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Abstract. Adoptive transfer of bone marrow‑derived 
mesenchymal stem cells (BMSCs) significantly alleviates 
smoking‑induced chronic obstructive pulmonary disease 
(COPD) in rats. Considering the critical roles of T cells 
during COPD development, the present study aimed to further 
identify the molecular mechanisms underlying the antiprolif-
erative effect of BMSCs on splenic T cells isolated from rats 
following chronic exposure to nicotine. Splenic T cells were 
co‑cultured with rat BMSCs at various ratios and subsequently, 
T‑cell proliferation was measured using the Cell Counting 
Kit‑8 assay. The effects of the inducible nitric oxide synthase 
(iNOS) inhibitor N‑nitro‑L‑arginine methylester (L‑NAME) 
and short hairpin (sh)RNA‑lentivirus‑mediated knockdown 
of iNOS in BMSCs on T‑cell proliferation were evaluated. 
The expression levels of iNOS and STAT5 phosphorylation 
in BMSCs and T cells, respectively, were assessed by reverse 
transcription‑quantitative PCR and western blotting. A higher 
ratio of BMSCs to T cells resulted in increased inhibition of 
T‑cell proliferation; therefore, the ratio of 1:20 was selected 
for further in vitro experiments. At a dose of 5 µM, L‑NAME 
displayed the strongest ability to reverse the antiproliferative 
effects of BMSCs in the co‑culture system. Both L‑NAME 
treatment and shRNA‑mediated knockdown of iNOS expres-
sion significantly decreased the suppressive effects of BMSCs, 
downregulated iNOS expression at the mRNA and protein 
levels in BMSCs, and enhanced STAT5 phosphorylation in 
T cells. BMSCs inhibited the proliferation of nicotine‑exposed 
T cells, which was associated with iNOS expression in BMSCs 

and decreased STAT5 phosphorylation in T cells. The present 
study indicated the potential mechanisms underlying the 
beneficial effects of BMSC infusion in patients with chronic 
smoking‑induced COPD and emphysema.

Introduction

Patients with chronic obstructive pulmonary disease (COPD) 
suffer from persistent respiratory symptoms and limited 
airflow. As an obstructive disease of the lungs, COPD affects 
>150 million individuals worldwide and caused 3.2 million 
deaths in 2015 globally  (1,2). Tobacco smoking‑induced 
lung inflammation and damage are the most common causes 
of COPD (3,4); however, the exact mechanisms underlying 
long‑term cigarette smoking‑induced immune dysregulation 
are not completely understood (5,6). It has been reported that 
the accumulation of activated innate immune cells, including 
macrophages and adaptive immune responses contribute to the 
pathophysiology of COPD (7).

In mouse models of cigarette smoke exposure‑induced 
COPD, emphysematous alterations in the lungs, which are 
accompanied by altered lung function and infiltration of 
inflammatory cells and T cells, have been identified (8,9). 
Clinical studies have reported that oligoclonal T cells 
accumulate in the airway wall and lungs of patients with 
COPD, and the degree of T‑lymphocyte infiltration posi-
tively correlates with the severity of airflow limitation and 
emphysema (10,11). Animal studies have also demonstrated 
that cigarette smoking induces the accumulation of lympho-
cytes in the lungs of mice with emphysema, whereas CD4+ 
and CD8+ T cell knockout mice do not display emphysema 
after long‑term exposure to cigarette smoke  (12,13). The 
aforementioned results suggest that T cell‑mediated adaptive 
immunity plays an important role during the development of 
COPD and emphysema.

Mesenchymal stem cells (MSCs) are multipotent 
non‑hematopoietic cells that exert immunosuppressive effects 
on a number of different immune cells, including dendritic 
cells (14), B lymphocytes (15) and T lymphocytes (16‑20). MSCs 
can secrete a large number of chemokines and immunosup-
pressive factors when stimulated by inflammatory factors (21). 
As a result, lymphocytes can be recruited by chemotaxis 
to the location where the MSCs reside and subsequently 
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inhibited by the high local concentration of immunosup-
pressive factors (22). In particular, it has been reported that 
bone marrow‑derived MSCs (BMSCs) significantly decrease 
T‑lymphocyte proliferation by secreting transforming growth 
factor (TGF)‑β1, hepatocyte growth factor (HGF) (16), prosta-
glandins (19), nitric oxide (NO) (20) and inducible nitric oxide 
synthase (iNOS) (23), an enzyme that catalyzes the production 
of NO. Furthermore, the antiproliferative effect of rat BMSCs 
on T lymphocytes has been demonstrated to be mediated by 
the induced expression of iNOS and production of NO by 
BMSCs (23). A previous study also suggested that tail vein 
injection of BMSCs in rats significantly reduces cigarette 
smoking‑induced downregulation of iNOS expression in the 
blood circulation and lungs of rats (24). In addition, adoptive 
transfer of BMSCs alleviates lung inflammation and injury, 
and was associated with reduced STAT5 phosphorylation in 
lung‑infiltrating T lymphocytes (24). However, although it has 
been reported that iNOS regulates T cell death and immune 
memory (25), and rat BMSCs exert immunoregulatory effects 
in an animal model of COPD, whether BMSCs directly inhibit 
the proliferation of nicotine‑exposed T cells via iNOS expres-
sion and inhibition of STAT5 phosphorylation in T cells is not 
completely understood.

In the present study, splenic T cells were isolated from rats 
after chronic nicotine exposure to establish an in vitro BMSC:T 
cell co‑culture system. Following treatment of the co‑cultured 
cells with an iNOS inhibitor or lentivirus infection‑mediated 
silencing of iNOS in rat BMSCs, the contributions of iNOS 
and STAT5 phosphorylation to the antiproliferative effect of 
BMSCs on nicotine‑exposed T cells were investigated.

Materials and methods

Animal model of nicotine exposure. A total of 30 male 
Sprague‑Dawley rats (age, 8‑10 weeks; weight, ~120 g) were 
purchased from the Charles River Laboratories and housed in 
the specific pathogen‑free facility at the Experimental Animal 
Center of Shanxi Medical University. Animals were main-
tained at room temperature (22±1˚C), in 60‑70% humidity, 
with 12‑h light/dark cycles and access to food and water 
ad libitum. Nicotine exposure to rats was administered via 
cigarette smoke, as previously reported (24). Briefly, rats were 
placed in an organic glass passive smoking cage and exposed 
to the cigarette smoke of 20 filtered commercial cigarettes for 
1 h, twice per day for 6 days per week, for a total of 24 weeks. 
Under these conditions, individual rats were exposed to 11 mg 
tar and 0.9 mg nicotine during each 1 h exposure. All animal 
experiments in the present study were approved by the Animal 
Care and Research Committee of Shanxi Medical University 
and performed with strict adherence to the Guide for the Care 
and Use of Laboratory Animals (8th edition) (26).

BMSC isolation, culture and characterization. Male 
Sprague‑Dawley rats (age, 4‑6 weeks; weight, ~100 g; n=6; 
purchased from Charles River Laboratories and housed as 
previously described above) were euthanized with CO2 with 
10‑30% volume displacement rate/min. Bone marrow cells 
were isolated from the femurs and tibias of the rats by flushing 
the bone marrow cavity with complete DMEM (Gibco; 
Thermo Fisher Scientific, Inc.), supplemented with 10% FBS 

(Gibco; Thermo Fisher Scientific, Inc.). Cells were inoculated 
into a cell culture flask and cultured with 5% CO2 at 37˚C for 
3 days. Subsequently, the unattached cells were removed and 
the remaining cells were incubated for 9‑10 days. At 80‑90% 
confluency, BMSC‑enriched cells displayed a typical long fusi-
form shape and were passaged at a ratio of 1:2 or 1:3. BMSCs 
at passage 3 were used for subsequent experiments. Flow cyto-
metric staining of surface markers (CD34+CD45‑CD90‑) was 
performed to evaluate the purity of the BMSCs, as previously 
described (27). BMSCs with >90% purity were used for the 
co‑culture with nicotine‑exposed rat T cells.

T‑cell isolation and culture. The spleens were also aseptically 
isolated from the Sprague‑Dawley rats (age, 32‑34 weeks) that 
had been chronically exposed to nicotine for 24 weeks and 
euthanized as described above. Spleen tissues were repeatedly 
cut into small pieces with ophthalmic scissors to generate a 
splenocyte homogenate in RPMI‑1640 medium (Wuhan Boster 
Biological Technology, Ltd.) supplemented with 10% FBS. 
The homogenate was passed through a 100‑µm cell strainer 
and the subsequent cell suspension was subjected to density 
gradient centrifugation at 20˚C and 400 x g for 20 min with 
a lymphocyte separation solution (TBD Sciences), according 
to the manufacturer's protocol. Cells in the lymphocyte layer 
were transferred to a separate tube and washed twice with 
complete RPMI‑1640 medium at 400 x g and 20˚C for 5 min. 
Cells were inoculated into 75‑cm2 cell culture flasks at a cell 
density of 1.0x106/ml and T‑cell stimulating agent ConA 
(5 µg/ml; Sigma‑Aldrich; Merck KGaA) and T‑cell growth 
factor interleukin‑2 (20 ng/ml; PeproTech, Inc.) were added 
to the medium. Following incubation for 3 days, the T cells 
began growing and displayed a round or elliptical shape, which 
was similar to what has been previously described of activated 
cells (28).

BMSC and T cell co‑culture. BMSCs in the logarithmic 
growth phase were seeded into 96‑well plates (100 µl/well) 
at the following densities: 1x103, 2x103, 4x103, 8x103 and 
16x103 cells/well. BMSCs were incubated overnight to allow 
cell attachment. Subsequently, T lymphocytes isolated from 
the spleens of nicotine‑exposed rats were added to the wells 
(3.2x105  cells/well). The corresponding ratios of BMSCs 
to T lymphocytes were: 1:320, 1:160, 1:80, 1:40 and 1:20, 
respectively. The total volume of the BMSC/T cell co‑culture 
system in each well of the 96‑well plate was 200 µl. After 
co‑culture for 48 h, the suspended T lymphocytes were trans-
ferred to another 96‑well plate. Cells were observed using 
an inverted phase contrast light microscope (magnification, 
x4 or x10) and cell growth was measured. In certain cases, 
different concentrations (0.5, 1, 5, 10 or 20 µM) of the iNOS 
inhibitor N‑nitro‑L‑arginine methylester (L‑NAME; Selleck 
Chemicals) were added to the co‑culture at the same time as 
the T cells. In other cases, lentivirus‑infected (control or iNOS 
knockdown‑targeting) BMSCs were used for the co‑culture 
with T cells.

Cell proliferation evaluation using the cell counting kit‑8 
(CCK‑8) assay. The antiproliferative effect of BMSCs on 
T cells was determined using the CCK‑8 assay (Dojindo 
Molecular Technologies, Inc.), according to the manufacturer's 
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protocol. Briefly, after BMSCs and T cells were co‑cultured 
for 48 h, T cells were transferred to a new plate, 20 µl CCK‑8 
reagent was added to each well and cells were incubated for 
4 h at 37˚C. The optical density value of each well was deter-
mined at a wavelength of 450 nm with a reference wavelength 
of 600 nm using a microplate reader. The assay was repeated 
three times and the samples were assayed in triplicate.

Knockdown of iNOS in BMSCs using a small hairpin 
(sh)RNA lentivirus. The shRNA sequence (5'‑CCA​CTA​ACA​
GTG​GCA​AC​AT‑3') and a random negative control sequence 
(5'‑CGA​GGG​CGA​CTT​AAC​CTT​AGG​‑3') were cloned into 
the pLV(shRNA)‑EGFP/Puro‑U6 lentiviral vector (Cyagen 
Biosciences, Inc.). The iNOS‑specific shRNA sequence 
was located at the coding sequence locus of the NOS2 gene 
(GenBank accession no. NM_012611.3). 293T cells (American 
Type Culture Collection) were plated onto 10‑cm dishes at 
a density of 6x106 cells/dish and were co‑transfected with 
control lentiviral vector (CV; 10 µg/dish) or iNOS‑knock-
down lentiviral vector (iNOS‑shRNA; 10 µg/dish) together 
with helper plasmids pMD2.G (Addgene, Inc.; 5 µg/dish) 
and psPAX2 (Addgene, Inc.; 5 µg/dish) using Lipofectamine 
2000® transfection reagent (Thermo Fisher Scientific, Inc.), 
according to the manufacturer's protocol. Vector construc-
tion, verification by sequencing, virus packaging and 
collection of the corresponding viral supernatants following 
48 h of transfection were performed by Cyagen Biosciences, 
Inc. Subsequently, 2.5x105 BMSCs/well at 70% confluence 
were seeded into 6‑well plates and were infected with the 
lentiviral supernatant at a multiplicity of infection of 30. 
Following 48 h of infection, BMSCs were used for subse-
quent experiments.

Western blotting. BMSCs and T cells were harvested and 
sonicated at the frequency of 20 kHz for 10 sec at 4˚C in 
phenylmethanesulfonylfluoride‑containing RIPA lysis buffer 
(Thermo Fisher Scientific, Inc.) and then incubated with RIPA 
lysis buffer for 30 min on ice. Subsequently, cell lysates were 
centrifuged at 10,000 x g for 15 min at 4˚C. Total protein in 
the supernatant was quantified using the bicinchoninic acid 
reagent kit (Thermo Fisher Scientific, Inc.), according to the 
manufacturer's protocol. Proteins (30‑50 µg) were separated 
by 10% SDS‑PAGE and transferred onto nitrocellulose 
membranes. Subsequently, membranes were blocked with 
5% skim milk for 2 h at room temperature and incubated 
overnight at 4˚C with primary antibodies targeted against: 
iNOS (1:250; cat. no. ab49999; Abcam), STAT5 (1:500; cat. 
no.  ab230670; Abcam), phosphorylated STAT5 (1:1,000; 
cat. no. 05‑495; EMD Millipore) and β‑actin (1:500; cat. 
no. MA1115; Wuhan Boster Biological Technology, Ltd.). 
Following the primary incubation, membranes were washed 
with TBS containing 0.5% Tween 20 and incubated for 2 h at 
room temperature with a horseradish peroxidase‑conjugated 
goat anti‑mouse IgG secondary antibody (1:10,000; cat. 
no. TA130003; OriGene Technologies, Inc.). Protein bands 
were visualized using an enhanced chemiluminescence kit 
(EMD Millipore). Blots were performed in triplicate and 
protein expression was quantified using AlphaView version 
3.4 software (ProteinSimple) with β‑actin as the loading 
control.

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was extracted from BMSCs using TRIzol® reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.), according to 
the manufacturer's protocol. RNA quality was confirmed 
by 1% agarose gel electrophoresis. Total RNA (1 µg) was 
reverse transcribed into cDNA at 37˚C for 15 min using the 
PrimeScript® RT Master Mix Perfect Real Time Reagent kit 
(Takara Bio, Inc.), according to the manufacturer's protocol. 
Subsequently, qPCR was performed using FastStart Universal 
SYBR Green Master (ROX; Sigma‑Aldrich; Merck KGaA) 
and an AB7500 RT‑PCR instrument (Applied Biosystems; 
Thermo Fisher Scientific, Inc.). The following primer pairs 
were used for qPCR: iNOS forward, 5'‑CAC​CTT​GGA​GTT​
CAC​CCA​GT‑3' and reverse, 5'‑ACC​ACT​CGT​ACT​TGG​GAT​
GC‑3'; β‑actin forward, 5'‑GTC​AGG​TCA​TCA​CTA​TCG​
GCAA​T‑3' and reverse, 5'‑AGA​GGT​CTT​TAC​GGA​TGT​CAA​
CGT‑3'. The following thermocycling conditions were used for 
qPCR: Initial denaturation for 10 min at 95˚C; 40 cycles of 
denaturation for 5 sec at 95˚C and annealing and extension for 
1 min at 60˚C; followed by a melting curve analysis. RT‑qPCR 
was repeated three times and each sample was tested in tripli-
cate. mRNA expression levels were quantified using the 2‑ΔΔCq 
method (29) and normalized to the internal reference gene 
β‑actin.

Statistical analysis. Statistical analyses were performed using 
SPSS software (version 13.0; SPSS, Inc.). Data are expressed 
as the mean ± standard deviation of ≥3 experimental repeats. 
Multiple comparisons were performed using one‑way ANOVA 
followed by Tukey's post hoc test. P<0.05 was considered to 
indicate a statistically significant difference.

Results

Co‑culture of higher ratios of BMSCs:T cells results in 
increased suppression of T‑cell proliferation. The present 
study aimed to establish a BMSC:T cell co‑culture system for 
evaluating the antiproliferative effect of BMSCs on T cells 
in vitro. To determine the most suitable ratio of BMSCs:T cells 
that resulted in the most potent inhibition of T‑cell prolifera-
tion, rat BMSCs were co‑cultured with rat splenocyte‑derived 
T cells at various ratios. An increasing number of BMSCs 
(1x103‑16x103  cells/well) were seeded into 96‑well plates 
and co‑cultured with a fixed number of T cells isolated from 
nicotine‑exposed rats (3.2x105 cells/well). An increase in the 
number of BMSCs increased the inhibition of T‑cell prolifera-
tion, as indicated by the CCK‑8 assay (Fig. 1A). At a BMSC:T 
cell ratio of 1:20, maximal proliferation inhibition was 
observed (>90% compared with the control group; Fig. 1A). 
The results suggested that a higher ratio of BMSCs:T cells 
resulted in increased inhibition of T‑cell proliferation. Due to 
the limited capacity of the 96‑well plate, 1:20 was the highest 
ratio that could be investigated in the present study; therefore, 
the ratio of 1:20 BMSCs:T cells was selected for subsequent 
experiments.

iNOS inhibitor L‑NAME at 5 µM displays the maximal ability 
to reverse the antiproliferative effects of BMSCs. To investi-
gate the effect of iNOS on the suppressive function of BMSCs, 
the culture medium of the BMSC:T‑cell co‑culture system was 
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supplemented with the iNOS inhibitor L‑NAME at various 
concentrations. When BMSCs and T cells were co‑cultured at 
the ratio of 1:20, addition of L‑NAME (starting from 0.5 µM) 
reversed BMSC‑mediated inhibition of T‑lymphocyte prolif-
eration in a concentration‑dependent manner with L‑NAME 
concentrations ≤5 µM, and L‑NAME at 5 µM displayed the 
maximal reversal effect (Fig. 1B). Compared with L‑NAME 
at 5 µM, higher concentrations of L‑NAME (10 and 20 µM) 
resulted in decreased proliferation of co‑cultured T cells; 
therefore, L‑NAME at a dose of 5 µM was used for further 
investigation of iNOS‑mediated mechanisms underlying the 
antiproliferative effects of BMSCs on T cells.

Functional inactivation of iNOS by inhibitor treatment or 
shRNA‑mediated knockdown reverses the suppressive effects 
of BMSCs. To further investigate the role of iNOS in medi-
ating the antiproliferative effect of BMSCs on T cells, an 
iNOS shRNA‑expressing lentivirus was generated. BMSCs 
were infected with either CV or shRNA‑iNOS. Following 
incubation for 48 h, transfected cells were co‑cultured with 
T lymphocytes isolated from nicotine‑exposed rats at the ratio 
of 1:20. BMSCs in the control and CV groups significantly 
inhibited the proliferation of T lymphocytes. By contrast, 
treatment with the iNOS inhibitor L‑NAME or silencing of 
iNOS expression significantly reversed the antiproliferative 
effects of BMSCs (Fig. 2).

Antiproliferative effect of BMSCs is dependent on iNOS 
production by BMSCs and is associated with a reduction in 
STAT5 phosphorylation in T cells. A previous study on the 
transfusion of BMSCs into nicotine‑exposed rats indicated 
that the suppressive roles of BMSCs in autoimmune responses 
were associated with reductions in serum and lung iNOS 
expression levels and smoking‑induced STAT5 phosphoryla-
tion in lung tissue‑derived lymphocytes (24). To investigate 
whether STAT5 phosphorylation was also associated with the 
antiproliferative effects of BMSCs in the direct BMSC: T‑cell 
co‑culture system, the expression levels of iNOS in BMSCs 
and STAT5 in T cells were assessed. As determined by 

RT‑qPCR, compared with the corresponding control groups, 
the L‑NAME and shRNA‑iNOS groups displayed significantly 
downregulated iNOS expression levels in BMSCs (Fig. 3A). 
Consistently, the western blotting results also indicated that the 
protein expression levels of iNOS were significantly reduced 
in the L‑NAME and shRNA‑iNOS groups compared with the 
corresponding control groups (Fig. 3B and C). Furthermore, 
the level of STAT5 phosphorylation was significantly 

Figure 1. Effects of different ratios of BMSCs:T cells and different concentrations of the iNOS inhibitor L‑NAME on the in vitro BMSC:T cell co‑culture 
system. (A) The proliferation of T cells co‑cultured with BMSCs at different ratios was measured using the CCK‑8 assay. (B) The proliferation of T cells 
co‑cultured with BMSCs at a ratio of 1:20 and treated with different concentrations of L‑NAME was measured using the CCK‑8 assay. BMSCs, bone 
marrow‑derived mesenchymal stem cells; iNOS, inducible nitric oxide synthase; L‑NAME, N‑nitro‑L‑arginine methylester; CCK‑8, Cell Counting Kit‑8; 
OD, optical density; Con, control; conc, concentration.

Figure 2. iNOS inhibitor treatment and shRNA‑mediated knockdown 
of iNOS significantly reverse the antiproliferative effect of BMSCs on 
T cells. T cells were co‑cultured with control, shRNA‑CV‑transduced, 
shRNA‑iNOS‑transduced or L‑NAME‑treated rat BMSCs at a ratio of 1:20. 
T cells cultured alone were considered as the negative control. **P<0.01, 
as indicated. iNOS, inducible nitric oxide synthase; shRNA, small hairpin 
RNA; BMSCs, bone marrow‑derived mesenchymal stem cells; CV, control 
lentivirus; L‑NAME, N‑nitro‑L‑arginine methylester; OD, optical density; 
Ctrl, control.
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increased in T cells co‑cultured with BMSCs with reduced 
iNOS expression compared with the corresponding control 
groups (Fig. 4A). The increased expression of phosphorylated 
STAT5 resulted in significantly increased ratios of phos-
phorylated STAT5/total STAT5 expression in the L‑NAME 
and shRNA‑iNOS groups compared with the corresponding 

control groups (Fig. 4B). Collectively, the results suggested 
that iNOS expression in BMSCs was negatively associated 
with STAT5 phosphorylation in T cells in the co‑culture 
system. Furthermore, the results indicated that iNOS produc-
tion in BMSCs and reduced STAT5 phosphorylation in T cells 
contributed to the antiproliferative effects of BMSCs.

Figure 3. iNOS inhibitor treatment and shRNA‑mediated knockdown of iNOS significantly reduce the expression levels of iNOS in BMSCs. (A) iNOS mRNA 
expression levels were determined by reverse transcription‑quantitative PCR. iNOS protein expression levels were (B) determined by western blotting and 
(C) quantified. **P<0.01, as indicated. iNOS, inducible nitric oxide synthase; shRNA, short hairpin RNA; BMSCs, bone marrow‑derived mesenchymal stem 
cells; Con, control; CV, control lentivirus; L‑NAME, N‑nitro‑L‑arginine methylester.
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Discussion

In previous years, the role of T cell‑mediated immune regulation 
in the pathogenesis of COPD has gained increasing attention. 
Long‑term cigarette smoking is a risk factor for COPD and 
lung‑infiltrating T lymphocytes play an indispensable role 
during the development of COPD and emphysema (30,31). 
MSCs with strong immunosuppressive properties have been 
reported to attenuate COPD and emphysema progression in 
animal models and human clinical trials (32‑34). In the present 
study, the suppressive effect of rat BMSCs on the proliferation 
of splenic T cells isolated from chronic nicotine‑exposed rats 
was investigated in an in vitro BMSC and T cell co‑culture 
system. The results indicated that the suppressive function of 
BMSCs on T‑cell proliferation was dependent on the expres-
sion of iNOS in BMSCs and reduced STAT5 phosphorylation 
in T cells.

A previous study reported that chronic cigarette smoke 
exposure induces immune dysregulation in the lungs of rats 
and adoptive transfer of BMSCs significantly attenuates the 
imbalance of proinflammatory and anti‑inflammatory factors, 
reduces the antibody response to lung elastin antigen, and 
attenuates chronic inflammatory damage in the lungs (24). 
Furthermore, analysis of the cell cycle demonstrated that 
T‑lymphocyte proliferation in the lungs of rats treated with 
BMSC adoptive transfer following exposure to cigarette 
smoke is arrested at the G0/G1 phase, which correlates with 
the reduced level of inflammatory mediators and local inflam-
matory responses (24). However, the molecular mechanisms 
underlying MSC‑mediated inhibition of T‑lymphocyte prolif-
eration and immune response regulation are not completely 
understood  (16,17,35‑38). The hypothesis that a soluble 
molecule mediates the inhibitory effect of MSCs on T cells 
remains controversial. Certain previous studies have reported 
that TGF‑β, HGF, indoleamine 2,3‑dioxygenase (IDO) and 
prostaglandin E2 mediate the suppressive effects of MSCs 
on T cells (16,38,39). By contrast, other previous studies have 
reported that MSCs inhibit T lymphocytes via contact‑depen-

dent mechanisms (18,40) and cellular stress induction (41). 
Previous studies conducted by Su et al (42) and Shi et al (43) 
revealed that the key molecule mediating immunosuppression 
by MSCs is species dependent; MSCs from monkeys, pigs 
and humans suppress immune responses via IDO, whereas 
MSCs from mice, rats, rabbits and hamsters mediate immune 
responses via iNOS. MSCs derived from iNOS knockout 
mice displayed significantly reduced antiproliferative effects 
on T lymphocytes (20). In addition, it has been indicated that 
the antiproliferative effect of rat BMSCs on T lymphocytes is 
mediated by the induction of iNOS expression and production 
of NO by BMSCs (23). Therefore, the present study aimed to 
determine whether BMSCs directly inhibited the proliferation 
of nicotine‑exposed T cells via iNOS expression, while the 
effects of other soluble factors, including TGF‑β and prosta-
glandins, require further investigation. Consistently, a previous 
study also demonstrated that tail vein injection of BMSCs 
significantly reduced the downregulation of iNOS levels in 
the blood circulation and lungs of rats chronically exposed to 
cigarette smoke (24). The critical role of iNOS in mediating 
the suppressive function of BMSCs was further suggested by 
the results of the direct cell co‑culture experiments performed 
in the present study. Functional inactivation of iNOS by 
shRNA‑mediated iNOS silencing or treatment with an iNOS 
inhibitor significantly reversed the suppressive function of 
BMSCs during co‑culture with T cells. In the present study, 
BMSCs at passage 3 were used and the co‑culture period was 
relatively short (24 or 48 h), which suggested that the antipro-
liferative effect of BMSCs was not due to their differentiation 
potentials. Similarly, previous studies have reported that cell 
stemness does not explain the MSC‑mediated repair of a 
number of tissues (44,45).

Macrophages can inhibit the proliferation of T cells 
by NO‑mediated reduction of STAT5 phosphorylation in 
T cells (46). Similarly, BMSCs displayed antiproliferative effects 
on nicotine exposed‑T cells in a NO production‑dependent 
manner in the present study. Moreover, in a previous in vivo 
study, adoptive transfer of BMSCs also led to significantly 

Figure 4. iNOS inhibitor treatment and shRNA‑mediated knockdown of iNOS in BMSCs significantly increases STAT5 phosphorylation in co‑cultured 
T cells. The protein expression levels of phosphorylated STAT5 and total STAT5 were (A) determined by western blotting and (B) quantified. **P<0.01, 
as indicated. iNOS, inducible nitric oxide synthase; shRNA, short hairpin RNA; BMSCs, bone marrow‑derived mesenchymal stem cells; p, phosphorylated; 
Con, control; CV, control lentivirus; L‑NAME, N‑nitro‑L‑arginine methylester.
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reduced STAT5 phosphorylation in rat lung T lymphocytes 
after chronic direct exposure to cigarette smoke. In the present 
study, the direct BMSC:T cell in vitro co‑culture resulted in 
increased phosphorylated STAT5 and decreased total STAT5 
expression in T cells. Additionally, L‑NAME reversed the 
reduction of STAT5 phosphorylation induced by BMSCs, which 
suggested that NO functionally suppressed STAT5 to inhibit 
T‑cell proliferation, as STAT5 is a crucial transcription factor 
for T cell activation and proliferation (47,48). However, neither 
shRNA‑mediated silencing of iNOS or L‑NAME treatment 
completely reversed the BMSC‑induced inhibition of T‑cell 
proliferation, suggesting that NO might not be the only factor 
responsible for the antiproliferative effect of BMSCs on T cells. 
In the present study, ~80% of T‑cell proliferation was restored 
after functional inactivation of iNOS, indicating that NO may 
serve as the major soluble factor responsible for the suppressive 
function of BMSCs. Consistently, BMSCs derived from mice 
also inhibit T‑cell proliferation via NO production (20), which 
together with the results of the present study and a previous 
study  (23) indicated that MSCs from mice and rats could 
be categorized as iNOS‑utilizing immunosuppressors  (42). 
Collectively, inhibition of T‑cell proliferation by BMSC‑derived 
NO and subsequent inhibition of STAT5 phosphorylation in 
T cells may partially explain BMSC‑mediated alleviation 
of chronic inflammation and lung injury in rats exposed to 
long‑term chronic cigarette smoke.

T cells are classified into CD4+ and CD8+ T cells, depending 
on the surface expression of CD4 and CD8 molecules. A 
clinical study revealed that a high number of CD4+ T cells 
infiltrate the airway wall and lung parenchyma of patients with 
COPD, and the number of CD4+ T cells is positively correlated 
with the severity of airflow limitation and emphysema (10). 
Maeno et al (49) reported that cigarette smoke exposure did not 
induce emphysema‑like changes in CD8+ T cell‑deficient mice, 
suggesting that CD8+ T cell‑mediated inflammation is involved 
in the development of COPD and emphysema. However, the 
precise mechanisms underlying the regulation of T‑lymphocyte 
differentiation by BMSCs during the modulation of chronic lung 
inflammation and injury in animal models of COPD requires 
further investigation. A limitation of the present study was that 
total T cells were used in the co‑culture experiments. Both CD4+ 
and CD8+ T cells have been implicated in the disease progres-
sion of COPD; therefore, characterizing the T cell subtype that 
is more susceptible to BMSC‑mediation and NO is required to 
improve the knowledge of the suppressive function of BMSCs. 
In addition, whether CD4+ and CD8+ T cells exhibit differential 
STAT5 phosphorylation following NO stimulation or co‑culture 
with BMSCs also requires further investigation. Another limi-
tation of the present study was that the T cells were isolated 
from rat spleens and not from rat lungs due to low abundance; 
therefore, spleen‑derived T cells might not fully represent the 
phenotype of cigarette smoke‑exposed lung‑derived T cells.

In summary, an in vitro BMSC:T cell co‑culture system was 
established and the antiproliferative effect of rat BMSCs on 
splenic T cells isolated from rats after long‑term chronic ciga-
rette smoke exposure was investigated. Functional inactivation 
of iNOS in BMSCs with shRNA‑mediated silencing or specific 
inhibitor treatment indicated that BMSC‑induced inhibition 
of T‑cell proliferation was mediated by iNOS expression and 
NO‑induced reduction of STAT5 phosphorylation in T cells. 

The present study provided direct evidence of the suppressive 
effect of BMSCs on cigarette‑exposed T cells and could, at 
least partially, explain the mechanisms underlying the benefi-
cial roles of BMSC infusion in animal models and patients. 
Furthermore, the present study indicated that adoptive transfer 
of BMSCs may serve as a promising therapeutic strategy for 
chronic smoking‑induced COPD and emphysema.
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