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Abstract

The role of cellular senescence in the development of asthma is not well known. We aimed to evaluate the susceptibility of mice with cellular
senescence to asthma development and determine whether the mTOR pathway played an important role in this process. Cellular senescence
was induced in mice by intranasal instillation of 2% cigarette smoke extract (CSE). Subsequently, a low dose (0.1 pg) of house dust mite
(HDM) allergens, which cause no inflammation and airway hyperresponsiveness (AHR) in mice without cellular senescence, was administered
intranasally. To evaluate the role of the mTOR pathway in this model, rapamycin (TORC1 inhibitor) was injected intraperitoneally before
CSE instillation. CSE significantly increased senescence-associated (3-gal activity in lung homogenate and S100A8/9+ p-mTOR+ population in
lung cells. Moreover, ST00A8/9+ or HMGB1+ populations in airway epithelial cells with p-mTOR activity increased remarkably. Rapamycin
attenuated all changes. Subsequent administration of low-dose HDM allergen induced murine asthma characterized by increased AHR, serum
HDM-specific immunoglobulin E, and eosinophilic airway inflammation; these asthma characteristics disappeared after rapamycin injection.
In vitro experiments showed significant activation of bone marrow-derived cells cocultured with SI00A9 or HMGB1 overexpressing MLE-
12 cells treated with HDM allergen, compared to those treated with HDM allergen only. CSE increased the levels of senescence markers
(S100A8/9 and HMGBI1) in airway epithelial cells, making the mice susceptible to asthma development due to low-dose HDM allergens by
activating dendritic cells. Because rapamycin significantly attenuated asthma characteristics, the mTOR pathway may be important in this
murine model.
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Cellular senescence, a cell fate toward irreversible replicative arrest,
is a dynamic state characterized by metabolic shifts with increased
glycolysis, decreased fatty acid oxidation, increased reactive
oxygen species (ROS) generation, and acquisition of a senescence-
associated secretory phenotype (SASP) (1). Chronological aging,
chemotherapy and radiotherapy, supplemental oxygen, and cigar-
ette smoke are associated with the accumulation of senescent cells
(2-4). Cigarette smoke extract (CSE) induces cellular senescence
in cultured primary alveolar epithelial type II cells, as evidenced
by a dose- and time-dependent increase in senescence-associated
B-galactosidase (SA-B-gal) activity and p21 (a cyclin-dependent
kinase inhibitor) accumulation, which are known senescence
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markers (5). Moreover, CSE affects the reparative potential of
lung fibroblasts by altering p53 and p21 expression and cell cycle
progression to the S phase (6). Previous studies have shown that
CSE-induced cellular senescence plays a role in the pathogenesis
of chronic obstructive pulmonary disease (COPD) and idiopathic
pulmonary fibrosis (7-9). Limited but distinct data have shown
that cellular senescence is implicated in asthma pathogenesis.
For example, in patients with asthma, bronchial fibroblasts dem-
onstrate a higher proportion of SA-B-gal-positive staining, and
p21 expression is elevated in the bronchial epithelium (10,11).
However, little is known about the role of cellular senescence in
the development of asthma.
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Figure 1. Effect of CSE on SA-$-gal activity and mTOR activation. (A) Experimental protocol (5-6 mice in each CSE group). (B) Inflammatory cells in bronchoalveolar
lavage fluid. (C) SA-B-gal activity in lung homogenate. Y axis represents relative fluorescence unit (RFU). (D) Plot of S100A8/9+ p-mTOR+ population in lung cells.
(E) The frequency of S100A8/9+ p-mTOR+ population in lung cells. Y axis represents the frequency of reading for total cells from lung cells. #p < .05, ##p < .01
compared to the control (PBS) group. PBS = phosphate-buffered saline; SA-B-gal = senescence-associated beta-galactosidase; CSE = cigarette smoke extract.

Full color version is available within the online issue.

Mammalian target of rapamycin (mTOR), a large protein kinase
belonging to the phosphatidylinositol 3 kinase-related kinase family,
is the intracellular target of rapamycin (12). mTOR pathway is
strongly associated with senescence in various cell types derived from
humans or mice, and rapamycin reduces the expression of senescence
markers in these cells (13,14). The role of the mTOR pathway in lung
cell senescence has been extensively studied in COPD. Transgenic
mice exhibiting mTOR overactivity in lung vascular cells or alveolar
epithelial cells show cellular senescence and mimic COPD lung al-
terations (15). It has been reported that rapamycin, an inhibitor of
TORCT, suppresses cigarette smoke-induced epithelial cell death and
airway inflammation in COPD patients (16). However, to date, no
study has evaluated the role of the mTOR pathway in the develop-
ment of asthma due to cellular senescence.

In this study, we hypothesized that CSE-induced cellular sen-
escence renders mice susceptible to allergic sensitization, resulting
in the development of asthma, and the mTOR pathway plays an
important role in the underlying processes. To test this, we first
induced cellular senescence in murine lungs by intranasal instilla-
tions of CSE and then exposed the mice to low-dose house dust
mite (HDM) allergens, which rarely cause airway inflammation or
hyperresponsiveness in mice without cellular senescence. We exam-
ined whether this murine model developed cardinal features of
asthma and further evaluated whether rapamycin treatment before
CSE instillation attenuated these features.

Method

Preparation of CSE

Research-grade cigarettes (3R4F) were purchased from the Kentucky
Tobacco Research and Development Center, The University of
Kentucky (Lexington, KY). CSE was prepared following a previously
described method (17). Briefly, one cigarette with its filter removed
was fixed horizontally and burnt, and the main stream of smoke was

aspirated at a constant flow rate (1 cigarette per 8 minutes) using
a variable flow pump (CBS Scientific, San Diego, CA). Eight cigar-
ettes were passed through 10 mL of a solvent to collect the CSE,
and this content was defined as 100% (1 cigarette per 1 mL). This
preparation was sterilized through a 0.22-pm syringe filter, and the
prepared CSE was stored at —=80°C until use.

Mouse Experiments

Six-week-old female BALB/C mice (18-20 g) were purchased from
Orient Bio (Seoul, Korea). All experiments were performed with
the approval of the Institutional Animal Care and Use Committee
of the Institute of Laboratory Animal Resources at Seoul National
University (SNU-200330-2) and Seoul National University Hospital
(SNUH-TACUC 20-0248-S1A0). We used 2 study designs. In the first
design, CSE (2%-20%) was suspended in phosphate-buffered sa-
line (PBS), and rapamycin (25 mg; Santa Cruz Biotechnology, CA)
was dissolved in dimethyl sulfoxide (1 mL; Sigma-Aldrich, MO); the
stock of rapamycin (25 mg/mL) was suspended in PBS for adminis-
tration to mice. Then, mice were instilled with CSE intranasally, and
rapamycin (2 mg/kg) (18,19) was injected intraperitoneally at 30
minutes before CSE instillation (Figures 1A and 2A). In the second
design, mice were administered with CSE or rapamycin for 4 weeks.
After stopping CSE or rapamycin administration, mice were instilled
intranasally with 0.1 ug HDM (Dermatophagoides pteronyssinus;
Der p) allergen (Der p 1.88 pg/mg protein; Prolagen, Seoul, Korea)
for 2 weeks (Figure 4A).

Measurement of SA-B-gal Activity in Lung

Homogenate

Lung tissue (40 mg) from one of the lobes was homogenized in
0. 4 mL ice-cold cell lysis buffer containing protease inhibitor. The
tissue homogenate was then incubated on ice for 30 minutes, and the
lysates were centrifuged at 12 000 x g for 10 minutes at 4°C. The
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Figure 2. Effects of rapamycin on the CSE-induced changes of inflammatory and senescence-associated markers in lung and glutathione in serum. (A)
Experimental protocol (5-6 mice in each group). (B) Inflammatory cells in bronchoalveolar lavage fluid. (C) SA-B-gal activity in lung homogenate. Y axis
represents relative fluorescence unit (RFU). (D) A plot of p21+ population in lung cells. (E) The frequency of p21+ population in lung cells. (F) Total glutathione,
oxidized glutathione and reduced glutathione levels, and reduced/oxidized glutathione ratios in serum were measured, and the detection time was 2 minutes.
TNF-a, Pro-MMP9, IL-6, IL-1(3, S100A8/9, and HMGB1 levels in bronchoalveolar lavage fluid were measured. #p < .05, ##p < .01 compared to control (PBS) group;
*p < .05, **p < .01 between 2 groups. PBS = phosphate-buffered saline; SA-B-gal = senescence-associated beta-galactosidase; CSE = cigarette smoke extract.

Full color version is available within the online issue.

supernatants were aliquoted and stored at —=80°C. SA-B-gal activity
(senescence-associated marker) was measured quantitatively using
a cellular senescence activity assay kit (Enzo Life Sciences, NY).
Fluorescence was measured using a Fluorescence Microplate Reader
(Epoch Biotek, VT).

Measurement of Phospho-mTOR, p21, S100A8/9,

and HMGB1 Expression Levels in Lung Cells

Flow cytometry analysis was used to measure phospho-mTOR
(p-mTOR; activated mTOR), p21 (senescence-associated marker),
S100A8/9,and HMGB1 (SASP-associated markers) expression levels
in lung cells. Single cells prepared from lung tissue were analyzed by
intracellular staining with FITC-conjugated anti-S100A8/9 antibody
(Novus Biologicals, CO), PE/Cy7-conjugated anti-p-mTOR antibody
(Thermo Fisher Scientific, MA), and APC-conjugated anti-p21 anti-
body (BD Biosciences, Santa Cruz, CA). For flow cytometry analysis,
at least 1 x 10° cells were acquired using an LSR II (BD Biosciences).
All data were analyzed using FlowJo ver. 10 software (BD
Biosciences). To measure SI00A8/9 and HMGB1 expression levels

in various lung cells, single cells were first stained with PerCPCyS5.5-
conjugated anti-CD45 antibody, BV711-conjugated anti-CD4 anti-
body, BV506-conjugated anti-F4/80 antibody, APC/Cy7-conjugated
anti-CD11c antibody, and BV421-conjugated anti-epithelial cell
adhesion molecule (EpCAM) antibody, then with FITC-conjugated
anti-S100A8/9 antibody and PE-conjugated anti-HMGB1 antibody
(Thermo Fisher Scientific) for intracellular staining.

Measurement of Mediators in Bronchoalveolar

Lavage Fluid and Serum

Tumor necrosis factor (TNF)-a (BioLegend, CA), Pro-MMP9 (R&D
Systems, Abingdon, UK), interleukin(IL)-6 (BioLegend), IL-1f
(BioLegend), ST00A8/9 (R&D Systems), and HMGB1 (CUSABIO,
Houston, TX) levels in bronchoalveolar lavage (BAL) fluid and
Der p-specific immunoglobulin E (IgE) level in serum were meas-
ured using enzyme-linked immunosorbent assay according to the
manufacturer’s instructions. The concentrations of total, oxidized,
and reduced glutathione in serum were calculated using a gluta-
thione detection kit (Enzo Life Sciences).
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Figure 3. Effects of rapamycin on the CSE-induced changes of S100A8/9+ or HMGB1+ populations in various lung cells. (A) Gating plot and the frequency
of S100A8/9+ population in CD45—- EpCAM+ cells. (B) Gating plot and the frequency of S100A8/9+ F4/80+ population in CD45+ cells. (C) Gating plot and
the frequency of S100A8/9+ CD11c+ population in CD45+ cells. (D) Gating plot and the frequency of S100A8/9+ population in CD4+ cells. (E) Gating
plot and the frequency of HMGB1+ population in CD45— EpCAM+ cells. (F) Gating plot and the frequency of HMIGB1+ F4/80+ population in CD45+ cells.
(G) Gating plot and the frequency of HMIGB1+ CD11c+ population in CD45+ cells. (H) Gating plot and frequency of HMGB1+ population in CD4+ cells.
#p < .05 compared to control (PBS) group; *p < .05, **p < .01 between 2 groups. PBS = phosphate-buffered saline; CSE = cigarette smoke extract.
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Airway Hyperresponsiveness

Dynamic resistance was measured using a Flexivent system
(Scireq, Montreal, Canada). Mice were anesthetized with keta-
mine (90 mg/kg body weight) and xylazine (10 mg/kg body
weight), tracheostomized, and connected to a flexivent ventilator
via a 19-gauge cannula. Mice were ventilated using the following
settings: tidal volume of 10 mL/kg body weight, 150 breaths/
minute, and positive end-expiratory pressure 3 cm H,O. Airway
resistance (cm H,O/mL/s) was measured using snapshot-150 per-
turbation. MCh (acetyl-b-methylcholine chloride; Sigma-Aldrich)
provocation testing started with PBS, followed by MCh aerosols
with increasing concentrations (0, 12.5, 25, and 50 mg/mL). The
graphs show values of 25 and 50 mg/mL.

Histopathology

To evaluate and compare the severity and characteristics of patho-
logical changes in the lung parenchyma, the left lungs of mice were
fixed in 10% neutral buffered formalin and embedded in paraffin,
and 3-mm sections were stained with hematoxylin and eosin (H&E).

Evaluation of Dendritic Cell Activation in Lung-
Draining Lymph Node

Mice were sacrificed 24 hours after the last sensitization with
Der p. The lung-draining lymph nodes were removed and processed.
Single cells were stained with APC/cy7-conjugated anti-CD11c
antibody (BD Biosciences), APC-conjugated anti-MHCII antibody,
and PE-conjugated anti-CD86 antibody (Thermo Fisher Scientific).
The proportion of dendritic cells (DCs) was determined by flow
cytometry and defined as the fraction of MHCII+ or CD86+ in
CD11c+ cells.

Measurements of Th Cells and S100A8/9 and

HMGB1 Expression Levels in Lung Cells

Single cells prepared from lung tissue were stimulated with phorbol
12-myristate 13-acetate (100 ng/mL), ionomycin (1 pg/mL), and
Golgi stop, then stained with PerCP-CyS5.5-conjugated anti-cluster
of differentiation (CD) 45 antibody (Thermo Fisher Scientific). To
quantify Th1, Th2, or Th17 cells, cells were stained with BV711-
conjugated anti-CD4 antibody and PE-conjugated anti-IFN-y,
PE-Cy7-conjugated anti-IL-13, APC-conjugated anti-IL-5, or
BV421-conjugated anti-IL-17A antibodies. To measure S100A8/9
and HMGB1 expression in various lung cells, single cells were
stained with PerCP-CyS5.5-conjugated anti-CD435 antibody, BV711-
conjugated anti-CD4 antibody, BVS506-conjugated anti-F4/80
antibody, APC/Cy7-conjugated anti-CD11c antibody, and BV421-
conjugated antiepithelial cell adhesion molecule (EpCAM) anti-
body, followed by intracellular staining with FITC-conjugated
anti-S100A8/9 antibody and PE-conjugated anti-HMGBI1 antibody
(Thermo Fisher Scientific).

Effects of CSE With or Without Rapamycin on MLE-

12 Cells

The effects of CSE, with or without rapamycin treatment, were as-
sessed using a mouse lung epithelial cell line. Murine lung epithelial
(MLE)-12 cells (SV40-transformed mouse-derived alveolar epithe-
lial cell line; American Type Culture Collection, VA) were grown in
Dulbecco’s modified Eagle medium:Ham’s F-12 containing 2% fetal
bovine serum (FBS) in a humidified atmosphere at 37°C with 5%
CO,. The cells were then stimulated with CSE (2%) or rapamycin
(2 nM) (20) for 24 hours. Intracellular ROS and SA-B-gal expression
were detected using the oxidation-sensitive fluorescent probe dye
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Figure 4. Murine asthma model with CSE-induced cellular senescence and effects of rapamycin on this model. (A) Experimental protocol (4-5 mice in each
group). (B) SA-B-gal activity in lung homogenate. Y axis represents relative fluorescence unit (RFU). (C) Airway hyperresponsiveness. Y axis represents cmH,O.s/
mL. (D) Inflammatory cells in bronchoalveolar lavage fluid. (E) Serum Der p-specific IgE. Y axis represents OD (optimal density). (F) Gating plot of MHCII+
CD86+ population in CD11c+ cells from lung-draining lymph node. (G) The frequency of MHCIl+ CD86+ population with CD11c+ in total cells from lung-draining
lymph node. (H) Lung tissue (H&E stain, x200). (I) The frequencies of IL-5+, Il-13+, IL-17+, and IFN-y+ populations in CD4+ cells. (J) Gating plot of S100A8/9+
HMGB1+ population in CD45- Epcam+ cells. (K) The frequency of S100A8/9+ HMGB1+ population in CD45- Epcam+ cells. #p < .05, ##p < .01 compared to control
(PBS) group; *p < .05, **p < .01 between 2 groups. Der p = Dermatophagoides pteronyssinus; Meth con = methacholine concentration; Macro = macrophage;
Neu = neutrophil; Eos = eosinophil; Lym = lymphocyte; Rapa = rapamycin; CSE = cigarette smoke extract. Full color version is available within the online issue.

H2DCFDA or CellEvent Senescence Green Probe at 37°C for 30-60
minutes. The fluorescence due to DCF and SA-B-gal expression was
detected using LSR II. To measure intracellular ST00A8/9, HMGBI1,

27,7’-dichlorodihydrofluorescein diacetate (H2DCFDA; Invitrogen
Molecular Probes, OR) and CellEvent Senescence Green Flow
Cytometry Assay Kit (Invitrogen). Cells were incubated with 20 pM
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and p-mTOR expression, single cells were stained with FITC-
conjugated anti-S100A8/9 antibody, PE-conjugated anti-HMGB1
antibody, and PE/cy7-conjugated anti-p-mTOR antibody. The ex-
pression was also detected using LSR I

Coculture of Bone Marrow-Derived Cells With

S100A9 or HMGB1 Overexpressing MLE-12 Cells

To investigate the effect of ST00A8/9 or HMGB1 on DC activation,
bone marrow-derived cells (BMDCs) were prepared following the
method described previously (21). At Day 7, BMDCs were seeded
in the lower wells of Transwell inserts (pore size 0.4 uM; Costar).
To perform S100A9 (a part of ST00A8/9 heterodimer complex)
or HMGBI1 transfection, MLE-12 cells (2 x 10°/well) were seeded
in the upper wells of Transwell inserts and maintained overnight
in Dulbecco’s modified Eagle medium:Ham’s F-12 with 2% FBS,
then transfected with 0.2 pg of plasmid S100A9 or HMGB1
(S100A9 or HMGB1 Gene ORF ¢cDNA clone expression plasmid;
Sino Biological, Beijing, China) using Sinofection reagent (Sino
Biological) according to the manufacturer’s instructions. After
washing, cells in the upper wells were treated with a low dose of
Der p (10 ug/mL) and then placed in the lower wells with BMDCs.
After 24 hours of coculture, cells were stained with APC/cy7-
conjugated anti-CD11c¢ antibody and APC-conjugated anti-MHCII
antibody.

Statistical Analyses

Results are expressed as means = standard deviation, and statis-
tical differences among groups were assessed using the unpaired
t-test and nonparametric Mann—Whitney U test. Statistical analyses
were performed using GraphPad Prism (GraphPad Software, CA). p
values less than .05 were considered significant.

Results

Effects of CSE on SA-B-gal Activity and mTOR
Activation in Mouse Lung

Intranasal instillations of CSE significantly increased the
populations of macrophages, neutrophils, and lymphocytes in
BAL fluid and lung homogenate SA-B-gal activity in a dose-
dependent manner (Figure 1A-C). Flow cytometry analysis
showed that S100A8/9+ p-mTOR+ population in lung cells in-
creased significantly in the same manner after CSE instillation
(p < .05; Figure 1D and E). Based on these findings, 2% CSE
(a minimum concentration causing changes) was used in subse-
quent experiments.

Effects of Rapamycin on CSE-Induced Changes in
Mouse Lung

Intraperitoneal injections of rapamycin, administered 30 minutes
before each CSE instillation (Figure 2A), significantly decreased
neutrophil counts in BAL fluid and lung homogenate SA-f-gal ac-
tivity (p < .05; Figure 2B and C). p21+ population in lung cells
decreased significantly after rapamycin injections (p < .05; Figure
2D and E). We then assessed the effects of rapamycin on other
changes induced by CSE, such as the expression of oxidative stress
markers in serum and the pro-inflammatory cytokines ST00A8/9
and HMGB1 in BAL fluid. Rapamycin reversed CSE-induced
reductions in serum total glutathione levels and CSE-induced
increases in serum oxidized glutathione levels (Figure 2F). In add-
ition, rapamycin significantly increased reduced glutathione levels

and reduced/oxidized glutathione ratios in serum, which had
been reduced by CSE (p < .05; Figure 2F). Meanwhile, rapamycin
showed no effects on CSE-induced increases in TNF-a, pro-MMP9,
IL-6, and IL-1f levels in BAL fluid (Figure 2F). In terms of SASP-
associated markers, rapamycin significantly reduced CSE-induced
increases of S100A8/9 in BAL fluid (p < .05), but did not influ-
ence CSE-induced changes of HMGB1 in BAL fluid (secretory
form; Figure 2F). To gain further insight, we measured intracellular
levels of ST00A8/9 and HMGB1 in cells with epithelial cell markers
(CD45- EpCAM+), macrophage markers (CD45+ F4/80+),and DC
markers (CD45+ CD11c+), as well as in CD4+ T cells using flow
cytometry analysis of lung tissue. Populations of ST00A8/9+ epi-
thelial cells and T cells increased significantly after CSE instillation,
but rapamycin significantly reduced the population with epithelial
cell markers (p < .05; Figure 3A-D). Meanwhile, populations of
HMGB1+ epithelial cells and DCs increased significantly after CSE
instillation, and rapamycin significantly reduced both populations
(p < .05; Figure 3E-H).

Murine Asthma Model With CSE-Induced Cellular
Senescence and Effects of Rapamycin onThis Model
We developed an asthma model by intranasally administering a
low dose (0.1 pug/mouse) of Der p allergen to mice in which cellular
senescence was induced by CSE (CSE + Der p group; Figure 4A).
At the same time, we evaluated the effects of injecting rapamycin
intraperitoneally 30 minutes before each CSE instillation (Rapa/
CSE + Der p group) in this model. As expected, low-dose HDM
allergen itself (Der p group) caused no differences in SA-f-gal
activity, airway reactivity to methacholine, population of inflam-
matory cells in BAL fluid, and Der p-specific IgE level in serum
compared to PBS (control group; Figure 4B-E). However, the CSE
+ Der p group showed significant increases in SA-f-gal activity (p
<.05).

Airway hyperresponsiveness, neutrophil, eosinophil, and
lymphocyte counts in BAL fluid, and Der p-specific IgE level in
serum increased significantly in the CSE + Der p group compared
to those in the control group (p < .05; Figure 4B-E). Interestingly,
these increases were significantly attenuated in the Rapa/CSE + Der
p group (p < .05; Figure 4B-E). In addition, MHCII+ CD86+ popu-
lation in CD11c+ cells was significantly higher in the CSE + Der p
group than in the control group, although rapamycin significantly
decreased CSE-induced activation in CD11c+ cells (Rapa/CSE +
Der p group; p < .05; Figure 4F and G). H&E staining revealed
that inflammatory cells infiltrating airways in the Rapa/CSE + Der
p group were lower than in the CSE + Der p group (Figure 4H).
The populations of Th2 cells (IL-5+ or IL-13+ populations in CD4+
cells) and Th17 cells (IL-17+ population in CD4+ cells) increased
significantly in the CSE + Der p group, but these increases were sig-
nificantly attenuated in the Rapa/CSE + Der p group (p < .05; Figure
41). In contrast, the population of Th1 cells (IFN-y+ population in
CD4+ cells) showed no differences among the groups (Figure 41).
S100A8/9+ HMGB1+ population in epithelial cells increased sig-
nificantly in the CSE + Der p group compared to those in the con-
trol and Der p groups, and rapamycin significantly attenuated this
increase (Rapa/CSE + Dp group; p < .05; Figure 4] and K).

Effects of Rapamycin on CSE-Stimulated MLE-

12 Cells

CSE stimulated a significant increase in intracellular ROS level and
SA-B-gal expression in MLE-12 cells, but rapamycin treatment
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markedly reduced these (Figure 5A-D). Likewise, S100A8/9+
HMGB1+ population in MLE-12 cells increased significantly after
CSE stimulation, but rapamycin significantly attenuated these in-
creases (p < .05; Figure SE). Moreover, this population showed in-
creased expression of p-mTOR after CSE stimulation, which was
significantly reduced after rapamycin treatment (p < .05; Figure SE
and F).

Effects of ST00A9 or HMGB1 Overexpressing MLE-

12 CellsTreated by Low-Dose Der p Allergen on DC
Activation

To evaluate the roles of S100A8/9 and HMGB1, which exhibited
increased expression levels in CSE-induced cellular senescence, we
cocultured BMDCs with S100A9 or HMGB1 overexpressing MLE-
12 cells treated with low-dose HDM allergen and assessed the acti-
vation markers of DCs (Figure 5G). As shown in Figure SH and I,
BMDCs cocultured with ST00A9 or HMGBI1 overexpressing MLE-
12 cells treated with low-dose HDM allergen showed significantly
increased levels of activation markers compared to those cultured
with media or low-dose Der p allergen only (p < .05).

Discussion

Senescence-related changes are found in the lungs of asthmatics
(10,11). In addition, thymic stromal lymphopoietin-induced cel-
lular senescence is implicated in airway remodeling in asthma (22).
However, in terms of cellular senescence, mechanistic links between
environmental stimulants and asthma development have not been
fully established, in contrast to COPD or idiopathic pulmonary fi-
brosis. In this study, we focused on the effects of cigarette smoke, a
well-known inducer of cellular senescence, on asthma development
(5). A recent meta-analysis showed that smokers have a high risk of
developing sensitization to HDM allergens (23). In animal models, it
has been reported that cigarette smoke induces allergic sensitization
by promoting DC-mediated transport of allergens to lymph nodes
or by temporarily disrupting normal lung homeostatic tolerance to
innocuous inhaled allergens (24,25). However, previous studies were
based on coexposures of cigarette smoke and HDM allergen and did
not evaluate the possible role of cellular senescence induced by cig-
arette smoke prior to allergen exposure. Here, we induced cellular
senescence in mouse lungs using CSE and found that mice with cel-
lular senescence in lungs developed asthma features after subsequent
exposure to low-dose HDM allergens, which alone does not cause
airway inflammation and AHR in mice without cellular senescence.
This murine model may more closely reflect asthma that onsets in
adults and older people with cellular senescence induced by cigarette
smoke, one of the major environmental stimulants.

Oxidative stress due to cigarette smoke activates the PI3K/AKT/
mTOR signaling pathway, which accelerates lung aging when coupled
with a reduction in sirtuin-1 activity (26,27). In line with previous
reports, we observed that CSE instillations increased SA-B-gal ac-
tivity and p-mTOR expression in lung cells as well as serum-reduced/
oxidized glutathione ratios and that these changes were significantly
attenuated by rapamycin. CSE instillations significantly increased
serum levels of some SASP-associated markers, such as the inflamma-
tory cytokines TNF-a, pro-MMP9, and IL-6, but rapamycin did not
affect the expression of these cytokines. On the contrary, the SASP-
associated markers S100A8/9 and HMGBI1 (secretary form) in BAL
fluid showed opposite changes after CSE instillation. Intracellular
S100A8/9 and HMGB1 levels were significantly increased in

epithelial cells after CSE instillation, and these increases were attenu-
ated by rapamycin. Furthermore, we confirmed these changes by in
vitro analysis using MLE-12 cell lines. A shift in the abundance of
S100A8/9 is a distinctive feature of aging in mammalian tissues (28).
HMGB1 protein depletion in senescent cell nuclei acts as an extra-
cellular pro-inflammatory stimulus (29). S100A9 signaling contrib-
utes to the progression of age-related COPD, and HMGBI1 has been
reported to be a central mediator of senescence-associated inflam-
mation (30,31). Damage-associated molecular patterns, including
S100A8/9 and HMGBI, can stimulate the adaptive immune system
by inducing maturation of DCs upon failure of tolerance mechanisms
(32). Thus, damage-associated molecular patterns may play roles in
the development of asthma by promoting allergic sensitization. Based
on the previous observation that DCs are important to allergic sensi-
tization (33), we focused on the changes in DCs induced by ST00A8/9
or HMGBI1, which exhibited increased expression in bronchial epi-
thelial cells in our mouse model. Interestingly, DC activation markers
were significantly increased in BMDCs cocultured with ST00A9 or
HMGB1 overexpressing bronchial epithelial cells. Our observations
partly explain the sensitization by low-dose HDM allergens in mice
with cellular senescence induced by prior exposure to CSE. Although
it is known that airway epithelial senescence plays a pivotal role in
the initiation of COPD (34), the results of this study provide the first
evidence that airway epithelial cell senescence initiates the asthma
onset through allergic sensitization.

In COPD, a causal relationship between lung cell senescence related
to mTOR activation and emphysematous alterations has been sug-
gested (15). Moreover, Zhang et al. (19) have reported that the activa-
tion of mTOR signaling is critical in the onset of asthma. Thus, mMTOR
signaling is important in the early stages of asthma development. In
previous studies using a murine model, rapamycin administered during
the induction (or sensitization) period significantly attenuated asthma
features, but resulted in little or even aggravated airway inflamma-
tion when administered after sensitization (35,36). The single doses of
HDM allergen used in these studies were 50 and 25 pg/mouse, which
are much higher than that 0.1 pg/mouse dose used in this study. It has
been reported that the HDM allergen itself causes DNA damage by
inducing reactive oxygen and nitrogen species, thus potentially leading
to cell death and senescence (37). Notably, DNA damage response is
also involved in the mTOR signaling pathway (38). Although previous
reports did not assess this possibility, the underlying mechanisms of
HDM-induced cellular senescence, which differ from those of CSE-
induced cellular senescence, may also be implicated in the pathogen-
esis of asthma. Taken together, cellular senescence induced by cigarette
smoke, one of the major environmental stimulants, is critical in the
development of asthma, and the mTOR signaling pathway plays an
important role in this process. Further mechanism studies using cells
with mutated mTOR (overexpression or knockout) will be necessary
to confirm our observations.

In conclusion, we demonstrated that CSE-induced senescence in-
creased S100A8/9 and HMGB1 expression in airway epithelial cells
as well as DC activation, making mice susceptible to allergic sensi-
tization and resulting in the development of asthma (graphical ab-
stract, Supplementary Figure 1). In addition, we confirmed that the
mTOR signaling pathway was important in this model by showing
that rapamycin administration prior to CSE instillation significantly
attenuated asthma features. To the best of our knowledge, this is the
first study presenting evidence that cellular senescence induced by
cigarette smoke, one of the major environmental stimulants, results
in asthma susceptibility. The model used in this study will serve as
a basis for understanding the onset of asthma in adult and older
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populations. As discussed elsewhere, the mechanism of senescence
is complex, involving different cell types and various signaling path-
ways (39). Thus, future studies on this model should focus on im-
portant cells or pathways other than airway epithelial cells and the
mTOR pathway.

Supplementary Material

Supplementary data are available at The Journals of Gerontology,
Series A: Biological Sciences and Medical Sciences online.
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