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The Journal of Immunology

MTOR Suppresses Cigarette Smoke–Induced Epithelial Cell

Death and Airway Inflammation in Chronic Obstructive

Pulmonary Disease

Yong Wang,*,1 Juan Liu,*,1 Jie-Sen Zhou,* Hua-Qiong Huang,* Zhou-Yang Li,*

Xu-Chen Xu,* Tian-Wen Lai,* Yue Hu,* Hong-Bin Zhou,* Hai-Pin Chen,*

Song-Min Ying,* Wen Li,* Hua-Hao Shen,*,† and Zhi-Hua Chen*

Airway epithelial cell death and inflammation are pathological features of chronic obstructive pulmonary disease (COPD). Mech-

anistic target of rapamycin (MTOR) is involved in inflammation and multiple cellular processes, e.g., autophagy and apoptosis, but

little is known about its function in COPD pathogenesis. In this article, we illustrate how MTOR regulates cigarette smoke (CS)–

induced cell death, airway inflammation, and emphysema. Expression of MTOR was significantly decreased and its suppressive

signaling protein, tuberous sclerosis 2 (TSC2), was increased in the airway epithelium of human COPD and in mouse lungs with

chronic CS exposure. In human bronchial epithelial cells, CS extract (CSE) activated TSC2, inhibited MTOR, and induced

autophagy. The TSC2–MTOR axis orchestrated CSE-induced autophagy, apoptosis, and necroptosis in human bronchial epithe-

lial cells; all of which cooperatively regulated CSE-induced inflammatory cytokines IL-6 and IL-8 through the NF-kB pathway.

Mice with a specific knockdown of Mtor in bronchial or alveolar epithelial cells exhibited significantly augmented airway

inflammation and airspace enlargement in response to CS exposure, accompanied with enhanced levels of autophagy, apoptosis,

and necroptosis in the lungs. Taken together, these data demonstrate that MTOR suppresses CS-induced inflammation and

emphysema—likely through modulation of autophagy, apoptosis, and necroptosis—and thus suggest that activation of MTOR

may represent a novel therapeutic strategy for COPD. The Journal of Immunology, 2018, 200: 2571–2580.

C
hronic obstructive pulmonary disease (COPD), contrib-

uting significantly to chronic morbidity and mortality, was

responsible for ∼6% of all deaths worldwide in 2012 and

will be the fifth-largest public health burden and third leading

cause of death by 2020 (1, 2). The disease is characterized by

partly reversible airflow obstruction, chronic airway inflammation,

and systemic effects or comorbidities (3). Although several fac-

tors, including genetic or environmental factors, may contribute to

the development of COPD, cigarette smoking is still the highest

risk factor (4). Chronic bronchitis and emphysema are patholog-

ical features of COPD (5). However, the cellular and molecular

mechanisms mediating the pathogenesis of cigarette smoke (CS)–

induced COPD remain largely unknown.

The mechanistic (previously known as mammalian) target of

rapamycin (MTOR) is a core regulator of cellular metabolism and

survival as well as protein synthesis, which has been implicated in

cancer, neurodegeneration, obesity, and rheumatic disease (6, 7).

Several studies have demonstrated that MTOR participates in the

process of inflammation and that it mediates apoptotic cell death

(8). By binding with raptor and rictor, MTOR exists in two distinct

complexes: MTOR complex (MTORC) 1 (MTORC1) and com-

plex 2 (MTORC2) (9). MTORC1, sensitive to rapamycin, reg-

ulates protein synthesis through the activation of ribosomal

protein S6 (RPS6) kinase and inhibition of the eukaryotic tran-

scriptional initiation factor 4E binding protein 1. MTORC2 is

known to be insensitive to rapamycin and regulates the actin

cytoskeleton of cell growth (10).

One of the important functions ofMTOR is to suppress autophagy, a

cellular digestion process which engulfs cytosolic proteins and

damaged organelles to form double membrane–bound vesicles
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(autophagosome) (9). The autophagosome then fuses with the lyso-

some to degrade the engulfed components and to regenerate metabolic

precursor molecules. Autophagy performs vital functions in cellular

homeostasis and in response to different metabolic stresses (11).

Emerging evidence indicates that CS-induced airway epithelial

cell death plays a crucial role in COPD development (12). Recently,

we and others have demonstrated that autophagy is essential for

CS-induced apoptosis, necroptosis, and mucus hyperproduction in

airway epithelium (13–17). Selective autophagy pathways, e.g.,

mitophagy and ciliophagy, have also been shown to play a signifi-

cant role in regulating CS-induced mitochondrial depolarization and

cilia shortening in lung epithelium (16, 17). As the active suppressor

of autophagy, MTOR has been linked closely with COPD as well.

Yoshida et al. (18) showed that RTP801, a DNA-damage response

gene, critically mediated CS-induced airway inflammation and

emphysema through negatively regulating MTOR activity. Also,

elastase has been reported to induce autophagy in lung epithelial

cells by attenuating MTOR phosphorylation (19). However, the

eventual function of MTOR in COPD pathogenesis and the detailed

molecular mechanisms of how the MTOR–autophagy axis regulates

COPD pathogenesis remain unclear. Moreover, despite the func-

tions of autophagy in regulation of CS-induced apoptosis, cilia loss,

and mucus production, the role and mechanisms of autophagy in

CS-induced chronic airway inflammation are not well investigated.

Interestingly, patients with breast cancer, renal cell carcinoma or

other diseases, treated with MOTR inhibitors tend to develop

dyspnea, cough or interstitial lung disease (20, 21), but the under-

lying mechanisms remain unclear.

This study aims to explore the role and mechanisms of MTOR in

regulation of CS-induced autophagy, apoptosis, necroptosis, in-

flammation, and the consequent development of emphysema by

using human bronchial and lung specimens from COPD patients,

epithelial Mtor-specific knockout mice, and cultured human

bronchial epithelial (HBE) cell line.

Materials and Methods
Patients

COPD was assessed according to the Global Initiative for Chronic
Obstructive Lung Disease. Bronchial biopsy tissues were obtained from
six healthy controls with normal lung function and eight smokers with
COPD. Lung tissues of six nonsmokers without COPD and five smokers
with COPD were acquired from the resected subpleural parenchyma at
lung cancer surgery, avoiding areas involving tumors. All COPD pa-
tients were in a stable phase and were free from acute exacerbation for at
least 4 wk. Participants were excluded if there was any chronic car-
diopulmonary disease other than COPD (including asthma) and/or if
they received oral or i.v. corticosteroids or any other anti-inflammatory
drugs in the preceding 4 wk. All human subjects were of the Chinese
Han population, and there were no statistical differences in age and sex
between the groups. They were enrolled in the Affiliated Hospital of
Guangdong Medical University and the Second Affiliated Hospital of
Zhejiang University. The study protocols were approved by the ethics
committees of both hospitals, and all participants provided written
informed consent.

Cell culture, CS extract treatment, and cell viability

HBE cells were obtained from American Type Culture Collection (CRL-
2741; ATCC) and were cultured in RPMI 1640 containing 10% FBS and
antibiotics at 37˚C in the presence of 5% CO2. CS extract (CSE) was
prepared and treated as described previously (13, 15). Cell viability was
determined by Cell Counting Kit-8 assay (Liankebio, Hangzhou, China)
following the manufacturer’s instructions.

Chemicals and reagents

Necrostatin-1 (NEC-1) and Z-VAD were from Sigma-Aldrich (St. Louis,
MO). The following Abs were used: microtubule-associated protein 1 L
chain 3B (LC3B), purchased from Sigma-Aldrich; ACTB, v-rel retic-
uloendotheliosis viral oncogene homolog A (RELA), p-RELA, p-AMP–
activated protein kinase a (p-AMPKa), tuberous sclerosis 2 (TSC2),
p-TSC2, MTOR, p-MTOR, p-RPS6, sequestosome-1 (SQSTM1), receptor-
interacting protein kinase (RIP) 1, and cleaved caspase-3, -9, obtained
from Cell Signaling Technology (Danvers, MA); phosphorylated mixed
lineage kinase domain–like protein (p-MLKL) from Millipore (Billerica,
MA); and RIP3 from Abcam (Cambridge, MA).

FIGURE 1. CS inactivates MTOR in human COPD lungs. (A) Representative micrographs of immunohistochemical staining for p-RPS6 and (B) quantification

of bronchial p-RPS6 expression from COPD patients (n = 8) or healthy controls (n = 6). Scale bar, 100 mm. (C) Protein levels of TSC2, p-MTOR, p-RPS6, and

LC3B in human lung homogenate samples from smokers with COPD (n = 5) or nonsmokers without COPD (n = 6). (D) Densitometry of the immunoblots. Band

intensities were normalized to ACTB and the results were represented as fold change. Data are presented as mean 6 SEM. *p , 0.05.

2572 MTOR IN COPD

 b
y
 g

u
est o

n
 A

u
g
u
st 9

, 2
0
2
2

h
ttp

://w
w

w
.jim

m
u
n
o
l.o

rg
/

D
o
w

n
lo

ad
ed

 fro
m

 

http://www.jimmunol.org/


Small interfering RNAs (siRNAs) for control, LC3B, autophagy related
5 (ATG5), and RELA were purchased from Santa Cruz (Dallas, TX); and
an additional set of siRNAs for TSC2 and MTOR were obtained from
OriGene (Rockville, MD). The siRNA transfection reagent (GeneMute)
were purchased from SignaGen Laboratories (Rockville, MD).

Transfection

All transfection was achieved according to the manufacturer’s protocol as
described previously (22). The ATG5 plasmids (Addgene plasmid 22952,
deposited by N. Mizushima) were transfected into HBE cells by
MegaTran reagent (OriGene). HBE cells were treated with CSE 24 h after
transfection.

RNA isolation and quantitative RT-PCR

Total RNA was isolated from cells with TRIzol (Takara Bio, Beijing,
China). RNA was reverse transcribed using the Reverse Transcription
Reagents (Takara Bio). Quantitative RT-PCR was carried out with SYBR
Green system (Takara Bio) to measure the levels of human IL-6 and IL-8

mRNA. The levels of mRNA were normalized to GAPDH.

ELISA

Supernatants were collected from treated cells. IL-6 and IL-8 were mea-
sured in supernatants by the ELISA Kit (R&D Systems, Minneapolis, MN)
according to the manufacturer’s instructions.

Immunoblotting

Cells lysates and lung tissue homogenates containing protease and phos-
phatase inhibitors were boiled for 10–15 min. Protein samples were sep-
arated on 6–15% SDS-PAGE and immunoblotted using the above
Abs following standard methods. Band densities were quantified using

densitometry (Odyssey; LI-COR, Lincoln, NE) and results were normal-
ized by ACTB and represented as fold change.

Flow cytometry

After exposure to 4% CSE, HBE cells were stained with Annexin V/PI
(MultiSciences, Hangzhou, China) and flow cytometry was performed
following the manufacturer’s protocol.

Immunohistochemistry staining

Paraffin-embedded tissues were deparaffinized and rehydrated. After
treatment with 3% H2O2, tissue sections were incubated with Abs against
p-RPS6 following standard methods. The Olympus BX53 inverted mi-
croscope was used to scan and analyze stained areas. The average per-
centages of positively stained areas were quantified by using ImageJ.

Mice

All themicewere of the C57BL/6 strain.Wild-typemicewere purchased from
the Animal Center of Slaccas (Shanghai, China). For the Mtor knockout
bronchial epithelial cells (mBE-mtor2/2) and alveolar type II cells (ATII-
mtor2/2), Mtorflox/flox (Jackson Laboratory) mice were crossed with CC10-

rtTA/(tetO)7-cre or SPC-rtTA/(tetO)7-cre transgenic mice. CC10-rtTA/(tetO)
7-cre and SPC-rtTA/(tetO)7-cre transgenic mice were provided by Y. Ke
(Zhejiang University School of Medicine). Doxycycline (Sigma-Aldrich) in
drinking water (2 mg/ml) was fed to 4-wk-old mice to induce the deletion of
Mtor. Transgene-negative littermates were used as the control mice, which
were also fed doxycycline. Genomic DNAwere extracted from tails or lungs
for genotyping. Mice were exposed to filtered room air or total body CS for
6 mo. Total body CS exposure was performed in a stainless-steel chamber using
a whole-body smoke exposure device (TE-10; Teague Enterprises, Woodland,
CA) as described (15). The mice were exposed to 100 cigarettes/d (around
2 h CS exposure), 5 d/wk. The total particulate matter concentrations

FIGURE 2. CS inactivates MTOR in mouse lungs and in HBE cells. (A and B) Protein levels of TSC2, p-MTOR, MTOR, p-RPS6, and LC3B in wild-

type mouse lung exposed to air or CS were measured by immunoblotting and further assessed by the relative densitometry of bands. Band intensities were

normalized to ACTB and the results were represented as fold change. (C) Expression of p-AMPKa, p-TSC2, TSC2, p-MTOR, MTOR, p-RPS6, LC3B, and

SQSTM1 in HBE cells stimulated with 1% CSE for indicated times. Blots represent three independent experiments. Data are presented as mean 6 SEM.

*p , 0.05, **p , 0.01.

The Journal of Immunology 2573
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measured in the chamber were 150–180 mg/m3. At 24 h after the last
exposure to CS, bronchoalveloar lavage fluid (BALF) was collected and
the number of inflammatory cells was counted as described previously
(22). All the animal experimental protocols were approved by the Ethical
Committee for Animal Studies at Zhejiang University, China.

Lung morphometry

After euthanasia, the left lungs of mice were fixed with 4% parafor-
maldehyde inflated at 30-cm H2O pressure for 15 min and then stored in
4% paraformaldehyde for 24 h. The collected lungs were embedded in
paraffin and stained with H&E using standard protocols. The right lungs
of mice were removed from the thorax for immunoblot analysis. Air-
space enlargement was represented by mean linear intercept (MLI)
method as described (13, 15).

TUNEL

Paraffin-embedded mice lung tissues were deparaffinized and rehydrated.
Apoptosis was measured using the TUNEL kit (Roche, Shanghai, China)
according to the manufacturer’s instructions. TUNEL-positive cells were
counted and cells positive for TUNEL staining were expressed as a per-
centage of total cells.

Statistical analysis

Results are expressed as mean 6 SEM. Statistical tests were analyzed
using GraphPad Prism software (version 5.01; San Diego, CA). Statis-
tical analyses were performed using the parametric two-tailed Student t
test or nonparametric Mann–Whitney U test for the comparison of two
groups, and ANOVAwith post hoc Tukey corrections for the comparison
of more than two groups. A p value ,0.05 was considered to be sta-
tistically significant.

Results
CS inactivates MTOR through induction of TSC2 in human

COPD lungs, in mouse lungs, and in HBE cells

To study the possible dysregulation of MTOR in COPD, we first

examined the expression of MTOR in airway epithelium from

COPD patients. As expected, the MTOR activity, as revealed by the

expression of p-RPS6, was markedly decreased in airway epithelial

cells from COPD patients when compared with the healthy controls

(Fig. 1A, 1B). We found that the expression of p-MTOR and

p-RPS6 was also decreased in lung tissue homogenates from

COPD patients relative to that in control subjects (Fig. 1C, 1D). In

contrast, the levels of TSC2, a master negative regulator of

MTORC1, and the downstream autophagy marker LC3B were

significantly increased in COPD lung tissues (Fig. 1C, 1D). These

findings were consistent with our previous observation that auto-

phagy is markedly elevated in COPD lung tissues (15). We further

examined the changes of these markers in an animal model of

COPD induced by chronic CS exposure. As shown in Fig. 2A and

2B, the levels of p-MTOR, MTOR, and p-RPS6 were notably

decreased in CS-exposed mouse lungs relative to the air-exposed

controls, whereas TSC2 was significantly elevated. Decreased

MTOR may in turn activate autophagy, which was evidenced by

the increased levels of the autophagy-related hallmark LC3B

(Fig. 2A, 2B). In cultured HBE cells, CSE dose-dependently de-

creased the levels of MTOR and SQSTM1 while inducing the

expression of LC3B (Supplemental Fig. 1). Further analysis

FIGURE 3. TSC2–MTOR axis regulates CSE-induced cell death in HBE cells. HBE cells were pretreated with control, TSC2, or MTOR siRNA for

24 h. (A and B) Cells were then incubated with 1% CSE for an additional 8 h and cell lysates were then subjected to immunoblotting for MTOR,

TSC2, p-RPS6, LC3B, or SQSTM1. After siRNA transfection, HBE cells were treated with (C) indicated concentrations or (D and E) 4% CSE for

24 h, and (C) cells were subjected to Cell Counting Kit-8 assay, (D) staining of Annexin V, or (E) immunoblotting for cleaved caspase-9, cleaved

caspase-3, RIP1, RIP3, and p-MLKL. Data (C and D) are mean 6 SEM of three independent experiments. Blots (A, B, and E) also represent three

independent experiments. *p , 0.05.

2574 MTOR IN COPD
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revealed that CSE time-dependently activated the upstream

p-AMPKa and TSC2, which downregulated MTOR and then in-

duced a marked elevation of autophagy (Fig. 2C). All these data

suggest that CS likely inactivates MTOR through induction of

TSC2, which in turn induces autophagy in airway epithelial cells.

The TSC2–MTOR signaling regulates CSE-induced cell death

in HBE cells

Multiple patterns of cell death, e.g., apoptosis, autophagic cell

death, and necroptosis, are known to contribute to the development

of COPD (12–16). We next assessed the role of the TSC2–

MTOR axis in regulation of CS-induced cell death. Not sur-

prisingly, TSC2 siRNA increased the levels of p-RPS6 while

suppressing autophagy (Fig. 3A). On the contrary, MTOR

siRNA decreased p-RPS6 but induced an elevation of auto-

phagy (Fig. 3B). Interestingly, abrogation of TSC2 evidently

protected—while deletion of MTOR further augmented—the

CSE-induced cell death (including apoptosis and necroptosis)

in HBE cells (Fig. 3C–E), as revealed by the cell viability, the

flow cytometry analysis, the expression of cleaved caspase-3

FIGURE 4. TSC2–MTOR axis and subsequent cell death pathways regulate CSE-induced inflammatory cytokine in HBE cells. (A–F) HBE cells were

transfected with the indicated siRNAs or cDNAs for 24 h, followed by 1% CSE treatment for 24 h. Cell culture supernatants were collected for measuring the

protein levels of IL-6 or IL-8 by ELISA. (G and H) HBE cells were cultured with NEC-1 (50 mM), Z-VAD (25 mM), or vehicle (DMSO) together with 1% CSE for

24 h, and the levels of IL-6 or IL-8 in culture supernatants were examined. Data represent mean6 SEM of three independent experiments. *p, 0.05, **p, 0.01.

The Journal of Immunology 2575

 b
y
 g

u
est o

n
 A

u
g
u
st 9

, 2
0
2
2

h
ttp

://w
w

w
.jim

m
u
n
o
l.o

rg
/

D
o
w

n
lo

ad
ed

 fro
m

 

http://www.jimmunol.org/


and -9, and the activation of RIP1, RIP3 (23), and p-MLKL

(24).

The TSC2–MTOR signaling as well as the cell death pathways

regulate CSE-induced inflammatory response in HBE cells

Airway inflammation is a cardinal feature of COPD, and the CS-

induced inflammatory cytokines IL-6 and IL-8 are associated

with the pathogenesis of COPD (25). We next sought to ex-

amine the role of TSC2–MTOR as well as the downstream cell

death pathways in the CS-induced inflammatory response in

HBE cells. CSE exposure induced the expression of IL-6 and

IL-8 transcripts (Supplemental Fig. 2) as well as the release of

these proteins (Fig. 4). Consistent with the cell death results,

knockdown of TSC2 significantly decreased, and depletion of

MTOR remarkably enhanced, CSE-induced production of IL-6

and IL-8 (Fig. 4A, 4B, Supplemental Fig. 2A, 2B).

As the TSC2–MTOR axis regulates CSE-induced auto-

phagy, apoptosis, and necroptosis; we next asked whether

these cell death processes could modulate the CSE-induced

inflammatory response in HBE cells. The CSE-induced IL-6

and IL-8 were markedly reduced in the cells treated with

siRNAs of LC3B or ATG5 (Fig. 4C, 4D, Supplemental Fig.

2C, 2D), which was in agreement with our previous finding

that autophagy is essential for particular matter-induced air-

way inflammation (22). On the contrary, treatment with ATG5

plasmid eventually enhanced the production of IL-6 and IL-8

(Fig. 4E, 4F, Supplemental Fig. 2E, 2F). Moreover, pretreat-

ment of HBE cells with the necroptosis inhibitor NEC-1 or the

pan caspase inhibitor Z-VAD also significantly attenuated the

CSE-induced production of IL-6 and IL-8 (Fig. 4G, 4H,

Supplemental Fig. 2G, 2H). These data suggest that the

TSC2–MTOR axis together with the downstream cell death

pathways cooperatively regulate the CS-induced inflamma-

tory response in airway epithelium.

The TSC2–MTOR signaling and the cell death cascades

regulate CSE-induced inflammation through modulation of

NF-kB activation

It has been well recognized that NF-kB signaling is associated

with the inflammatory response in airway epithelial cells (22),

so we asked whether MTOR and the cell death pathways

regulated CSE-induced airway inflammation through NF-kB

signaling. We observed that CSE significantly induced the

expression of RELA or p-RELA in HBE cells (Fig. 5A), and

knockdown of RELA by siRNA attenuated the levels of IL-6

and IL-8 induced by CSE (Fig. 5B, 5C); demonstrating that NF-

kB signaling is indeed involved in CSE-induced inflammation

in airway epithelium. Interestingly, knockdown of TSC2 sig-

nificantly attenuated, and depletion of MTOR notably aug-

mented, the levels of RELA and p-RELA, and they were also

markedly inhibited by the siRNAs of LC3B or ATG5 (Fig. 5D).

Moreover, inhibition of necroptosis or apoptosis by NEC-1 or

Z-VAD also remarkably attenuated the CSE-induced activation

of NF-kB signaling (Fig. 5E). These data were in complete

agreement with the CSE-induced production of IL-6 and IL-8

shown in Fig. 4.

FIGURE 5. MTOR and subsequent cell death pathways modulate NF-kB activation in HBE cells. (A) HBE cells treated with 1% CSE for 12 h exhibited

increased expression of RELA and p-RELA. (B and C) HBE cells were treated with control or RELA siRNA for 24 h following treatment with 1% CSE for

an additional 24 h. Protein levels of IL-6 or IL-8 in culture supernatants were analyzed. Data represent mean 6 SEM of three independent experiments.

*p , 0.05, **p , 0.01. (D) After transfection with the indicated siRNAs for 24 h, HBE cells were cultured with 1% CSE for 12 h and the expression of

RELA or p-RELAwas detected by immunoblotting. (E) HBE cells were cultured with NEC-1 (50 mM), Z-VAD (25 mM), or vehicle (DMSO) together with 1%

CSE for 12 h, and the expression of RELA or p-RELA was detected by immunoblotting. Blots (A, D, and E) represent three independent experiments.
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Selective disruption of Mtor in pulmonary epithelium augments

CS-induced airway inflammation, cell death, and emphysema

in vivo

To further confirm the role of MTOR in lung epithelium in CS-

induced COPD pathogenesis in vivo, we generated mBE-mtor2/2

BE-mATII-mtor2/2 mice (Supplemental Fig. 3), as described

in Materials and Methods. After doxycycline treatment, the

levels of MTOR were significantly decreased in lung tissues

(Supplemental Fig. 3B). Moreover, the immune staining of p-

RPS6 revealed that MTOR activity was markedly decreased in

either airway or alveolar epithelial cells, as shown in our pre-

cious study (26). Chronic CS exposure for 6 mo increased the

total number of inflammatory cells, including macrophages,

neutrophils, and lymphocytes in BALF, all of which were further

exacerbated in the mBE- or ATII-mtor2/2 mice (Figs. 6A, 7A).

Moreover, mBE- or ATII-mtor2/2 mice exhibited higher levels of

RIP1, RIP3, cleaved caspase-9, and LC3B in lungs in response to

CS exposure relative to the Mtor-unimpaired controls (Figs. 6B,

7B). TUNEL-positive cells were also further increased in these

lung epithelium–specific mtor2/2 mice with chronic CS expo-

sure (Figs. 6C, 7C). Furthermore, the emphysema-like airspace

enlargement, as revealed by the MLI, was also significantly

augmented in CS-exposed mBE- or ATII-mtor2/2mice (Figs. 6D,

6E, 7D, 7E). These results suggest that mBE- or ATII-mtor2/2

mice are more susceptible to CS-induced lung inflammation, cell

death, and emphysema.

Discussion
The major findings of this study can be summarized as follows

(Supplemental Fig. 4): 1) CS decreases the expression of MTOR

and its activity in the lung, which orchestrates the CS-induced cell

death and subsequent inflammatory response in airway epithelial

cells; 2) the mechanisms of MTOR in regulation of COPD patho-

genesis in pulmonary epithelial cells are likely via upstream TSC2

signaling and downstream cell death and NF-kB pathways; and 3)

selective disruption of Mtor in lung epithelium further exacerbates

CS-induced cell death, inflammation, and emphysema in vivo.

Collectively, these data provide new insights into the protective role

of MTOR in COPD pathogenesis through the suppression of cell

death and inflammation in the lung. Moreover, the current study

also provides possible mechanistic explanations for the adverse

pulmonary effects of MTOR inhibitors in clinical use (20, 21).

The eventual functions of MTOR in human diseases are likely

cell and pathogen dependent and are either deleterious or protective

FIGURE 6. Disruption of Mtor in bronchial epithelial cells (mBE-mtor2/2) aggravates CS-induced airway inflammation, cell death, and emphysema in

mice. (A) Mice were exposed to CS for 6 mo and the number of total inflammatory cells, macrophages, neutrophils, and lymphocytes in the BALF were

counted. (B) Immunoblot analysis and relative band intensity of MTOR, RIP1, RIP3, LC3B, or cleaved caspase-9 in mouse lung samples following exposed

to air or CS for 6 mo. Results were normalized by ACTB and were represented as fold change. (C) Percentage of TUNEL-positive cells in mouse lung tissue

sections. (D and E) Representative alveolar morphology of (D) H&E staining or (E) MLI scoring of mouse lungs exposed to air or CS for 6 mo. Scale bar,

100 mm. n = 6–8 for each group. All results represent three independent experiments. Data are presented as mean 6 SEM. *p , 0.05, **p , 0.01.
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(6, 27). We have recently observed that MTOR is induced in and

mediates the LPS-induced airway epithelial injury (26), indicating

a deleterious effect of MTOR in certain cases of lung injury.

Rapamycin has been shown to specifically increase pulmonary

toxicity when used as an immunosuppressive drug for renal

transplantation (28), suggesting a protective role of MTOR in

chronic pulmonary injury. Accumulating evidence has also sug-

gested that MTOR signaling is altered in airway epithelium or in

lung tissues upon CS stimulation, although the results remain

controversial. CSE has been shown to inhibit p-MTOR and

p-RPS6 in BEAS-2B cells (29) and in aortic endothelial cells (30),

and p-MTOR expression is decreased in mouse lung tissues ex-

posed to CS for various periods (31). Our current study is con-

sistent with these results, clearly showing that CS decreases

MTOR and its activity in cultured airway epithelial cells, in mouse

lungs, and in human COPD lungs. Moreover, we have further

shown in this study that mice with epithelium-specific knockdown

of Mtor are sensitive to CS-induced airway inflammation and

emphysema development, indicating an epithelial-specific pro-

tective role of MTOR in COPD. However, Takasaka et al. (32)

have reported that CSE treatment slightly enhanced the level of

p-RPS6 protein in HBE cells. A more recent study has also shown

that MTOR activity was elevated in PBMCs from COPD patients

and that MTOR inhibition could help to restore corticosteroid

sensitivity (33). These data support our hypothesis that the even-

tual functions of MTOR signaling in COPD pathogenesis might be

cell specific. Meanwhile, there is a study showing that autophagy

is impaired in COPD, which may in turn accelerate cellular se-

nescence (34). These discrepancies might be due to the different

models or different times and concentrations of CS used, and thus

requires further investigation.

MTOR integrates multiple signaling networks in regulating

cellular responses, such as cell survival and life span (8, 35), and its

downstream autophagy process has been suggested as a crucial

mediator of cell fate, regulating apoptosis and necroptosis (15,

16). Inhibition of MTOR could induce apoptosis through the

mitochondrial pathway (35, 36). In childhood acute lymphoblastic

leukemia, loss of MTOR activity also induces autophagy-

dependent cell death with the specific features of necroptosis

(37). Consistent with these results, we demonstrate that MTOR

acts as a key regulator of not only autophagy but also apoptosis

and necroptosis induced by CS.

FIGURE 7. Disruption of Mtor in alveolar type II epithelial cells (ATII-mtor2/2) aggravates CS-induced airway inflammation, cell death, and em-

physema in mice. (A) Mice were exposed to CS for 6 mo, and the number of total inflammatory cells, macrophages, neutrophils, and lymphocytes in the

BALF were counted. (B) Immunoblot analysis and relative band intensity of MTOR, RIP1, RIP3, LC3B, or cleaved caspase-9 in mouse lung samples

following exposure to air or CS for 6 mo. Results were normalized by ACTB and were represented as fold change. (C) Percentage of TUNEL-positive cells

in mouse lung tissue sections. (D and E) Representative alveolar morphology of (D) H&E staining or (E) MLI scoring of mouse lungs exposed to air or CS

for 6 mo. Scale bar, 100 mm. n = 6–8 for each group. All results represent of three independent experiments. Data are presented as mean6 SEM *p, 0.05,

**p , 0.01.
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Neutrophilic inflammation is another cardinal feature of

CS-induced lung injury which causes the release of substantial

proteases, thus ultimately accelerating emphysematous lung de-

struction (38). Interestingly, mice treated with the MTOR inhibitor

temsirolimus exhibit more neutrophil infiltration and fibrinous

exudate into the alveoli, and they develop interstitial lung disease

(39), which is aligned with our observations. Our in vitro exper-

iments also suggest that loss of autophagy significantly inhibits

CS-induced inflammation in HBE cells, which is in agreement

with our previous observations that autophagy is deleterious in

CS-induced COPD pathogenesis (13–15) and in particular in

matter-induced airway inflammation (22). Moreover, apoptosis or

necroptosis inhibitors notably attenuate the CS-induced cytokine

production in HBE cells, suggesting that these cell death pathways

eventually contribute to the CS-induced airway inflammation. A

recent study has also reported that the necroptosis inhibitor NEC-1

relieves the neutrophilic airway inflammation in CS-exposed mice

(40). Thus, these data altogether suggest that MTOR exerts a

protective role in CS-induced lung inflammation and emphysema,

likely through suppressing autophagy, apoptosis, and necroptosis.

Numerous studies have demonstrated that CS induces lung in-

flammation in COPD through the NF-kB pathway, the intensity of

which may be linked with the severity of COPD (41, 42). The

typical NF-kB consists of P50/RELA heterodimers and RELA

often represents the NF-kB transcriptional activation. Our data

suggest that autophagy is essential for CS-induced NF-kB acti-

vation in HBE cells. However, the detailed mechanisms of how the

MTOR–autophagy axis regulates NF-kB signaling remain unclear.

Criollo et al. (43) have also observed that the depletion of essential

autophagy modulators, including ATG5, ATG7, and BECN1, by

RNA interference inhibits TNF-driven RELA activation in human

cancer cell lines. Similarly, in mice lacking Atg4b, mechanical

ventilation induced less autophagy, resulting in the accumulation

of SQSTM1 and ubiquitinated NFKBIA, and less NF-kB activa-

tion (44). These studies are in line with our findings that auto-

phagy positively regulates NF-kB activation.

In summary, the current study demonstrates that MTOR sup-

presses CS-induced airway inflammation and emphysema devel-

opment, likely through modulating the CS-induced autophagy and

cell death in airway epithelium. Thus, activation of MTOR and/or

inhibition of autophagy may represent novel therapeutic strategies

for CS-induced COPD.Moreover, this study also re-emphasizes the

awareness of possible severe adverse effects of increasing the

pulmonary sensitivity to CS or other pathogens in ongoing clinical

trials of MTOR inhibitors or autophagy upregulators.
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