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We previously showed that 0.5 Gy whole-body 

 

γ

 

-ray irradiation with a single or small number of
repeated exposures inhibits tumor growth in mice, via elevation of the IFN-

 

γ

 

/IL-4 ratio concomitantly with
a decrease in the percentage of B cells. Here we examined whether repeated 0.5 Gy 

 

γ

 

-rays irradiation can
improve asthma in an OVA-induced asthmatic mouse model. We found that repeated irradiation (10 times)
with 0.5 Gy of 

 

γ

 

-rays significantly increased total IgE in comparison with the disease-control group. The
levels of IL-4 and IL-5 were also significantly higher in the 

 

γ

 

-ray-irradiated group, while that of IFN-

 

γ

 

 was
significantly lower, resulting in a further decrease of the IFN-

 

γ

 

/IL-4 ratio from the normal value. These
results indicate that the repeated irradiation with 

 

γ

 

-rays may exacerbate asthma, and may have opposite
effects on different immune reactions unlike the irradiation with a single or small number of repeated
exposures.

 

INTRODUCTION

 

It is now well known that the response of the immune sys-
tem to ionizing radiation depends on the dose and the dose-
rate. During the last century, it was initially thought that
even very low radiation doses were harmful, and that there
was a linear dose-effect relationship (so-called linear no-
threshold (LNT) theory). However, epidemiological findings
on cancer frequency in areas with high natural radiation
background and various animal experiments cast doubt on
this theory. Since Luckey

 

1)

 

 first proposed physiological stim-
ulatory effects of radiation (so-called hormesis) in 1982,
much evidence in support of the concept has been accumu-
lated. It is now accepted that low-dose whole-body irradia-
tion enhances host immune response, rather than having a
direct cell killing action.

 

2)

 

In recent years, low-dose irradiation has been examined
for the pre-clinical treatment of some chronic diseases, such
as chronic lymphocytic leukemia and low-grade non-
Hodgkin’s lymphoma, and long-term remissions have been

obtained.

 

3)

 

 The efficacy of low-dose whole-body irradiation
is believed to stem from three mechanisms, namely immune
enhancement, induction of apoptosis, and the intrinsic
hypersensitivity to low radiation doses of many cell lines
and tumors. Data from animal experiments have shown that
low-dose whole-body irradiation enhances the immune
response through (1) augmenting the proliferative reactive
response of T cells to mitogenic stimulation

 

4)

 

; (2) altering
cytokine release, particularly activation of IFN-

 

γ

 

 and IL-2
production

 

5)

 

; (3) increasing the expression of IL-2 receptors
on the T-cell surface

 

6)

 

; (4) facilitating signal transduction in
T lymphocytes

 

7)

 

; (5) increasing splenic catecholamine con-
tent and lowering the serum corticosterone level

 

8)

 

; (6) elim-
inating a particularly radiosensitive subset of suppressor T
cells.

 

9)

 

Our recent studies have shown that 0.5 Gy whole-body 

 

γ

 

-
ray irradiation with a few frequency inhibits tumor growth
in mice.

 

10,11)

 

 These anti-tumor effects were mediated by the
radiation-induced elevation of the IFN-

 

γ

 

/IL-4 ratio concom-
itantly with a fall in the percentage of B cells. It is well
known that asthma is characterized by the production of
large quantities of IgE antibodies by B cells and a decrease
of IFN-

 

γ

 

/IL-4 ratio. The immuno-modulatory effects of 0.5
Gy whole-body irradiation might therefore act in opposition
to the pathogenetic mechanisms of asthma. We therefore
examined the effect of 

 

γ

 

-ray irradiation on asthma in an oval-
bumin-induced asthmatic mouse model.
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MATERIALS AND METHODS

 

Animals

 

Five-week-old male BALB/c mice, weighing 14–16 g,
were purchased from Sankyo Laboservice Co. (Tokyo,
Japan). They were housed in plastic cages with sterilized
wood chips bedding and bred in rooms kept at a temperature
of 23 

 

±

 

 2

 

°

 

C and a relative humidity of 55 

 

±

 

 10

 

°

 

C under a
12 h light-dark cycle. They were allowed free access to tap
water and experimental normal diet (CE-2, CLEA Co., Ltd.,
Tokyo, Japan). The mice were separated into 3 groups, i.e.,
normal, disease-control and irradiation groups. Animals
were treated and/or handled according to the Recommenda-
tions for Handling of Laboratory Animals for Biomedical
Research, compiled by the Committee on Safety and Ethical
Handling Regulations for Laboratory Animal Experiments,
Tokyo University of Science. All experimental procedures
mentioned below were in accordance with institutional
guidelines for the care and use of laboratory animals in
research.

 

Materials

 

Ovalbumin (OVA) was used as an antigen. Al(OH)

 

3

 

 (13
mg/ml) was purchased from Sigma Chemical Co.. The fol-
lowing antibodies were used in this study: anti-mouse IFN-

 

γ

 

 mAb, biotin-conjugated anti-mouse IFN-

 

γ

 

 mAb, anti-
mouse IL-4 mAb, biotin-conjugated anti-mouse IL-4 mAb,
anti-mouse IL-5 mAb, and biotin-conjugated anti-mouse IL-
5 mAb (eBioscience, San Diego, CA: XMG1.2, R4-6A2,
11B11, BVD6-24G2, TRFK 5 and TRFK 4, respectively).
Recombinant mice IFN-

 

γ

 

, IL-4 and IL-5 were purchased
from eBioscience (14-8311-63, 14-8041-62 and 14-7052-81,
respectively). The following mAbs were labeled with FITC,
PE and Cy-Chrome and directed against the following mark-
ers: CD3, T cell receptor associated complex present on all
mature T cells; CD4, protein on helper T cells; CD8, protein
on cytotoxic T cells; CD19, protein on B cells and Pan-NK,
protein on NK cells. These mAbs were purchased from Bec-
ton Dickinson Co.. All reagent used in this study were
reagent grade.

 

Induction of asthma model

 

Mice were sensitized and challenged with OVA according
to the method described by Ikeda 

 

et al.

 

12)

 

 with a slight mod-
ification. Briefly, the disease-control and irradiation groups
were sensitized i.p. with 100 

 

µ

 

l of OVA solution (0.5 mg/ml
in saline) emulsified in 150 

 

µ

 

l of Al(OH)

 

3

 

 on day 3 after the
start of the experiment at a dosage of 250 

 

µ

 

l. A second sen-
sitization was given 5 days after the initial sensitization.
Then, on the following 15, 19 and 23 days, mice were kept
in a glass barrel for 30 min and challenged with inhalation
of aerosolized OVA solution (10 mg/ml in saline) as an anti-
gen challenge for excitation. The aerosol was generated with

an Omron device (NE-U22, Omron Co.). The normal group
mice received mock sensitization with i.p. saline-Al(OH)

 

3

 

emulsion and were challenged with an aerosol of saline
without OVA.

 

γ

 

-Ray irradiation

 

Mice were placed in an apertured lucite cabinet and given
whole-body irradiation with 

 

γ

 

-rays from a 

 

137

 

Cs source
(Gammacell 40, Nordin International, Inc., Canada) at a
dose of 0.5 Gy (0.98 Gy/min) each time without anesthesia.
The schedule for sensitization, inhalation and irradiation is
shown in Fig. 1.

 

Assay of total IgE

 

According to the procedure described by Watanabe

 

 et
al

 

.,

 

13)

 

 blood was collected from the retro-orbital plexus with
glass capillary tubes after a full period of irradiation treat-
ment and the plasma was separated. To determine the time-
dependent changes in total IgE, blood samples were collect-
ed every 2 days from day 5 to day 40 after the start of the
experiment. The effect of 0.5 Gy 

 

γ

 

-ray irradiation on the IgE
level in the OVA-induced asthma model was examined on
day 24. Total IgE was measured with an ELISA kit (Bethyl
Laboratories, Inc.). The assay sensitivity was 3.9–250 ng/ml,
and the samples were appropriately diluted.

 

Measurement of cytokine production by spleen lympho-
cytes

 

Levels of IL-4, IL-5 and IFN-

 

γ

 

 produced by spleen lym-
phocytes were measured as described by Wang

 

 et al.

 

.

 

14)

 

Briefly, the spleen cells (6 

 

× 

 

10

 

6

 

 cells/ml) were harvested on
day 24 from each group, suspended in 10% FBS/RPMI 1640
culture and then cultured in the presence of OVA (1 mg/ml)
for 72 h at 37

 

°

 

C in the CO

 

2

 

 incubator. The levels of IL-4,
IL-5 and IFN-

 

γ

 

 in the culture supernatant were measured
with ELISA kits (Pharmingen). The assay sensitivities were
15.625–2000 pg/ml (IL-4 system), 7.8–1000 ng/ml (IL-5
system) and 78.125–5000 pg/ml (IFN-

 

γ

 

 system), respective-
ly.

 

Flow-cytometric analysis of phenotypes of spleen lym-
phocytes

 

Spleen lymphocytes were stained with PE-labeled anti-

 

Fig. 1.

 

Schedule for sensitization with OVA emulsified in
Al(OH)

 

3

 

, challenge with aerosolized inhalation of OVA solution
and irradiation.
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CD3, Cy-chrome-labeled anti-CD4, FITC-labeled anti-CD8,
FITC-labeled anti-CD19 and PE-labeled anti-PanNK. All
the antibodies used above were purchased from Pharmingen
Co.. Data were acquired using a FACS-Calibur flow cytom-
eter (Becton Dickinson, San Jose, CA) and analyzed with
FlowJo

 

TM

 

 software (Treestar, Inc.)

 

Statistical analysis

 

Values for all measurements were expressed as means 

 

±

 

S.D. Groups were compared by the use of Levene test, 1-
way ANOVA and Scheffe test for comparison between two
groups. 

 

P

 

 values of less than 0.05 were considered signifi-
cant.

 

RESULTS

 

Total IgE

 

Time-dependent changes in the total IgE levels are illus-
trated in Fig. 2. The total IgE content in OVA-induced asth-
matic mice significantly increased from 20 days after the
start of the experiment, reaching a maximum level at around
30 days. Thereafter, the level gradually decreased up to 38
days. The average mean values (n = 5) of the normal group
were 255 ng/ml on day 8, 257 ng/ml on day 14, 205 ng/ml
on day 18 and 131 ng/ml on day 24. As shown in Fig. 3, the
IgE content of the disease-control group on day 24 was sig-
nificantly higher (7773 

 

±

 

 2000 ng/ml, n = 5) than that of the
non-sensitized normal group, (131.4 

 

±

 

 53.1 ng/ml, n = 5),
while the value of the irradiated group (14132 

 

±

 

 3118 ng/
ml, n = 5) was higher still.

 

Effect of 10 repeats of 

 

γ

 

-rays on cytokine levels and
Th1/Th2 ratio in the OVA asthma model

 

The production of IL-4 and IL-5 in the disease-control
group was significantly increased in comparison with the
non-sensitized normal group. These cytokine levels in the
irradiated group were both significantly higher than those of
the disease-control group (Fig.4: [A] and [B]). The level of
IFN-

 

γ

 

 of the disease-control group was also increased sig-
nificantly compared with the non-sensitized group (Fig. 4:
[C]). 

 

γ

 

-Ray irradiation clearly lowered the elevated level
induced by OVA alone. The ratio of IFN-

 

γ

 

/IL-4 in the dis-
ease-control group was reduced to 238.54 

 

±

 

 24.09 (n = 5)
compared with 273.41 

 

±

 

 25.75 (n = 5) in the non-sensitized
normal group. The IFN-

 

γ

 

/IL-4 ratio of the irradiated group
was drastically lowered to 145.37 

 

±

 

 30.08 (n = 5) (Fig. 4:
[D]), suggesting exacerbation of asthma. Since IFN-

 

γ

 

 and
IL-4 are mainly produced by Th1 and Th2 cells, respective-
ly, these results may mean that irradiation inhibits Th1 polar-
ization, but induces Th2 polarization in this asthma disease
model.

 

Effects of 10 repeats of 0.5 Gy 

 

γ

 

-ray irradiation on per-
centage changes of lymphocyte subpopulations in
asthma disease model mice

 

To look at the effect of 10 repeats of 0.5 Gy irradiation
on T cell differentiation and inducement from an alternative
point of view, we examined the influence of absolute num-
bers of splenic lymphocytes and percentage changes of lym-

 

Fig. 2.

 

Time-dependent changes of total IgE level in OVA-
induced asthma model mice. Total IgE in plasma post-final inhala-
tion was assayed every two or three days from the 10

 

th

 

 to 38

 

th

 

 day.
The values represent means 

 

±

 

 S.D. of 5 animals.

 

Fig. 3.

 

Effects of 10 repeats of 0.5 Gy 

 

γ

 

-ray irradiation on total
IgE level on day 24 in OVA-induced asthma model mice. Blood
samples were obtained on day 24 after the start of experiment as
shown in Fig. 1. The values represent means 

 

±

 

 SD. of 5 animals.
Significant differences from the normal group are indicated with
*** (

 

P 

 

< 0.001), and those from the disease control group with 

 

###

 

(

 

P 

 

< 0.001).
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phocyte subpopulations in asthma disease model mice
induced by OVA at 24 days after sensitization. The absolute
numbers of total lymphocytes in normal, diseases-control,
and irradiated group were 1.24 

 

×

 

 10

 

7

 

, 1.26 

 

×

 

 10

 

7

 

, and 0.95

 

×

 

 10

 

7 

 

cells/spleen, respectively. The number of OVA-sensi-
tized/irradiated group was reduced by about 20% in compar-
ison with those of normal and OVA-sensitized groups. As
shown in Fig. 5, the percentages of CD3+, CD4+ and CD8+
T cells were significantly decreased after treatment with
OVA as compared with the non-sensitized group, while the
percentages of CD19+ and Pan-NK were increased com-
pared with the normal group. In contrast, the decreases in the
percentages of CD3+ and CD4+ T cells were blocked by the
irradiation with 

 

γ

 

-rays. The percentages of CD8+ T cells and

Pan-NK in the irradiated group were almost the same as
those in the disease-control group, and the percentage of
CD19+ was decreased significantly in comparison with that
in the disease-control group. These results indicate that the
irradiation may activate T cells polarization to helper cells
(CD3+CD4+).

 

DISCUSSION

 

Early studies on the immunomodulatory effects of low-
dose irradiation showed that the reactions of spleen cells to
specific antigen (PFC reaction), allotype antigen (MLC reac-
tion) and mitogenic stimulation (LPS reaction and Con A
reaction) are enhanced, the activities of NK cells, peritoneal

 

Fig. 4.

 

Effects of 10 repeats of 0.5 Gy 

 

γ

 

-ray irradiation on the levels of IL-4, IL-5, IFN-

 

γ

 

 and IFN-

 

γ

 

/IL-4 ratio on day 24 in
OVA-induced asthma model mice. Panel [A], IL-4; Panel [B], IL-5; Panel [C], IFN-

 

γ

 

; Panel [D], IFN-

 

γ/IL-4 ratio. Spleen
cells were isolated from mice of each group 24 h after the final inhalation on day 23. The cells were cultured in 10% FBS/
RPMI 1640 medium in the presence of OVA (1 mg/ml) for 72 h at 37°C in a CO2 incubator. Each value represents the mean ±
S.D. of 5 animals. Significant differences from the normal group are indicated with *** (P < 0.001), and those from the dis-
ease control group with ### (P < 0.001).
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macrophages and ADCC are increased, production of cytok-
ines (such as IL-2 and IFN-γ) by splenocytes is increased,
and the differentiation, maturation, renovation and multipli-
cation of immune cells are augmented.15,16) Later research on
cytokines indicated that after low-dose irradiation, TCR/
CD3 on the surface of lymphocytes and IL-2Ra are up-reg-
ulated, while the secretion of IL-2, IL-6 and IFN-γ is
increased. Therefore, the activation, differentiation and mul-
tiplication of T helper cells (TH) play central roles in the
immune enhancement.17,18) Type 1 cytokines such as IL-2,
IFN-γ, and IL-12 are involved in T helper 1 (Th1) immune
responses and induce differentiation and cell-mediated
immunity, including activation of natural killer cells (NK),
cytotoxic T lymphocytes (CTL) and macrophages. By con-
trast, type 2 cytokines such as IL-4, IL-5, IL-6 and IL-10 are
involved in T helper 2 (Th2) immune responses and promote
humoral immunity. It is believed that Th1 cytokines such as
IFN-γ inhibit Th2 differentiation and Th2 cytokines such as
IL-4 inhibit Th1 differentiation.

We previously found that 0.5 Gy γ-ray irradiation of mice
elevated the IFN-γ/IL-4 ratio produced by spleen cells and
enhanced NK and CTL activity, while decreasing the per-

centage of B cells and increasing the percentage of CD4+ T
cells in blood at 48 h post-irradiation. The ratio of IFN-γ/IL-
4 increased concomitantly with a decrease in the percentage
of B cells.10,11) Since asthma is characterized by the produc-
tion of large quantities of IgE antibodies by B cells and a
decrease of IFN-γ/IL-4 ratio, we anticipated that 0.5 Gy γ-
ray irradiation might improve the status of asthma. Initially,
we administered irradiation to the asthma model mice just 2
days before sensitization and OVA inhalation was repeated
5 times, but no effect was observed. When we changed the
schedule of irradiation to a total 10 times, however, the lev-
els of total IgE, IL-4 and IL-5 were increased to levels above
those of the asthma disease-control group, as shown in Fig.
3 and 4, and the IFN-γ/IL-4 ratio was further decreased. It is
noteworthy that irradiation inhibits Th1 polarization, but
induces Th2 polarization in this asthma disease model. This
result would absolutely be supported by previous reports.19–22)

We consider that there might be three possible reasons for
these results. Firstly, the total dose of 5 Gy of radiation to
the mice was quite high (compared with less than 0.2 Gy for
low LET (linear energy transfer) or less than 0.05 Gy for
high LET).23) Secondly, the sensitivity to irradiation may be
strain-dependent. Shankar et al. indicated that the modifica-
tion of immune response by radiation was different between
BALB/c and C57BL/6 mice (specifically, DTH to M. vac-
cae, augmentation of spleen cells in response to ConA and
expression of p53 were different between these two
strains).24) Thirdly, we conjecture that irradiation might have
an immunostimulatory effect on diseases involving impaired
immunity, such as cancer and severe autoimmune disease
(e.g., MRL-lpr/lpr mice),25) while exacerbating the response
in immune hypersensitivity diseases, such as asthma.

Clearly, further work is needed to establish the effects of
whole-body irradiation in various chronic diseases.
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