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ABSTRACT

Lung fibrosis may be associated with Type-2 polarized inflammation. Herein, we aim to investigate whether radi-
ation can initiate a Type-2 immune response and contribute to the progression of pulmonary fibrosis in tumor-
bearing animals. We developed a tumor-bearing mouse model with Lewis lung cancer to receive either radiation
therapy alone or radiation combined with Th1 immunomodulator unmethylated cytosine-phosphorothioate-
guanine containing oligodeoxynucleotide (CpG-ODN). The Type-2 immune phenotype in tumors and the histo-
logical grade of lung fibrosis were evaluated in mice sacrificed three weeks after irradiation. Mouse lung tissues
were analyzed for hydroxyproline and the expression of Type-1/Type-2 key transcription factors (T-bet/GATA-3).
The concentration of Type-1/Type-2 cytokines in serum was measured by cytometric bead array. Lung fibrosis
was observed to be more serious in tumor-bearing mice than in normal mice post-irradiation. The fibrosis score in
irradiated tumor-bearing mice on Day 21 was 4.33 ± 0.82, which was higher than that of normal mice (2.00 ± 0.63;
P < 0.05). Hydroxyproline and GATA-3 expression were increased in the lung tissues of tumor-bearing mice
following irradiation. CpG-ODN attenuated fibrosis by markedly decreasing GATA-3 expression. Serum IL-13 and
IL-5 were elevated, whereas INF-γ and IL-12 expression were decreased in irradiated tumor-bearing mice. These
changes were reversed after CpG-ODN treatment. Thus, Type-2 immunity in tumors appeared to affect the
outcome of radiation damage and might be of interest for future studies on developing approaches in which
Type-1–related immunotherapy and radiotherapy are used in combination.
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INTRODUCTION
Radiation-induced lung injury (RILI) is one of the most common
and dose-limiting side-effects of thoracic radiotherapy, which compro-
mises the success of lung cancer treatments [1]. Approximately 10% to
20% of patients with non–small cell lung cancer (NSCLC) who receive
definitive radiation therapy experience clinically severe RILI (Grade
≥3) [2–4]. In most cases, pathological changes resulting from RILI
eventually lead to lung fibrosis [5, 6]. Although the mechanism(s)
underlying the pathogenesis of radiation-induced lung fibrosis (RILF)
at the molecular and cellular levels is not yet fully understood, initial

immune and inflammatory responses to repeated stimuli lead to tissue
injury and progressive fibrosis [7].

Radiation therapy can stimulate immunological activity in both
tumor and non-tumor microenvironments. Radiation activates inflam-
mation and immunity through initiation of lymphocyte infiltration, in
particular the recruitment of T cells [7–10]. T-helper Type 1 (Th1)
and 2 cells (Th2), are differentiated from naive CD4+ T (Th0) cells.
The differentiation of Th0 cells into Th1 or Th2 cells is regulated by
the transcription factors (i) T-box expressed in T-cells (T-bet) and
(ii) GATA-binding protein-3 (GATA-3). Th1 cells predominantly
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produce cytokines such as interleukin (IL)-2 and interferon-gamma
(IFN-γ), and Th2 cells produce IL-4, IL-5 and IL-13 [11, 12].
Studies have shown, in a range of fibrosis disease models, that Type-2
cytokines such as IL-4 and IL-13 enhance fibrotic processes by acti-
vating fibroblast proliferation and collagen production, whereas Type-
1 cytokines inhibit these processes [13–15]. In our previous study,
we also observed high levels of Type-2 cytokines in healthy mice with
RILF [14]. GATA-3 expression in irradiated lung tissues upregulated
alternatively activated macrophages (M2 macrophages) which express
high levels of arginase-1 as a result of lung fibrosis [14]. Thus, differ-
ent Type-1/Type-2 immune system function could be related to
more progressive fibrosis.

Tumor cells produce immunosuppressive cytokines that impair
anti-tumor immune responses [16, 17]. Recent reports have shown
that some Type-2 cytokines such as IL-4, IL-5, IL-10 and IL-13 are
expressed in lung cancer cell lines, whereas there is little expression of
Type-1 cytokines [18, 19]. Similarly, peripheral blood lymphocytes
isolated from patients with NSCLC produce high levels of IL-10 but
low levels of IFN-γ [20]. Both lung tissue and peripheral blood T
cells isolated from NSCLC patients have low levels of T-bet expres-
sion [21, 22]. Furthermore, even in the absence of clinical or radio-
graphic findings, the lung parenchyma contralateral to the tumor
suffers an early and significant increase in interstitial fibrosis (thick-
ness) and congestion after radiation therapy, as monitored by serial
transbronchial biopsy [23]. These observations suggest that NSCLC
may be characterized by a Type-2–biased immune phenotype and
likely promotes the formation of fibrotic tissue. However, current
knowledge of RILF biology is mainly limited to patients with a
normal status, and further in vivo investigations using tumor models
are required.

In order to determine whether irradiated lung tissue aggravates
lung fibrosis in a tumor model, we subjected mice with lung cancer
to X-ray irradiation and assessed Type-2 immunity and the degree
of lung fibrosis. In addition, we examined whether suppressing
Type-2 immunity could delay RILF by using a Type-1 immunologic
adjuvant, CpG-ODN. These data might provide a better under-
standing of the role of constitutive host immunity on radiation-
induced tissue damage.

MATERIALS AND METHODS
Mice

Female C57BL/6 mice (6–8 weeks old; weight, 18–22 g) were pur-
chased from the Animal Center of Wuhan University. Animals were
maintained in an environment with 60 ± 5% humidity and 25 ± 1°C
under a 12 h light–dark cycle. All experimental animals were housed
under specific pathogen-free conditions for 1 week prior to the initi-
ation of the experiments. The experimental protocols were approved
by the Medical Sciences Animal Care Committee of Hubei Province,
China.

The mice (n = 6 for each time-point per group) were divided into
six experimental groups as follows: (i) CTL group: healthy mice
without any treatment; (ii) LW group: tumor-bearing mice without any
treatment; (iii) radiotherapy (RT) group: healthy mice that received
radiation; (iv) LRT group: tumor-bearing mice that received radiation.
(v) C group: tumor-bearing mice that received only Th1 immunomo-
dulation; (vi) CRT group: tumor-bearing mice that received both radi-
ation and Th1 immunomodulation.

Mouse tumor model
3LL tumor cells (LLC cells) were used for development of the
mouse tumor model and subsequent in vivo evaluation of the Type-
1/Type-2 cytokine profile. Tumor cells were cultured and inoculated
subcutaneously into the right armpit of each C57BL/6 mouse at a
concentration of 5 × 103 cells. The growth rate of the tumor and the
tumor size were measured every 2 days by measuring the length of
two perpendicular dimensions. The volume of each tumor was calcu-
lated using the following formula: volume = 0.5 × length × width2.
When the tumors reached a size of 100 mm3, the animals were ran-
domly assigned to the LW, LRT, C or CRT group. Blood samples
were collected before treatment and at 0, 1, 3, 7, 14 or 21 days post-
irradiation, and serum was separated by centrifugation. Mice were
sacrificed by cervical dislocation. Sera were stored at –70°C and other
specimens were stored in liquid nitrogen until further analysis.

Radiation treatment regimen
A plastic jig was used to restrain the mice without anesthesia, and
lead blocks were placed to shield the head and abdomen. A total of
12 Gy was administered to the mid-plane of the lungs in a single dose
via a posterior field using a linear accelerator (Siemens Primus-Hi).
The beam was of 6-MV photons at a dose rate of 1.886 Gy/min, the
source–surface distance (SSD) was 1 m, and the size of the radiation
field was 2.5 × 15 cm. The RT field involved both the armpit and the
whole lung. The depth of the maximum dose of the radiation was sig-
nificantly reduced by the tissue-equivalent plastic material (10-mm
thickness) of the restraining jig. Film dosimetry was used to deter-
mine the relative dose distribution and dosimetry was performed
using a cylindrical ionization chamber. Following irradiation, the mice
were maintained in a specific pathogen-free environment and pro-
vided with a standard diet and water.

Treatment of mice with Type-1 immunomodulator
CpG-ODN

CpG-ODN can selectively activate Type-1 immunity. CpG-ODN was
synthesized by Beijing Tianyi Huiyuan Bioscience and Technology
Inc. (Beijing, China). The CpG-ODN sequence used in this study was
5′-TCCATGACGTTCCTGACGTT-3′. The ODN was diluted with
phosphate-buffered saline (PBS) to a final concentration of 250 mg/ml
and stored at 4°C. Mice were treated with either 0.2 ml CpG-ODN
(250 µg/ml) or 0.2 ml PBS via intraperitoneal injection, and treat-
ments were administered 30 min, 24 h and 48 h after irradiation. The
irradiated tumor-bearing mice treated with CpG-ODN were assigned
to the CRT group.

Tissue isolation
Mice were sacrificed by cervical dislocation before irradiation (Day 0)
and 1, 3, 7, 14 or 21 days post-irradiation. The left lung lobes were
excised for histological examination and were also used to measure
the hydroxyproline content (see below). The right lung lobes were
snap-frozen in liquid nitrogen and later used for RNA and protein
isolation. Sera samples were analyzed by Cytometric Bead Array.

Lung and tumor tissue histopathology
Paraffin-embedded tissues were sectioned to an average thickness of
4 µm. Lung tissues were stained with hematoxylin and eosin (H&E)
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to determine histological changes, and Masson’s stain was used to
detect collagen. Tumor tissues were stained for immunohistochem-
ical analysis of T-bet and GATA-3. The fibrosis score was evaluated
by two independent investigators, in a blinded manner, according to
the criteria of Hübner et al. [24]. The fibrosis score was obtained
from partial left lung lobes. Collagen content was determined indir-
ectly by assessing hydroxyproline levels in the remaining portion of
the left lung. An alkaline hydrolysis assay kit (Jiancheng Biological
Institution, Nanjing, China) was used to measure hydroxyproline
content, according to the manufacturer’s instructions. The quantity of
hydroxyproline was determined based on the following formula: content
of hydroxyproline (µg/mg, wet weight) = [absorbance (sample) – absorb-
ance (blank)]/[absorbance (standard) – absorbance (blank)] × 5 µg/ml
× 10 ml/wet weight (tissue).

RT-PCR analysis
Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad,
CA, USA) according to the manufacturer’s protocol. Polymerase
chain reaction (PCR) primers for murine GATA-3, T-bet and the
housekeeping gene β-actin were designed by ShineGene Co. Ltd,
based on cDNA sequences obtained from the GenBank database.
Briefly, cDNA was synthesized from 2 µg of total RNA using the
Revert AidTM fist strand cDNA Synthesis Kit (Fermentas, Hanover,
MD, USA). DNA primer sequences were as follows: β-actin: 5′-
TGGAAGGACTCATGACCACA-3′ (forward) and 5′- CCTGCTTC
ACCACCTTCTTGA-3′ (reverse); T-bet: 5′-CCCAGCCGTTTC
TACCCC-3′ (forward) and 5′-TCGGAACTCCGCTTCATAACT-3′
(reverse); GATA-3: 5′-ACTGCGGGGCAACCTCTA-3′ (forward)
and 5′-CGGTTCTGCCCATTCATTTT-3′ (reverse). The amplifica-
tion conditions were 94°C for 5 min followed by 35 cycles of 94°C
for 30 s, 60°C for 30 s and 72°C for 30 s, with an additional exten-
sions step for 7 min at 72°C. T-bet and GATA-3 mRNA expression
was normalized to β-actin. For example, relevant mRNA expression
(e) = 2 – (Ct of test – Ct of β-actin), where Ct represents the cycle
threshold for amplification. All experiments were repeated at least
three times.

Western blot analysis
Lung tissue samples were homogenized in cold cell lysate radio-
immunoprecipitation assay buffer (RIPA, Sigma–Aldrich, Shanghai,
China), and the protein concentration was determined using the
micro-BCA kit (Applygen Technologies Inc., Beijing, China). Equal
amounts of protein (50 µg/condition) from individual mice in each
group were separated by electrophoresis on an 8–10% SDS-PAGE
gel, and then electrotransfered to polyvinylidene fluoride (PVDF,
Millipore) membranes. The membranes were blocked with blocking
buffer (BSA, pH7.5) for 1 h at room temperature. The blots were
then incubated overnight at 4°C with GATA-3 (200 µg/ml) or T-bet
(200 µg/ml) specific primary antibodies, with β-actin (100 µg/ml)
used as an internal control. All primary antibodies were purchased
from Santa Cruz Biotechnology. After washing with TBS-T buffer,
the blots were incubated with horseradish peroxidase–conjugated
anti-rabbit IgG antibodies (1 : 3000 dilution in TBS-T) at room tem-
perature for 1 h and washed with TBS-T buffer for 30 min. Finally,
the reaction was visualized using a chemiluminescence reagent kit
(BioTime, Beijing, China) and exposed to X-ray film (Kodak Scien-
tific Imaging Systems).

Enzyme-linked immunosorbent assay (ELISA)
The concentrations of STAT1, STAT4 and STAT6 in murine lung
tissues from the LRT group and the CRT group were measured using
a commercial quantitative sandwich ELISA kit (Elabscience Biotech-
nology Co., China) according to the manufacturer’s instructions.
Concentrations were estimated from a standard curve and expressed
as ng/ml. The ELISA kit was able to detect a minimum of 0.1 ng/ml
of protein.

Measurement of serum cytokines
Murine serum was collected from euthanized mice at various time-
points post irradiation. A Cytometric Bead Array (CBA) specific for
mouse Type-1/Type-2 cytokines (BD Biosciences, San Diego, CA) was
used to measure the amount of IFN-γ, IL-12, IL-5 and IL-13 produc-
tion, according to the manufacturer’s instructions. Briefly, microbead
populations with distinct fluorescence signals were coated with capture
antibodies specific for each cytokine. The capture beads, phycoerythrin-
conjugated detection antibodies, and test samples (recombinant stan-
dards used to generate a standard curve) were incubated at room tem-
perature, and the samples were subsequently washed with 1 ml of
wash buffer and pelleted by centrifugation (200 g for 5 min). After
careful aspiration of the supernatant, the beads were resuspended in
300 μl wash buffer, vortexed briefly, and analyzed on a BD FACScan
using BD CBA analysis software. Each assay had a sensitivity range of
20 to 5000 pg/ml.

Statistical analysis
Statistical analysis was performed using GraphPad InStat 3.06 (GraphPad
Software, San Diego, CA, USA). All data were expressed as the mean ±
SD. Intergroup comparisons were performed using one-way ANOVA,
and P values less than 0.05 were considered statistically significant.

RESULTS
Characterization of Type-2 immune phenotype in the

tumor-bearing mouse model
Lewis lung carcinoma cells were successfully implanted ∼1 week after
inoculation. The tumor-bearing mice were randomly assigned to the
LW, LRT, C or CRT groups, while healthy mice were assigned to the
CTL or RT groups (see Materials and Methods for a definition of
each group.).

Prior to treatment, Type-1/Type-2 cytokine plasma levels were
found to differ between healthy mice and tumor-bearing mice. As
shown in Fig. 1A, serum IL-13 production in tumor-bearing mice
from the LW group was much higher than that in the CTL mice
(8.31 ± 1.11 pg/ml and 2.25 ± 1.16 pg/ml, respectively), whereas the
levels of IFN-γ and IL-12 were significantly decreased (P < 0.05)
when compared with mice in the CTL group. To evaluate whether
the Type-2 immune phenotype was altered in tumor-bearing mice
after irradiation, we performed western blot and immunohistochem-
ical analysis using anti-GATA-3 and anti-T-bet antibodies. We found
high levels of GATA-3 expression and relatively low levels of T-bet
expression in the tumor masses from mice in the LRT group
(Fig. 1B). Gray scanning analysis showed that GATA-3 expression
was not significantly altered after irradiation. Histological analysis
demonstrated that the percentage of the mean intensity of GATA-3
and T-bet in tumors from LW mice before irradiation was
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342.61 ± 21.31 and 27.34 ± 11.31, respectively (Fig. 1C). The percent-
age was not significantly changed after irradiation (328.31 ± 41.54 and
32.25 ± 17.16, respectively; P > 0.05). Tumor shrinkage was not
observed when comparing non-irradiated with irradiated tumor-bearing
mice (Fig. 1B and D).

CpG-ODN treatment enhanced Type-1 immune response
and caused tumor regression in the tumor-bearing mouse

model
Tumor-bearing mice that had been treated with CpG-ODN for 3
weeks had significantly increased serum levels of IFN-γ and IL-12
and reduced serum levels of IL-5 and IL-13 (Fig. 2A). In Fig. 2B, at
Day 14 after irradiation, the volumes of tumor masses were much
smaller in the CRT group mice (t = 6.29, P < 0.05) compared with in
mice from the LRT group. Increased tumor regression was observed
in mice treated with a combination of irradiation and CpG-ODN
compared with those treated with CpG-ODN administration alone
(t = 6.33, P < 0.05). This phenomenon of tumor regression was grad-
ually enhanced over time.

Increasing lung fibrosis in tumor-bearing mice after
irradiation

An increase in interstitial lung fibrosis was observed 3 weeks after expos-
ure to 12 Gy of X-rays (Fig. 3A). Large collagen deposits were also
observed in the alveolar septa and bronchiolar area, with obliteration of
the alveoli (Fig. 3A). At each time-point, the mean fibrosis score in the

LRT group was higher than in the other two groups of irradiated mice
(Table 1). A significant difference between the groups was found in
terms of the fibrosis score at 3 weeks after irradiation (P < 0.05).

As an indicator of the severity of pulmonary fibrosis, the hydroxy-
proline content in the lungs was analyzed. The hydroxyproline
content in the lungs of the LRT group mice was higher than in mice
from the RT group (P < 0.05). Compared with the RT group, the
tumor-bearing mice in the LRT group had significantly increased
hydroxyproline levels 3 weeks post irradiation (0.312 ± 0.02 and
0.434 ± 0.04 µg/mg; P < 0.01; Fig. 3B).

T-bet and GATA-3 mRNA and protein expressions in
mouse lungs

To explore the role of Type-1/Type-2 immune status in RILF, the
remaining lung sections were collected for Real time (RT) - PCR (RT-
PCR) and western blot analysis. Relative T-bet and GATA-3 mRNA
expression are shown in Fig. 4A and B, respectively. Overall, the level
of T-bet in the RT group was higher over the 3-week experimental
period compared with in the LRT group, and reached a maximum at 2
weeks post irradiation (1.71 ± 0.28, and 0.31 ± 0.10; P < 0.05; Fig. 4A).
In contrast, tumor-bearing mice from the LRT group typically had
higher levels of GATA-3, particularly 1 week post irradiation, when
compared with mice in the RT group (P < 0.05; Fig. 4B).

In accordance with the results obtained from the RT-PCR ana-
lysis, GATA-3 protein levels also showed a time-dependent increase
in both the LRT and RT groups. Higher levels of GATA-3 were

Fig. 1. Characterization of Type-2 immune response in the tumor-bearing mouse model. (A) Differences in serum Type-1/2
cytokine levels between CTL group and LW group mice. (B) The expression of T-bet/GATA-3 in tumors before and after
irradiation was measured by western blot. (C) T-bet and GATA-3 expression in tumors was detected by immunohistochemistry
(magnification × 400). A representative picture is shown here. Arrows indicate positive expression. (D) Differences in tumor
growth curves between LW group and LRT group mice. Data are shown as the mean ± SD. *P < 0.05. CTL group: healthy mice
without any treatment; LW group: tumor-bearing mice without any treatment.
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observed in the LRT group compared with in the RT group. The
expression of T-bet in the LRT group gradually decreased to the
lowest level 3 weeks after irradiation (Fig. 4C).

CpG-ODN significantly delayed the development of lung
fibrosis after irradiation

To examine changes in lung tissue after thoracic irradiation com-
bined with CpG-ODN treatment, the extent of fibrosis in

individual mouse lungs was assessed histologically 3 weeks after
radiation. Histological assessment revealed a decrease in the
alveolar septum thickness in mice from the CRT group (Fig. 3A).
The fibrosis score significantly decreased after CpG-ODN treat-
ment, both at 14 and 21 days post-irradiation (Table 1). Mean-
while, the amounts of hydroxyproline at each time-point after
irradiation were lower than in mice in the LRT group (P < 0.05;
Fig. 3B).

Fig. 2. Anti-tumor response of CpG-ODN treatment. (A) Differences in serum Type-1/2 cytokine levels between LW group and
C-group mice. Data are shown as the mean ± SD. *P < 0.05. (B) Tumor growth curves for LRT group, C-group and CRT group
mice. Data are shown as the mean ± SD. CRT group vs LRT group, P < 0.05; CRT group vs C-group, P < 0.05; LRT group:
tumor-bearing mice that received radiation (open circles); C-group: tumor-bearing mice that only received Th1
immunomodulation (filled triangles); CRT group: tumor-bearing mice that received both radiation and Th1
immunomodulation (closed circles).

Fig. 3. Pathological features of radiation-induced lung fibrosis in mouse lung tissues. Representative slides indicate lungs from
LRT, RT and CRT group mice. Lung tissue sections obtained on Days 1, 7, 14 and 21 after irradiation. (A) Masson’s staining for
collagen in mouse lung tissues (magnification × 20). Collagen fibers were stained blue. (B) Comparison of hydroxyproline
expression in mouse lung tissues after irradiation. Data are shown as mean ± SD. *P < 0.05.
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Activation of STAT-1 and STAT-4 expression, but
inhibition of STAT-6 may be the underlying mechanism
in lung fibrosis mitigation as a result of CpG-ODN

administration
STAT-1, STAT-4 and STAT-6 are the main upstream factors of T-bet
and GATA-3 that play pivotal roles in activating the Type-1 and
Type-2 cytokine pathways. Therefore, using an ELISA, we examined
whether the expression of STAT-1, STAT-4 and STAT-6 protein in
lungs could be regulated by CpG-ODN. Decreased GATA-3 expres-
sion and increased T-bet levels were noted after administration of
CpG-ODN to tumor-bearing mice after irradiation (Fig. 4). ELISA
tests further revealed that STAT1 expression in irradiation lung tissue
from CRT group mice increased quickly after one week of CpG-
ODN treatment (P < 0.05; Fig. 5A). Then, After 3 weeks CpG-ODN
administration, the levels of STAT1 and STAT4 in lung tissue from
CRT group mice were both significantly increased compared with in

lung tissue from LRT group mice (P < 0.05; Fig. 5A and B). Contrar-
ily, the STAT6 expression was sharply decreased (P < 0.05; Fig. 5C).

Changes in Type-1/Type-2 cytokine plasma levels after
irradiation

High levels of Type-1 cytokines (IFN-γ and IL-12) were observed in
mice from the RT group, especially at Day 14 (IFN-γ, 298 ± 2.52 pg/
ml; IL-12, 600 ± 0.30 pg/ml) (Fig. 6A and B). The expression of
these cytokines was lower in the LRT group than in the RT group.
Serum IFN-γ and IL-12 levels in the LRT group decreased rapidly to
a minimum and were much lower compared with those of the RT
group (P <0.05; Fig. 6A and B). In contrast, high levels of Type-2
cytokines (IL-5 and IL-13) were present in mice from the LRT group
(Fig. 6C and D). The highest level of IL-13 and IL-5 expression was
350 ± 0.43 pg/ml and 20.5 ± 0.39 pg/ml, respectively, at 3 weeks post
irradiation (P < 0.05; Fig. 6C and D). When the mice were treated

Table 1. Fibrosis score according to groups

Groups Fibrosis score

d1 d3 d7 d14 d21

Mean ± SD Range Mean ± SD Range Mean ± SD Range Mean ± SD Range Mean ± SD Range

RT group 1.33 ± 0.52 1–2 1.50 ± 0.54 1–2 1.83 ± 0.41 1–2 2.00 ± 0.89 1–3 2.00 ± 0.63 1–3

LRT group 1.67 ± 0.52 1–2 1.83 ± 0.41 1–2 2.33 ± 1.03 1–4 3.33 ± 1.21 2–5 4.33 ± 0.82 3–5

CRT group 1.50 ± 0.55 1–2 1.67 ± 0.52 1–2 2.00 ± 0.89 1–3 2.17 ± 0.98 1–4 3.00 ± 0.89 2–4

Fig. 4. Expression of transcription factors for Type-1/Type-2 immune response up to 21 days. T-bet (A) and GATA-3 (B) mRNA
expression in RT group, LRT group and CRT group mice was measured by RT-PCR. (C) The difference between T-bet and
GATA-3 protein expression was measured by western blot. Data are shown as mean ± SD. *P < 0.05.
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with CpG-ODN, serum IL-12 and INF-γ levels increased in the CRT
group at Day 7 and 14 compared with in the LRT group, whereas
IL-5 and IL-13 levels decreased sharply (P < 0.01; Fig. 6).

DISCUSSION
We previously reported that radiation-induced lung fibrosis, a
common and late complication of thoracic radiotherapy, was related
to a Type-2 immune response in healthy animals [14]. In the current
study, we demonstrated that in tumor-bearing animals, irradiation can
induce lung fibrosis more easily than in healthy mice and that a Type-
2–mediated immune mechanism might play an important role in
RILF.

Radiation can alter the composition of the cellular immune infil-
trate through the induction of cytokines such as TNF, IL-1 and IL-6
[9, 25], but only low levels of Type-1 immune cytokines were
observed in the LRT group. These results may be due to failure of
tumor regression in a lung-centered irradiation field and a strong
Type-2 immune phenotype in our tumor-bearing mouse model.
High levels of Type-2 cytokines (IL-5 and IL-13) in circulating blood
have been shown to participate in both the initiation and progression
of cancer [26]. The expression of high levels of GATA-3 and its corre-
sponding signaling cascade were seen not only in tumor masses, but
also in normal lung tissue from tumor-bearing mice. Thus, the per-
sistence of tumors with a Type-2 immune phenotype was possibly
related to an increased risk of pulmonary fibrosis.

Commonality between tumor environment and irradiated normal
tissues has been observed. For example, cancer-induced myeloid-

derived suppressor cells in peripheral blood can display the pheno-
typic and functional hallmarks of fibrocytes, and these cells were
likely increased in response to Type-2 immune deviation [27]. Add-
itionally, M2 macrophages and hyperactivation of TGF-β signaling
contributes to EMT-associated changes such as metastasis and cancer
stem cell formation, and leads to RILF during radiotherapy [28–30].
Therefore, after irradiation, tumors might deliver Type-2 cytokines or
other pro-fibrogenic signals into normal lung tissue via the circulation
and eventually affect the progression of normal tissue damage.

STAT1, STAT4 and STAT6 are signal transduction molecules
that associate with IFN-γ, IL-12 and IL-4/IL-13 receptors, respect-
ively [31]. Activation of STAT1, STAT4 and STAT6 is pivotal in the
differentiation of Type-1 and Type-2 T-cells [31]. In our study,
administration of the strong Type-1 immune adjuvant CpG-ODN
reduced the expression of STAT6 and GATA-3 in the lung tissue by
activating STAT1, STAT4 and T-bet. CpG-ODN has been shown in
previous studies to enhance the induction of anti-tumor immune
responses, but its ability to delay or stop the pathological changes of
RILF has not previously been demonstrated [32–34]. It appeared
that improving the Type-1 immune response might be a potential
and effective means of treating RILF in tumor-bearing mice. The
results of this study will be used as the basis for further studies to test
the safety and clinical efficacy of radiotherapy combined with Type-1
related immunotherapy and its molecular mechanisms.

In conclusion, our data provide a scientific rationale that Type-2
immune phenotype in tumors can affect the outcome of radiation
damage. Boosting Type-1 related immunity with an appropriate

Fig. 5. Effects of CpG-ODN on the expression of phosphorylated (p) -STAT1, pSTAT4 and pSTAT6 proteins in lung tissues
after irradiation. STAT1, STAT4 and STAT6 are signal transduction molecules associated with IFN-γ, IL-12 and IL-4/IL-13
receptors, respectively. Data are shown as mean ± SD. Compared with LRT group: *P < 0.05.
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vaccine might be possible and may create strong anti-tumor effects
and normal tissue protection when effectively combined with stand-
ard cancer therapies, such as radiation. These combination treatments
might play an important role in future clinical developments.
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