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Abstract: Object: To determine the potential of bone marrow-derived mesenchymal stem cells (BMSCs) for immu-
nomodulatory mechanism in mice model of allergic rhinitis (AR). Methods: BMSCs were isolated and the surface 
markers and stemness were analyzed. The effect of BMSCs was evaluated in BALB/c mice that were randomly di-
vided into three groups (control group, ovalbumin (OVA) group, OVA+BMSCs group). BMSCs were administered intra-
venously to OVA sensitized mice on days 1, 7, 14 and 21, and subsequent OVA challenge was conducted daily from 
days 22 to 35. Several parameters of allergic inflammation were assessed. Results: Mesenchymal stem cells can 
be successfully isolated from bone marrow of mice. Intravenous injection of BMSCs significantly reduced allergic 
symptoms, eosinophil infiltration, OVA-specific immunoglobulin E (IgE), T-helper 2 (Th2) cytokine profile (interleukin 
(IL)-4, IL-5 and IL-13) and regulatory cytokines (IL-10). In addition, level of Th1 (IFN-γ) was significantly increased. 
Conclusion: Administration of BMSCs effectively reduced allergic symptoms and inflammatory parameters in the 
mice model of AR. BMSCs treatment is potentially an alternative therapeutic modality in AR.
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Introduction

Allergic rhinitis is a common chronic reversible 
inflammatory disease of the nasal passages 
inducing rhinorrhoea, nasal obstruction, nasal 
itching and sneezing [1]. AR affects up to 20% 
of adults in the United States [2] and is charac-
terized by an influx of eosinophils and Th2 
excessive activation [3]. There is growing evi-
dence that the Th2 cytokines such as IL-3, IL-4, 
IL-5 and IL-13 down-regulated by T cells were on 
increase in AR patients [4]. AR aggravates other 
conditions, such as sinusitis, asthma and 
increase health-care cost [5]. Several new 
treatment modalities are attempted for revers-
ing the established Th2 response, and numer-
ous small-scale stem cell therapies are current-
ly underway for allergic diseases [4].

Mesenchymal stem cells (MSCs) are ubiquitous 
multipotent cells capable of differentiating into 
several mesenchymal lineages, such as bone, 
cartilage, muscle and adipose tissue [6, 7]. The 
experimental and clinical evidence indicate 
that MSCs could be effective anti-inflammatory 

cells for several diseases, including multiple 
asthma, graft-vs.-host disease, Crohn’s dis-
ease, multiple sclerosis and other inflammatory 
disorders [8-11]. In addition to the potential for 
therapeutic applications in tissue engineering 
and regenerative medicine [12, 13], a growing 
body of evidence has demonstrated that MSCs 
exhibit strong immunomodulation potential, 
making them attractive candidates for the 
development of novel allogeneic cell-based 
therapeutic approaches in the treatment of a 
variety of immune diseases [14-16]. MSCs can 
modulate dendritic cell maturation [17], sup-
press natural killer cell function [18, 19] and 
inhibit the allogeneic T cell response by altering 
the cytokine secretion profile of dendritic cells 
and T cells induced by an allogeneic immune 
reaction [18].

Few researches have investigated the immuno-
modulatory effects of BMSCs obtained from 
mice. In this study, we addressed the immuno-
modulatory effects of BMSCs on AR, providing a 
basis of further clinical applications of BMSCs 
on treating allergic diseases.

http://www.ajtr.org
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Materials and methods

Four-week-old male BALB/c mice were obtained 
from the Laboratory Animal Center of China 
Medical University. All experimental animal pro-
cedures used in this study were performed in 
accordance with the NIH Guide for the Care and 
Use of Laboratory Animals and approved by the 
Ethics Review Committee for Animal Experi- 
mentation of the China Medical University.

Extraction, isolation, and characterization of 
BMSCs

BMSCs were extracted from male BALB/c mice 
at 4 weeks of age, 18-20 g and were collected 
and cultured as described previously [18]. 
Briefly, under anesthesia with intravenous sodi-
um pentobarbital (40 mg/kg), mice were eutha-
nized and the bone marrow was flushed out of 
the femurs and tibias with Dulbecco’s modified 
Eagle’s medium (DMEM; Gibco, USA). The cells 
were washed once with DMEM and were centri-
fuged (400 g for 15 minutes), resuspended in 
Dulbecco’s modified Eagle’s medium, added to 
Ficoll-Hypaque (Histopaque 1083; Sigma-Ald- 
rich, USA). The mononuclear cell fraction was 
washed for 3 times with DMEM. The cell pellets 
were plated in 25 cm2 culture flasks (Corning, 
USA) filled with 5 ml DMEM containing 10% FBS 
and 100 μg/ml penicillin/streptomycin. Cells 
were maintained in a humidified tissue culture 
incubator (37°C, 5% CO2) and the medium was 
changed subsequently every 3 days for further 
cultivation. When BMSCs reached 90% conflu-
ence, the cells were passaged by 0.25% trypsin 
and 0.05% EDTA (Gibco, USA) for analysis or 
transplantation. This study used BMSCs at 
their third passage. 

To induce osteogenic differentiation, cells were 
cultured for 2 weeks in osteogenic medium 
(low-glucose DMEM supplemented with 10% 
FBS, 10 mM β-glycerophosphate, 0.1 mM dexa-
methasone, and 50 μg/ml ascorbic acid), as 
described previously [20]. Early mineralization 
was detected using Alizarin Red S. Cells were 
fixed with 70% ethanol and washed for 3 times 
with distilled water. BMSCs were incubated in 
2% alizarin red solution for 15 minutes at room 
temperature and washed for 3 times with dis-
tilled water. For adipogenic differentiation, cells 
were cultured in adipogenic differentiation 
medium (high-glucose DMEM containing 10% 
FBS, 100 μg/ml 3-isobutyl-1-methylxanthine, 
100 μM indomethacin, 10 μM bovine insulin, 
and 1 μM dexamethasone), and Oil Red-O stain-
ing was performed after 14 days [21]. The cells 
were fixed at room temperature with 70% etha-
nol for 15 minutes and incubated in 2% Oil Red 
O reagent for 1 hour at room temperature. 70% 
ethanol was employed to wash excess stain, 
followed by several changes of distilled water. 
For phenotypic characterization, approximately 
105 cells were incubated for 30 min with mono-
clonal antibodies to CD29, CD44, CD45 and 
CD34 labeled with fluorescein isothiocyanate 
or phycoerythrin. Cells were analyzed using flu-
orescence-activated cell sorter (FACSCalibur, 
BD Biosciences, USA) and Cell Quest software. 
The absence of CD34 and CD45 and the pres-
ence of CD44 and CD29 were used to identify 
MSCs.

Allergen sensitization and nasal challenge

The sensitization and antigen challenge for the 
murine model of AR were induced as previously 
described with minor modification [22]. Briefly, 

Figure 1. Allergic rhinitis model. On days 1, 7, 14, and 21, mice received an intraperitoneal (ip) injection of 40 µg/kg 
of ovalbumin (OVA) and 1 mg of alum in 200 µl of PBS. One week after the last OVA sensitization (day 21), a series 
of 14 daily intranasal (in) OVA (20 µl of 25 mg/ml) challenges were administered. The mice were killed 24 h after 
the last nasal challenge for further analyses.
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under pathogen-free conditions, mice were 
sensitized using OVA (Sigma-Aldrich, St. Louis, 
MO, USA) as follows. Ovalbumin (40 µg/kg) OVA 
diluted in sterile phosphate-buffered saline 
(PBS) was administered along with 1 mg alumi-
num in a total volume of 200 μl PBS (alum adju-
vant, 40 mg/kg) to mice four times by intraperi-
toneal injection on days 1, 7, 14, and 21. This 
was followed by daily intranasal challenge with 
OVA diluted with sterile normal saline intrana-
sally (20 µl of 25 mg/ml OVA per mouse) from 
days 22 to 35. Twenty-four hours after the last 
OVA challenge, blood, spleen tissues, and nasal 
cavity tissues were collected from each mouse. 
Mice were divided into three groups, with eight 
mice in each group. In control group, mice were 
sensitized, treated, and challenged with PBS. In 
OVA group mice were sensitized with OVA and 
Alum and challenged with OVA, but instead of 
injection of BMSCs, PBS was injected. In 
OVA+BMSCs group, mice were sensitized with 
OVA plus Alum, injected BMSCs, and challenged 
with OVA. In BMSCs group, 0.5×106 into 100  
µl PBS of BMSCs were administered intrave-
nously on days 22 to 35 of the experimental 
period (Figure 1).

Allergic nasal symptoms

Twenty four hours after the final nasal chal-
lenge with OVA, the frequencies of sneezing 
and nasal rubbing were recorded for each 
mouse by blinded observers, over a 15 min 
interval. The mice were then killed 24 h after 
the last nasal challenge for further analyses 
[23].

Nasal histology

Twenty four hours after the final OVA nasal chal-
lenge, nasal cavity tissues were removed from 
the mice, fixed in 4% paraformaldehyde, em- 
bedded in paraffin. Samples were cut into 4 µm 
cross sections and were stained with hematox-
ylin and eosin. The numbers of eosinophils 
were counted in the nasal septal mucosa under 
a light microscope (400 magnification).

Real-time RT-PCR for IL-4, IL-5, IL-10, IL-13 and 
IFN-γ in the nasal mucosa

Total RNA was isolated from the nasal mucosa 
using TriZol reagent (Invitrogen, USA). Comple- 
mentary DNA (cDNA) was synthesized using  
the iScript cDNA Synthesis Kit (Bio-Rad Labo- 

ratories; CA). For analysis of IL-4 (Mm0044- 
5258_g1), IL-5 (Mm00439646_m1), IL-13 
(Mm4331182-m1), IL-10 (Mm00439616_m1), 
IFN-γ (Mm99999071_m1), and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) (Mm- 
03302249_g1). Amplification of IL-4, IL-5, 
IL-10, IL-13, IFN-γ, and GAPDH cDNA was car-
ried out in MicroAmp optical 96-well reaction 
plates (Applied Biosystems). The reaction was 
performed using an Applied Biosystem 7500 
Real-Time PCR System (Applied Biosystems). 
The average transcript levels of genes were 
then normalized to GAPDH. The relative mRNA 
gene expression was calculated by using the 
2-∆∆Ct method.

Expression of cytokines in the spleen

24 hours after the last OVA challenge, the 
spleen was removed and collected in a tissue 
culture petri dish containing 3 ml of culture 
medium. 5 ml syringe was used to crush the 
tissue. Then, the crushed tissue was treated 
with lysis buffer containing potassium bicar-
bonate and ammonium chloride to deplete 
erythrocytes. Spleen single-cell suspensions 
(105 cells/well in 96-well culture plates) were 
cultured in RPMI 1640 medium supplemented 
with 10% FBS and stimulated with OVA (100 
ng/ml). The cells were incubated in a CO2 incu-
bator at 37C for 72 h. IL-4, IL-5, IL-10, IL-13 and 
interferon (IFN)-γ levels were measured by 
ELISA using an ELISA kit (Abcam, UK) followed 
the instruction of manufacturer.

Measurement of OVA-specific IgE and total IgE

Serum levels of OVA-specific IgE, IgG1 and IgG2 
were measured by solid-phase enzyme-linked 
immunosorbent assay (ELISA) in accordance 
with the manufacturer’s instructions. Bound 
immunoglobulin isotypes were detected with 
specific secondary antibody (biotin-conjugated 
rat anti-mouse IgE, IgG1 and IgG2a Abs were 
purchased from BD Pharmingen, San Jose, CA, 
USA).

Statistical analysis

Data are presented as mean standard error of 
the mean. Comparisons between groups were 
made by the Kruskall-Wallis test followed by 
Dun’s test using the SPSS software package 
version 13.0 (SPSS Inc., Chicago, IL) and P < 
0.05 was considered as statistical significant.
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Results

Morphology and characterization of ADSCs

BMSCs isolated from femurs and tibias had the 
ability to self-renew and adhere to plastic and 

expanded in culture without losing differentia-
tion potential. Flow cytometric analysis demon-
strated that BMSCs were positive for CD29, 
CD44, but negative for CD45 and CD34 (Figure 
2A-D) as reported previously [24]. These cells 
could be induced to differentiate into mature 

Figure 2. Surface markers and induced differentiation of BMSCs at passage 3. A. CD29. B. CD44. C. CD45. D. CD34. 
E. Alizarin red staining after osteogenic induction. F. Oil Red-O staining after adipogenic induction.

Figure 3. Comparison of nasal mucosa histopathology, eosinophilic infiltration and nasal symptoms among three 
groups. A. Control group. B. OVA group. C. OVA+BMSCs group. D. Eosinophil counts in the nasal mucosa. E. Sneez-
ing. F. Nasal rubbing. *P < 0.05; **P < 0.01 vs control group. +P < 0.05; ++P < 0.01 vs OVA group.
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adipocytes, which were confirmed by intracel-
lular lipid vacuoles after Oil Red-O staining 
(Figure 2E). Osteogenic differentiation was con-
firmed by the deposition of calcium as demon-
strated by alizarin red staining (Figure 2F).

BMSCs reduced the nasal symptoms in OVA-
sensitized mice

To investigate the effect of BMSCs on nasal 
symptoms, the frequency of sneezing and nasal 

rubbing was counted for 15 min after the last 
OVA sensitization. As shown in Figure 3, ovalbu-
min sensitized animals showed manifestation 
of allergic rhinitis symptoms as compared to 
non-sensitized mice. However, BMSCs signifi-
cantly decreased the number of nasal rubbing 
and sneezing compared to the group undergo-
ing treatment with OVA only demonstrating that 
BMSCs inhibits OVA-induced allergic nasal sym- 
ptoms (Figure 3E, 3F). Histopathologic analysis 
of the nasal mucosa obtained from the OVA 

Figure 4. Effects of BMSCs en-
graftment on levels of inflamma-
tory cyokines. A. Cytokine mRNA 
expression levels in the nasal 
mucosa (IL-4, IL-5, IL-10, IL-13, 
and IFN-γ). B. Systemic cytokine 
levels (IL-4, IL-5, IL-10, IL-13, 
and IFN-γ) in the splenocyte. *P 
< 0.05; **P < 0.01 vs control 
group. +P < 0.05; ++P < 0.01 vs 
OVA group.
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group revealed greatly typical pathologic fea-
tures of AR in the submucosa which was infil-
trated with numerous inflammatory cells. There 
were significant differences in the gross 
appearance of cross sections between BMSCs-
treated mice and control mice. BMSCs protect-
ed the nasal mucosa against damages and 
greatly reduced infiltration of eosinophils 
(Figure 3A-D). This data suggested that BMSCs 
could prevent the rhinitis symptoms.

Effect on nasal cytokine mRNA expressions

To investigate further the immunomodulatory 
effects of BMSCs on the T-cell phenotype, we 
examined the effects of BMSCs on mRNA 
expression levels of cytokine production (IFN-γ 
representing the Th1 phenotype; IL-4, IL-5 and 
IL-13 representing the Th2 phenotype; and 
IL-10 representing the Treg phenotype) in the 
nasal mucosa (Figure 4A). The treatment of 
BMSCs significantly reduced IL-10 levels com-
pared with the OVA group (P < 0.01). On the 
other hand, the level of IFN-γ was significantly 
increased and the levels of IL-4, IL-5 and IL-13 
were significantly decreased in the BMSCs 
group compared with the OVA group (P < 0.05). 

Effect on systemic cytokine profile

The systemic cytokine profile from spleen cul-
ture also demonstrated a similar trend (Figure 
4B) as shown in the nasal mucosa. IL-4, IL-5, 
and IL-13 protein concentrations were signifi-
cantly increased and the level of IFN-γ was sig-
nificantly decreased in the OVA group com-
pared with the BMCSs group (P < 0.05). IL-10 
levels in BMSCs group were significantly decre- 
ased compared with the control group (P < 
0.01).

Effect on immunoglobulin levels

The OVA group had increased serum OVA spe-
cific IgE, IgG1, and IgG2a levels compared with 
the control group. The BMSCs group had signifi-
cantly decreased OVA-specific IgE, and IgG1 
levels (P < 0.01). However, the OVA-specific 
IgG2a level did not change significantly in both 
treatment group compared with the OVA group 
(Figure 5).

Discussion

The objective of this study was to investigate 
the effect of BMSCs on mice model of AR. In 
our study, we showed that BMSCs had signifi-
cant inhibitory effects on allergic inflammation, 
which is consistent with other studies on AR [4, 
8, 25-27]. We have shown that BMSCs inhibit-
ed allergic nasal symptoms, including rubbing 
and sneezing, and reduced the numbers of 
eosinophils in nasal mucosa. BMSCs also 
decreased Th2 cytokine (IL–4, IL-5 and IL-13) 
levels and regulatory cytokines (IL-10) signifi-
cantly. In contrast, levels of Th1 (IFN-γ) incre- 
ased significantly after BMSCs treatment. 
Furthermore, OVA-specific IgE and IgG1 levels 
were significantly decreased by BMSCs treat- 
ment.

Over the past decade, MSCs have attracted 
remarkable interest due to their stemness of 
differentiating into various cell type, which 
makes them attractive for regenerative medi-
cine [24]. In addition, MSCs possess powerful 
immunomodulatory ability which support their 
therapeutic use for immune mediated diseases 
[28, 29]. Although MSCs have not been used in 
the clinic, these results demonstrate the poten-
tial beneficial role of these cells for the treat-
ment of allergic airway diseases. The symptoms 

Figure 5. Effects of BMSCs on serum OVA-specific antibodies. (A) OVA-specific IgE. (B) IgG1. And (C) IgG2a. *P < 
0.05; **P < 0.01 vs control group. +P < 0.05; ++P < 0.01 vs OVA group.
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of AR is by eosinophilic dependent inflamma-
tion and T-helper 2 (Th2) excessive activation 
[30]. Evidence has shown that the Th2 cyto-
kines which include IL-4, IL-5 and IL-13 down-
regulated by T cells were elevated in AR patients 
[4]. It was reported that these interleukins 
could inhibit the functions of Th1 immune 
response [31]. IL-10 also plays a crucial role in 
down-regulate the activities of Th1 [32]. IFN-γ is 
the principal Th1 effector cytokine which 
affects Th1/Th2 differentiation and triggers 
the production of macrophages and also inhib-
its Th2 cell proliferation [33]. In this study, the 
levels of Th2 cytokines (IL-4, IL-5, and IL-13) 
were significantly decreased after the addition 
of BMSCs, in then meantime IL-10 levels were 
significantly reduced. The eosinophilic inflam-
mation controlled by these interleukins is also 
reduced by BMSCs treatment. These results 
support the proposal that shift from Th2 to Th1 
occurs after BMSCs injection. In contrast, IFN-γ 
was increased in the presence of BMSCs com-
pared to OVA group which provide another evi-
dence of the ability of BMSCs on shifting Th2 to 
Th1 immune response to allergens. The bal-
ance between Th1 and Th2 is crucial to avoid 
AR. The shift from Th2 to Th1 caused by BMSCs 
injection may be a feasible way to control AR, 
because the excessive activation of Th2 was 
identified to be a leading cause of AR.

Since immunoglobulins play major roles in 
mediating allergy and inflammatory reactions, 
we investigated the expressions of several 
main immunoglobulin antibodies (IgE, IgG1 and 
IgG2a) that have been implicated in B-cell 
immune responses controlled by cytokines 
from Th cells. As shown in Figure 5, the level of 
IgE, a Th2 dependent antibody was significantly 
increased in OVA group than that in control 
group. The injection of BMSCs had a statisti-
cally significant tendency to reduce the secre-
tion of IgE, suggesting BMSCs may down-regu-
late Th2 immune responses. Administration of 
BMSCs also significantly decreased OVA-
induced IgG1 serum levels. No impressive dif-
ference of IgG2a levels was observed between 
OVA and BMSCs groups. This reveals the Th1 
immune response may be priming by the 
mounting of IgG1 production [34]. In another 
words, increase of IgG1 and the maintenance 
of IgG2 suggests the shift of Th2 to Th1 immune 
response. This shift may be responsible for 
BMSCs to regulate immunoglobulin production 
in allergic disease.

Although the experimental design was similar 
to that of conventional studies using rodent AR 
models and BMSCs infusion, there were some 
limitations associated with the current study, 
because not all the possible ranges of variables 
were investigated. First, we did not provide con-
trol for the effects of BMSCs on mice without 
induction of OVA. However, our found that 
BMSCs did not aggravate injury and can allevi-
ate injury. Therefore, it would be expected that 
these influence on these animals would be lim-
ited. Second, the exact mechanisms underlying 
the observed improvement in the model of AR 
through BMSCs administration are likely to be 
more complex and remain to be elucidated. 

Based on the collective results, administration 
of BMSCs significantly reduced inflammatory 
parameters and allergic symptoms in the model 
of AR. BMSCs treatment decreased nasal 
eosinophil infiltration, Th2 cytokine and OVA-
specific IgE secretion in the nasal mucosa. 
Therefore, BMSCs treatment is a potential ther-
apeutic modality in AR.
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