proliferation assay kit (Applygen) according to the manu-
facturer's instructions. Absorbance was read in a spectrophotom-
eter at a wavelength of 570 nm.

2.10 | Immunofluorescence and
immunocytochemistry of cultured cells

Immunofluorescence and immunocytochemistry were performed
to evaluate the protein localization of HMGB1. Cells were grown
on glass bottom cell culture dishes (Nest, Wuxi, China). The treated
cells were then fixed with 4% paraformaldehyde for 10 minutes, in-
cubated with 0.2% Triton X-100 for 10 minutes, blocked with 5%
BSA for 30 minutes and then incubated overnight with anti-HMGB1
antibody (1:600) at 4°C. These dishes were incubated with alexa
488-labelled goat anti-rabbit secondary antibody for 1 hour at 37°C,
and then, DAPI was added for 10 minutes. Or after the dishes were
incubated overnight with anti-HMGB1 antibody, they were incu-
bated with horseradish peroxidase (HRP)-conjugated goat anti-rab-
bit IgG for 30 minutes at 37°C and then stained with DAB detection
system kit.

2.11 | Nuclear and cytoplasmic extraction

To evaluate the protein localization of HMGB1, we extracted cellular
nuclear protein and cytosolic protein by using NE-PER™ Nuclear and
Cytoplasmic Extraction Reagents (Thermo Fisher Scientific), and the
HMGB1 expression in nuclear or cytoplasmic protein extracts was
detected by Western blot. f-actin and Histon H3 were used as in-
ternal reference proteins for the cytoplasmic and nuclear fractions,

respectively.

2.12 | Concentration and purification of culture
supernatants

The supernatants of treated MH-S cells were added to 10 KDa cen-
trifugal filter units from Millipore Company for concentration and

purification following the manufacturer's instructions. Western blot
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was used to detect extracellular HMGB1 level, and the volume of

loading was determined by the number of cells.

2.13 | Western blot for protein expression

To evaluate the protein expression of HMGB1, LC3B-I/Il, Beclinl, p-
p65 and pé5, cellular protein extracts were subjected to 10% or 12%
SDS-PAGE and transferred to 0.22 um PVDF membrane (Millipore),
and the membranes were incubated overnight with antibodies as
follows: HMGB1 (1:1000), LC3B-I/Il (1:2000), Beclinl (1:2000), p-
p65 (1:1000) and p65 (1:1000). These membranes were incubated
with HRP-conjugated donkey anti-rabbit or anti-mouse IgG anti-
body (1:1000, CST) as the secondary antibody for 1 hour at room
temperature and then visualized by enhanced chemiluminescence

(Millipore).

2.14 | Migration assay

Cells were seeded in the upper chamber of transwell plates (24-well,
8.0 pm pore membranes) (Corning). After treated and incubated for
24 hours at 37°C, the cells remaining at the upper surface of the mem-
brane were removed with cotton swabs, and the cells on the lower
surface of the membrane were the migrated cells. After fixed with 4%
paraformaldehyde and stained with 0.1% crystal violet solution, the
cells that passed through the filter were photographed by microscopy.

2.15 | Statistical analysis

All the data were expressed as mean + standard error of the mean
(SEM) and analysed using SPSS 20.0 software. Two-group compari-
sons were performed using Student's t test. Three or more group
comparisons were performed with one-way analysis of variance
(ANOVA) accompanied by Bonferroni post hoc test (equal variances
assumed) or Dunnett's T3 (equal variances not assumed) post hoc
tests. Values of P < .05 were considered to be statistically significant.

3 | RESULTS

3.1 | Demographic characteristics of study
population

Fifteen patients with COPD, fifteen smokers with normal lung func-
tion, and fifteen non-smokers with normal lung function were re-
cruited. The characteristics of these subjects were summarized in
Table 1.

3.2 | HMGB1 was highly expressed and underwent
nucleocytoplasmic translocation in lung macrophages
from COPD patients

Studies showed that HMGB1 was expressed in lung macrophages of
COPD patients.25 To confirm these findings and to further evaluate
the intracellular localization of HMGB1 in COPD patients, smokers

and non-smokers, we performed immunohistochemistry and im-
munofluorescence in lung tissues from these subjects undergoing
lung resection for indicated diseases. HMGB1 expression in lung
tissues was significantly increased in COPD group compared with
Non-smoker group (Figure 1A-B). Changes in serum HMGB1 levels
showed a similar trend (Figure 1C), suggesting the release of HMGB1.
Furthermore, immunohistochemistry showed that HMGB1 was
detected almost only in the nuclei of macrophages in Non-smoker
group, while it was detected both in the cytoplasm and the nuclei
of macrophages in COPD and Smoker groups (Figure 1A), indicat-
ing that HMGB1 was translocated from the nuclei to the cytoplasm
in the latter two groups. Immunofluorescence also showed that
HMGB1 had a similar pattern of intracellular localization and was co-
localized with CD68, a marker of human macrophages (Figure 1D).
These results indicated that HMGB1 underwent up-regulation and
nucleocytoplasmic translocation in lung macrophages from COPD
patients.

3.3 | HMGB1 was highly expressed and underwent
nucleocytoplasmic translocation in lung macrophages
from the CS-induced COPD model

Mice exposed to CS for 24 weeks showed lung destruction, that
is enlargement of airway spaces (Figure 2A), with significantly in-
creased MLI (Figure 2B) and DI (Figure 2C), consistent with changes
typical of COPD. Immunohistochemistry revealed higher HMGB1
expression and nucleocytoplasmic translocation in lung tissues in
CS-exposed mice (Figure 2D-E), and immunofluorescence showed
a similar pattern of intracellular localization and co-localization with
F4/80, a marker of mouse macrophages (Figure 2H). Besides, the
level of HMGB1 in serum from CS-exposure group was significantly
higher (Figure 2F) as compared to Air-exposure group, although that
in BALF showed no significant difference (Figure 2G).

3.4 | CSE promoted the expression,
nucleocytoplasmic translocation and release of
HMGB1 in lung macrophages

In order to confirm the in vivo findings of high expression and nu-
cleocytoplasmic translocation of HMGB1 in lung macrophages
from COPD patients and CS-exposed mice, we stimulated MH-S
cells with CSE in an in vitro culture system. Concentrations of
CSE less than 1.5% had no effect on cellular viability as deter-
mined by MTT (Figure 3A). Therefore, MH-S cells were stimulated
by various concentrations of CSE (0, 0.1%, 0.25%, 0.5% or 1%) for
6 hours or by CSE (0.5%) for indicated time (1, 3, 6, 12, or 24 hours).
Western blot results showed that CSE induced concentration-de-
pendent and time-dependent HMGB1 expression (Figure 3D-E).
Immunocytochemistry (Figure 3F-G) and immunofluorescence
(Figure 3H) showed that HMGB1 was detected almost only in the
nuclei in Control group while it was detected in both the nuclei and
the cytoplasm in CSE group, suggesting that HMGB1 was trans-
located from the nuclei to the cytoplasm in CSE-induced MH-S
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TABLE 1 Demographic characteristics
of study population

FIGURE 1 HMGB1 was

highly expressed and underwent
nucleocytoplasmic translocation in lung
macrophages from COPD patients. A,
Representative immunohistochemistry of
HMGB1 in lung tissues of COPD, Smoker
and Non-smoker groups. Bar: 100 pm.

B, The integrated optical density (IOD)

in immunohistochemistry of HMGB1. C,
Level of HMGB1 was measured in serum.
D, Representative immunofluorescence
of co-localization of HMGB1 and CD68
in lung tissue of COPD, Smoker and
Non-smoker groups. Bar: 25 pm. #p < .05.
N = 15 in each group. *P < .05. Values are
mean + SEM

Parameters
Subjects (male, n)
Age (Years)

BMI (kg/m?)
FEV1 (%)

Post-bronchodilator FEV1/FVC (%)

Smoking index (pack-years)

Non-smoker
15

52.86 + 14.61
24.51+3.24
95.37 £ 12.79
80.70 = 3.02
0

Smoker

15

57.38 £ 12.15
23.96+2.34
90.59 + 16.84
80.00 £ 6.52
31.40 + 11.06

WILEY-%

COPD (GOLD I/11)
15

65.43 +8.34
23.36£2.72
71.34 +13.53
63.96 £5.31
41.54 £ 19.19

Note: Smoking index = average number of cigarettes per day (pack) x number of years of smoking
history (years); BMI = weight (kilograms, kg)/ in square of height (square of metres, m?).
Abbreviations: BMI, body mass index; COPD, chronic obstructive pulmonary disease; FEV1,
forced expiratory volume in 1's; FVC, forced vital capacity; GOLD, Global Initiative for Chronic
Obstructive Lung Disease guidelines.
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0
Air-exposure CS-exposure

FIGURE 2 HMGB1 was

highly expressed and underwent
nucleocytoplasmic translocation in lung
macrophages from the CS-induced mouse
model. A, Representative H&E-stained
lung sections showed lung destruction
with enlargement of airway spaces.

Bar: 50 um. (B-C) Quantification of
emphysema by mean linear intercept
(MLI) and destructive index (DI). D,
Representative immunohistochemistry
of HMGB1 in lung tissues of CS-exposed
and air-exposed mice. Bar: 50 pm. E,

The integrated optical density (IOD) in
immunohistochemistry of HMGB1. F,
Level of HMGB1 was measured in serum.
L G, Level of HMGB1 was measured in
bronchoalveolar lavage fluid (BALF). H,
Representative immunofluorescence of
co-localization of HMGB1 and F4/80 in
lung tissue of CS-exposed and air-exposed

CS-exposure

E 4 F G e
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;E —_— 5
- g
g 2 =Te % 10 .:I g 40
Z % ' = * =
- )
o1 ° s 5
=] ®eo0®
0 0 0

Air-exposure CS-exposure Air-exposure CS-exposure

H DAPI HMGBI1 F4/80

cells. Extracellular HMGB1 was detected in culture supernatants

Air-exposure

CS-exposure

by ELISA (Figure 3B) or in concentrated and purified culture su-
pernatants by Western blot (Figure 3C). Extracellular HMGB1 was
significantly increased in CSE group (0.5%) compared to Control
group, indicating nucleocytoplasmic translocation and release of
HMGB1. These results confirmed that CSE promoted the expres-
sion, nucleocytoplasmic translocation and release of HMGB1 in

lung macrophages.

3.5 | Mecamylamine suppressed the expression,
nucleocytoplasmic translocation and release of
HMGB1 in CSE-treated lung macrophages

In order to clarify whether the effect of CSE was exerted via nico-
tine and its receptor, we used mecamylamine (MEC) to block the
nicotinic acetylcholine receptor (nAChR) in the cell culture sys-
tem. MH-S cells were incubated with MEC before CSE stimulation.
Western blot was used to detect HMGB1 expression. As expected,
CSE-treated cells had increased HMGB1 in cytoplasmic protein
(Figure 4C) and whole protein (Figure 4A), but decreased HMGB1 in

T T
Air-exposure CS-exposure

mice. Bar: 25 pm. P < .05. N = 8 in each
group. Values are mean + SEM
Merge

nuclear protein (Figure 4D). Notably, MEC reversed these changes
in CSE-stimulated MH-S cells. Besides, MEC also blocked CSE-in-
duced extracellular HMGB1 increase (Figure 4B), detected in
concentrated and purified culture supernatants by Western blot.
Immunofluorescence showed that MEC reversed CSE-induced
HMGB1 nucleocytoplasmic translocation (Figure 4E). Collectively,
these data indicated that CSE-induced expression, nucleocytoplas-
mic translocation and release of HMGB1 in lung macrophages were
dependent on nAChR.

3.6 | HMGBI1 participated in CSE-induced
autophagy of lung macrophages

Previous studies demonstrated that CSE induced autophagy and
migration of macrophages.”%112% Autophagy was measured by
detecting the biochemical marker LC3B-Il which was modulated
through Beclin1.”*! MH-S cells were stimulated as described above
by various concentrations of CSE (0, 0.1%, 0.25%, 0.5% or 1%) for
12 hours (Figure 5A) or by CSE (0.5%) for indicated time (1, 3, 6,12, or
24 hours) (Figure 5B). Indeed, CSE induced up-regulation of LC3B-II
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FIGURE 3 CSE promoted the
expression, nucleocytoplasmic
translocation and release of HMGB1 in
lung macrophages. A, MH-S cells were
treated with CSE for 24 h, and cellular
viability was assessed by MTT. (B-C)
After MH-S cells were treated with

CSE (0.25% or 0.5%) for 24 h, level of
HMGB1 in cultured supernatants was
measured by ELISA and Western blot.

D, Expression of HMGB1 was quantified
in MH-S cells after incubation with
different concentrations of CSE for 6 h.
E, Expressions of HMGB1 was quantified
in MH-S cells after incubation with 0.5%
CSE at the indicated time points. F,
Expression and localization of HMGB1 in
MH-S cells after CSE incubation for 6 h
by immunocytochemistry. Bar: 20 um.

G, The integrated optical density (IOD)

in immunocytochemistry of HMGB1. H,
Localization of HMGB1 in MH-S cells after
CSE (0.1%, 0.25% or 0.5%) incubation for
6 h was assessed by immunofluorescence.
Bar: 5 pm. *P < .05 vs Control group.

#P < .05. Values are mean = SEM of three
independent experiments
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and Beclinl in a concentration-dependent and time-dependent man-

ner, suggesting the activation of autophagy, while rHMGB1 also in-

duced increase but not statistic significant of LC3B-II (

P =.239) and

Beclinl (P = .124) expression in MH-S cells (Figure 5C). CQ, an au-
tophagy inhibitor via suppressing autophagosome-lysosome fusion,
significantly enhanced the increase of LC3B-Il (P = .0001, P = .048,
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FIGURE 4 MEC suppressed

the expression, nucleocytoplasmic
translocation and release of HMGB1 in
CSE-treated lung macrophages. (A-D)
MH-S cells were pre-treated with MEC
(50 pmol/L) for 90 min before 0.5% CSE
incubation for 24 h. HMGB1 was detected
in whole protein, extracellular protein,
cytoplasmic protein or nuclear protein
with Western bolt. E, MH-S cells were
pre-treated with MEC (50 pmol/L) for

90 min before 0.5% CSE incubation for

6 h. Localization of HMGB1 in MH-S cells
was assessed by immunofluorescence.
Bar: 5 um. *P < .05 vs Control group.

#p < .05. Values are mean = SEM of three
independent experiments
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FIGURE 5 Blockade of HMGB1
attenuated CSE-induced autophagy

and migration of lung macrophages. A,
After MH-S cells were treated with CSE
(0,0.1%, 0.25%, 0.5% or 1%) for 12 h,
LC3B-I/ Il and Beclin1 were detected with
Western blot. B, After MH-S cells were
treated with 0.5% CSE for 1, 3, 6, 12 or
24 h, LC3B-I/ Il and Beclinl were detected
with Western blot. C, After MH-S cells
were pre-treated with CQ (50 pmol/L)

for 2 h, CSE (0.5%) or rHMGB1 (1 pg/

mL) were then added to stimulation for
12 h. D, MH-S cells were pre-treated with
chicken IgY (5 pg/mL), anti-HMGB1 (5 pg/
mL) or Gly (100 nmol/L) for 90 min before
0.5% CSE incubated for 12 h. E, MH-S
cells were pre-treated with chicken IgY

(5 pg/mL), anti- HMGB1 (5 pg/mL) or Gly
(100 nmol/L) for 90 min before 0.5% CSE
or rHMGBI1 (1 pg/mL) alone incubated for
24 h. Migration assay was assessed. Bar:
100 pm.*P < .05 vs Control group. #p < .05.
##p < 05.NS, no significant. Values

are mean = SEM of three independent
experiments

respectively) but not Beclinl (P = .955, P = .138, respectively) in CSE
or rHMGBT1 treated MH-S cells, indicating induction of autophagy

by CSE and rHMGB1.

Since CSE induced up-regulation of HMGB1 in macrophages,
we asked whether HMGB1 was involved in cellular autophagy.
Neutralizing antibody (anti-HMGB1) and HMGB1 inhibitor (Gly)
were respectively added to MH-S cell cultures before CSE stimu-
lation. Interestingly, blockade of HMGB1 significantly attenuated
the increase of LC3B-Il and Beclinl (Figure 5D) in CSE-stimu-
lated MH-S cells. Taken together, these results indicated the
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involvement of HMGB1 in CSE-induced autophagy through mod-

3.7 | Blockade of HMGB1 attenuated CSE-induced
migration of lung macrophages

Macrophages were increased in lung tissues and BALF of COPD pa-

26,27

As expected, here, we found that CSE induced migration of MH-S
cells, while blockade of HMGB1 by anti-HMGB1 or Gly attenuated
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CSE-induced cell migration (Figure 5E). Our result also showed that
rHMGBI1 alone induced migration of MH-S cells (Figure 5E).

3.8 | Blockade of HMGB1 attenuated CSE-induced
activation of NF-kB signalling in lung macrophages

NF-xB signalling activation, by promoting transcription of pro-in-
flammatory cytokines, plays critical roles in the pathogenesis of
COPD.?8%? Pattern-recognition molecules promoted NF-kB pé5
translocation to participate in the regulation of macrophage func-
tion.%° Thus, we asked whether HMGB1 mediated NF-kB signalling
induced by CSE stimulation in lung macrophages. Our Western blot
results showed that CSE induced robust pé65 phosphorylation at
15 minutes (Figure 6A), and blockade of HMGB1 by anti-HMGB1
or Gly attenuated CSE-induced p65 phosphorylation at 15 minutes

05%  0.5%
0 2 (mmol/L)

in MH-S cells (Figure 6B), indicating that HMGB1 mediated CSE-in-
duced activation of NF-xB signalling.

3.9 | Inhibition of autophagy abrogated
migration and NF-xB activation of CSE-treated lung
macrophages

Previous studies found that autophagy mediated regulation of mac-
rophage recruitment and NF-kB signalling pathway.”3! We asked
whether inhibition of autophagy by CQ or 3-MA had any effect on
CSE-induced migration and NF-xB activation of lung macrophages.
As expected, CQ (50 pmol/L) or 3-MA (2 mmol/L) abrogated
CSE-induced migration of MH-S cells (Figure 6C) and attenuated
CSE-induced p65 phosphorylation at 15 minutes in these cells
(Figure 6D-E).
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4 | DISCUSSION

In the present study, we demonstrated up-regulation, nucleocyto-
plasmic translocation and release of HMGB1 in lung macrophages
from COPD patients and CS-exposed mice. We further confirmed in
vitro studies that CSE induced, through nAChR, HMGB1 up-regula-
tion, translocation and release, which was involved in CSE-induced
autophagy, migration and NF-kB activation of lung macrophages.
Besides, we also found that inhibition of autophagy abrogated CSE-
induced migration and NF-«xB activation of lung macrophages.

High-mobility group box 1 is a multifunctional protein, widely
expressed in the nuclei of macrophages, epithelial and endothelial
cells.*22 Our results also revealed that HMGB1 was also highly ex-
pressed in macrophages of lung tissue and other pulmonary structure
cells. On one hand, HMGB1 can stabilize chromatin structure and reg-
ulate gene transcription in the nucleus. On the other hand, HMGB1
can be exported from the nucleus to the cytoplasm and released to
extracellular milieu, exerting pro-inflammatory effects, which have
been involved in various lung inflammatory diseases.'>'3%233 Recent
studies have implicated HMGB1 in the pathogenesis of COPD.1%20:34
CS impaired lung function and increased HMGB1 expression in a
chronic (60 days) CS-exposure mouse model.®> A previous study also
revealed that CS induced HMGB1 translocation and release from lung
epithelial cells,and HMGB1 furtherinduced an inflammatory response
through TLR4/MyD88-dependent signalling in an acute (3 days) CS-
exposure model.?* Released HMGB1 also induced cytokine release
through TLR4 receptors in macrophages.>® However, HMGB1 in-
tracellular localization and release had not been described in COPD
patients and long-term (24 weeks) CS-exposure models. Here, we
found marked expression of HMGB1 in lung tissues and peripheral
blood from COPD patients, along with predominantly cytoplasmic
exporting of this molecule from the nucleus in lung macrophages,
indicating up-regulated expression and nucleocytoplasmic transloca-
tion of HMGB1 in lung macrophages of COPD. These findings were
recapitulated in lung macrophages from a well-established long-term
CS-exposure mouse model. Subsequent experiments with MH-S
cells also confirmed that CSE induced expression, nucleocytoplas-
mic translocation and release of HMGB1. Considering that nAChR,
the receptor of nicotine (a major component of cigarette), is highly
expressed in macrophages and plays an essential role in immunomod-
ulation of macrophages,%'37 we further demonstrated that MEC, a
competitive inhibitor to nAChR, reversed CSE-induced HMGB1 ex-
pression in nuclear protein, cytoplasmic protein, whole protein and
extracellular protein, suggesting that nAChR was involved in CSE-in-
duced nucleocytoplasmic translocation and release of HMGB1 in lung
macrophages.

Lung macrophages play a critical role in maintaining of lung ho-
meostasis and regulation of innate and acquired immunity, which is
closely related to the process of COPD.23%27.38 Autophagy is a fun-
damental intracellular process responsible for regulation of lung
macrophage. Cigarette smoking induces autophagy of lung mac-
rophages, and excessive autophagy aggravates lung macrophage

dysfunction.>%2%3 Dysfunction of lung macrophages results in

WILEY-—%

down-regulation of phagocytosis and bacterial clearance on one
hand, and promotes release of inflammatory mediators and prote-
ases on the other. These consequences contribute to airway inflam-
mation and alveolar destruction, major characteristics of COPD and
its exacerbation.>*?” Recent studies demonstrated that HMGB1
promoted autophagy in lung ischaemia-reperfusion/injury-triggered
macrophages, facilitating the inflammation response.?%2% Consistent
with these studies, we found that blockade of HMGB1 with anti-
HMGB1 and Gly attenuated CSE-induced increase of LC3B-II, sug-
gesting the involvement of HMGB1 in CSE-induced autophagy. We
further confirmed this finding by inhibition of autophagy with CQ.
Taken together, these data indicate that HMGB1 is a major culprit for
CSE-induced autophagy of macrophages, suggesting that it may be a
potential target for therapeutic intervention.

CS triggers recruitment of blood monocytes into the lung, ac-
counting for the increase of macrophages in pulmonary alveoli and
parenchyma of patients with COPD.?%?” Meanwhile, the migration
ability of macrophages and migratory chemokines such as CXCR3
and CCR5 are increased in the process of COPD.?%*° Several stud-
ies revealed that HMGB1 activated the RAGE/NF-xB pathway and
promoted cell migration, an event accompanying the recruitment of
monocytes.**#2 Consistent with these studies, our results showed
that CSE induced migration of lung macrophages, and blockade of
HMGB1 with anti-HMGB1 or Gly significantly attenuated CSE-in-
duced migration of these cells. Exogenous rHMGB1 also induced mi-
gration of lung macrophages but its ability to induce migration was
weaker than CSE, suggesting that CSE induced migration of lung
macrophages partly through HMGB1. Interestingly, we also found

Cigarette Smoke

Lung macrophages

Nicotinic acetylcholine receptor

|

HMGB1
upregulation, translocation and release

Autophagy

/N

NF-kB activation = Migration and recruitment

N

Airway inflammation

FIGURE 7 Diagram summarizing the mechanism by which CS-
induced HMGB1 translocation and release contribute to migration
and NF-kB activation by inducing autophagy in lung macrophages
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that CQ and 3-MA abrogated CSE-induced migration of lung mac-
rophages through blocking autophagy, indicating that CSE-induced
HMGB1 translocation and release contribute to macrophage migra-
tion via induction of autophagy.

NF-kB signalling is the critical signal molecule in inflammation
of airways, contributing to development of COPD.?4% A previous
study reported that HMGB1 mediated aspergillus fumigatus-in-
duced inflammatory response in macrophages of COPD mice via
activating MyD88/NF-kB and syk/PI3K signalling.** In the current
study, we showed that CSE-induced NF-xB activation in lung mac-
rophages was mediated through HMGB1, and more intriguingly, CQ
and 3-MA abrogated CSE-induced NF-xB activation in lung macro-
phages through blocking autophagy, indicating that CSE-induced
HMGB1 translocation and release contribute to NF-kB activation
through inducing autophagy in lung macrophages, thereby promot-
ing the transcription of downstream inflammatory cytokines.

5 | CONCLUSION

In summary, we demonstrated, for the first time to our knowl-
edge, that CS induced HMGB1 translocation and release in lung
macrophages through nAChR, and released HMGB1 contributed
to CSE-induced NF-xB activation and migration of lung micro-
phages through inducing autophagy (Figure 7). Our study pro-
vides further evidence that HMGB1 is an important regulator of
CS-induced airway inflammatory response of lung macrophages
in the pathogenesis of COPD as well as a potentially new target
for intervention.
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