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tion of Aza to OVA-sensitized mice diminished airway hyper-
reactivity, pulmonary eosinophilia, levels of OVA-specific 
IgG1 and IgE in serum, and secretion of TH2 cytokines from 
OVA-stimulated splenocytes in a dose-dependent manner. 
Percentages of CD25+ and FoxP3+ cells in the CD4+ cell pop-
ulation were notably increased in Aza-treated mice com-
pared to sensitized control mice. Furthermore, the major 
symptoms of asthma were exacerbated by depleting CD25+ 
cells in Aza-treated mice.  Conclusions:  Aza may have appli-
cations as a novel clinical strategy to increase the production 
of Treg cells in order to modulate the airway inflammation 
associated with asthma.  Copyright © 2012 S. Karger AG, Basel 

 Introduction 

 Asthma is a chronic inflammatory disease of the air-
ways  [1] ; it has emerged as a worldwide public health 
problem that is increasing in incidence, morbidity, and 
mortality  [2] . Asthmatic patients are characterized by hy-
perreactivity of the airways and infiltration of inflamma-
tory cells. It is known that TH2 cells are responsible for 
the pathogenesis of asthma  [3] . TH2 cytokines, such as 
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 Abstract 

  Background:  Asthma is characterized as a chronic inflam-
matory disorder of the airways associated with an enhanced 
TH2 response to inhaled allergens. CD4+ T regulatory (Treg) 
cells are controlled by the master transcription factor FoxP3 
and strictly maintain peripheral immunotolerance. Epige-
netic regulation of FoxP3 by DNA methyltransferase inhib-
itors, such as 5-azacytidine (Aza), can generate a steady sup-
ply of functional Treg cells. Therefore, we propose that Aza 
can augment Treg cells in vivo to prevent the pathogenesis 
of asthma.  Methods:  BALB/c mice were sensitized with chick-
en ovalbumin (OVA) and treated with different doses of Aza. 
Airway hyperresponsiveness to methacholine, eosinophilia 
in bronchoalveolar lavage fluid, circulating titers of OVA-spe-
cific IgG1 and IgE, and stimulating levels of TH2 cytokines 
from splenocytes were then determined. Cellular popula-
tions were examined by flow cytometry. PC61 antibody, 
which depletes CD25+ cells, was used to verify the role of 
CD25+ cells in Aza-induced tolerance.  Results:  Administra-
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IL-4, IL-5, and IL-13, promote allergen-specific IgE pro-
duction  [4, 5]  and eosinophil differentiation  [6]  and fur-
ther enhance the severity of asthma.

  During asthma attacks, medication is required to al-
leviate the symptoms. Medical therapies are divided into 
two main classes: drugs that are taken daily for long pe-
riods of time to decrease the frequency of asthma at-
tacks, and quick-relief drugs that are taken to relieve 
acute airflow obstruction  [7] . None of the currently 
available therapies can cure asthma or completely pre-
vent asthma symptoms. Recently, several novel therapies 
have been proposed, including anti-IgE, anti-TH2 cyto-
kines, and regulation of IFN- � . Modulation of regula-
tory T (Treg) cells is another potential therapy for asth-
ma  [8, 9] .

  Treg cells, a subset of CD4+ T lymphocytes that have 
suppressive activity, play an essential role in controlling 
immune responses  [10, 11] . Treg cells either occur natu-
rally in the thymus or are adaptively induced in the pe-
riphery following specific tolerogenic stimulation  [12] . 
Natural Treg cells constitute 5–10% of peripheral CD4+ 
T cells and can be characterized on the basis of high  levels 
of CD25 expression  [13] . Recently, the forkhead winged-
helix transcription factor FoxP3 was shown to be specifi-
cally expressed by natural Treg cells and to be critical for 
their homeostasis and function  [14] . It was also reported 
recently that the DNA methylation status of CpG islands 
in the  foxp3  promoter region is important for FoxP3 ex-
pression  [15]  and discriminates Treg cells from activated 
T cells  [16] .

  In 2004, the US Food and Drug Administration (FDA) 
approved a chemical analogue of cytidine, 5-azacytidine 
(Aza), for the treatment of all subtypes of myelodysplastic 
syndrome (MDS)  [17] . In the absence of exogenous TGF-
 � , Aza induces and stabilizes FoxP3 expression. In addi-
tion, adoptive transfer of TGF- � -induced T cells plus 
5-aza-2 � -deoxycytidine may prolong the survival of dia-
betic mice with pancreatic islet allografts  [18] . These 
studies indicate that Aza may induce Treg cell develop-
ment. However, the ability of this agent to expand Treg 
cells in vivo to prevent the development of asthma re-
mains to be verified.

  The aim of the present study was to investigate wheth-
er Aza can induce Treg cells in vivo and prevent asth-
matic responses. We first examined ovalbumin (OVA)-
induced asthmatic responses in mice after they were 
treated with Aza. We also determined the proportion of 
CD4+CD25+ cells in Aza-treated mice and investigated 
the role of CD4+CD25+ cells in Aza-induced tolerance 
by applying an antibody to deplete CD25+ cells.

  Materials and Methods 

 Animals 
 Female BALB/cByJNarl mice were purchased from the Na-

tional Laboratory Animal Center (Taipei, Taiwan). They were 
maintained and handled according to guidelines set by the Ani-
mal Care Committee of Chang Gung University (Taiwan) and the 
US National Institutes of Health (NIH) Guide for the Care and 
Use of Laboratory Animals.  

 Mouse Sensitization and Aza or Antibody Treatment 
 Mice aged 8 weeks were sensitized by intraperitoneal injection 

with 50  � g of chicken OVA (Sigma-Aldrich, Saint Louis, Mo., 
USA) emulsified with 0.8 mg of aluminum hydroxide gel (Pierce 
Biotechnology, Rockford, Ill., USA) in a total volume of 200  � l on 
days 1, 2, 3, and 14. Mice were challenged on days 14, 17, 20, 23, 
and 26 by inhaling 2% OVA in normal saline using an atomizer 
(Pulmo-Aide; DeVilbiss Health Care, Somerset, Pa., USA) for 20 
min. Control mice were sensitized and challenged only with nor-
mal saline. Mice were analyzed for airway hyperresponsiveness 
(AHR) on day 27 and sacrificed on day 28. During the OVA sen-
sitization periods, various concentrations of Aza (Sigma-Aldrich) 
in PBS were administered to the mice on days 1, 4, 7, 10, 14, 17, 20, 
23, and 26 before they were challenged with OVA. In the CD25+ 
cell-depleted experiment, mice that received only 7 doses of 100 
 � g Aza did not receive the last 2 doses administered to the 9-dose 
mouse group. Control mice received PBS alone as the control. In 
order to remove CD25+ cells, mice received 0.25 mg/ml anti-
CD25 antibody on day 13 (clone PC61; Biolegend, San Diego, Ca-
lif., USA). Sensitized control and Aza-treated mice were injected 
with control rat IgG (Sigma-Aldrich). None of the mice exhibited 
any overt signs of illness during the experiment. 

 Airway Hyperresponsiveness 
 AHR was measured on day 27 with inhaled methacholine 

(Mch) (Sigma-Aldrich) stimulation to induce airway constriction. 
The mice were first exposed to no Mch, and then to cumulatively 
increasing concentrations of Mch (10, 20, 30, and 40 mg/ml) for 
3 min per concentration. A transducer in each chamber detected 
changes in the respiratory airflow of each mouse. The pulmonary 
airway obstruction was calculated based on the formula Penh = 
(Te/RT – 1)  !  (PEF/PIF), where Penh is the enhanced pause (a 
dimensionless value), Te is the expiratory time, RT is the relax-
ation time, PEF is the peak expiratory flow (ml/s), and PIF is the 
peak inspiratory flow (ml/s). The changes were analyzed by Bio-
System XA software (all instruments were from Buxco Electron-
ics, Wilmington, N.C., USA).

  Cells in Bronchoalveolar Lavage Fluid and Lung Histology 
 The lungs of the mice were lavaged 3 times with 1 ml of normal 

saline. The bronchoalveolar lavage fluid (BALF) cells were centri-
fuged onto poly- L -lysine-coated slides at 800 rpm for 5 min in a 
Shandon Cytospin 4 (Thermo Shandon, Pittsburg, Pa., USA). The 
cells were then stained with LiuA dye for 30 s and LiuB dye for 
90 s. Two hundred cells per slide were counted under a micro-
scope (Olympus, Tokyo, Japan), and those with different mor-
phology were noted. Lungs were isolated, fixed in 10% formalde-
hyde-PBS, and embedded in paraffin for histology. Lung sections 
were stained with hematoxylin/eosin (HE) and periodic acid-
Schiff (PAS) stain for assessment of pulmonary inflammation and 
goblet cell hyperplasia, respectively.
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  Determination of OVA-Specific IgG1, IgG2a, and IgE 
 OVA-specific IgG1 and IgG2a antibody titers in sera were de-

termined by ELISA as described previously  [19] . A previous pro-
tocol for the measurement of OVA-specific IgE levels was followed 
with modifications  [20] . Briefly, wells in ELISA plates were coated 
with 3  � g/ml purified anti-IgE (BioLegend). After blocking, se-
rum samples were diluted 1:   5, and standard mouse IgE (anti-TNP, 
BioLegend) was added at concentrations of 3.125–100 ng/ml. Bio-
tinylated TNP-OVA (Upstate, Lake Placid, N.Y., USA) was subse-
quently added to the wells, followed by avidin-conjugated horse-
radish peroxidase (BD Biosciences, San Jose, Calif., USA). Finally, 
3,3 � ,5,5 � -tetramethylbenzidine (TMB) substrate solution (BD Bio-
sciences) was added, and the reaction was stopped with 2  N  H 2 SO 4 . 
The concentrations of antibodies were determined according to 
the standard curve. 

 Cytokine Production by OVA-Stimulated Splenocytes 
 Splenocytes were stimulated in vitro with 100  � g/ml OVA at a 

density of 5  !  10 6  cells/ml in RPMI 1640 medium (Gibco-BRL) 
with 10% fetal calf serum for 6 days. Concentrations of cytokines 
(IL-4, IL-5, IL-10, IL-13, and IFN- � ) in culture supernatants were 
determined with ELISA kits specific to each cytokine (IL-5 from 
BD Biosciences; others from R&D Systems, Minneapolis, Minn., 
USA). Cytokine concentrations were calculated based on stan-
dards run in parallel with recombinant cytokines. The limits of 
detection were 15.6 pg/ml for IL-4, IL-5, and IL-10, 31.3 pg/ml for 
IFN- � , and 39 pg/ml for IL-13.

  Cytometric Analysis 
 Cytometric analysis was performed with a BD FACSCalibur 

instrument and CellQuest (BD Biosciences) software. Cells har-
vested from mediastinal lymph nodes (LN), spleen, or lung were 
stained with antibodies in PBS for 20 min at 4   °   C and washed with 
2 ml of PBS. For intracellular FoxP3 staining, cells were stained 
with anti-CD4-FITC, then fixed and permeabilized with fixation 
and permeabilization buffers (eBioscience, San Diego, Calif., 
USA) according to the manufacturer’s instructions, and then 
 incubated at 4   °   C for 30 min with anti-FoxP3-APC or isotype 
 control antibody. Anti-CD4-FITC (clone: GK1.5) and CD25-PE 
(clone: PC61) monoclonal antibodies (mAbs) were purchased 
from BioLegend; anti-CD8-PE (clone: 53-6.7), anti-B220-FITC 
(clone: RA3-6B2), anti-CD3-PE (clone: 145-2C11), anti-FoxP3-
APC (clone: FJK-16s), and rat IgG2a-APC (clone: eBR2a) mAbs 
were purchased from eBioscience.

  Statistical Analysis 
 Data were analyzed using the Mann-Whitney test. Results 

were expressed as means  8  standard error of the mean (SEM). 
p  !  0.05 was considered to represent significant differences be-
tween groups.

  Results 

 Aza Ameliorates OVA-Induced Airway Inflammation 
 To test whether Aza is able to attenuate the develop-

ment of OVA-induced allergic responses, and to deter-
mine effective concentrations of Aza, each of three groups 

of mice received a different dose of Aza, i.e. 10, 50, or 100 
 � g/dose for the A10, A50, and A100 groups, respectively. 
The doses of Aza were administered by intraperitoneal 
injection twice a week a total of 9 times during the OVA 
sensitization period. After 5 challenges with OVA, the 
mice were stimulated by inhaling different concentra-
tions of Mch. The Penh value was calculated to determine 
the extent of pulmonary airway obstruction. The mean 
AHR of the A100 group was significantly lower than that 
of the saline-treated OVA-sensitized control (SC) mouse 
group at 30 mg/ml Mch stimulation ( fig. 1 a). In addition, 
the percentages and numbers of eosinophils in BALF 
were decreased in the Aza-treated groups in a dose-de-
pendent manner ( fig. 1 b, c). The total number of cells in 
BALF was also significantly lower in Aza-treated mice 
compared to SC mice ( fig. 1 c). The decrease in pulmonary 
inflammation in Aza-treated mice was also confirmed 
histologically with HE and PAS staining of lung tissues 
( fig. 1 d, e). These results indicate that Aza may prevent 
pulmonary inflammation. 

  Aza Inhibits OVA-Specific Humoral and TH2 
Cellular Responses 
 We next investigated whether Aza treatment is associ-

ated with reduced levels of OVA-specific IgG1 and IgE. 
The levels of OVA-specific antibody were undetectable in 
the nonsensitized (NS) control group ( fig. 2 a–c). The lev-
el of OVA-IgG1 ( fig. 2 a) was significantly different in the 
A100 and A50 groups compared to the SC group. Fur-
thermore, the levels of OVA-specific IgE, a definitive 
marker for asthma, were also lower in the A100 and A50 
groups compared to the SC group ( fig. 2 c). These results 
indicate that Aza inhibits OVA-specific antibody re-
sponses in a dose-dependent manner.

  Because Aza was associated with lower levels of OVA-
specific TH2-type antibodies, we also examined whether 
Aza could decrease TH2 cytokine production. The super-
natants from OVA-activated splenocytes were collected, 
and concentrations of cytokines were determined with 
ELISA ( fig. 2 d–g). Compared to SC mice, lower levels of 
TH2 cytokines, including IL-4, IL-5, and IL-13, were de-
tected in Aza-injected mice in a dose-dependent manner. 
It is noteworthy that suppressive cytokine IL-10, which is 
originally thought to be produced by TH2 cells, was also 
inhibited by Aza treatment ( fig. 2 d–g). IFN- � , a cardinal 
TH1 cytokine, was not detectable in any of the groups. 
Cytokines in BALF were low or not detectable in our 
model (data not shown). The above results suggest that 
Aza treatment can suppress the TH2 response.
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  Percentage of CD25+ T Cells in the CD4+ T Cell 
Population Is Increased after Aza Treatment 
 To determine whether Aza influences the population 

of lymphocytes, we used flow cytometry to measure the 
percentage of lymphocytes, including T cells, B cells, 

CD4+ cells, CD8+ cells, CD25+ cells, and CD4+FoxP3+ 
cells, in mediastinal LN or spleen. The proportion of cell 
populations in secondary lymphoid organs did not 
change with treatment, except for Treg cells. Compared 
to the SC group, the percentage of CD4+CD25+FoxP3+ 
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  Fig. 1.  Aza moderates OVA-induced air-
way inflammation.  a  Airway hyperactivi-
ty was lower in mice treated with Aza com-
pared to control mice. The mice were in-
jected with normal saline as a control and 
were sensitized and challenged with nor-
mal saline (NS). OVA-sensitized and OVA-
challenged mice were treated with 100- � g 
(A100), 50- � g (A50), or 10- � g (A10) doses 
of Aza or normal saline as an OVA-sensi-
tized control (SC). AHR is presented as 
Penh values that were measured after in-
halation of 30 mg/ml Mch. The percent-
ages of eosinophils ( b ) and pulmonary eo-
sinophils ( c ) were reduced in Aza-treated 
mice. BALF cells were stained with Liu 
staining dye, and the percentage of leu-
kocytes was calculated based on a total of 
200 cells. Lung sections from each group 
stained with HE ( d ) and PAS ( e ) stain are 
shown. Scale bars = 100  � m. Data are pre-
sented as means  8  SEM (n = 10–11 mice) 
from 3 experiments.  *  p  !  0.05;  *  *  p  !  0.01; 
 *  *  *  p  !  0.001.  
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cells was higher in both draining LN ( fig. 3 a, b) and spleen 
( fig.  3 c, d) in the Aza-treated group. Administering 
Aza to the mice was associated with a 20% increase 
in CD4+FoxP3+ cells in the periphery compared to SC 
mice. However, the percentages of CD25+ or FoxP3+ cells 
in CD4+ population in lung were comparable between 
sensitized control and Aza-treated mice ( fig. 3 e, f). More-
over, the results of an in vitro suppressive assay showed 
that Treg cell function was similar among groups (data 
not shown). These findings support the idea that an in-
creased percentage of Treg cells in lung draining LN 
might play a pivotal role in Aza-induced tolerance. 

  Depletion of CD25+ Cells Restores Asthmatic 
Response in Aza-Treated Mice 
 Based on the results presented above, treatment with 

Aza may modulate airway inflammation in OVA-sensi-
tized mice by increasing the proportion of CD4+CD25+ 
FoxP3+ cells in the T cell repertoire. Therefore, we inves-

tigated the role of CD4+CD25+ cells in Aza-treated mice 
by administering depleting anti-CD25 antibody (PC61) 
in vivo  [21, 22] . The 7 doses of Aza were administered to 
avoid the effects of prolonged treatment with the drug 
during the OVA sensitization period. The percentage of 
CD25+CD4+ cells in spleen in the Aza-treated (7A) group 
was higher than in the SC group, and CD25+ cells were 
greatly reduced in the PC61-injected (7AP) group com-
pared to the 7A group ( fig. 4 a).

  In the low content of CD4+CD25+ cells, the pulmo-
nary eosinophilia in the 7AP group was restored to levels 
similar to those of the SC group, which were much high-
er than those in the 7A group ( fig. 4 b, c). Histological ex-
amination of lungs also showed more obvious inflamma-
tion with peribronchial eosinophilia and goblet cell hy-
perplasia in Aza-treated and CD25+ cell-depleted mice 
compared to Aza-treated ones ( fig. 4 d, e). The concentra-
tion of OVA-specific IgE ( fig. 4 f) was also higher in the 
7AP group. However, there was no significant difference 
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  Fig. 2.  Aza inhibits OVA-specific humoral and TH2 cellular re-
sponses. Levels of OVA-specific IgG1 ( a ) and IgE ( c ) were signifi-
cantly lower in Aza-treated mice compared to sensitized control 
mice. NS, SC, and A100 mice were treated as in figure 1. Levels of 
OVA-specific IgG1 ( a ), IgG2a ( b ), and IgE ( c ) in serum were de-
termined by ELISA.  d–g  TH2 cytokine levels were lower in the 
culture supernatant of stimulated splenocytes from Aza-treated 

mice compared to control mice. Splenocytes from each group 
were stimulated with OVA (100  � g/ml) for 6 days. Levels of TH2 
cytokines, including IL-4 ( d ), IL-5 ( e ), IL-10 ( f ), and IL-13 ( g ), 
were measured by ELISA. n.d. = Not detectable. Data are present-
ed as means  8  SEM (n = 10–11 mice) from 3 experiments.  *  p  !  
0.05;  *  *  p  !  0.01;  *  *  *  p  !  0.001. 
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in the levels of OVA-specific IgG1 and IgG2a between the 
7A and 7AP groups (data not shown). Compared to the 7A 
group, TH2 cytokines were higher in the 7AP group 
( fig. 4 g–i). Collectively, our findings point to a critical role 
for CD4+CD25+ T cells in Aza-induced tolerance.

  Discussion 

 In this study, we investigated whether different doses 
of Aza, administered at the beginning of OVA sensitiza-
tion in a mouse asthma model, could prevent the develop-
ment of asthma. We found that, compared to OVA-sensi-
tized mice that were not treated with Aza, Aza treatment 
was associated with a lower AHR Penh value, less eosino-
phil infiltration in the lung, lower OVA-specific IgG1 and 
IgE levels in serum, and lower levels of TH2 cytokines (i.e. 
IL-4, IL-5, and IL-13). All of these changes were dose de-
pendent. Changes in the percentage of types of leuko-
cytes were also examined with flow cytometry. The data 
showed that the percentage of CD25+ and FoxP3+ cells 

in the CD4+ cell population was significantly increased 
in Aza-treated animals. However, Aza has been reported 
to cause an autoimmune disease with lupus-like symp-
toms  [23] . To improve the modulation of asthma symp-
toms without inducing autoimmunity, we treated the 
asthmatic mice with 100- � g doses of Aza as previous de-
scribed. After 6 months, we observed that there were no 
pathological changes in liver and kidney histological sec-
tions (data not shown).

  We next addressed whether Aza can induce CD4+ 
CD25+ Treg in vivo and modulate the symptoms of asth-
ma. Not all of the symptoms of asthma were restored in 
9AP mice (9 doses of Aza), which were treated with Aza 
and injected with anti-CD25 antibody to deplete CD25+ 
cells. Only the levels of serum OVA-specific IgE, the se-
cretion of IL-4, and the proliferation of splenocytes were 
significantly reversed. We also injected anti-CD25 anti-
body into OVA-sensitized mice that had received Aza 
doses a total of 7 times during the OVA sensitization pe-
riod, missing the last 2 doses administered to the 9AP 
mice. The symptoms of asthma were significantly re-
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  Fig. 3.  Proportions of CD25+ or FoxP3+ cells in the CD4+ cell population were increased in the periphery in 
Aza-treated mice. Cells from mice in figure 1 were stained with anti-CD4-FITC/anti-CD25-PE or anti-CD4-
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versed, especially the percentage of eosinophil infiltra-
tion ( fig. 4 ). The percentage of CD4+CD25+ cells was 7% 
in the 9AP group, but in the 7AP group only 3% of CD4+ 
cells were CD25+. In the 9AP group, Aza doses were ad-
ministered up until day 26, two days before sacrifice, in-

ducing new CD4+CD25+ cell formation. It is possible 
that the most recently formed CD4+CD25+ cells com-
prised the additional 4% of CD25+ cells seen in the 9AP 
group, and there was not enough time for the anti-CD25 
antibody to completely deplete these CD25+ cells prior to 
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  Fig. 4.  Asthmatic responses were amelio-
rated in CD25+ cell-depleted mice.  a  The 
percentage of CD25+ cells in the CD4+ cell 
population was reduced after PC61 injec-
tion. OVA-sensitized and OVA-challenged 
mice were treated with 7 doses of 100            � g 
Aza (7A) or normal saline as an SC. To re-
move CD25+ cells, mice received 0.25 mg/
ml PC61 antibody on day 13 (7AP). Spleno-
cytes were stained with anti-CD4-FITC/
anti-CD25-PE and analyzed by flow cy-
tometry. Percentages ( b ) and numbers ( c ) 
of eosinophils in BALF were determined 
as previously described. Depletion of 
CD25+ cells restored asthmatic response 
in Aza-treated mice. Histological sections 
of lung tissue were stained with HE ( d ) 
and PAS ( e ) staining. Scale bars = 100 
 � m. Aza-treated and CD25+ cell-depleted 
mice had restored inflammatory infiltrate 
and goblet cell hyperplasia. The levels of 
OVA-specific IgE in sera ( f ) and TH2 cy-
tokines from OVA-stimulated splenocytes 
( g–i ) were significantly higher in the 7AP 
group compared to the 7A group. Results 
were determined as in previous experi-
ments and are representative of 3 indepen-
dent experiments (n = 4–5 mice per group). 
Data are presented as means  8  SEM.  *  p  !  
0.05;  *  *  p  !  0.01;  *  *  *  p  !  0.001. 
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sacrifice. This might inhibit the expression of IL-5 and 
IL-13 and also influence the maturation and recruitment 
of eosinophils. In addition, asthma symptoms were still 
inhibited in the 7A group, similar to what was observed 
in the 9A group. This indicates that the effect of Aza can 
be sustained when OVA-sensitized mice have been sub-
jected to continuing challenge with OVA.

  A recent publication shows that pretreatment of 5-Aza-
2�deoxycytidine 2 weeks before sensitization prevents the 
alleviation of airway inflammation in a similar experi-
mental asthma model  [24] . Inhibition of DNA methyla-
tion at the IFNG promoter locus by Aza changes the TH1/
TH2 cytokine production and then inhibits the TH2 re-
sponse. However, it has been demonstrated that activated 
T cells exposed to the 5-Aza-2�deoxycytidine downregu-
late  IFN  gene expression  [25] . In our model, Aza treat-
ment is conducted prior to sensitization on the same day 
and throughout the sensitization. IFN- �  was barely de-
tected in any of the treatments, and the titer of OVA-spe-
cific IgG2a, a TH1 cytokine-regulated isotype, was great-
ly decreased in mice treated with Aza. Our findings pro-
vide evidence that Treg cells play a role in Aza-induced 
tolerance.

  In recent years, Treg cells were suggested to be key 
modulators that could prevent allergic sensitization and 
progression to established allergic diseases  [26, 27] . Treg 
cells are required to maintain immune homeostasis and 
self-immunological tolerance. Depleting Treg cells leads 
to the development of autoimmune diseases such as gas-
tritis and thyroiditis  [28]  and promotes antigen-induced 
TH2 cell differentiation  [29] . Thus, increasing the num-
ber of Treg cells in vivo could be a means of preventing 
or modulating the symptoms of asthma  [26, 30] . Endog-
enous  [31]  and adoptive transfer  [30]  of Treg cells can re-
solve allergic airway inflammation; however, the role of 
IL-10 is still controversial. IL-10 was elicited in our asth-
matic model, and its secretion was suppressed by Aza 
treatment ( fig. 2 f). In addition, TGF- �  was barely detect-
ed in Aza-treated animals in our experiments. Taken to-
gether, these findings suggest that Aza treatment might 
augment the effectiveness of natural Treg cells. 

  FoxP3 is the most important transcription factor for 
the development and function of natural Treg cells  [32] . 
Recent studies have focused on epigenetic regulation of 
the  foxp3  gene. The first intron and the upstream enhanc-
er of the mouse  foxp3  locus contain CpG islands  [15, 18] . 
Methylation at these sites counteracts the binding of 
CREB/ATF and recruits MeCP2, MBD2, DNMT1, and 
DNMT3b to inhibit FoxP3 expression  [18] . The DNA 
methyltransferase inhibitor Aza has been shown to in-

duce and stabilize FoxP3 expression, and it was approved 
by the FDA for the treatment of all subtypes of MDS  [17] . 
Based on these reasons, we hypothesized that Aza might 
prevent the development of asthma by increasing the per-
centage of Treg cells in vivo . 

  Zheng et al.  [33]  found considerable alterations in the 
cellularity and composition of thymocytes in mice treat-
ed with 5-aza-2 � -deoxycytidine. We found similar chang-
es 1 day after a 100- � g dose of Aza [unpubl. data]. The 
size of the thymus, as well as the number of cells in the 
thymus, were substantially smaller than in untreated 
mice. In addition, the frequency of CD4+CD8+ T cells in 
the thymus was lower, and the percentages of single-pos-
itive and double-negative T cells were conversely in-
creased. However, the proportion of thymocytes that un-
derwent apoptosis was similar among the 4 populations 
and between Aza-treated and control mice. Most impor-
tantly, higher frequencies of CD25+ and FoxP3+ cells in 
the CD4+ population were also observed in the thymi 
of Aza-treated mice. The significance of CCR5 in Treg 
egress from the thymus was addressed previously  [34] ; its 
expression may be modulated by epigenetic regulation 
 [35] . The role of CCR5 in the changes observed in the 
thymi of Aza-treated mice should be the subject of fur-
ther investigation. 

  In summary, our data demonstrate that Aza treatment 
efficiently suppresses the symptoms of asthma and in-
creases the number of CD4+CD25+ Treg cells in vivo . 
 Furthermore, when CD25+ cells were depleted in vivo in 
Aza-treated mice, the majority of asthma symptoms were 
present. Therefore, Aza, which is already used to treat 
MDS, should be investigated as a novel strategy to in-
crease the production of Treg cells and modulate allergic 
diseases.
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