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Gamma radiation is used for several therapeutic indica-
tions such as cancers and autoimmune diseases. Low-dose
whole-body c irradiation has been shown to activate
immune responses in several ways, however, the effect and
mechanism of irradiation on allergic asthma remains poorly
understood. This study investigated whether or not irradi-
ation exacerbates allergic asthma responses and its potential
mechanism. C57BL/6 mice were sensitized and challenged
with ovalbumin (OVA) to induce asthma. The mice received
whole-body irradiation once daily for 3 consecutive days
with a dose of 0.667 Gy using 137Cs c rays 24 h before every
OVA challenge. Repeated low-dose irradiation reduced
OVA-specific IgE levels, the number of inflammatory cells
including mast cells, goblet cell hyperplasia, collagen
deposition, airway hyperresponsiveness, expression of in-
flammatory cytokines, CCL2/CCR2, as well as nuclear
factor kappa B (NF-jB) and activator protein-1 activities.
All of these factors were increased in BAL cells and lung
tissue of OVA-challenged mice. Irradiation increased the
number of Treg cells, expression of interleukin (IL)-10, IL-2
and IL-35 in BAL cells and lung tissue. Irradiation also
increased Treg cell-expressed Foxp3 and IL-10 by NF-jB
and RUNX1 in OVA-challenged mice. Furthermore, while
Treg cell-expressing OX40 and IL-10 were enhanced in lung
tissue or act-bone marrow-derived mast cells (BMMCs)
with Treg cells, but BMMCs-expressing OX40L and TGF-b
were decreased. The data suggest that irradiation enhances
Foxp3+- and IL-10-producing Treg cells, which reduce OVA-
induced allergic airway inflammation and tissue remodeling
through the down-regulation of migration by the CCL2/
CCR2 axis and activation of mast cells via OX40/OX40L in

lung tissue of OVA-challenged mice. � 2013 by Radiation Research

Society

INTRODUCTION

Radiation hormesis has been observed at low doses of
ionizing radiation and low-dose irradiation has been used
for investigations in physiology, immunology, medical
diagnosis and therapy (1).

Depending on the dose and target cell type, c irradiation
can induce apoptosis, encourage survival or promote
differentiation of immune cells (2). Low-dose whole-body
irradiation appears to activate immune responses in several
ways, leading in some cases to faster wound healing and
increased resistance to toxins, infections and tumor cell
injection (1, 3). Low-dose irradiation has been shown to
attenuate some chronic diseases including low-grade non-
Hodgkin’s lymphoma (4), gingivitis (5), malignant cancers
and autoimmune symptoms in MRL-lpr/lpr mice (6).
Irradiation has also been shown to attenuate experimental
autoimmune encephalomyelitis (7) and collagen-induced
arthritis without direct damage to lymphocytes (8) by the
up-regulation of Treg cells (9). In addition, ovalbumin
(OVA) that has been modified by c irradiation appears to
suppress humoral and cellular immune responses (10).
However, exacerbation of asthma by repeated low-dose
irradiation has been previously described (11). Furthermore,
low-dose irradiation has been shown to stimulates tumor
necrosis factor-alpha (TNF-a)-induced ICAM-1 mRNA
expression in human coronary vascular cells (12), to alter
the changes of the cytokine milieu (13), modulate matrix
metalloproteinase-9 production in macrophage cell line
(14), and inhibit the release of mediators by the reduction of
FceRI expression in mast cells (15).

Allergic asthma is a chronic and complex inflammatory
disease of the airways that is characterized by reversible
obstruction of airway hyperresponsiveness (AHR), infiltra-
tion of inflammatory cells into lung tissues, mucus
overproduction (16), and the overexpression of Th2-
mediated cytokines and chemokines (17). The release of
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Th2-mediated cytokines causes persistent inflammatory cell
recruitment and induces structural changes in airway walls
such as increased basement membrane thickness, increased
collagen deposition, smooth muscle hypertrophy and goblet
cell hyperplasia (18).

Mast cells play an important role in various inflammatory
disorders such as allergic and chronic immune diseases.
Circulating mast cell progenitors (MCp) are released from
bone marrow, accumulate in different tissues, mature under
the influence of locally produced factors, and are recruited
to the inflammatory sites through expression of the CCL2/
CCR2 axis (19). Interleukin (IL)-10-induced lung fibrocyte
recruitment also is CCL2/CCR2 specific (20).

Treg cells, which function mainly to inhibit immune
responses and protect against the development of chronic
immune diseases, appear to be necessary to maintain
peripheral tolerance to self-antigens. Recently, it was
reported that Treg cells block the influx of effector T cells
into inflamed tissues in a cytokine-dependent manner (21),
and suppress the production of allergen-specific IgE, and
induce IgG4 (22). This suppression has the potential to
control the development of allergic diseases by altering the
ongoing sensitization and effector phase by several major
pathways such as the suppression of effector Th1, Th2 and
Th17 cells (23–26). Treg also suppresses allergic inflam-
mation through direct action on mast cells, basophils and
eosinophils, and tissue remodeling via IL-6 and/or OX40/
OX40L (27, 28). Treg cell transcription factor Foxp3
expression is regulated by multiple transcription factors
such as nuclear factor of activated T-cells (NFAT), activator
protein-1 (AP-1), STAT5, cAMP response element-binding
protein (CREB) and nuclear factor-kappa B (NF-jB), all of
which modulate Treg cell development (26, 29, 30), and
RUNXs, which control the induction and suppressive
function of Treg cells (25, 29). Thus, strategies to induce
allergen-specific Treg activity hold great promise for the
treatment and prevention of asthma.

Based on the aforementioned reports that low-dose
irradiation attenuates various chronic diseases by Treg cell
up-regulation and that Treg cells plays an important role in
immune regulation of allergic diseases, we hypothesized
that irradiation could enhance Treg cells, and that the
enhanced Treg cells may reduce OVA-specific allergic
asthma symptoms in mice.

We observed that irradiation itself and/or Treg cells
induced to migrate by irradiation reduced allergic airway
inflammation and tissue remodeling through down-regulat-
ing the migration of inflammatory cells, including mast
cells, via cytokines/chemokines and through inactivation of
mast cells by OX40/OX40L interaction.

MATERIALS AND METHODS

Animals

Female, 8-week-old C57BL/6 mice weighing 20 g were obtained
from Orient Bio Inc. (Seongnam, Korea) and maintained in specific

pathogen-free conditions. All animals were housed in accordance with
the guidelines of the Association for the Assessment and Accreditation
of Laboratory Animal Care. Additionally, all protocols were approved
by the Institutional Review Board and conducted in the Laboratory
Animal Research Center of Sungkyunkwan University.

Allergy Induction with OVA

The experimental mice were divided into four groups (n ¼ 8 mice
per group). A negative control group of mice (Con) were sensitized
and nebulized with phosphate buffered saline (PBS). In the second
group (irradiation alone), mice were sensitized and nebulized with
PBS, and irradiated three times at a dose of 0.667 Gy (total dose, 2
Gy). In the third group (OVA), mice were sensitized with OVA. In the
fourth group (OVA þ 2 Gy), mice were sensitized and nebulized with
OVA prior to irradiation, described above.

OVA sensitization was performed with 20 lg OVA (Grade V;
Sigma-Aldrich, St. Louis, MO) conjugated with 50 lg/200 ll
aluminum (aluminum hydroxide, 2% Alhydrogel; Superfos Biosector,
Vedbaek, Denmark) by intraperitoneal (i.p.) injection on days 1 and
15. After 5 days, mice were nebulized with 5% OVA in PBS for 30
min once daily for 3 consecutive days, from days 20 to 22 (OVA
challenge), using a nebulizer (Mega Medical, Seoul, Korea). The
control mice were sensitized and nebulized with PBS at the same time.
All mice were sacrificed on day 23 (18).

Exposure of c-Ray Irradiation

Mice were placed in an Aperture Lucite Cabinet (CIS Biointerna-
tional, Saclay, France) and received whole-body irradiation without
anesthesia once daily for 3 consecutive days (days 19 to 21 for
irradiation) at a individual dose of 0.667 Gy (2 Gy total dose; dose rate
4.72 Gy/min) using a 137Cs c ray 24 h before every OVA challenge
(days 20–22 for OVA challenge) (Supplementary Fig. 1A; http://dx.
doi.org/10.1667/RR3082.1.S1).

Bronchoalveolar Lavage (BAL) Fluid

BAL fluid was collected, stained with Diff-Quick (International
Reagents, Kove, Japan) and counted by microscopy (18). Mast cells
were stained with May-Grünwald-Giemsa (Merck, Darmstadt, Ger-
many) and quantified at five randomly selected 200 3 200 lm areas (5
sites per slide 3 8 mice¼40 sites) by microscopy (31) (Supplementary
Information; http://dx.doi.org/10.1667/RR3082.1.S3).

Lung Tissue Histology

Lung tissue sections (3 lm) were stained with hematoxylin and
eosin (H&E) for general morphology, with periodic acid Schiff (PAS)
for goblet cells (18), and with van Gieson (Sigma-Aldrich) to visualize
collagen deposition (32). The amount of collagen was determined by a
Sircol collagen assay (Supplementary Information; http://dx.doi.org/
10.1667/RR3082.1.S3) (32).

Measurement of OVA-Specific Serum IgE

Blood samples were collected immediately after anesthesia by
cardiac puncture. Blood was allowed to clot at room temperature and
was then centrifuged at 550g for 30 min. Aliquots of serum were
stored at�708C until OVA-specific serum IgE analysis using ELISA
(Alpha Diagnostic International, San Antonio, TX) (18). Briefly, for
OVA-specific IgE analysis, microplates were coated with purified rat
anti-mouse IgE and were then treated with mouse sera followed by
biotinylated OVA prepared with a peroxidase-conjugated goat anti-
biotin secondary antibody. Reactions were read using an ELISA
plate reader at 450 nm. Mouse IgE was used for calibrating the
assay.

ANTI-ALLERGIC/ASTHMATIC EFFECTS BY IRRADIATION 571



Measurement of AHR

AHR was assessed by measuring changes in the airway resistance
(RL, cmH2O/ml/s) after mice were treated with methacholine (MCh,
Sigma-Aldrich) using the Flexivent system (SCIREQ, Montreal, PQ,
Canada). Anesthetized (pentobarbital sodium 70–90 mg/kg, i.p.
injection) and tracheostomized (18G cannula) mice were mechanically
ventilated (160 breaths/min, tidal volume of 10 ml/kg, positive end
expiratory pressure of 3 cmH2O). Increasing concentrations (3–25 mg/
ml) of MCh aerosol were administered by nebulization (3–25 mg/ml).
Airway resistance was measured at 60 and 120 s, respectively, after
the administration of MCh (18). Provocative concentration (PC300) was
calculated by the dose of MCh that induced a 300% increase in RL.

Immunoblotting Analysis

Then (1 3 106 cells), lung tissues (50 mg/50 ll), Treg cells (4 3 105

cells), or bone marrow-derived mast cells (BMMCs, 1 3 106 cells)
were suspended in a low-salt lysis buffer containing 10 mM Hepes
(pH 7.9), 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM
dithiothreitol, 0.5 mM phenylmethanesulfonylfluoride (PMSF), 2.0
lg/ml aprotinin, and 2.0 lg/ml leupeptin, and were allowed to swell
on ice for 30 min. The cells or tissues were then homogenized using a
Polytron apparatus (Kinematica, Littau, Switzerland). After centrifu-
gation, supernatants (20 lg) were subjected to 10% SDS-polyacryl-
amide gel electrophoresis and the resolved proteins were
electrophoretically transferred to nitrocellulose membranes (Amer-
sham BioSciences, Buckinghamshire, UK). The membranes were
washed with PBS containing 0.1% Tween 20 (PBST) and then
blocked for 1 h in 5% skim milk in PBST. After the membranes were
washed with PBST, they were incubated for 60 min at room
temperature with antibodies against c-H2AX, EMBP, Muc5ac, Foxp3,
RUNX, CCL2, CCR2, OX40 or OX40L diluted with PBST to 1:1,000
(Santa Cruz Biotechnology, Santa Cruz, CA). Membranes were
washed with PBST and treated with horseradish peroxidase (HRP)-
conjugated goat anti-mouse or HRP-conjugated rabbit anti-goat IgG
diluted to 1:5,000–1:10,000) (BD Pharmingen, Franklin Lakes, NJ) in
PBST for 60 min. After washing, the protein bands were visualized by
enhanced chemiluminescence using a chemiluminometer (Fuji Film,
Tokyo, Japan) (18).

RT-PCR

Total cellular RNA was isolated from BAL cells (1 3 106 cells),
lung tissues (50 mg/50 ll), Treg cells (4 3 105 cells) or BMMCs (1 3
106 cells) using Trizol reagent (Molecular Research Center, Cincin-
nati, OH). RT-PCR was performed in a final volume of 50 ll using an
amfiRivert 1-Step RT-PCR kit (GenDEPOT, Barker, TX) in an
automated thermal cycler (Bioer Technology, Hangzhou, China). PCR
was performed for 35 cycles. The primer sequences used are provided
in Supplementary Information (http://dx.doi.org/10.1667/RR3082.1.
S3) (18).

Electrophoretic Mobility Shift Assay (EMSA)

Nuclear extracts were prepared from BAL cells (1 3 106 cells), lung
tissues (50 mg/50 ll) or Treg cells (4 3 105 cells), and EMSA was
performed using a previously described method (Supplementary
Information; http://dx.doi.org/10.1667/RR3082.1.S3) (18).

Isolation and Activation of T Cells

T cells were isolated from lung tissues and spleens of OVA-
challenged mice (in vivo) or from spleens of normal mice (in vitro)
using Dynalt Mouse T Cell Negative Isolation Kit (Invitrogen,
Carlsbad, CA), and confirmed by one-color flow cytometric analysis
using anti-CD3-PE mAb (eBioscience, San Diego, CA) (33). Purity
for total T cells was more than 92%.

Treg cells and act-T cells included in total T cells from lung tissues
or spleens of OVA-challenged mice were analyzed using Mouse
Depletion Dynabeadst. Round-bottomed 96-well plates coated with 3
lg/ml anti-CD3 in PBS overnight at 48C were cultured with 5 3 104 T
cells isolated from normal splenocytes for 2 h at 378C. The plates
received irradiation once daily for 3 consecutive days at a dose of
0.667 Gy (total 2 Gy; dose rate, 4.73 Gy/min). The irradiated cells
were stimulated with 5 lg/ml anti-CD28. After 72 h, the harvested
cells were analyzed using a FACSCalibur flow cytometer and
CellQuest Software (Becton Dickinson, San Jose, CA) (34).

Flow Cytometry Isolation of Treg Cells

Treg cells were separated using manufacturer’s instructions
(Invitrogen). Briefly, BAL cells (1 3 106 cells) or splenocytes (1 3
108 cells) were resuspended in 1 ml isolation buffer [PBS with 0.1%
bovine serum albumin (BSA) and 2 mM EDTA] and CD4– cells were
removed using Mouse Depletion Dynabeadst. Bead-free CD4þ T cells
were resuspended in 250 ll isolation buffer, and 25 ll FlowCompe

Mouse CD25 antibody and 75 ll FlowCompe Dynabeadst

(Invitrogen Dynal AS, Oslo, Norway) were added. The tube was
placed in the magnet for a minimum of 2 min and the supernatant was
carefully removed. The bead-bound cells were resuspended in
isolation buffer and the tube was removed from the magnet. The
bead-bound cells were then carefully resuspended in FlowCompe

Release Buffer (PBS with 0.1% BSA and 2 mM EDTA), mixed by
gentle pipetting 10 times, and the tube was repositioned in the magnet
for 2 min. The supernatant containing the bead-free CD4þCD25þ cells
were transferred to a new tube and isolation buffer was added,
followed by centrifugation for 8 min at 350g. The supernatants were
discarded and the cell pellet containing the isolated mouse
CD4þCD25þ regulatory T cells (Treg cells) were resuspended in
culture medium (RPMI-1640) (35). To confirm Treg cells, the cells
were stained with fluorescein isothiocynate (FITC)-anti-CD25 and
phycoerythrin-anti-Foxp3 for Treg cells (1:100 dilution) and analyzed
with a FACSCalibur flow cytometer equipped with CellQuest
software. Purity was more than 95%. The Treg cells were used to
measure the expressions of Foxp3, TGF-b1 and IL-10, other
cytokines, mast cell activation and the dominance of Treg cells.

Total T and Treg cells isolated from spleens of OVA-challenged
and irradiated mice were cultured for 3, 7 or 14 days, and the viability
of both cells was determined using a 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT)-based assay. Total and Treg cells
isolated from spleens of normal mice received irradiation once daily
for 3 consecutive days at the same dose as in vivo, cultured for 3, 7 or
14 days, and viability was determined (36) (Supplementary Informa-
tion for MTT assay; http://dx.doi.org/10.1667/RR3082.1.S3).

Immunohistochemistry (IHC)

Lung tissues were fixed in 4% paraformaldehyde, embedded in
paraffin and cut into 3 lm thick sections. Lung sections were
deparaffinized with xylene and washed using various percentages of
ethanol. Endogenous peroxidase activity was blocked with 3%
hydrogen peroxide in methanol for 5 min. Slides were then blocked
with 1.5% BSA in PBS for 1 h. For immunofluorescence, a polyclonal
primary antibody against Foxp3 or CCR4 (diluted to 1:25) (Cell
Signaling Technology, Danvers, MA) was then applied and the slides
were incubated at room temperature for 1 h. After washing in PBS,
slides were treated with the corresponding FITC or TEXAS-Red
conjugated anti-IgG for 1 h at room temperature. Wash steps between
each stage were performed for 1–2 min. After washing in PBS, the
slides were mounted using aqueous mounting medium and were
examined using an LSM 5 EXCITER confocal microscope (Carl
Zeiss, Oberkochen, Germany) (37). The degree of IHC color (yellow)
developed by co-localization was quantified by intensity in 200 3 200
lm areas under microscope (5 areas/each slide 3 8 mice/each group¼
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40 areas), and then mean 6 SEM for 40 areas was presented by a
histogram.

Preparation and Activation of Bone Marrow-Derived Mast Cells
(BMMCs)

Bone marrow cells flushed from femurs and tibias of female, 8-
week-old C57BL/6 mice were cultured and confirmed in RPMI-1640
supplemented 50% WEHI-3B conditioned media for 5 weeks (31).
BMMCs (1 3 106 cells) were sensitized and challenged with anti-DNP
IgE antibody (0.1 lg/ml) and 1.0 lg/ml dinitrophenol-horse serum
albumin (DNP-HAS) for specified time periods at 378C in Tyrode’s
buffer (32). Treg cells isolated from splenocytes were added to
BMMCs 30 min before DNP-HSA stimulation. The supernatant and
the cells were obtained by centrifugation at 400g for 5 min
(Supplementary Information; http://dx.doi.org/10.1667/RR3082.1.
S3). In all experiments, optimal time and concentration were first
determined in preliminary experiments.

Determination of Cytokines or Leukotrienes (LTs) by ELISA

Amounts of IL-10, transforming growth factor-beta 1 (TGF-b1;
total and active forms) released in Treg cells isolated and cultured for
24 h from spleens of OVA-challenged mice, and TNF-a or
leukotrienes (LTs) released in homogenized supernatants of lung
tissues of OVA-challenged mice or from act-BMMCs co-cultured with
Treg cells were determined by ELISA kit (IL-10, TGF-b1, TNF-a; BD
Biosciences, San Jose, CA) (LTs, Cayman Chemical, Ann Arbor, MI).
The lowest detection limits for IL-10, TGF-b1, TNF-a, or LTs were
4.0, 1.7–15.4, 1.07 and 7.8 pg/ml, respectively (Supplementary
Information; http://dx.doi.org/10.1667/RR3082.1.S3) (31).

Statistical Analysis

Experimental data are presented as the mean 6 SEM. Unpaired
Student’s t test was used to compare two groups. P , 0.05 were
regarded as significant. The densitometry analysis of immunoblots,
PCR and EMSA was performed with Quantity One version 4.6.3 (Bio-
Rad, Hercules, CA) and are presented as the mean 6 SEM (n ¼ 4)
obtained from the ratio of each band density versus those in control
and loading control (not shown) of four independent experiments by
histogram.

RESULTS

Effects of Repeated Low-Dose Irradiation on c-H2AX
Expression in Various Organ Tissues of OVA-Challenged
Mice

To investigate whether repeated low-dose-irradiation
damage of T cells, which have been shown to have
increased radiosensitivity, or whether T cell subpopulations
have different radiosensitivity, we first examined the
viability of total T and Treg cells. We found that irradiation
did not affect the viability of T and Treg cells isolated from
spleens of OVA-challenged mice that were cultured for 3
days. However, the viability of both cell types was
decreased at day 7 of culture (P , 0.05) (Supplementary
Fig. 1B; http://dx.doi.org/10.1667/RR3082.1.S1), and was
markedly decreased regardless of whether they were
irradiated or not at day 14 of culture (P , 0.01). Irradiation
also did not affect viability of total T cells or Treg cells
isolated from normal spleen that were cultured for 3 days.
After 7 days (P , 0.05) and 14 days (P , 0.01) of culture,

the viability of both cell types was decreased, regardless of
whether or not they had been irradiated (Supplementary Fig.
1C; http://dx.doi.org/10.1667/RR3082.1.S1).

A recently developed biomarker for normal tissue toxicity
induced by radiation, phosphorylated histone H2AX, has
become a powerful tool to monitor DNA double-strand
breaks (DSBs) (38). We observed that repeated low-doses
of ionizing radiation did not alter the expression of c-H2AX
in major organs such as brain, lung and spleen of OVA-
challenged mice (Fig. 1A). Therefore, the irradiated dose
used did not influence cell death and residual DSBs at the
times we assayed.

Effect of Irradiation on Inflammatory Cell Recruitment into
BAL Fluid

We next examined the mechanism of action of irradiation
in OVA-challenged allergic asthma in mice. Surprisingly,
we observed that irradiated-OVA mice had significantly
reduced levels of total inflammatory cells (from 26.2 6

1.55 3 105 to 15.1 6 1.23 3 105; P , 0.001) with
significantly lower levels of eosinophils (from 12.9 6 1.46
3 105 to 5.3 6 0.50 3 105; P , 0.001), macrophages (8.2 6

0.25 3 105 to 4.5 6 0.12 3 105; P , 0.01), lymphocytes
(from 2.6 6 0.17 3 105 to 2.2 6 0.05 3 105; P , 0.05), and
neutrophils (from 2.5 6 0.13 3 105 to 2.0 6 0.11 3 105; P
, 0.05), which were increased in OVA mice (P , 0.001)
versus Con or 2 Gy mice (Fig. 1B).

Effect of Irradiation on Histopathological Changes in Lung
Tissue

Irradiated-OVA mice displayed reduced numbers of
inflammatory cells (P , 0.001) that had infiltrated into
the surrounding peribronchial and perivascular areas in lung
tissue of OVA mice (Fig. 1C). However, no significant
changes for these inflammatory cells were observed in the 2
Gy mice, therefore, we will not hereafter describe the effect
of irradiation (total 2 Gy) exposure alone. The total lung
inflammation scores for lung histology are shown in the
histogram (Fig. 1C, right panel). This result was the same as
those observed in experiments that were repeated five times.

Goblet cell hyperplasia and mucus overproduction are
important features of bronchial asthma (3). OVA mice
displayed increased numbers of goblet cells (evident as pink
dots) containing mucus (Fig. 1D). The number of goblet
cells in irradiated-OVA mice was significantly reduced by
45.6%, as determined by the percentage of PAS-positive
cells/total cells (from 72.2% to 39.3%; P , 0.001).
Irradiated-OVA mice also reduced collagen deposition in
the surrounding peribronchial and perivascular areas of lung
versus OVA mice (Fig. 1E). Lung fibrosis scores using the
Ashcroft score method were increased in OVA mice (0.9 6

0.35 to 4.1 6 0.23; P , 0.001), while those of irradiated-
OVA mice decreased by 31.7% (from 4.1 6 0.23 to 2.8 6

0.13; P , 0.01).

ANTI-ALLERGIC/ASTHMATIC EFFECTS BY IRRADIATION 573



FIG. 1. Effects of repeated low-dose irradiation on c-H2AX, inflammatory cells in BAL fluid, or histopathological changes in lung tissues of
OVA-challenged mice. C57BL/6 mice were sensitized and challenged with OVA, and received whole-body irradiation without anesthesia once
daily for 3 consecutive days at a dose of 0.667 Gy 24 h before every OVA or PBS challenge. Con (negative control), mice sensitized and
nebulized with PBS; 2 Gy (irradiation alone), mice sensitized and nebulized with PBS and repeatedly exposed three times at a dose of 0.667 Gy
(total dose, 2 Gy exposure); OVA, mice sensitized and nebulized with OVA; irradiated-OVA (þ2 Gy), mice sensitized and nebulized with OVA
and repeatedly exposed three times at a dose of 0.667 Gy. Panel A: Expression of c-H2AX. Panel B: Number of inflammatory cells in BAL fluid.
Panels C–E: Lung tissues stained with H&E, PAS and van Gieson, respectively. Histological appearances (magnification: 2003, right panel) were
scored for the presence of peribronchial and perivascular inflammation. The scores were added together to give a total lung inflammation score
(panel C), the ratio (%) of PAS-positive cells (indicated by the arrow)/total cells in 10 sites of 100 3 100 lm area (panel D), and collagen
deposition shown as histogram using the Ashcroft fibrosis score (panel E). Bars in the Con panels indicate 100 lm. Data are expressed as the mean
6 SEM (n ¼ 8). ***P , 0.001 vs. Con or 2 Gy mice. #P , 0.05; ##P , 0.01; ###P , 0.01 vs. OVA mice.

574 PARK, HONG AND RO



Effect of Irradiation on EMBP and Muc5ac Expression and
Collagen Production

Irradiation appeared to specifically reduce the recruitment
of eosinophils (Fig. 1B). Expression of EMBP, which is
overexpressed in eosinophilia (18, 39), was increased in
OVA mice (P , 0.001) compared to that of control (Con) or
2 Gy mice. However, this increase was significantly
reduced in BAL cells (P , 0.05) and lung tissue (P ,

0.01) of the irradiated-OVA mice (Supplementary Fig. 2A;
http://dx.doi.org/10.1667/RR3082.1.S1). Muc5ac is the
mucus glycoprotein that is predominantly secreted during
goblet cell hyperplasia in the respiratory tract of healthy and
asthmatic individuals (18, 40). The expression of Muc5ac
mRNA and protein was increased in BAL cells and lung
tissue of OVA mice (P , 0.001) versus Con or 2 Gy mice,
and reduced in irradiated-OVA mice (P , 0.01) (Supple-
mentary Fig. 2B and C; http://dx.doi.org/10.1667/RR3082.
1.S1).

To quantify lung fibrosis, collagen protein levels were
measured using a Sircol assay. We found that collagen
levels were significantly increased in the lung tissue of
OVA mice (P , 0.001) versus Con or 2 Gy mice, but were
reduced in irradiated-OVA (P , 0.01) (Supplementary Fig.
2D; http://dx.doi.org/10.1667/RR3082.1.S1).

Effects of Irradiation on Transcription Factor Activity and
Expression of Cytokine mRNA

Migration of inflammatory cells from blood into the
airway occurs through binding to specific adhesion
molecules and chemokines (32), which are produced by
the transcription factors NF-jB and AP-1 in various
diseases such as allergic airway disease (18, 40). Goblet
cell hyperplasia is also produced by cytokines such as TNF-
a, IL-1-b (33) and TGF-b (41). In our experiments
irradiated-OVA mice displayed inhibited NF-jB and AP-1
activities, which were increased in the BAL cells and lung
tissues of OVA mice (Supplementary Fig. 3A; http://dx.doi.
org/10.1667/RR3082.1.S1). Irradiated-OVA mice had re-
duced expression of various inflammatory cytokine
mRNAs, which were increased in the BAL cells or lung
tissues of OVA mice (Supplementary Fig. 3B, left and
middle columns; http://dx.doi.org/10.1667/RR3082.1.S1).
The data suggest that irradiation inhibits the recruitment of
inflammatory cells into the airway system and also inhibits
goblet hyperplasia via the inhibition of various cytokines
and chemokines.

Effect of Irradiation on Serum OVA-Specific IgE Antibody
Levels

Antigen-specific Th2 responses have been shown to
induce antigen-specific antibody production (32). There-
fore, we examined whether irradiation influenced OVA-
specific IgE production in the allergic asthma mouse model
(Supplementary Table 1, right column; http://dx.doi.org/10.

1667/RR3082.1.S2). Serum OVA-specific IgE antibody
levels were elevated in OVA mice (238 6 32.1 ng/ml; P ,

0.001) compared to the Con mice (1 6 0.4 ng/ml).
Irradiated-OVA mice (175 6 12.5 ng/ml) displayed
26.5% reduced OVA-specific IgE antibody levels (P ,

0.001) versus OVA mice. However, irradiation exposure
alone (total 2 Gy) did not affect IgE antibody production (2
6 0.5 ng/ml). Thus, irradiation reduces the production of
OVA-specific IgE antibody by regulating Th2 cytokines
such as IL-4 and IL-13, which has been shown to be related
to Ig class switching.

Effect of Irradiation on AHR

The above data supported anti-allergic activity of
irradiation. To address this directly, AHR was assessed by
changes in airway resistance (RL) in response to increased
doses of MCh. The RL of OVA mice was markedly
increased by MCh administration compared to Con mice (P
, 0.001) (Fig. 2A). However, this increase was effectively
reduced in irradiated-OVA mice (P , 0.01). The OVA mice
(from 22.4 6 1.42 to 6.7 6 1.14 mg/ml) significantly
decreased the concentration of MCh, which induced a 300%
increase in the respiratory system (PC300). Irradiated-OVA
mice (15.8 6 1.23 mg/ml) (P , 0.01) recovered PC300

compared to the OVA mice (Fig. 2B). However, exposure
to irradiation alone (20.8 6 0.71 mg/ml) did not affect the
changes of RL and PC300 versus Con mice (22.4 6 0.63 mg/
ml). The data implied that irradiation may reduce AHR by
inhibiting Th2 cytokines in OVA-challenged mice.

Effect of Irradiation on the Changes of the Treg Cell
Population

To clarify the mechanisms underlying the effects of
irradiation, we first examined whether Treg cells were
changed in irradiated-OVA mice. We found that irradiated-
OVA mice (5.2 6 0.32% for BAL cells; 3.8 6 0.35% for
splenocytes, P , 0.001) displayed an increase in the Treg
cell population that exceeded that of 2 Gy irradiated mice
(1.8 6 0.28% for BAL cells, P , 0.001; 1.2 6 0.10% for
splenocytes, P , 0.01) (Fig. 3A) versus OVA mice (1.0 6

0.15% for BAL cells, P , 0.01; 0.7 6 0.12% for
splenocytes, P , 0.05) or Con (0.3 6 0.23% for BAL
cells; 0.4 6 0.08% for splenocytes). However, although
the Treg cell population was increased in BAL fluid more
than in the spleen, the total population of Treg cells in
BAL fluid was too small to use for other experiments.
Therefore, we used Treg cells isolated from spleen for this
experiment.

As shown in Supplementary Fig. 1B and C (http://dx.doi.
org/10.1667/RR3082.1.S1), the greater increment of Treg
cells than of other T cells was not due to radioresistance.
The population of Treg cells reached a maximum 3 days
after irradiation (Supplementary Fig. 1D http://dx.doi.org/
10.1667/RR3082.1.S1).
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Effects of Irradiation on the Expression of Cytokines and
Transcription Factors Related to Treg Cells

Treg cells isolated from spleens of irradiated-OVA mice
enhanced mRNA and protein expression of Foxp3 (P ,

0.001) (Fig. 3B), and IL-10 mRNA expression (P , 0.001)
(Fig. 3C). The quantity of IL-10 protein secreted from Treg
cells cultured for 24 h was enhanced (Table 1). In contrast,
Treg cells from OVA mice displayed very markedly
increased TGF-b1 mRNA expression, while Treg cells
from irradiated-OVA mice displayed reduced expression (P
, 0.01), compared to the increase in OVA mice (Fig. 3C).

The amount of total and active TGF-b1 protein that was
secreted was also increased in Treg cell cultures of OVA
mice (P , 0.01) versus those of Con mice (Table 1). The
total TGF-b1 protein level was also decreased in irradiated-
OVA mice (P , 0.05). Furthermore, irradiated-OVA mice
also displayed enhanced mRNA expression of IL-2, IL-10
and IL-35 related to the development of Treg cells in BAL
cells (P , 0.001) and lung tissues (P , 0.001) versus those
in OVA mice, but reduced TGF-b mRNA expression (Fig.
3D and E). Expressions of RUNX1 and NF-jB were
enhanced in Treg cells of irradiated-OVA mice (P , 0.001)
versus OVA mice or irradiation alone (Fig. 3F). This data
support that irradiation can change the Foxp3þ-Treg cell
population via RUNX1 and NF-jB in OVA-challenged
mice, and that Treg cells may have their suppressive activity
via IL-10, not via TGF-b1.

Effects of Irradiation on the Co-localization of Treg Cells
and Chemokine Receptors

Since we observed the enhancement of Treg cells in
spleens of irradiated-OVA mice, we next examined whether
Treg cells were recruited and localized in lung tissues by
measuring CCR4 expression, which is related to Treg cell
recruitment. Irradiated-OVA (52 6 6.4 cells) and 2 Gy
irradiation alone (38 6 5.5 cells, P , 0.001) (Fig. 4A,
yellow color dot) displayed enhanced expression of Foxp3
(green color) and CCR4 expression (red color) in lung
tissues versus OVA mice (6 6 3.4 to 18 6 4.2 cells, P ,

0.001).
It has been suggested that the mechanism of action in

Treg cells may involve secretion of IL-10/TGF-b and/or
cell-cell contact (42, 43). However, IL-10 is not secreted in
Treg cells only. This suggest that allergic responses are
being attenuated via migration of Treg cells and imply that
Foxp3þ-Treg cells can migrate from other organs into lung
tissues by irradiation.

Effects of Irradiation on The T Cell Subpopulation in Lung
Tissue and Spleen

Pathogens or allergens have been shown to block de novo
Treg cell differentiation and promote differentiation of
effector/helper T cells (44), and Treg cells appear to
suppress influx of effector T cells (activated-T cells, act-T
cells). Therefore, we examined whether effector T cells
(CD25) were increased in T cells activated with anti-CD3
antibody and anti-CD28 antibody (act-T cells) using T cells
isolated from lung (0.3–38.1%) (Fig. 4B) and spleen (7.9–
43.3%) (Fig. 4C) of OVA-challenged mice. We found that
irradiated-OVA mice skewed act-T cells (surface marker,
CD25) toward Treg cells (Foxp3; 2.6–14.1% for lung, 0.7–
3.8% for spleen) versus those in OVA mice. Irradiated-/act-
T cells isolated from spleen of normal mice also displayed
skewed act-T cells toward Treg cells versus those in
nonirradiated-/act-T cells (Fig. 4D). These data inferred that
irradiation protects against the influx of act-T cells or blocks

FIG. 2. Effect of repeated low-dose irradiation on airway
hyperresponsiveness in OVA-challenged mice. Experimental details
and all symbols used are described in the legend to Fig. 1. After each
MCh nebulization, lung resistance was measured as cm H2O/ml/s and
as the percentage of the nebulized saline group. Provocative
concentration (PC300) was calculated by the dose of MCh that induced
a 300% increase in RL. Panel A: The lung resistance (n¼ 8). Panel B:
PC300 values. ***P , 0.001 vs. Con or 2 Gy mice. ##P , 0.01 vs.
OVA mice. Data are expressed as the mean 6 SEM (n ¼ 8).
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FIG. 3. Effect of repeated low-dose irradiation on number and expression of cytokines and transcription factors of Treg cells isolated and lung
tissues from OVA-challenged mice. Experimental details and all symbols used were described in the legend to Fig. 1. Expression of Foxp3 protein
and mRNA, individual cytokine mRNA and RNUX, or NF-jB activity were determined in protein, mRNA and nuclear extracts isolated from Treg
cells, BAL cells, and lung tissue using Western blot, RT-PCR and EMSA, respectively. Panel A: Treg cell populations. The percentages represent
the population of Treg cells out of 1 3 104 total cells. Panels B, C and F: Band images and histograms for expression of Foxp3, cytokine mRNA,
and RUNX1 and NF-jB activities in Treg cells, respectively. Panels D and E: Band images and histograms for expression of cytokine mRNA in
BAL cells and lung tissue. The histogram from the densitometry analysis shows the mean 6 SEM (n¼ 4) obtained from the ratio of each band
density versus those of control and GAPDH or actin (band image not shown) from four independent experiments. *P , 0.05; **P , 0.01; ***P
, 0.001 vs. Con mice. ##P , 0.01; ###P , 0.001 vs. OVA mice.
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the conversion of act-T cells. Lung tissues of irradiated-
OVA mice also displayed increased Foxp3þ CD25– cells
that possessed the phenotype of Foxp3þ and IL-10þ cells,
but not of Foxp3þ and IL-13þ cells (Supplementary Fig. 3C;
http://dx.doi.org/10.1667/RR3082.1.S1).

Effects of Irradiation on Mast Cell Population and
Expression of Surface Markers

Irradiated-OVA mice displayed reduced numbers of mast
cells in BAL cells and lung tissues (P , 0.01) versus those
increased in OVA mice (Fig. 5A). CCL2/CCR2 expression,
which is associated with mast cell migration into pulmonary
inflammatory sites (19), was increased in mast cells isolated
from BAL cells or in lung tissue of OVA mice (P , 0.001),
while mast cells or lung tissue of irradiated-OVA mice
displayed reduced expression (P , 0.001) (Fig. 5B). As
Treg cells suppress mast cell activation through OX40/
OX40L interaction (27), we observed that Treg cells or mast
cells isolated from BAL cells of OVA mice increased only
the expression of OX40 and OX40L, respectively, (P ,

0.001) versus those in Con mice (Fig. 5C). Treg cells from
BAL cells of irradiated-OVA mice enhanced OX40
expression (P , 0.001), but mast cells decreased OX40L
expression (P , 0.05).

Effects of Treg Cells on BMMCs Activated with Antigen/
Antibody Reaction (act-BMMCs)

To confirm in vitro the relationship between Treg cells
and mast cells that are proposed to occur in vivo, OX40
expression was enhanced in act-BMMCs co-cultured with
Treg cells (P , 0.001), but OX40L expression was
decreased versus act-BMMCs co-cultured without Treg
cells (P , 0.05) (Fig. 5D). Expression of IL-10 protein and
mRNA was enhanced in act-BMMCs co-cultured with Treg
cells (P , 0.01) versus those co-cultured without Treg cells.
Also, expression of TGF-b protein and mRNA was
decreased in act-BMMCs co-cultured with Treg cells versus
those co-cultured without Treg cells (P , 0.001) (Fig. 5E).

The act-BMMCs co-cultured with Treg cells (Table 2) or
lung tissue (Supplementary Table 1, middle and right
columns; http://dx.doi.org/10.1667/RR3082.1.S2) reduced
the release of TNF-a (granular mediator) and LTs (newly
synthesized mediator) (P , 0.001) versus those increased
without Treg cells. Expression of all cytokine mRNA was
decreased in act-BMMCs co-cultured with Treg cells versus
those increased without Treg cells (Supplementary Fig. 3B,
right column, http://dx.doi.org/10.1667/RR3082.1.S1). The
data suggest that act-BMMCs co-cultured with Treg cells
enhance the expression of IL-10, but not of TGF-b1, which
has Treg cell-suppressive activity.

DISCUSSION

Low-dose c-irradiation can ameliorate symptoms of
various chronic diseases such as autoimmune diseases (1,

4–6). However, its effect on allergies has remained unclear,
with the exception of a reported exacerbation of asthma (12).

We demonstrate here that Foxp3þ-Treg enhanced migra-
tion induced by irradiation reduced mast cell migration via

the inhibition of cytokines and the CCL2/CCR2 axis, and
reduced airway inflammation and remodeling in the allergic
asthma model by inactivating mast cells via OX40/OX40L
interaction. The fraction 2 Gy dose of irradiation was not

toxic to brain, lung and spleen tissue, or to total T and Treg
cells isolated from splenocytes of OVA-challenged mice or
from splenocytes of normal mice (Supplementary Fig. 1B
and C; http://dx.doi.org/10.1667/RR3082.1.S1), although
higher doses of irradiation can be toxic.

Treg cell expression of the transcription factor Foxp3 has

been shown to play an essential role in controlling immune
responses to allergens. IL-2 regulates expression of Foxp3
in Treg cells (45), and the inhibitory cytokine IL-35
promotes Treg cell suppressive function (46, 47). In
addition, expression of Foxp3 is also regulated by multiple

transcription factors such as NFAT, AP-1, STAT5, CREB
and NF-jB, which modulate Treg cell development (20, 31,
30), and RUNXs, which control the induction and
suppressive function of Treg cells (20, 25, 29, 30).
Furthermore, Treg cells were shown to directly inhibit the

activation of allergic-specific Th2 cells associated with the
effector phase of allergic reactions (27), and the predom-
inant inhibitory mechanism in Treg cells appears to involve
anti-inflammatory cytokines IL-10 and TGF-b (23). Finally,
data suggest that irradiation enhances Treg cells in the

periphery (9, 48). In this context, our data suggest that
irradiation enhances the Foxp3þ-Treg cell population
through regulation by NF-jB/RUNX1, and that Treg cells

TABLE 1
Effects of Repeated Low-Dose Irradiation on the Cytokines in

Treg Cells Isolated Form Spleen of OVA-Challenged Micea

Group IL-10 (pg/ml)

TGF-b1 (pg/ml)

Total Active

Con 25 6 1.6 29 6 2.0 2 6 0.4
2 Gy 138 6 10.0 30 6 1.8 2 6 0.3
OVA 216 6 12.2*** 42 6 2.2** 3 6 0.3**
þ2 Gy 362 6 16.3### 31 6 2.4# 2 6 0.3

Note. **P , 0.01; ***P , 0.001 vs. the Con mice; #P , 0.05; ###P
, 0.001 vs. the OVA mice.

a C57BL/6 mice were sensitized and challenged with OVA, and
received whole-body irradiation without anesthesia once daily for 3
consecutive days at a dose of 0.667 Gy 24 h before every OVA or PBS
challenge as described in Materials and Methods section. Con
(negative control), mice sensitized and nebulized with PBS; 2 Gy
(irradiation alone), mice sensitized and nebulized with PBS and
repeatedly exposed 3 times at a dose of 0.667 Gy (total dose, 2 Gy
exposure); OVA, mice sensitized and nebulized with OVA; Irradiated-
OVA (þ2 Gy), mice sensitized and nebulized with OVA and
repeatedly exposed 3 times at a dose of 0.667 Gy. Treg isolation
was described in Materials and Methods section (n¼ 8). Treg cells (1
3 106 cells) isolated from each group were determined amounts of IL-
10, TGF-b1 by ELISA.
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FIG. 4. Effects of repeated low-dose irradiation on the co-localization of Treg cells and CCR4 or the Treg cell population in the lung tissue and
spleen of OVA-challenged mice, or in Treg cells isolated from spleen in normal mice. Experimental details and all symbols used were described in
the legend to Fig. 1. Co-localization (upper right panel) of Treg cells and CCR4 in the lung tissues of OVA-challenged mice was determined by
immunohistochemistry. The degree of antibody binding (yellow) indicating co-localization was quantified in a 200 3 200 lm field (5 areas/each
slide 3 8 mice/each group¼ 40 areas) and are depicted in a histogram. Treg cells and act-T cells were analyzed using flow cytometry. Panel A:
Co-localization of Treg cells and CCR4 in the lung tissues. The white bar in the Con represents 100 lm. ***P , 0.001 vs. Con mice. ###P , 0.001
vs. OVA mice. Panels B and C: Population of Treg cells (Foxp3) and act-T cells (CD25) included in total T cells isolated from lung tissues (panel
B) and spleen (panel C) of OVA-challenged mice. Panel D: Population of Treg cells (Foxp3) and act-T cells (CD25) in T cells isolated, irradiated
and activated from normal mouse spleen.
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FIG. 5. Effects of repeated low-dose irradiation on the number, surface markers and cytokine expression of mast cells with Treg in vivo and in
vitro. Experimental details and all symbols used were described in the legend to Fig. 1. Mast cells were quantified and Treg cells were isolated, as

described in Materials and Methods. Expression of CCL2/CCR2, OX40/OX40L, IL-10 and TGF-b were determined in protein and mRNA

extracts isolated from BMMCs or BAL cells and lung tissues of OVA-challenged mice using Western blot and RT-PCR, respectively. Panel A:

Mast cell population in lung tissues of OVA-challenged mice. Panel B: Expression of CCL2/CCR2 in mast cells isolated from BAL cells and lung

tissue of OVA-challenged mice. Panel C: Expression of OX40/OX40L in Treg cells and mast cells isolated from BAL cells of OVA mice. Panel

D: Expression of OX40/OX40L in BMMCs co-cultured with Treg cells. Panel E: Expression of IL-10 and TGF-b in act-BMMCs co-cultured with

Treg cells, (–) or (þ), without and with materials. The histogram from the densitometry analysis was obtained, as described in the legend to Fig. 3

(n¼ 4). *P , 0.05; **P , 0.01; ***P , 0.001 vs. Con mice or act-BMMCs without Treg cells. #P, 0.05; ##P , 0.01; ###P , 0.001 vs. OVA

mice or act-BMMCs co-cultured with Treg cells.
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may have a suppressive function via IL-10, but not via
TGF-b, in lung tissues of OVA-challenged mice.

It has been reported that irradiation enhances Treg cells
(9) and that various cytokines convert naı̈ve CD4þCD25�

cells to CD4þFoxp3þ Treg cells (49, 50). Therefore, we
propose that the increase of Treg cells after irradiation
exposure alone is solely due to the effects of radiation, and
that the increase in Treg cells observed in irradiated-OVA
mice is due to both the effects of radiation and the cytokines
produced by OVA. Foxp3þ transcripts were enhanced in
irradiated-OVA mice more than in mice solely irradiated
with a dose of 2 Gy.

Our data also indicates that Treg cell enhancement by
irradiation may be related to the reduced infiltration of
eosinophils. This is further supported by the inhibition of
eosinophil numbers and granular EMBP expression (Sup-
plementary Fig. 2A; http://dx.doi.org/10.1667/RR3082.1.
S1) after radiation exposure, which are markers of
eosinophil numbers and elevated eosinophil secondary
granules, respectively, in asthmatic patients. However, our
data could not conclusively demonstrate whether irradiation
itself reduced the infiltration of eosinophils (Fig. 1B) by
inhibiting the expression of IL-5 (Fig. 1C) or chemokines
such as IL-8 produced by NF-jB activation (18) (Supple-
mentary Fig. 3A and B; http://dx.doi.org/10.1667/RR3082.
1.S1). It also remains unclear whether Treg cells migrating
from other organs such as the spleen reduce inflammatory
cell recruitment and production of cytokines.

Allergen-induced AHR is regarded as a manifestation of a
Th2-dependent allergic disorder. Th2-associated cytokines,
such as IL-4, IL-5, IL-8, IL-13 and TNF-a, are the key
cytokines involved in the induction of AHR, eosinophil
infiltration into the lung, mucus secretion (18, 32), and
production of collagen (51). Therefore, changes in airway
remodeling, which occur in response to persistent inflam-
mation, are correlated with the development of AHR (18,
52). Airway epithelial NF-jB activation has also been
shown to enhance the production of inflammatory cytokines
and AHR and mucus secretion in mouse allergic inflam-
mation (53, 54). Moreover, Treg cells appear to directly

inhibit the activation of allergic-specific Th2 cells, and
thereby minimize the production of the IL-4, IL-5, IL-8 and
IL-13 cytokines that are essential during the effector phase
of allergic reactions (55) resulting in the suppression of the
allergic inflammation through direct action on inflammatory
cells (21, 28). Therefore, our data suggest that irradiation
inhibits AHR by reduction of cytokines as a result of the
suppressive activity of Treg cells recruited by chemokines,
and/or a reduction of allergic inflammation and airway
remodeling through inhibition of Th2-associated cytokines
by NF-jB and AP-1 activation.

B cells require cytokines, such as IL-4 and IL-13, and
CD40 ligand to switch to IgE production (18, 56). IgE plays
a pivotal role in the development of allergic asthma (57).
Treg cells can exert a direct effect on B cells by suppressing
the production of allergen-specific IgE (22, 25, 58). Our data
suggest that Treg cells enhanced by irradiation may inhibit
the production of IgE (Supplementary Table 1; http://dx.doi.
org/10.1667/RR3082.1.S2) by IL-4 and IL-13 (Supplemen-
tary Fig. 3B; http://dx.doi.org/10.1667/RR3082.1.S1), al-
though the involvement of CD40 ligand was not examined.

TGF-b is a pleiotropic cytokine that regulates lymphocyte
homeostasis and has been implicated in suppressing Treg
cells that control allergic airway diseases (58, 59). However,
other studies have reported a central role of IL-10 with or
without TGF-b in controlling allergic airway inflammation
(23, 60, 61). TGF-b also has been shown to play an
important role in promoting the structural changes in tissue
remodeling such as induction of collagen expression and
enhancement of goblet cell proliferation (41). Our data
suggest irradiation can reduce OVA-induced allergic asthma
symptoms through the inhibition of TGF-b. This proposal is
supported by our observation that irradiation enhances
Foxp3þ- and IL-10-producing Treg cells, and thereby leads
to the inhibition of TGF-b by the elevation of Treg cells (Fig.
3C–E). The increased expression of TGF-b in Treg cells
from the spleen or in BAL cells and lung tissues of OVA
support our view that it may be produced in the various
inflammatory cells that are recruited through cytokines
produced by antigen (OVA). This requires further study.

Since Treg cells may exert their suppressive activity by
cell-cell contact as well as through cytokine secretion, the
appropriate localization of Treg cells is important to
determine its function (7). Recruitment of Treg cells into
the lung is impaired in the absence of CCR4 (62), and we
observed the co-localization of Treg (Foxp3) and CCR4,
which is required for the recruitment of Treg cells to the
lung tissues (Fig. 4A). This data implies that Treg cells after
irradiation migrate into the lung from other organs such as
the spleen. However, we do not know whether the Treg
cells increase in the lung tissues after irradiation are due to
migration from resident cells of other organs or are due to
migration from induced cells. Further study is required.

Mature mast cells residing in the lung have been shown to
counteract Treg cells through IL-6 and/or the OX40/OX40L
axis (27, 28). However, Treg cells, in the presence TGF-b

TABLE 2
Effects of Repeated Low-Dose Irradiation on the Cytokines in

BMMCs Activated with Antigen/Antibody Reactiona

Group TNF-a (pg/ml) LTs (pg/ml)

BM 88 6 10.4 132 6 11.8
Treg 82 6 10.8 126 6 12.4
Ag/Ab Rx 840 6 42.8*** 4221 6 126.1***
þ Treg 138 6 22.2### 1623 6 61.2###

Note. ***P , 0.001 vs. BM; ###P , 0.001 vs. Ag/Ab Rx.
a BMMCs were isolated as described in Materials and Methods

section (n ¼ 8). BMMCs (1 3 106 cells) were stimulated with anti-
DNP IgE Ab/DNP-HSA and Treg cells (1 3 106 cells). Amounts of
TNF-a, LTs were determined by ELISA. BM, un-act-BMMCs; Treg,
Treg cells alone; Ag/Ab Rx, DNP-HSA/anti-DNP IgE antibody
reaction; Ag/Ab Rx þ Treg, act-BMMCs with Treg.
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and IL-2 have also been shown to promote the recruitment
of mast cell progenitors (MCp) to the lung with antigen-
induced pulmonary inflammation (63). In our study, the
population of mast cells was reduced in irradiated-OVA
mice. Therefore, the data suggest that Treg cells enhance-
ment by irradiation may reduce the migration of mast cells
into lung tissues through inhibition of the expression of
cytokines and CCL2/CCR2, and that Treg cells may inhibit
mast cell activation by OX40/OX40L interaction, followed
by the inhibition of mediator release (TNF-a, LTs and
cytokines). However, further study is necessary to investi-
gate the MCp migration into lung tissues.

In conclusion, our data suggest that Treg cells enhance-
ment/migration by irradiation exert a suppressive function
in airway inflammation and tissue remodeling in allergic
asthma through the inhibition of mast cell migration into the
lung by cytokines and the CCL2/CCR2 axis, and through
the inactivation of mast cells by cell-cell contact, such as
OX40/OX40L, followed by the release of mediators, such
as TNF-a, LTs and inflammatory cytokines. However, the
possibility that irradiation itself may inhibit Th2-cytokine
production by regulating the recruitment of inflammatory
cells and thereby suppress airway allergic responses cannot
be excluded. Our data are unlikely to be directly applied to
human therapy because whole-body irradiation of mice was
used in this study. However, our study does at least suggest
the possibility that irradiation can be used for the reduction
of inflammation in patients with chronic diseases with
allergic asthma such as mastocytosis. Additional research
needs to investigate whether Treg cells enhanced in lung
tissues by irradiation are migrated by the resident Treg cells
or the induced-Treg cells.

ACKNOWLEDGMENTS

This work was funded by grants from Samsung Biomedical Research

Institute, Sungkyunkwan University School of Medicine (SBRI S-M

200106) and the Korea Institute of Radiological and Medical Sciences.

Received: May 25, 2012; accepted: December 4, 2012; published online:

April 5 2013

REFERENCES

1. Luckey TD, Lawrence KS. Radiation hormesis: the good, the bad,
and the ugly. Dose Response 2006; 9:169–90.

2. Rho HS, Park SS, Lee CE. Gamma irradiation up-regulates
expression of B cell differentiation molecule CD23 by NF-kappaB
activation. J Biochem Mol Biol 2004; 37 (4):507–14.

3. Bogdándri EN, Balogh A, Felgyinszki N, et al. Effects of low-dose
radiation on the immune system of mice after total-body
irradiation. Radiat Res 2010; 174:450–89.

4. Safwat A. The role of low-dose total body irradiation in treatment
of non-Hodgkin’s lymphoma: a new look at an old method.
Radiother Oncol 2000; 56:1–8.

5. Luckey TD. Low dose irradiation as a treatment for gingivitis. Med
Hypoth 2006; 66(4): 695–7.

6. Tanaka T, Tago F, Fang SP, Shimura N, Kojima S. Repeated 0.5-
Gy gamma-ray irradiation attenuates autoimmune manifestations
in MRL-lpr/lpr mice. Int J Radiat Biol 2005; 81(10):731–40.

7. Tsukimoto M, Nakatsukasa H, Sugawara K, Yamashita K, Kojima
S. Repeated 0.5-Gy c irradiation attenuates experimental autoim-
mune encephalomyelitis with up-regulation of regulatory T cells
and suppression of IL-17 production. Radiat Res 2008; 17:429–36.

8. Nakatsukasa H, Tsukimoto M, Tokunaga A, Kojima S. Repeated
gamma irradiation attenuates collage-induced arthritis via up-
regulation of regulatory T cells but not by damaging lymphocytes
directly. Radiat Res 2010; 174:313–24.

9. Kachikwu EK, Iwamoto KS, Liao Y-P, et al. Radiation enhances
regulatory T cell representation. Int J Radiat Oncol Biol Phys
2011; 81 (4):1128–35.

10. Seo JH, Kim JH, Lee JW, Yoo YC, Kim MR, Park KS, et al.
Ovalbumin modified by gamma irradiation alters its immunolog-
ical functions and allergic responses. Int Immunopharma 2007;
7(4):464–72.

11. Fang SP, Tago F, Tanaka T, Simura N, Muto Y, Goto R, et al.
Repeated irradiations with gamma-rays at a dose of 0.5 Gy may
exacerbate asthma. J Radiat Res 2005; 46:151–6.

12. Voisard R, Wiegmann D, Baur R, Hombach V, Kamenz J. Low-
dose irradiation stimulates TNF-alpha-induced ICAM-1 mRNA
expression in human coronary vascular cells. Med Sci Monit 2007;
13(5):107–11.

13. Shin SC, Lee K-M, Kang YM, Kim K, Kim CS, Yang KH, et al.
Alteration of cytokine profiles in mice exposed to chronic low-
dose ionized radiation. Biochem Biophys Res Com 2010;
397:644–9.

14. Zhou Y, Xia L, He ZS, Ouyang W, Xie CH. Modulation of matrix
metalloproteinase-9 and tissue inhibitor of metalloproteinase-1 in
RAW264.7 cells by irradiation. Mol Med Report 2010; 3(5):
809–13.

15. Joo HM, Nam SY, Yang KH, Kim CS, Jin YW, Kim JY. The
effects of low-dose ionized radiation in the activated rat basophilic
leukemia (RBL-2H3) mast cells. J Biol Chem 2012. DOI/
10.1074.jbc.m112.378497.

16. Shum BO, Rolph MS, Sewell WA. Mechanisms in allergic airway
inflammation – lessons from studies in the mouse. Expert Rev Mol
Med 2008; 27:10–5.

17. Zimmermann N, Hershey GK, Foster PS, Rothenberg ME.
Chemokines in asthma: Cooperative interaction between chemo-
kines and IL-13. J Allergy Clin Immunol 2003; 111:227–42.

18. Kim DY, Park BS, Hong GU, Lee BJ, Park JW, Kim SY, et al.
Anti-inflammatory effects of R2 peptide on OVA-specific allergic
asthma in mice. Br J Pharmacol 2011; 162:210–25.

19. Collington SJ, Hallgren J, Pease JE, Jones TG, Rollins BJ,
Westwick J, et al. The role of the CCL2/CCR2 axis in mouse mast
cell migration in vitro and in vivo. J Immunol 2010; 184:6114–23.

20. Sun L, Louie MC, Vannella KM, Wilke CA, LeVine ML, Moore
BB, et al. New concepts of IL-10-induced lung fibrosis: fibrocyte
recruitment and M2 activation in a CCL2/CCR2 axis. Am J
Physiol Lung Cell Mol Physiol 2011; 300:L341–53.

21. Ring S, Schafer SC, Mahnke K, Lehr HA, Enk AH. CD4þ CD25þ

regulatory T cells suppress contact hypersensitivity reactions by
blocking influx of effector T cells into inflamed tissue. Eur J
Immunol 2006; 36:2981–92.

22. Meiler F, Klunker S, Zimmermann M, Akdis CA, Akdis M.
Distinct regulation of IgE, IgG4 and IgA by T regulatory cells and
toll-like receptors. Allergy 2008; 63:1455–63.

23. Lloyd CM, Hawrylowicz CM. Regulatory T cells in asthma.
Immunity 2009; 31:438–49.

24. Robinson DS. Regulatory T cells and asthma. Clin Exp Allergy
2009; 39:1314–23.

25. Palomares O, Yaman G, Azkur AK, Akkoc T, Akdis M, Akdis
CA. Role of Treg in immune regulation of allergic diseases. Eur J
Immunol 2010; 40:1232–40.

26. Poojary KV, Kong YM, Farrar MA. Control of Th2-mediated
inflammation by regulatory T cells. Am J Pathol 2010; 177:525–3.

582 PARK, HONG AND RO



27. Piconese S, Gri G, Tripodo C, Musio S, Gorzanelli A, Frossi B, et
al. Mast cells counteract regulatory T-cell suppression through
interleukin-6 and OX40/OX40L axis toward Th17-cell differenti-
ation. Blood 2009; 114 (13):2639–48.

28. Gri G, Piconese S, Frossi B, Manfroi V, Merluzzi S, Tripodo C, et
al. CD4þ CD25þ regulatory T cells suppress mast cell degranu-
lation and allergic responses through OX40-Ox40L interaction.
Immunity 2010; 29:771–81.

29. Klunker S, Chong MMW, Mantel P-Y, Palomares O, Bassin C,
Ziegler M, et al. Transcription factors RUNX1 and RUNX3 in the
induction and suppressive function of Foxp3þ inducible regulatory
T cells. J Exp Med 2009; 206:2701–15.

30. Long M, Park S-G, Strickland I, Hayden MS, Ghosh S. Nuclear
factor-jB modulates regulatory T cell development by directly
regulating expression of Foxp3 transcription factor. Immunity
2009; 31:921–31.

31. Kim DY, Jeoung D, Ro JY. Signaling pathways in the activation of
mast cells co-cultured with astrocytes and colocalization of both
cells in experimental allergic encephalomyelitis. J Immunol 2010;
185:273–83.

32. Kim JS, Kim DY, Lee JK, Ro JY, Chung MH. 8-oxo-20-
de3oxyguanosine suppresses allergy-induced lung tissue remodel-
ing in mice. Eur J Pharmacol 2011; 651:218–26.

33. Pecaut MJ, Gridley DS, Smith AL, Nelson GA. Dose and dose rate
effects of whole-body proton-irradiation on lymphocyte blasto-
genesis and hematological variables: part II. Immunol Lett 2002;
80:67–73.

34. Manirarora JN, Kosiewicz MM, Parnell SA, Alard P. APC
activation restores functional CD4(þ)CD25(þ) regulatory T cells
in NOD mice that can prevent diabetes development. PLoS ONE
2008; 3(11):e3739.

35. Neurauter AA, Bonyhadi M, Lien E, Nokleby L, Ruud E,
Camacho S, et al. Cell isolation and expression using Dynabeads.
Adv Biochem Eng Biotechnol 2007; 106:41–73.

36. Begum N, Prasad NR, Kanimozhi G, Hasan AQ. Apigenin
ameliorates gamma radiation-induced cytogenetic alterations in
cultured human blood lymphocytes. Mutat Res 2012; 747:71–6.

37. Ribatti D, Nico B, Finato N, Crivellato E, Beltrami CA. Co-
localization of tryptase and cathepsin-G in mast cells in cutaneous
mastocytosis. Cancer Lett 2009; 279(2):209–12.

38. Ivashkevich A, Redon CE, Nakamura AJ, Martin RF, Martin OA.
Use of the c-H2AX assay to monitor DNA damage and repair in
translational cancer research. Cancer Lett 2012; 327:123–33.

39. Plager DA, Loegering DA, Checkel JL, Tang J, Kephart GM,
Caffes PL, et al. Major basic protein homolog (MBP2): A specific
human eosinophil marker. J Immunol 2006; 177:7340–5.

40. Kirstein F, Horsnell WGC, Kuperman DA, Huang X, Erle DJ,
Lopata AL, et al. Expression of IL-4 receptor a on smooth muscle
cells is not necessary for development of experimental allergic
asthma. J Allergy Clin Immunol 2010; 126:347–54.

41. Makinde T, Murphy RF, Agrawal DK. The regulatory role of
TGF-beta in airway remodeling in asthma. Immunol Cell Biol
2007; 85:348–56.

42. Von Boehmer H. Mechanisms of suppression by suppressor T
cells. Nat Immunol 2005; 6:338–44.

43. Bettelli E, Carrier Y, Gao W, Korn T, Strom TB, Oukka M, et al.
Reciprocal developmental pathways for the generation of patho-
genic effector TH17 and regulatory T cells. Nature 2006; 441:235–
8.

44. Baban B, Chandler PR, Sharma MD, Pihkala J, Koni PA, Munn
DH, et al. IOD activates regulatory T cells and blocks their
conversion into Th17-like T cells. J Immunol 2009; 183:2475–85.

45. Burchill MA, Yang J, Vang KB, Farrar MA. Interleukin-2 receptor
signaling in regulatory T cells development and homeostasis.
Immuol Lett 2007; 114:1–8.

46. Collison LW, Pillal MR, Chaturvedi V, Vignali DA. Regulatory T

cells suppression is potentiated by target T cells I a cell contact, IL-
35- and IL-10-dependent manner. J Immunol 2009; 182:6121–8.

47. Collison LW, Chaturvedi V, Henderson AL, Giacomin PR, Guy C,
Bankoti J, et al. IL-35-mediated induction of a potent regulatory T
cell population. Nat Immunol 2010; 11(12):1093–102.

48. Cao M, Cabrera R, Xu Y, et al. Different radiosensitivity of
CD4(þ)CD25(þ) regulatory T cells and effector T cells to low
dose gamma irradiation in vitro. Int J Radiat Biol 2011; 87(1):
71–80.

49. Moo-Young TA, Larson JW, Belt BA, Tan MC, Hawkins WG,
Eberlein TJ, et al. Tumor-derived TGF-beta mediates conversion
of CD4þFoxp3þ regulatory T cells in a murine model of pancreas
cancer. J Immunother 2009; 32:12–21.

50. Zheng SG, Wang J, Wang P, Gray JD, Horwitz DA. IL-2 is
essential for TGF-beta to convert naive CD4þCD25-cells to
CD25þFoxp3þ regulatory T cells and for expansion of these cells.
J Immunol 2007; 78:2018–27.

51. Schuliga M, Ong SC, Soon L, Zal F, Harris T, Stewart AG. Airway
smooth muscle remodels pericellular collagen fibrils: implications
for proliferation. Am J Physiol Lung Cell Mol Physiol 2010; 298
(4):584–92.

52. Min HJ, Won HY, Kim YC, Sung SH, Byun MR, Hwang JH, et al.
Suppression of Th2-driven, allergen-induced airway inflammation
by sauchinone. Biochem Biophys Res Commun 2009; 385(2):
204–9.

53. Edwards MR, Bartlett NW, Clarke D, Birrell M, Belvisi M,
Johnston SL. Targeting the NF-kappaB pathway in asthma and
chronic obstructive pulmonary disease. Pharmacol Ther 2009;
121(1):1–13.

54. Sheller JR, Polosukhin VV, Mitchell D, Cheng DS, Peebles RS,
Blackwell TS. Nuclear factor kappa B induction in airway
epithelium increases lung inflammation in allergen-challenged
mice. Exp Lung Res 2009; 35(10): 883–95.

55. Akdis M, Verhagen J, Taylor A, Karamloo F, Karagiannidis C,
Crameri R, et al. Immune responses in health and allergic
individuals are characterized by a fine balance between allergen-
specific T regulatory 1 and T helper 2 cells. J Exp Med 2004;
199:1567–75.

56. Jabara HH, Geha RS. Jun N-terminal kinase is essential for CD40-
mediated IgE class switching in B cells. J Allergy Clin Immunol
2005; 115(4):856–63.

57. Holgate S, Smith N, Massanari M, Jimenez P. Effects of
omalizumab on markers of inflammation in patients with allergic
asthma. Allergy 2009; 12:1728–36.

58. Hinz D, Simon JC, Maier-Simon C, Milkova L, Roder S, Sack U,
et al. Reduced maternal regulatory T cell numbers and increased T
helper type 2 cytokine production are associated with elevated
levels of immunoglobulin E in cord blood. Clin Exp Allergy 2010;
40:419–26.

59. Scherf W, Burdach S, Hansen G. Reduced expression of
transforming growth factor beta 1 exacerbates pathology in an
experimental asthma model. Eur J Immunol 2005; 35:198–206.

60. Joetham A, Takada K, Taube C, Miyahara N, Matsubara S, Koya
T, et al. Naturally occurring lung CD4þCD25þ T cell regulation of
airway allergic responses depends on IL-10 induction of TGF-beta.
J Immuol 2007; 178:1433–42.

61. O’Garra A, Barrat FJ, Castro AG, Vicari A, Hawrylowicz G.
Strategies for use of IL-10 or its antagonists in human disease.
Immunol Rev 2008; 223:114–31.

62. Kearley J, Robinson DS, Lloyd CM. CD4þCD25þ regulatory T
cells reverse established allergic airway inflammation and prevent
airway remodeling. J Allergy Clin Immunol 2008; 122:617–24.

63. Jones TG, Finkelman FD, Austen KF, Gurish MF. T regulatory
cells control antigen-induced recruitment of mast cell progenitors
to the lung of C57BL/6 mice. J Immunol 2010; 185:1804–11.

ANTI-ALLERGIC/ASTHMATIC EFFECTS BY IRRADIATION 583



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on 'AP_Press'] Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


