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Background: Radiation-induced pneumonitis and pulmonary fibrosis are common dose-lim-
iting complications in patients receiving radiotherapy for lung, breast, and lymphoid cancers. 
In this study, we investigated the characteristics of effective immune cells related to pneumonitis 
and fibrosis after irradiation. 

Materials and Methods: After anesthesia, the whole thorax of C57BL/6 mice was irradiated at 
14 Gy. The lung tissue and bronchoalveolar lavage fluid were collected at defined time points 
post-irradiation for the determination of histological and immunohistochemical analysis and 
inflammatory cell population infiltrated into the lung. 

Results and Discussion: Whole thoracic irradiation increased the deposition of extracellular 
matrix (ECM), lung weight, and pleural effusions, which started to die from 4 months later. At 
4 months after irradiation, the numbers of macrophages and lymphocytes as well as neutrophils 
were increased dramatically in the lung. Interestingly, the macrophages that were recruited into 
the lung after irradiation had an enlarged foamy morphology. In addition, the expressions of 
chemokines (CCL-2, CCL-3, CXCL-10) for the attraction of macrophages and T cells were 
higher in the lung of irradiated mice. The high expressions of these chemokines were sustained 
up to 6 months following irradiation. In thoracic irradiated mice, infiltrated macrophages into 
the lung had the high levels of Mac-3 antigens on their surface and upregulated the hallmarks of 
alternatively activated macrophages such as arginase-1 and CD206. Furthermore, the levels of 
IL-4 and IL-13 were higher in a BAL fluid of irradiated mice. 

Conclusion: All results show that thoracic irradiation induces to infiltrate various inflamma-
tion-related immune cells, especially alternatively activated macrophages, through enhancing 
the expression of chemokines, suggesting that alternatively activated macrophages are most 
likely important for leading to pulmonary fibrosis. 

Keywords: Thoracic irradiation, Pneumonitis, Fibrosis, Inflammatory immune cells, Alterna-
tively activated macrophages
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Introduction

Thoracic radiation therapy is used to treat lung, breast, and lymphoid cancers. How-

ever, radiation-induced pneumonitis and pulmonary fibrosis are common dose-limit-

ing comp0lications in radiotherapy [1]. Although there are cytokine-mediated multi-

cellular interactions with induction and progression of fibrotic tissue reactions as indi-

cated based on many researches concerning the incidence mechanisms of pulmonary 

fibrosis after irradiation, the mechanisms underlying the pathogenesis of radiation-in-
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duced pulmonary fibrosis at the molecular and cellular lev-

els have not yet been identified. 

Fibrosis is defined by the excessive accumulation of extra-

cellular matrix (ECM) components such as a mixture of pro-

teins (collagen [especially type I and III] and elastin), glyco-

proteins and proteoglycans (fibronectin, laminin, and tenas-

cin) in and around inflamed or damaged tissue through an 

imbalance of ECM synthesis and degradation [2, 3]. ECM is 

produced by activated myofibroblasts, which are differenti-

ated from fibroblast, resident mesenchymal cells, epithelial 

and endothelial cells after exposure to the fibrogenic cyto-

kines released by inflammatory immune cells. Because 

ECM-producing myofibroblasts are central to fibrosis, fibro-

sis research has focused on explaining the mechanisms that 

initiate, maintain and terminate the differentiation of fibro-

blasts into actively proliferating, ECM-producing myofibro-

blasts [2-4]. However, we have concentrated on the effective 

immune cells that participate in lung inflammation and fi-

brosis after thoracic irradiation, because the differentiation 

and activation of fibroblasts are regulated by many elements 

of the innate and adaptive immune response [5, 6].

Generally, chronic inflammation is typically characterized 

by triggering the recruitment of various immune cells into 

the lung, including macrophages, lymphocytes, eosinophils 

and neutrophils. It is very important for the wound-healing 

process that neutrophils and monocytes/macrophages are 

recruited quickly after damage and participate in the remov-

al of debris from damaged tissue. However, because these 

cells also secrete a variety of toxic mediators that are harmful 

to the surrounding tissues, if macrophages and neutrophils 

that were infiltrated into the inflammatory site are not quick-

ly eliminated, they can further exacerbate the tissue-damag-

ing inflammatory response that leads to fibrosis. Among the 

various inflammatory cell types, macrophages are the main 

effecter cells involved in the pathogenesis of fibrosis as well 

as critical in regulating host response to lung injury because 

they are the first line of defense against pathogens. Duffield 

and his colleagues reported that macrophage depletion at an 

early stage of inflammation was shown to substantially re-

duce the development of liver fibrosis in mice [7].

Chemokines are leukocyte chemoattractants that play an 

important role in the recruitment of inflammatory cells to 

damaged sites. The chemokines are classified on the basis of 

the number and location of N-terminal cysteine residues: 

the CC chemokines, in which the cysteine residues are adja-

cent, and the CXC chemokines, in which these residues are 

separated by one amino acid. To control the nature of the in-

flammatory infiltrate, different chemokines act on different 

cells. Representative chemokines for macrophage recruit-

ment are CCL2 and CCL3, while CXCL-10 acts mainly on T 

cells and macrophages. Johnston and colleagues published 

that various chemotactic activities for neutrophils, macro-

phages, and lymphocytes occur during pneumonitis after ir-

radiation [8, 9].

Recently, we reported that whole body fractionated irradi-

ation leads to chronic allergic airway inflammation by in-

creasing the influx of macrophages in allergen-injected mice 

[10]. There are also previous studies concerning the relation-

ship between macrophages and pulmonary fibrosis in tho-

racic irradiated murine models [11-15]. Peripheral blood 

monocytes/macrophages migrate to the inflammation site 

and result in activation and polarization according to the mi-

cro-environment in the lung. Macrophage subsets with dis-

tinct functions have been described [16, 17]: classically acti-

vated macrophages (CAMs; M1) that are mainly activated by 

Toll-like receptor ligands and Th1 cytokines such as IFN-

gamma, and alternatively activated macrophages (AAMs; 

M2) that are stimulated by Th2 cytokines such as IL-4 and 

IL-13 and characterized by an elevated expression of argi-

nase type 1 (Arg-1), macrophage mannose receptor (MMR, 

CD206), resistin-like molecule-α (FIZZ-1), CCL18, and 

CXCL13 [18-20]. The classical mechanisms of activating 

macrophages have been proposed to play an important role 

in generating pro-inflammatory cytokines and inducing ra-

diation pneumonitis [3, 6]. Whereas alternatively activated 

macrophages are responsible for the secretion of anti-in-

flammatory cytokines and indispensable for tissue remodel-

ing and often associated with fibrosis [3, 6, 14]. Interestingly, 

the alternatively activated macrophages express the charac-

teristic marker proteins involved in profibrotic changes, such 

as up-regulated L-arginine metabolism by Arg-1 to generate 

polyamines and proline, the generation of growth factors, in-

cluding TGF-β1 and PDGF, that stimulate fibroblasts and ep-

ithelial cells, and alteration in ECM. 

Thoracic irradiation affects not only the macrophages but 

also various immune cells in the lung tissue. Many studies 

are still necessary to define how the various immune cells in-

terplay and are coordinated during radiation-induced fibro-

sis. In the current study, we evaluated that thoracic radiation 

induced the recruitment of various immune cells, especially 

enlarged foamy macrophages, into the lung via enhancing 

the expression of chemokines. Moreover, we examined the 
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phenotypic characteristics of macrophages that were infil-

trated into the lung after thoracic irradiation. 

Materials and Methods

1. Animals and Ethics Statement
Six-week-old female C57BL/6N (H-2b) mice were pur-

chased from Orient Inc. (Charles River Technology; Seoul, 

Korea). The mice were housed at a controlled temperature of 

22± 2°C and at 50± 5% relative humidity and under a specific 

pathogen-free condition. The mice were fed with a standard 

animal diet and water ad libitum. The animal experiments 

were conducted according to the principles enunciated in 

the ‘Animal Care Act’, prepared by the Ministry of Agricul-

ture and Forestry, Republic of Korea. The protocol was ap-

proved by the Korea Atomic Energy Research Institute Insti-

tutional Animal Care and Use Committee (KAERI IACUC) 

and included criteria for euthanasia to minimize suffering. 

The number of mice used for each analysis is shown in the 

figure legends.

2. Thoracic irradiation
The mice were irradiated once with 14 Gy using a Gam-

macell 40 lead collimator with a 137Cs γ-ray source (Gamma-

cell 40 Exactor, Nordin International Inc. Ottawa, Canada) at 

a 0.6 Gy/min dose rate. The mice were anesthetized with Zo-

letil (20 mg/kg body weight, Virbac S.A, France) just before 

irradiation and then were confined in specifically designed 

plastic jigs and placed such that the thoraces were in a 3 cm 

diameter field defined by lead collimators. Age-matched 

normal controls were maintained under identical conditions 

for the course of the experiment. 

3. Survivability and lung weight after irradiation
After thoracic irradiation, the survivability was checked 

every day during 24 weeks. Survival was calculated as the 

percentage of mice that did not require euthanasia. We ob-

served more carefully on and after 16 weeks following tho-

racic irradiation, because mice started to die. 

4. Determination of the volume of pleural exudates
The chest was carefully opened, and the plural cavity was 

washed with 0.5 mL of PBS with heparin (5 U/mL). The exu-

dates and washing solution were gently aspirated using a 3 

mL syringe, and the total volume was measured. The results 

were calculated by subtracting the volume injected (0.5 mL) 

from the total volume recovered. 

5. Masson’s trichrome blue staining 
The lungs were fixed in 10% neutral-buffered formalin, 

dissected, embedded in paraffin, and cut into 5 μm thick 

sections. The sections were stained with Masson’s trichrome 

blue (Diagnostic BioSystems; Pleasanton, CA, USA) to deter-

mine the deposition of peribronchial and interstitial collagen 

according to the manufacturer’s directions. Briefly, deparaf-

finized slides were staining with bouins fluid, weighrt’s he-

matoxylin, biebrich scarlet-acid fuchsin, phosphomolybdic/

phosphotungstic acid, and then aniline blue stain in series. 

Finally, these slides were dehydrated and substituted into 

Xylene. The slides were mounted and observed by light mi-

croscopy (× 400).

6. cDNA microarray analysis 
The total RNA was isolated from the lung tissue using the 

homogenizer in a TRIzol Reagent (Invitrogen, Carlsbad, Cal-

ifornia, USA). The cDNA then underwent second-strand syn-

thesis and clean-up to become a template for in vitro tran-

scription with T7 RNA polymerase and biotin UTP, which 

generates multiple copies of biotinylated cRNA was carried 

out for 14 hours. After purification, the purity and concentra-

tion of cRNA was cheked using a BioRad’s Experion Auto-

mated Electronphoresis System (Bio-Rad Laboratories, Inc.; 

Seoul, Korea). High quality cRNA was then used with Illumi-

na direct hybridization array kits. cRNA (0.75 μg) was hybrid-

ized on Mouse WG-6 v2.0 Expression BeadChip (Illumina, 

San Diago, CA, USA) at 58°C for 16 hours in a multiple step 

procedure according to the manufacturer’s instructions. Hy-

bridization was detected with 1 mg/mL Cy3-streptavidin (GE 

Healthcare). The chips were then washed, dried, and scanned 

on the Bead Array Reader (Illumina), and raw data were gen-

erated using GenomeStudio, and then normalized using the 

Quantile algorithm. Gene expression profiles were statisti-

cally compared using the “Differential Expression” feature of 

GenomeStudio with t test. 

7.  Preparation of total leukocytes from bronchoalvelolar 
lavage (BAL) fluid and differential counting

Mice were sacrificed by cervical dislocation at 2 and 4 

months after thoracic irradiation, respectively. The trachea 

was cannulated and BAL was obtained by washing the air-

way lumina. Briefly, total cells in the lungs were recovered by 

flushing three times with 0.5 mL of PBS including with 1 mM 
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EDTA and 10% FBS through a tracheal cannula. The total 

leukocytes were recovered in PBS including 10% FBS after 

removing the RBC using a RBC lysis buffer (Sigma-Aldrich 

Co., St Louis, MO, USA) and then were smeared using cyto-

spin centrifuge (Hanil; Gangwondo, Republic of Korea; 400 g 

for 4 minutes). Differential cell counts were performed after 

staining with a Diff-Quick stain Set (Sysmex; Kobe, Japan). A 

minimum of 500 cells per slide were counted, and the cells 

were classified as macrophages, lymphocytes, neutrophils, 

or eosinophils by morphological criteria. The supernatant of 

BAL fluid was stored at -30°C for determination of cytokine 

levels.

8.  Preparation of total leukocytes from the lung tissue 
and flow cytometry analysis

The mice were killed at 2, 4, and 6 months after thoracic ir-

radiation, respectively. The lungs were minced in a digestion 

medium containing 100 U/mL collagenase (Gibco). After in-

cubation for 30 minutes at 37°C, the digestion solution was 

passed through a 70 μm mesh strainer and the total leuko-

cytes were recovered in PBS after removing the RBC using an 

RBC lysis buffer (Sigma). 

Immunophenotyping of the total leukocytes from the lung 

tissues was carried using a FACSCaliburTM flow cytometer 

(Beckman Coulter; Miami, Florida, USA). An analysis was 

conducted by the selection of total leukocytes on the basis of 

the forward and side scatter profile. A fluorescence histogram 

of at least 10,000 counts was counted in each sample. The 

monoclonal antibodies (BD Pharmingen, SanDiego, CA, USA), 

labeled with either fluorescein isothiocyanate (FITC) or phy-

coerythrin (PE), were directed against the following: CD (clus-

ter of differentiation) 19, B cells; CD3, total T cells; CD11b, to-

tal macrophages; Mac-3, activated macrophages. Cells were 

resuspended in a staining buffer (4% FBS and 0.1% sodium 

azide in PBS) and Fc receptors blocked with anti-CD16/CD32 

monoclonal antibody (Mouse BD Fc BlockTM, BD Pharmin-

gen, SanDiego, CA, USA) for 20 minutes at 4°C. To obtain the 

absolute number of cells for each lymphocyte population, 

the following formula was used: no. of cells in the lung= no. 

of total leukocytes/lung× percentages of population.

9. Immunohistochemistry analysis 
The lungs were fixed in 10% neutral-buffered formalin, 

dissected, embedded in paraffin, and cut into sections 5 μm 

in thickness. To detect the activated macrophages in the 

lung, the sections were stained with anti-mouse Mac-3 anti-

body (BD Pharmingen) using a streptavidin (SAv)/biotin 

staining method system (BD Pharmingen) according to the 

manufacturer’s directions (www.bdbiosciences.com). Anti-

mouse CD16/CD32 monoclonal antibody was used for the 

blocking of Fc-mediated binding of antibodies (Mouse BD 

Fc BlockTM, BD Pharmingen, SanDiego, CA, USA). Finally, the 

slides were incubated with a DAB substrate, counterstained 

with haematoxylin, dehydrated, mounted and studied by 

light microscopy (400 × ). All incubations were carried out 

under humidified conditions.

10.  Analysis of the mRNA expression in the reverse 
transcriptase (RT)-polymerase chain reaction 
(PCR) 

To extract the total RNA from the right half of the lung, the 

lung was homogenized with TRIzol Reagent (Invitrogen, Cal-

ifornia, USA). Reverse transcription was implemented, and 

cDNA was synthesized from 3 μg of total RNA using random 

primer and MMLV reverse transcriptase (Promega, Madison, 

WI, USA). cDNAs of interest were amplified from a 1 μL RT 

product per PCR using the Taq DNA polymerase (Promega, 

Madison, WI, USA). The primers were as follows: β-actin, 5́ - 

AGCCATGTACGTAGCCATCC-3́  and 5́ -TCTCAGCTGTG-

GTGGTGAAG-3́ ; CCL-2, 5́ -CCCAATGAGTAGGCTGGAGA-3́  

and 5́ -AGACCTTAGGGCAGATGCAG-3́ ; CCL-3, 5́ -ACCAT-

GACCTCTGCAACCA-3́  and 5́ -CCCAGGTCTCTTTGGAGT-

CA-3́ ; CXCL-10, 5́ -AAGTGCTGCCGTCATTTTCT-3́  and 

5́ -TTCATCGTGGCAATGATCTC-3́ ; CD32, 5́ -TGTCGCAGC-

CATTGTTATTATC-3́  and 5́ -TGTGGTTCTGGTAATCATGC-

TC-3́ ; Arg-1, 5́ -CAGAAGAATGGAAGAGTCAG-3́  and 5́ - 

CAGATATGCAGGGAGTCACC-3́ ; CD206, 5́ -ACGACAAT-

CCTGTCTCCTTTGT-3́  and 5́ -TCAGCTTTGGTTGTAATG-

GATG-3́ . Amplification of the β-actin (22 cycles), CCL-2 (31 

cycles), CCL-3 (32 cycles), CXCL-10 (31 cycles), CD32 (32 cy-

cels), Arg-1 (31 cycles), and CD206 (29 cycles) were performed 

for 20s at 95°C, 30s at 60-64°C, and 40s at 72°C in a thermal 

cycler (Applied Biosystems; California, USA). PCR products 

were resolved on 1.5% agarose gel by electophoresis and were 

quantitated by a Gel Imaging system (Gel DocTM XR+Imager; 

Bio-Rad Laboratories, Inc.).

11. Western blotting
Total proteins from the lung tissue were obtained by ho-

mogenizing in a cold tissue lysis buffer containing 10 mM 

Tris-HCl, pH 7.0, 100 mM NaCl, 5 mM EDTA (ethylenediami-

netetraacetic acid), 10% Glycerol, 1% Nonidet P-40, and a 
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protease inhibitor cocktail (Sigma-Aldrich Co.). The protein 

concentrations of the cell extracts were measured using the 

BCA (bicinchoninic acid) method (Pierce, Rockford, USA). 

Protein (30 μg) was boiled in a Laemmli sample buffer con-

taining mercaptoethanol (Bio-Rad Laboratories, Inc.) and 

then separated on SDS-polyacrylamide gel and then trans-

ferred to a HybondTM-P membrane (Amersham, Seoul, Ko-

rea). After blocking in a blocking buffer (50 g/L skimmed 

milk in TBST [tris-buffered saline tween-20] containing 1 mL/

L tween-20), the membranes were incubated with primary 

antibodies, anti-iNOS antibody (abcam; Gyeonggi-do, Ko-

rea), anti-Arg-1 antibody (abcam) and anti-β-actin antibody 

(Cell signaling; Banvers, MA, USA), and then with anti-Goat 

IgG antibody conjugated with horseradish peroxidase (HRP) 

or anti-rabbit IgG antibody conjugated with HRP (Cell Sig-

naling). Chemiluminescence was detected according to the 

manufacturer’s protocol (Millipore, Billerica, MA, USA). 

12. Measurement of cytokines in BAL fluid 
The levels of IL-4 and IL-13 in BAL fluid were measured by 

ELISA according to the manufacturer’s instructions (www.

bdbiosciences.com or www.RnDSystems.com/MAPELISA). 

Antibodies as follows were used: For the IL-4, clone BVD4-

1D11 was the capture antibody, and biotin-labelled BVD6-

24G2 was the detecting antibody. For the IL-13, clone 38213 

and biotin-labelled anti-mouse IL-13 antibody was used as 

the capture and the detecting antibody, respectively. All 

these antibodies for IL-4 detection and the recombinant IL-4 

were purchased from BD PharMingen (SanDiego, CA) and 

antibodies for IL-13 as well as the recombinant IL-13 were 

purchased from R&D Systems (Minneapolis, MN).

13. Statistical analysis 
Data were expressed as mean± S.D. and a statistical signif-

icance of the differences between two groups (control mice 

vs. thoracic irradiated mice) was analyzed by using a Stu-

dent’s t test with a two-tail test. A p-value of < 0.01, or < 0.05 

was considered as statistically significant.

Results and Discussion 

1.  Thoracic irradiation-induced pneumonitis and 
pulmonary fibrosis 

Jackson and colleagues presented an actual report on radi-

ation-induced pneumonitis and fibrosis in mice strains: The 

C57L mice were sensitive to early pneumonitis at 3 to 4 

Fig. 1. Thoracic irradiation induces pneumonitis and pulmonary fibrosis. (A) The survivability was checked during 6 months after thoracic irra-
diation of 14 Gy. There were nineteen mice in each group. (B) At 2, 4, and 6 months later, mice were sacrificed, and then lung tissues were 
weighed. There were five mice in each group. The pictures show the lung tissue at 6 months after irradiation. Data shows the mean±S.D. (C) 
At 6 months later, pleural exudates were gently aspirated using a syringe and its volume was measured. There were five mice in each group. 
Data shows the mean±S.E. *p<0.05; **p<0.005 compared to the age-matched control mice.
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months while C57BL/6 mice showed a delayed response, 

with most mice presenting with large accumulations of pleu-

ral fluid at 6 to 9 months [21]. Strain-dependent variation is 

shown in pneumonitis and fibrotic response through a dif-

ference in the levels of TGF-β, TNF-α, IL-1α/β, and IFN-γ; 

Namely, C3H mice develop only classical pneumonitis dur-

ing the early phase, whereas C57BL/6 mice undergo fibrosis 

during the latent period [6, 22-24]. Mice strain was C57BL/6N 

and the survivability after thoracic irradiation of 14 Gy was 

checked every day during 6 months. As shown in Figure 1A, 

thoracic irradiated mice started to die at 4 months and the 

survival rates were 47.3% at 6 months after irradiation. We 

measured the increased weight of the lung and pleural exu-

dates as the signs of the pneumonitis and pulmonary fibrosis. 

Compared with the age-matched normal control, the lung 

weights of the thoracic irradiated mice were significantly in-

creased at 4 months and 6 months, but not at 2 months (Fig-

ure 1B). In addition, the volumes of pleural fluid were signifi-

cantly increased at 6 months following thoracic irradiation 

(Figure 1C). These results suggested that thoracic irradiated 

mice are killed because of pneumonitis and lung fibrosis.

2.  Thoracic irradiation induces the accumulation of 
extracellular matrix in the lung 

To determine whether the thoracic irradiation affected the 

matrix regulation, paraffin-embedded sections of the lung 

were stained with Masson’s trichrome blue to show the col-

lagen deposition at 2, 4, and 6 months after thoracic irradia-

tion (Figure 2A; blue staining represents collagen). At 2 

months later, collagen deposition around the airways was no 

difference between normal control groups and thoracic irra-

diation groups. However, the extent of collagen deposition 

around the airways of and in interstice of the lung of thoracic 

irradiated mice was more extensive at 4 and 6 months later. 

In particular, mice at 6 months after irradiation remarkably 

increased the collagen deposition in interstice of the lung. 

Next, we confirmed that thoracic irradiation induced to in-

crease the mRNA expression levels of type I collagen in the 

lung through a cDNA microarray analysis. As can be seen in 

Figure 2B, the expression levels of type I collagen in the lung 

of thoracic irradiated mice were markedly increased at 4 

months and reached the highest levels at 6 months after tho-

racic irradiation. The expression of Col1α2 was not different 

statistically at 2 months after thoracic irradiation.

3.  Thoracic irradiation increases the recruitment of 
various immune cells into BAL fluid and the lung

Many reports have indicated that thoracic irradiation 

dominantly induces the recruitment of macrophages and 

lymphocytes during pneumonic and fibrotic phages [12, 25, 

26]. At histological analysis as shown in Figure 2A, we ob-

served infiltration of leukocytes into the lung after irradia-

Fig. 2. Effect of thoracic irradiation on the collagen deposition in the lung. At 2, 4, and 6 months after thoracic irradiation, collagen deposition 
(A) and the mRNA expression patterns of collagen type 1α2 (B) in the lung was determined by Masson’s trichrome blue staining and microar-
ray analysis. *p<0.05; **p<0.01 compared to the age-matched control mice.
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tion, especially at 4 and 6 months later (cytoplasm was 

stained by red). Therefore, we counted the cells that were re-

cruited into the BAL fluid at 2 and 4 months after irradiation. 

Compared with the normal control, many numbers of total 

cells were observed in the BAL fluid of thoracic irradiated 

mice, and the potential for gathering the cells was more en-

hanced at 4 months after irradiation than at 2 months (Figure 

3A). Next, we differentially counted the macrophage, lym-

phocyte, eosinophil and neutrophil of the total cells in BAL 

fluid (Figure 3B). At 2 months after irradiation, the number 

of neutrophils was increased significantly in thoracic irradi-

ated mice when compared with that of normal control mice 

(Figure 3C). Eosinophils in the BAL fluid of all groups were 

negligibly observed. The recruitment of macrophages and 

lymphocytes were increased at 4 months after thoracic irra-

diation. Interestingly, the morphology of macrophages in 

thoracic irradiated mice was changed into enlarged foamy 

macrophages when compared with that of normal control 

mice as shown in Figure 3B, and macrophages in thoracic ir-

radiated mice were then markedly increased (Figure 3C). 

Next, we checked the type of lymphocytes that were infiltrat-

ed into the lung using flow cytometric analysis. The numbers 

of B cells (CD19+CD3-) were significantly increased at 4 and 

6 months after irradiation and the T cells (CD3+CD19-) and 

total macrophages (CD11b+) were significantly increased at 

2 and 4 months (Figure 4) when compared to those of age-

matched normal mice. 

4.  Thoracic irradiation enhances the chemokines 
expression for the attraction of macrophages

Macrophages are one of the target cells in the pulmonary 

fibrosis because of the major producers of TGF-β, which are, 

indisputably, one of the key drivers of fibrosis. In addition, 

macrophages play an important role in fibroblast migration 

and differentiation/proliferation into myofibroblasts, which 

are the key mediators of fibrotic tissue remodeling [3, 5, 27]. 

Therefore, we concentrated on the recruitment of macro-

phages into the lung of thoracic irradiated mice. We exam-

Fig. 3. Effect of thoracic irradiation on the recruitment of immune cells into the lung. At 2 and 4 months following thoracic irradiation, total 
cells in the BAL fluid were counted (A) and then were smeared on slides. After staining with Diff-Quick stain, representative slides were 
showed (B). Black arrows, macrophages; red arrows, lymphocytes; green arrows, neutrophil. (C) At least 500 cells per slide were counted by 
the morphological criteria. There were six mice in each group. The bars indicate the means± SD. *p<0.1; **p<0.005; ***p<0.001 compared 
to the age-matched control mice.
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ined the expression levels of chemokine such as CCL2, 

CCL3, and CXCL10, which need to attract monocytes and 

macrophages. As shown in Figure 5, thoracic irradiation in-

duced to significantly increase the mRNA expression of 

CXCL10, CCL2, and CCL3 in the lung at 2 months, and then 

high expression of these chemokines were sustained until 6 

months when compared with that of age-matched normal 

control mice. At 1 month following thoracic irradiation, the 

expression of these chemokines was negligibly increased, 

but high expression of CXCL10 was only significant. 

Fig. 4. Comparison of the number of B cells, T cells and macrophages in the lung between thoracic irradiated mice and age-matched control 
mice. At 2, 4, and 6 months after thoracic irradiation, total leukocytes from the lung were preparation and then were analyzed by flow cytom-
eter following staining with each mAb. To obtain the absolute number of cells for each cell population, the following formula was used: no. of 
cells in population/the lung=no. of total leukocytes/the lung×percentages of population (insert). There were six mice in each group. The bars 
indicate the means±SD. *p<0.1; **p<0.05; ***p<0.01 compared to the age-matched control mice.
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Fig. 5. Effect of thoracic irradiation on the mRNA expression of chemokines for the attraction of macrophages. At 1, 2, 4, and 6 months after 
thoracic irradiation, the mRNA expression of CCL2, CCL3, and CXCL10 in the lung was determined by RT-PCR methods and were quanti-
tated by a Digital Gel Image system. The quantification was normalized to the reference gene β-actin. There were six mice in each group. The 
bars indicate the means±SD. *p<0.05; **p<0.01; ***p<0.001 compared to the age-matched control mice.
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5.  Recruited macrophages after thoracic irradiation 
have Mac-3 antigen on their surface

Infiltrating macrophages expressed CD11b (Mac-1) more 

highly than mature tissue macrophages [28]. More interest-

ingly, Mac-3 antigens on their surface is commonly upregu-

lated during macrophage activation and differentiation [29, 

30]. Therefore, we determined whether or not thoracic irra-

diation induced the expression of Mac-3 on macrophages 

that are gathered into the lung after thoracic irradiation. After 

thoracic irradiation, CD11b+ macrophages that were recruit-

ed into the lung showed to be decreased the ratio of Mac-3 

negative (Figure 6A). In contrast, the ratio of macrophages 

that had Mac-3 antigen on their surface was increased after 

thoracic irradiation (Figure 6B). This phenomenon vividly 

appeared at 4 and 6 months after thoracic irradiation. In a 

further histological examination, we obtained a similar re-

sult; namely, more Mac-3 positive macrophages were de-

tected in the lung of thoracic irradiation groups when com-

pared with the normal control group (Figure 6C). Moreover, 

at 4 months after irradiation, the size of macrophage that was 

stained with Mac-3 antibody was the larger than that of nor-

mal mice. These data suggested that macrophages that were 

recruited into the lung were in a state of activation and differ-

entiation according to microenvironments that were changed 

after thoracic irradiation. 

6.  Recruited macrophages after thoracic irradiation 
are alternatively activated macrophages, M2 
macrophages

Generally, activating macrophages have been described 

two subsets with distinct functions [17-19]: M1 macrophages 

and M2 macrophages. Zhang and colleagues have reported 

Fig. 6. Recruited macrophages after thoracic irradiation have Mac-3 antigen on their surface. At 2, 4, and 6 months after thoracic irradiation, 
total leukocytes were prepared from the lung and the lung tissues were fixed in 10% neutral-buffered formalin. (A, B) leukocytes in the lung 
were stained with anti-CD11b mAb and anti-Mac-3 mAb and then were analyzed by flow cytometer. There were six mice in each group. The 
bars indicate the means±SD. (C) Mac-3 positive macrophages in the lung tissues were determined by immunohistiochemical staining as de-
scribed in the Materials and Methods section. Positive staining is depicted in brown (×400 magnification). *p<0.05; **p<0.01 compared to 
the age-matched control mice.
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that classical and alternative mechanisms of activating mac-

rophages play a role during the pneumonic stage and the fi-

brotic phase, respectively [14]. Therefore, we examined what 

thoracic irradiation affects the polarization of activated mac-

rophages that were recruited into the lung. As can be seen in 

Figure 7A, mRNA expressions of iNOS and CD32 in the lung 

at 4 months after thoracic irradiation very weak and no dif-

ferences when compared with those in normal control mice 

but the expressions of iNOS protein were slightly decreased 

in thoracic irradiated mice. Conversely, thoracic irradiation 

increases the mRNA and protein expressions of Arg-1 and 

MMR (Figure 7A, 7B) relative to normal control mice. These 

data strongly suggest that macrophages infiltrated into the 

lung after thoracic irradiation were polarized into the alter-

natively activated macrophages, M2 macrophages. Interest-

ingly, many studies have identified alternatively activated 

macrophages (AAMs; M2) as critical regulators of fibrosis 

[14, 17-19, 31, 32]. After lung damage, an insufficient repair is 

associated with the persistence of M2 macrophages that 

continue to produce growth factors, which also stimulate fi-

broblast activation and ECM secretion. 

There are many studies in which IL-4 and IL-13 induced 

alternatively activated macrophages, which enhanced the 

expression of Arg-1 [19, 33, 34]. Therefore, we examined IL-4 

and IL-13 levels in BAL fluid at 4 months following thoracic 

irradiation. As shown in Figure 7C, both IL-4 and IL-13 were 

markedly high levels in the BAL fluid of thoracic irradiated 

mice and there was significant difference between normal 

mice and thoracic irradiated mice (121± 40 vs. 231± 83; 115±  

42 vs. 217± 92, respectively). In contrast, expression levels of 

IFN-γ were significantly decreased in thoracic irradiated mice 

(p < 0.01). Through our previous study, we thought that irra-

diation made the polarization of AAMs much easier, because 

irradiated mice were oriented into Th2-induced immunity 

as described above [35, 36]. Interestingly, IL-4 and IL-13 are 

powerful profibrotic cytokines through the direct stimulation 

of collagen synthesis in fibroblasts [31, 37]. For this reason, 

detailed mechanistic studies conducted with IL-4 and IL-13 

inhibitors and IL-4 knock-out and IL13 knock-out mice have 

been happening to modulate pneumonitis and pulmonary 

Fig. 7. Characteristic of macrophages infiltrated into the lung in thoracic irradiated mice. At 4 months following thoracic irradiation, BAL fluid 
and the lung tissues were collected. (A) The mRNA expression of iNOS, CD32, Arg-1, and CD206 was determined by RT-PCR methods and 
was quantitated by a Digital Gel Image system as described in the Materials and Methods section. There were three mice in each group. (B) 
The protein expressions of iNOS, Arg-1, and CD206 were determined by immunoblotting method. (C) IL-4 and IL-13 in BAL fluid were mea-
sured by ELISA and the mRNA expression of IFN-γ in the lung was detected by RT-PCR. There were six mice in each group. The bars indi-
cate the means±SD. *p<0.05; **p<0.01 compared to the age-matched control mice.
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fibrosis [38-41]. Recently, there are reports that loss of IL-4 

and IL-13 is trying to control the stimulation of AAMs, and 

ultimately it overcomes pneumonitis and fibrosis [42-44]. 

Conversely, Th1 subsets of CD4+ T lymphocytes, defined by 

their production of IFN-γ, have antifibrotic activity [45]. Mech-

anistically, IFN-γ inhibits the TGF-β-induced phosphoryla-

tion of the signal transducer Smad3 and subsequent activa-

tion of TGF-β-responsive genes and also directly inhibits fi-

broblast proliferation [46, 47]. In our present results, the lev-

els of IL-4 and IL-13 in the BAL fluid and the expression of 

Arg-1 and CD206 in the lung are elevated in thoracic irradi-

ated mice, suggesting that macrophages infiltrated into the 

lung following thoracic irradiation are differentiated into the 

alternatively activated macrophages and these macrophages 

play an important role in radiation-induced fibrosis.

 

Conclusion

We reached the conclusion that alternatively activated 

macrophages must have played a very important role in the 

development of pneumonitis and fibrosis after thoracic radi-

ation, although the detailed mechanisms by which they pro-

mote radiation-induced pneumonitis and fibrosis have not 

yet been resolved. Studies are ongoing to determine the 

mechanism by which alternatively activated macrophages 

and Th cells promote the development of pulmonary fibrosis 

following thoracic irradiation.
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