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Abstract: Background: Down-regulation of mechanistic target of rapamycin (mTOR) activity in myeloid-derived sup-
pressor cells (MDSCs) has been shown to promote inducible nitric oxide (NO) synthase (iNOS) expression and NO 
production. Importantly, pharmacological inhibition of iNOS blocks MDSCs recruitment in immunological hepatic 
injury. As bronchial asthma is also an immune disease, whether mTOR could interact with MDSCs via iNOS and 
NO or not is unclear. Objective: The aim of this study was to determine whether mTOR could interact with MDSCs 
via iNOS and NO in asthma. Methods: Ovalbumin-induced asthma mouse model was established to perform our 
investigation, and asthmatic markers were evaluated by hematoxylin and eosin (H&E), immunohistochemistry (IHC), 
and periodic acid-Schiff (PAS) staining. The levels of iNOS and NO in serum were determined by enzyme linked im-
munosorbent assay (ELISA). Mice lung tissues were stained with antibodies against phosphorylated (p)-mTOR, and 
p-p70S6K, and yellow/brown staining was considered as giving a positive signal, meanwhile, the protein levels of 
p-mTOR, and p-p70S6K were also detected using western blot assay. Mice iNOS activity was determined by radioim-
munoassay. Results: Tumor-derived MDSCs in asthmatic mice were regulated by mTOR and iNOS. mTOR pathway 
activation in asthmatic mice was regulated by iNOS and tumor-derived MDSCs. NO production in asthmatic mice 
was regulated by mTOR and tumor-extracted MDSCs. Positive correlation of iNOS with mTOR pathway and serum 
MDSCs was observed. Conclusion: The data indicated that rapamycin, an inhibitor of mTOR, blocked iNOS and NO 
production during asthma onset. Thus, our results revealed potential novel targets for asthma therapy.
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Introduction

It is expected that by 2025, there will be  
100 million newly-diagnosed asthma patients 
worldwide, and the majority of them are chil-
dren [1]. An estimated 70-80% of children ex- 
perience asthma onset before the age of five 
[2]. Currently, the most common treatment for 
asthma is represented by glucocorticoids, whi- 
ch suffer from drug resistance and significant 
side effects. Additionally, chronic, whole-body 
treatment with steroids negatively affects the 
physical development of children, causing obe-
sity and other unwanted health consequences 
[3]. To date, unreliable diagnosis and inappro-
priate treatment of asthma constitute a great 
impediment to the physical and mental health 

of young asthma patients. This makes it para-
mount to understand the molecular mecha-
nism of asthma onset and to explore targeted 
treatments with reduced resistance and side 
effects. 

Research has shown the protective role of 
myeloid-derived suppressor cells (MDSCs), in 
conjunction with rapamycin-mediated inhibi-
tion, in immunological hepatic injury. Down-re- 
gulation of mechanistic target of rapamycin 
(mTOR) activity in MDSCs has been shown to 
promote inducible nitric oxide (NO) synthase 
(iNOS) expression and NO production. In addi-
tion to being a central regulator of cell grow- 
th and proliferation, mTOR signaling pathway 
plays an important role in the innate immune 
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response mediated by macrophages and mo- 
nocytes. Lipopolysaccharide (LPS) induces the 
production of iNOS and NO in macrophages, 
and the mTOR inhibitor rapamycin blocks this 
response through various mechanisms. Impor- 
tantly, pharmacological inhibition of iNOS could 
prevent MDSCs recruitment [4]. For the first 
time, a link between MDSCs and mTOR signal-
ing pathway appeared in the context of hepatic 
injury. Considering that both bronchial asthma 
and immunological hepatic injury are immune 
diseases, we hypothesized that MDSCs might 
be interacted with mTOR signaling pathway in 
bronchial asthma, possibly through iNOS and 
NO. 

NO production has been closely associated 
with asthma based on the observation that 
asthma patients demonstrate significantly in- 
creased fractional exhaled nitric oxide (FeNO) 
content in their breath [5]. iNOS is expressed 
mainly in airway inflammatory cells and epi- 
thelial cells. Over-expression of iNOS produces 
large amounts of NO, which triggers airway 
inflammation [6]. Studies have confirmed the 
role of iNOS in asthma onset, as iNOS activity  
in epithelial cells determines the amount of  
NO production [7].

iNOS has been shown to be involved in the 
pathogenesis of asthma [8]. Polymorphism of 
the iNOS gene is closely associated with the 
severity of asthma disease [9], and severe as- 
thma is correlated with high iNOS mRNA and 
protein levels [10]. Inhibition of iNOS may play  
a critical role in alleviating airway inflammation 
in asthma [11]. Our previous results have sh- 
own that asthma onset led to increased iNOS 
expression, which was directly linked to increa- 
sed NO production, as indicated by a sharp de- 
cline following budenoside treatment. MDSCs 
have been shown previously to participate in 
asthma onset [12], and up-regulation of iNOS 
and arginine synthase-1 (ARG1) are closely as- 
sociated with the immune modulatory function 
of MDSCs [13]. Moreover, iNOS and ARG1 regu-
late the production of radicals, whose levels 
increase significantly during asthma onset [14, 
15].

NO-producing MDSCs, with cell surface mark-
ers Ly-6C+Ly-6G-, down-regulate T-cell activa-
tion, recruit regulatory T cells (Tregs), and dra-
matically down-regulate antigen-induced air-
way hyperreactivity. Superoxide-producing MD- 

SCs, characterized by cell surface markers 
Ly-6C-Ly-6G+, are pro-inflammatory and exa- 
cerbate airway hyperreactivity in a supero- 
xide-dependent manner. A small population of 
Ly-6C+Ly-6G+ cells has been shown to suppre- 
ss T-cell response in an iNOS- and arginase-
independent fashion [16]. Moreover, injection 
of MDSCs extracted from tumors into asthma 
mice has been shown to have an inhibitory 
effect on the disease [17]. ARG-overexpressing 
MDSCs may confer radio resistance by deplet-
ing the substrate for NO synthesis [18]. Impor- 
tantly, both MDSCs and NO are important play-
ers in asthma. In spite of the close association 
between the immune modulatory function of 
MDSCs and up-regulation of iNOS, the exact 
role of MDSCs in regulating iNOS expression is 
still unknown. 

The present study aimed to investigate whe- 
ther MDSCs extracted from tumors could blo- 
ck mTOR activity by inhibiting the expression  
of iNOS.

Materials and methods

Ethics statement 

All procedures were carried out in accordan- 
ce with relevant guidelines and regulations. All 
experimental protocols were approved by a 
specially appointed institutional and/or licens-
ing committee. Specifically, for animal studies, 
all protocols were reviewed and approved by 
the Animal Ethics Committees of the Third Affi- 
liated Hospital of Zhengzhou University under 
University Animal Research Guideline 1996-
21. Animals were housed and treated under 
the approved protocols, and all efforts were 
made to minimize animal suffering. 

Animal study

Sixty specific pathogen-free (SPF)-grade 6- to 
8-week-old female BALB/c mice were provided 
by the Zhengzhou University Animal Experiment 
Center (serial number: SCXK[Yu] 2015-0006). 
Mice were housed in the Experiment Center  
of the Third Affiliated Hospital of Zhengzhou 
University with free access to food and water 
for one week prior to initiation of the experi-
ment. Mice were divided into six groups: saline 
control (Control), ovalbumin (OVA)-induced as- 
thmatic mice (asthma), asthmatic mice treated 
with budesonide (budesonide), asthmatic mice 
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treated with MDSCs (MDSC), asthmatic mice 
treated with rapamycin (rapamycin), and asth-
matic mice treated with the iNOS inhibitor L- 
nitro-arginine (NPA). Mean body weight of mice 
was 20±2 g, as determined by a digital scale 
before the experiment. 

The asthma mouse model was established 
based on a previous study, with some modi- 
fications [19]. Briefly, each mouse was inject- 
ed intraperitoneally with 0.2 ml OVA (Sigma-
Aldrich, St.Louis, MO, USA)/aluminum hydrox-
ide on day 1, 8, and 15, and then stimulated 
with 2% OVA inhalation for 30 min every other 
day, starting from day 22 and for a total of 10 
doses. Asthma was established in the treat-
ment groups using the same procedure, except 
with an additional 30 min of inhalation treat-
ment with 1 mg (2 ml) budesonide (budesonide), 
intraperitoneal injection of rapamycin (rapamy-
cin, 3 mg/kg; Sigma-Aldrich), or NPA (NPA, 1 
mg/kg; Sigma-Aldrich). Rapamycin and NPA 
were dissolved in dimethyl sulfoxide (DMSO) to 
create a stock solution that was diluted with 
sterile phosphate-buffered saline (PBS) before 
use. The MDSCs group (MDSC) was induced  
on day 22 by injecting tumor-derived MDSCs 
(1×107 cells/ml, 200 ml per mouse) via the tail 
vein for seven consecutive days, with saline 
injection as control. Negative control mice were 
treated following the same protocol as asth-
matic mice, except that OVA was replaced with 
saline solution. No mice from any of the six 
groups died during the experiments.

Evaluation of OVA-induced mouse model of 
asthma

Mice were divided into the asthma group and 
control group. No statistically significant differ-
ences between these two groups in body wei- 
ght, activity level, or reaction to stimuli were 
detected prior to the experiment. No swelling or 
ulcers were observed during or after intraperi-
toneal injection. Three days after OVA stimula-
tion, mice of the asthma group presented rest-
lessness, sneezing, and deepened breathing, 
which stopped about 10 min after completing 
the 30-min OVA stimulation. Five days after OVA 
stimulation, mice in the asthma group display- 
ed either hypomania or a significant decrease 
in activity levels. Mice in the control group 
behaved as they did before the experiment, 
exhibiting healthy appetites, agile movements, 
and glossy fur. Mice that displayed shortened 

breath, restlessness, cyanosis, salivation, as 
well as fecal and urine incontinence, after in- 
halation of the allergen indicated successful 
establishment of the mouse model of asthma. 
More severe reactions included hypopnea or 
respiratory arrhythmia, respiratory failure, and 
lethargy. All mice were evaluated by hemato- 
xylin and eosin (H&E), immunohistochemistry 
(IHC), and periodic acid-Schiff (PAS) staining for 
asthmatic markers, such as inflammatory cells, 
thickening of airway smooth muscles, airway 
walls, and epithelial mucosa.

ELISA

The levels of iNOS (Cat no. ml061044-2) and 
NO (Cat no. ml063651-2) in serum of mice  
were detected by using the iNOS and NO ELI- 
SA Detection Kits (R&D Systems, Minneapolis, 
MN, USA) as per the manufacturer’s instruc- 
tions. 

H&E, PAS, and IHC staining

Staining procedures were performed according 
to the kit manufacturer instructions. For H&E 
staining to detect inflammatory cells, the num-
ber of eosinophils, neutrophils, and lympho-
cytes was averaged from five different areas 
per slide following microscopic evaluation at 
400× magnification. IHC staining was scored by 
the same researcher on the same microscope. 
Mice lung tissues were stained with antibodies 
against p-mTOR (Cat no. sc-101738; Santa Cruz 
Biotechnology, Dallas, TX, USA), and p-p70S6K 
(Cat no. ab59208; Abcam, Cambridge, MA, 
USA), and yellow/brown staining was consid-
ered as giving a positive signal. Images were 
obtained at 200× magnification, five positive 
areas per slice were selected for analysis, and 
optical density values were measured. The in- 
tensity of H&E, IHC, and PAS staining was eval-
uated semi-quantitatively using the following 
categories: 0 (no staining), 1+ (weak but detect-
able staining), 2+ (moderate or distinct stain-
ing), and 3+ (intense staining). For each speci-
men, an HSCORE value was derived by calculat-
ing the sum of the percentages of cells that 
were stained in each intensity category and 
multiplying it by the weighted intensity of the 
staining, using the formula HSCORE = Pi (i + 1), 
where i represents the intensity score, and Pi  
is the corresponding percentage of cells. For 
each slide, five different areas and 100 cells 
per area were evaluated microscopically with a 
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40× objective magnification. The percentage of 
cells at each intensity within these areas was 
determined at different times by two investiga-
tors blinded to the source of the samples, and 
the average of their scores was used.

Bronchoalveolar lavage fluid (BALF) cell collec-
tion

24 hours after the last stimulation, the mice 
were anesthetized and stabilized on a wooden 
board, and their chests were opened for the  
following steps. The distal trachea and left 
main bronchus were ligated, and then each 
mouse was tracheally intubated with a modi-
fied 22 G catheter for a 0.5-mL cold PBS lavage 
to be performed three times. BALF was collect-
ed with a recycle rate of >85%. Supernatants 
were collected through centrifugation (1500 
rpm for 10 min) at 4°C and stored at -20°C for 
use in further experiments.

Isolation of serum from mice

The blood of mice was collected by sterile retro-
orbital bleeding, allowed to clot at room tem-
perature, and centrifuged for 10 min at 2000 
rpm. Serum was collected from the top layer  
in the tube and aliquoted for use in following 
experiments.

Radioimmunoassay

Lung tissue samples of mice were homoge-
nized and incubated at room temperature for 
15 min. Two sample tubes were taken to mea-
sure total radiation and then centrifuged for 
15-20 min. Counts per minute were recorded 
by a γ counter. A standard curve was deter-
mined with sample concentration on the x-axis 
and B/BO on the y-axis. Sample concentration 
was determined by the B/BO value. Mouse 
iNOS activity was determined using the Radio- 
immunoassay Detection Kit (R&D Systems).

Quantitative real-time RT-PCR (qRT-PCR)

Total RNA was extracted from lung tissues of 
mice using Trizol (Invitrogen, Paisley, UK) follow-
ing the manufacturer’s instructions. cDNA was 
synthesized using a reverse transcription kit 
(Takara, Ohtsu, Shiga, Japan) as per the manu-
facturer’s instructions. qRT-PCR was perform- 
ed using the SYBR Premix Ex Taq II (Takara) 
according to the manufacturer’s instructions. 

Glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) served as internal control. The prim-
ers sequences were listed as follows: iNOS,  
forward 5’-TAGGCCGCCCACCACGAC-3’ and re- 
verse 5’-GCGAAGACGCCTGGGACATT-3’; GAP- 
DH, forward 5’-CACGCGAAATTCAAACGCACA-3’ 
and reverse 5’-TCCGAGCGGCACGTAGGATC-3’. 
The amplified DNA bands were separated elec-
trophoretically and quantified using the MUVB-
20 transilluminator (Major Science, Saratoga, 
CA, USA). Relative gene expression was quanti-
fied using the 2-ΔΔCt method [20].

Western blot assay

Lung tissues from each mouse were sampled 
three times and prepared for western blot 
assay. Briefly, lung tissues were lysed in protein 
lysis buffer, and proteins were extracted and 
quantified by Coomassie blue staining. Equal 
amount of protein samples were separated  
by sodium dodecyl sulfate polyacrylamide gel 
electrophoresis and then transferred to PV- 
DF membranes. The membranes were block- 
ed with 5% skim milk at room temperature for 
1.5 h. Then, membranes were incubated with 
primary antibodies: p-mTOR (Cat no. sc-101738; 
Santa Cruz Biotechnology, Dallas, TX, USA) and 
p-p70S6K (Cat no. ab59208; Abcam, Cambrid- 
ge, MA, USA), at 4°C overnight. Subsequently, 
the membranes were incubated with a second-
ary antibody (Cat no. IH-0011, Jackson Immu- 
noResearch, West Grove, PA, USA) at room tem-
perature for 2 h. Enhanced chemiluminescence 
method (ECL, Millipore, Billerica, MA) was used 
to observe the protein bands. Proteins were 
quantified using Odyssey software 3.0 (LI-COR 
Biosciences, Lincoln, NE, USA) and normalized 
against β-actin (Cat no. Ab8227; Abcam, Cam- 
bridge, MA, USA) as internal control.

Statistical analysis

All data were analyzed with SPSS 21.0 software 
(IBM, Chicago, IL, USA) and were presented as 
mean ± standard deviation (SD). Each set of 
data was determined to conform to a normal 
distribution, analyzed by F-test for homogeneity 
of variance, and then subjected to univariate 
analysis between groups in a multi-application, 
pairwise comparison with Bonferroni correc-
tion. Correlations were determined by Pearson 
correlation, with P<0.05 set as the criterion for 
statistical significance.
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Results

Increased iNOS expression and NO production 
in an asthma mouse model

To investigate the role of iNOS and NO in asth-
ma pathogenesis, we firstly confirmed the en- 
hanced expression of iNOS and NO production 
during asthma onset by comparing the levels of 
iNOS and NO in control mice, asthmatic mice, 
and asthmatic mice treated with budesonide. 

Accordingly, iNOS mRNA levels were significant-
ly higher in asthmatic mice (0.616±0.062) than 
that in the control mice (0.189±0.018), and 
compared with the asthma group, budesonide 
treatment significantly reduced the mRNA level 
of iNOS (Figure 1A and 1B). A similar trend was 
observed for serum NO production (Figure 1C). 
These data confirmed the increase in iNOS ex- 
pression and NO production during asthma. 

To understand the roles of MDSCs, mTOR, and 
iNOS in asthma, we examined whether their 
inhibitors could alleviate asthma markers in 
mice. Thus, OVA/aluminum-induced asthmatic 
mice were treated with tumor-extracted MD- 
SCs, rapamycin, or NPA, respectively. H&E sta- 
ining of lung tissues revealed less pronounc- 
ed asthma markers in treated asthmatic mice 
than that in untreated asthmatic mice, which  
is consistent with previous reports of mTOR 
inhibition alleviating asthma. Similar patholo- 
gical changes, including submucosal edema, 
mucous gland hyperplasia, increased mucous 
secretion, and increased mucosal folds were 
observed in mice treated with MDSCs, rapa- 
mycin and NPA, but were milder than that in 
untreated asthmatic mice. Analogous trends 
were observed in terms of epithelial fractur- 
es, epithelial cell shedding, bronchiole smooth 
muscle hypertrophy, as well as bronchial wall 
and basement membrane thickening and irreg-
ularities in its shape (Figure 2A). Based on H&E 
staining, asthmatic mice showed severe airway 
remodeling, thickness of the airway smooth 
muscle, airway wall, and epithelial mucosa 
enhanced significantly, and all of these were 
relieved by MDSCs, rapamycin and NPA treat-
ment (Figure 2B). Consistent with the patho-
logical changes observed with H&E staining, 
MDSCs-, rapamycin and NPA-treated mice ex- 
hibited less PAS immunoreactivity (HSCORE) in 
lung tissue than that in the untreated asthmat-
ic mice (Figure 2C). Mice in the asthma group 
also displayed increased eosinophils, neu-
trohpils, and lymphocytes in the lung tissues 
(Figure 2D), all of which were lowered follow- 
ing MDSCs, rapamycin and NPA treatment. Ele- 
vated numbers of inflammatory cells in mouse 
BALF were also observed in asthmatic mice 
when compared to the control group, and tre- 
atment with either MDSCs, rapamycin, or NPA 
blocked these increases (Figure 2E), suggest-
ing that all three pathways were implicated in 
asthma pathogenesis.

Figure 1. Increased iNOS expression and NO pro-
duction in asthmatic mice. A: iNOS mRNA in control 
mice, asthmatic mice, and budesonide-treated asth-
matic mice as determined by PCR. GAPDH was used 
as internal control. Ladder: 100 bp, 200 bp, 300 bp, 
400 bp, 500 bp, 600 bp, 700 bp. B: Quantification of 
iNOS levels. C: Level of NO in the sera of control mice, 
asthmatic mice, and budesonide-treated asthmatic 
mice as determined by ELISA. Data were presented 
as mean ± SD. ##P<0.01 vs. control; **P<0.01 vs. 
asthma.
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Tumor-derived MDSCs in asthmatic mice were 
regulated by mTOR and iNOS

To further explore the relationship between 
mTOR, iNOS, and MDSCs in asthma pathogen-
esis, we examined whether the level of tumor-

derived MDSCs in asthmatic mice changed fol-
lowing intervention with inhibitors of mTOR or 
iNOS. IHC staining showed that Gr-1+CD11b+ 
MDSCs resided mainly around blood vessels 
and the lung alveolar-interstitial region. Lung 
tissues in asthmatic mice exhibited the high- 

Figure 2. Improved pathlogical changes in asthmatic mice treated with tumor-derived MDSCs, rapamycin, or NPA. A: 
H&E staining of lung tissues from control mice, asthmatic mice, and asthmatic mice treated with MDSCs, rapamy-
cin, or NPA. B: Quantification of airway smooth muscle (µm), airwall thickness (µm), and epithelial mucosa (µm) of 
lung tissues from control mice, asthmatic mice, and treated asthmatic mice. C: Quantification of PAS immunore-
activity staining scores (HSCORE) in lung tissues from control mice, asthmatic mice, and treated asthmatic mice. 
D: Quantification of eosinophils, neutrohpils, and lymphocytes in lung tissues from control mice, asthmatic mice, 
and treated asthmatic mice. E: Quantification of eosinophils, neutrohpils, and lymphocytes in BALF from control 
mice, asthmatic mice, and treated asthmatic mice. Data were presented as mean ± SD. ##P<0.01 vs. control; 
###P<0.001 vs. control; *P<0.05 vs. asthma; **P<0.01 vs. asthma; ***P<0.001 vs. asthma.
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est level of tumor-extracted MDSCs, increa- 
sing from (119.94±6.88) in control mice to 
(156.38±7.612). Meanwhile, treatment with 
budesonide, rapamycin, or NPA stabilized lev-
els of MDSC in asthmatic mice at (120.32± 
8.91), (121.47±8.23), and (123.38±7.89), res- 
pectively (Figure 3A and 3B). These data sug-
gested that mTOR and iNOS pathways regu- 
lated the level of endogenous MDSCs during 
asthma pathogenesis, and inhibiting mTOR or 
iNOS prevented the increase in endogenous 
MDSCs in asthmatic mice.

mTOR pathway activation in asthmatic mice 
was regulated by iNOS and tumor-derived 
MDSCs

To further explore the relationship between 
mTOR, iNOS, and MDSCs in asthma pathogen-
esis, we examined whether the levels of p- 
mTOR and p-p70S6K in asthmatic mice were 
affected by NPA treatment or tumor-extracted 
MDSCs injection. IHC staining of lung tissue 
demonstrated an increase of p-mTOR in asth-
matic mice (132.92±12.56) compared to the 

control group (77.65±8.34). Treatment with ra- 
pamycin prevented this increase in p-mTOR 
(80.42±8.19), as well as injection with tumor-
extracted MDSCs or addition of NPA (Figure 4A 
and 4B). A similar trend was observed with the 
activation of p70S6K, a downstream signal- 
ing kinase of mTOR. Asthmatic mice exhibited 
the highest level of p-p70S6K (198.32±16.32) 
compared to the control group (101.51± 
12.34), and MDSCs (108.71±9.09), rapamycin 
(106.65±9.31), and NPA (111.35±7.46) treat-
ment reduced the level of p-p70S6K (Figure  
4A and 4B). No significant differences were 
observed between the control and intervent- 
ion groups. Similar results were obtained from 
western blot assay (Figure 4C and 4D). These 
data suggested that the activation of mTOR 
pathway in asthma was regulated by iNOS and 
the injection of exogenous MDSCs.

NO production in asthmatic mice was regu-
lated by mTOR and tumor-extracted MDSCs

To further explore the relationship between 
mTOR, iNOS, and MDSCs in asthma pathogen-

Figure 3. Endogenous MDSCs in lung tissues of asthmatic mice were reduced by rapamycin or NPA treatment. A: 
IHC staining of MDSC in lung tissues from control mice, asthmatic mice, and asthmatic mice treated with MDSCs, 
rapamycin, or NPA. B: HSCORE of MDSCs IHC staining. Data were presented as mean ± SD. ##P<0.01 vs. control; 
**P<0.01 vs. asthma.
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Figure 4. mTOR activation in asthmatic mice was suppressed by tumor-extracted MDSCs and iNOS inhibitor. A: IHC staining of p-mTOR and p-p70S6K in lung tissues 
of control mice, asthmatic mice, and asthmatic mice treated with MDSCs, rapamycin, or NPA. B: HSCORE of p-mTOR and p-p70S6K IHC staining. C: Western blot 
assay of p-mTOR and p-p70S6K in lung tissues from control mice, asthmatic mice, and asthmatic mice treated with MDSCs, rapamycin, or NPA. β-actin was used 
as internal control. D: Quantification of p-mTOR and p-p70S6K western blot assay results. β-actin was used as internal control. Data were presented as mean ± SD. 
##P<0.01 vs. control; ###P<0.001 vs. control; **P<0.01 vs. asthma; ***P<0.001 vs. asthma.
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esis, we also examined NO production in asth-
matic mice subjected or not to addition of 
mTOR inhibitor or tumor-extracted MDSCs. 
First, we determined iNOS activity in mouse 

pression and activity were expected to corre-
late closely with the level of NO (in μmol/l) in 
serum and BALF samples of mice. NO in serum 
increased from (87.23±12.48) in the control 

Figure 5. NO production in asthma mice was affected by mTOR inhibitor and 
exogenous MDSCs. A: Radioimmunoassay showing iNOS activity (ku/l) in the 
sera and BALF of control mice, asthmatic mice, and asthmatic mice treated 
with MDSCs, rapamycin, or NPA. B: Expression of iNOS (pg/mL) in the sera 
and BALF of control mice, asthmatic mice, and asthmatic mice treated with 
MDSCs, rapamycin, or NPA. C: NO content (µmol/L) in the sera and BALF of 
control mice, asthmatic mice, and asthmatic mice treated with MDSCs, ra-
pamycin, or NPA. Data were presented as mean ± SD. ##P<0.01 vs. control; 
###P<0.001 vs. control; **P<0.01 vs. asthma; ***P<0.001 vs. asthma.

BALF and serum. Radioimmu- 
noassay results showed in- 
creased iNOS enzymatic acti- 
vity (in ku/l) in the serum of 
asthmatic mice (0.12±0.03) 
compared to that in control 
animals (0.04±0.01). Compar- 
ed with the asthmatic mice, 
enzymatic activity was signifi-
cantly reduced in mice sub-
jected to tumor-derived MD- 
SCs (0.05±0.02), rapamycin 
(0.05±0.01), and NPA (0.04± 
0.01) treatment (Figure 5A). 
Radioimmunoassay on BALF 
samples obtained similar re- 
sults (Figure 5A). 

After confirming the increase 
in iNOS activity in asthmatic 
mice, we examined the corre-
sponding iNOS levels. ELISA 
of the serum samples of mice 
showed increased iNOS con-
tent (in pg/ml) in asthmatic 
mice (16.73±6.14) compared 
to the control group (3.81± 
1.02), and treatment with the 
iNOS inhibitor NPA suppress- 
ed this increase (4.01±1.03). 
Interestingly, the latter was 
suppressed also by inject- 
ion of tumor-derived MDSCs 
(3.98±1.06) or treatment with 
rapamycin (4.22±1.18). Mea- 
surement of iNOS content  
in BALF produced similar re- 
sults. No statistically signifi-
cant difference was observed 
among the three intervention 
groups (Figure 5B). These da- 
ta suggested that expression 
and activity of iNOS augment 
during asthma onset, in a way 
that depends directly or indi-
rectly on mTOR pathway or 
exogenous MDSCs.

Given that iNOS is responsi-
ble for NO synthesis, the ob- 
served changes in iNOS ex- 
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group to (158.32±25.13) in the asthmatic 
group, and this increase was suppressed by 
treatment with NPA (95.32±13.70), tumor-
derived MDSCs (89.35±15.42), or rapamycin 
(90.25±11.34) (Figure 5C). Similar results were 
obtained from BALF samples detection. Colle- 
ctively, these data suggested that NO produc-
tion augmented during asthma onset, and this 
increase could be blocked by the inhibition of 
the mTOR pathway or tumor-derived MDSCs 
treatment. 

Positive correlation of iNOS with mTOR path-
way and serum MDSCs

Given that the increase in NO production dur- 
ing asthma onset was reversed by mTOR in- 
hibitor treatment, we explored the relationship 
between iNOS and mTOR signaling pathway in 
asthma samples. Flow cytometry revealed a 
positive correlation between serum mTOR and 
serum MDSCs in asthmatic mouse samples  
(r = 0.732, P<0.05; Figure 6A). Similarly, we ob- 
served a positive correlation between serum 
MDSCs and lung iNOS expression (r = 0.667, 
P<0.05; Figure 6B), as well as between serum 
mTOR detected by ELISA and lung iNOS ex- 
pression determined by real-time PCR (r = 
0.667, P<0.05; Figure 6C). These data sugge- 
sted that iNOS, mTOR, and MDSCs were posi-
tively correlated and were possibly part of the 
same regulatory mechanism during asthma 
pathogenesis.

Discussion

mTOR signaling pathway regulates innate and 
adaptive immune responses by integrating im- 
munological and metabolic signals. MDSCs re- 

present cells of heterogeneous nature, which 
play an important role in modulating immune 
responses and maintaining host immunity. To 
date, little has been known about the way in 
which mTOR might affect MDSCs and existing 
studies have been limited to immunological 
hepatic injury, heart transplantation, and malig-
nant tumors. No such studies have been car-
ried out in relation to asthma. 

MDSCs encompass granulocyte-like cells 
expressing CD11b+Gr1+Ly6Clow cell surface 
markers, and monocyte-like cells expressing 
CD11b+Gr1+Ly6Chigh cell surface markers [21]. 
Rapamycin has been found to promote the 
migration of CD11b+Gr1+Ly6Chigh but not 
CD11b+Gr1+Ly6GhighLy6Clow cells. mTOR signal-
ing pathway has been reported to inhibit the 
recruitment of MDSCs in immunological he- 
patic injury, and suppression of mTOR activity 
promotes the migration of CD11b+Gr1+Ly6Chigh 
MDSCs. Rapamycin-treated MDSCs were sh- 
own to have a protective role in immunological 
hepatic injury [22]. The same was observed in a 
heart transplantation mouse model, whereby 
rapamycin treatment (3 mg/kg, post survey 0, 
2, 4, 6 days) led to the recruitment of MDSCs 
and the induction of iNOS expression [23]. 
MDSCs constitute an important type of in- 
flammatory cells. In addition to immunological 
hepatic injury and heart transplantation, they 
also participate in tumor growth and metasta-
sis in mice by stimulating tumor proliferation 
and inhibiting immune surveillance. Rapamycin 
suppresses these functions of MDSCs [24].

Our previous study showed an increased level 
of MDSCs and interleukin (IL)-10 expression, 
concomitant with a reduction of IL-12, in asth-

Figure 6. Positive correlation between iNOS, mTOR pathway, and serum MDSCs. A: Positive correlation between 
serum mTOR and serum MDSCs detected by flow cytometry. B: Positive correlation between serum MDSCs and lung 
iNOS expression. C: Positive correlation between the level of serum mTOR detected by ELISA and lung iNOS expres-
sion determined by real-time PCR.
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ma patients and asthmatic mice. Furthermore, 
MDSCs correlated positively with IL-10 expres-
sion and negatively with IL-12 expression [12]. 
Therefore, we speculated that MDSCs might 
play an important role in asthma onset and 
development by elevating IL-10 and reducing 
IL-12. Here, we described how mTOR signaling 
pathway was activated during asthma onset, 
and rapamycin treatment suppressed airway 
inflammatory reactions and reduced the num-
ber of MDSCs. This observation was consistent 
with our early studies [21, 22]. It is possible, 
however, that different diseases cause a differ-
ent level of expression of MDSCs, resulting in 
discordant immune modulatory activities irre-
spective of MDSCs sub-type [24]. MDSCs sup-
press antigen-presenting cells, macrophages, 
and natural killer (NK) cells and therefore exert 
different immune regulatory functions, whose 
mechanism is presently unknown. 

iNOS expression in lung tissue increases during 
infection, inflammation, and allergy. Excessive 
nitrosative stress occurs in eosinophilic pneu-
monia and alveolar NO concentration could be 
a marker of the disease [25]. Asthmatic chil-
dren have higher FeNO values at baseline, as 
well as an annual decline in FVC and increase 
in FEV1/FVC and FEF25-75 values [26]. iNOS, 
arginase, and superoxide pathways correlate 
with increased airway hyperresponsiveness in 
asthmatic subjects. Differential production of 
reactive species and soluble mediators within 
distal airways is comparable to that in proximal 
airways in asthma [27]. Dendritic cells (DCs) 
play critical roles in determining the fate of 
CD4+ T cells. T helper (Th)2 cell-mediated in- 
flammation in mouse asthma model induces 
the expression of alternative markers of acti-
vated macrophages, such as arginase 1 and 
resistin-like molecule-α in inducible DCs (iDCs) 
via a mechanism that depends on the intrinsic 
expression of the transcription factor STAT6. In 
contrast, Th1 cell-mediated inflammation in- 
duces iDCs to express tumor necrosis factor 
alpha (TNF-α) and iNOS. Moreover, in the Th2 
environment, iDCs play an important role in  
the downstream induction of aryl hydrocarbon 
receptor (AHR), independently of allergic airway 
inflammation [28].

The existence of iNOS in human lungs sugge- 
sts that increased production of NO, probably 
induced by cytokines, may be related to the 
pathology of asthma [29]. iNOS gene expres-

sion correlates positively with its enzymatic 
activity and the production of NO. Methylation 
of the promoter of iNOS and interferon gamma 
(IFN-γ) represents a form of epigenetic regula-
tion and has been linked to environment-indu- 
ced asthma in children, as well as disease ag- 
gravation [30]. We hypothesized that increas- 
ed iNOS mRNA expression led to higher iNOS 
content and elevated NO synthesis, which was 
confirmed here by increased iNOS mRNA ex- 
pression. 

Blocking iNOS may result in profound suppres-
sion of airway hyperreactivity, making iNOS in- 
hibitors a potential asthma treatment option 
[11]. Multiple studies have shown that airway-
suppressing treatments act by inhibiting iNOS 
and NO. Reactive oxygen species (ROS) causes 
oxidative stress, compromising physiological 
functions in the body. p-Hydroxybenzy (HBA) 
acts as an anti-inflammatory and oxidative ag- 
ent in asthma by inhibiting iNOS and NO [31]. 
Sitagliptin significantly reduces the expression 
of TNF-α, transforming growth factor (TGF)-β1, 
NO, and iNOS in lung tissue, suggesting its 
potential use as a treatment for asthma [32]. 
Inhibition of pro-inflammatory mediators such 
as iNOS and TNF-α might have the same effect 
[33]. Studies using albumin-induced asthma 
models demonstrated that high expression of 
tissue inhibitor of metalloproteinase-1 (TIMP-
1), matrix metalloproteinase-9 (MMP-9), and 
TGF-β led to airway remodeling. iNOS inhibitors 
prevent asthma by regulating airway remodel-
ing [34, 35]. Thyme quinone and curcumin have 
been shown to strongly inhibit inflammatory cell 
aggregation in BALF and lung tissue by reduc-
ing serum IgE, and inducing iNOS, TNF-α, and 
TGF-β1 [36]. Moreover, herbal-extracted mole-
cules such as resveratrol, artemisinin, and 
anthocyanidin have been found to inhibit asth-
ma via down-regulation of iNOS. Resveratrol 
exerts an anti-inflammatory effect by suppress-
ing the production of NO from LPS-stimulated 
macrophages [37]. In the albumin-induced as- 
thma model, expression of iNOS and ubiquinol 
was reduced upon artemisinin treatment, indi-
cating that artemisinin could offer a potential 
treatment for severe asthma owing to its ability 
to suppress airway inflammation and oxidative 
damage [38]. Allergic asthma correlates with 
airway hyperreactivity and inflammation indu- 
ced by increased iNOS expression and NO pro-
duction. Studies have shown that anthocyani-
din extracted from grape seeds has pharmaco-
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logical effects against oxidation, tumors, and 
inflammation, all of which rely on iNOS down-
regulation and the consequent increase in 
IFN-γ and decrease in IL-4, BALF IL-13, and 
serum IgE [39]. Pycnogenol extracted from 
bark is a standardized treatment for allergic 
diseases including asthma. Its mechanism of 
action involves reduction of IL-1β, IL-6 release, 
reduction of iNOS and MMP expression, and 
up-regulation of heme oxygenase 1 (HO1) [40]. 

Studies have shown that inhaling the xanthine 
derivative KMUP-1 suppressed allergic airway 
inflammation and airway remodeling by inhibit-
ing iNOS expression, indicating the potential 
application of KMUP-1 in the treatment of asth-
ma and airway obstructive diseases [41]. FeNO 
is strongly related to the response to broncho-
dilation testing and could predict bronchial re- 
versibility in children with allergic rhinitis or as- 
thma. Therefore, a simple FeNO measurement 
could provide critical information about bron-
chial reversibility [42]. Inhaled glucocorticoste-
roids have been considered the most effective 
treatment for asthma. Our study demonstrated 
that budesonide treatment significantly reduc- 
ed iNOS production, suggesting that the effect 
of inhaled glucocorticosteroid in asthma treat-
ment occurred via iNOS suppression. 

ROS, whose production relies on iNOS and argi-
nase, is significantly elevated during asthma 
aggravation. A small subset of Ly-6C+Ly-6G+ 
cells inhibits T-cell activation in an iNOS- and 
arginase-dependent way. The immune modula-
tory function of MDSCs represents a promising 
new target for asthma treatment [43]. MDSCs-
mediated suppression in vivo is dependent on 
iNOS expression [44]. Our study demonstrated 
that tumor-derived MDSCs injection in asth-
matic mice led to a significant reduction of 
iNOS and alleviation of airway inflammation, 
suggesting that the latter depends on sup-
pressed iNOS expression. We also reported 
that the number of MDSCs correlated positive- 
ly with the level of iNOS. Our study suggested 
that the recruitment of MDSC in lung tissue 
occurred through the up-regulation of iNOS, 
which suppressed asthma immune reaction 
and leads to airway remodeling. 

Protein kinase C (PKC) is one of the ten PKC 
isozyme family members, playing an essential 
role in signal transduction. During inflamma-
tion, NO is produced by iNOS in inflammatory 

cells and macrophages. In innate immunity, NO 
is an important effector molecule against in- 
fectious diseases. Studies on the pleiotropy of 
PKC signaling pathway and the functions of 
PKC, have brought increased knowledge of the 
role of iNOS in inflammation and as a drug tar-
get for anti-inflammatory treatment [45]. Accor- 
dingly, the role of iNOS in asthma pathogenesis 
is tied to PKC signaling pathway. The increase 
in NO and IL-4 expression in albumin-induced 
asthma models has been shown to be accom-
panied by increased PI3K activity. PI3K inhi- 
bitor wortmannin may lead to reduced iNOS 
expression and NO production and therefore 
suppression of airway inflammation in allergic 
asthma. This finding suggests that suppression 
of mTOR signaling pathway may reduce iNOS 
expression and prevent airway inflammation 
[46]. This result was consistent with the pres-
ent findings, whereby mTOR inhibitor rapamycin 
reduced iNOS expression and airway inflamma-
tion in asthma, suggesting a similar regulatory 
mechanism via suppression of iNOS expres-
sion. It is likely that the protective mechanism 
brought by rapamycin in immunological hepatic 
injury relies on recruiting MDSCs. Rapamycin-
treated CD11b+Gr1+ MDSCs generated a large 
amount of NO. Disrupting NO production using 
L-NMMA has been shown to effectively prevent 
the recruitment of CD11b+Gr1+ MDSCs, espe-
cially CD11b+Gr1+Ly6Chigh MDSC, aggravating 
the development of immunological hepatic inju-
ry. This finding suggests that NO is an impor-
tant mediator promoting the recruitment of 
CD11b+Gr1+ MDSCs during mTOR inhibition. 
Importantly, this was the first report investi- 
gating the intertwined relationship between 
MDSCs, iNOS, and mTOR. Considering that 
immunological hepatic injury and asthma are 
both diseases of the immune system, we spec-
ulated a similar intertwined relationship betw- 
een MDSCs, iNOS, and mTOR might exist also 
in asthma. We reported that asthmatic mice 
injected with tumor-derived MDSCs presented 
reduced p-mTOR and downstream p-p70S6K 
kinase, as well as reduced iNOS and NO pro-
duction. The same was observed in asthmatic 
mice injected with NPA, suggesting that tumor-
derived MDSCs inhibited the mTOR pathway in 
asthma by suppressing iNOS expression. In 
addition, asthmatic mice treated with mTOR 
inhibitor rapamycin displayed significantly re- 
duced MDSCs, iNOS, and NO levels. Moreover, 
iNOS inhibitor NPA treatment also led to sub-
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stantially fewer MDSCs, indicating that mTOR 
inhibition suppressed the expression of MDSCs 
in asthma, possibly by blocking iNOS expres-
sion. Our study suggested the potential of exog-
enous MDSCs, mTOR inhibitor, and iNOS inhibi-
tor as novel agents for asthma treatment. The 
exact mechanism by which these treatments 
acted will be revealed in future investigations.
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