
LUNG CANCER

An Experimental Model-Based Exploration of Cytokines
in Ablative Radiation-Induced Lung Injury In Vivo and In Vitro

Zhen-Yu Hong • Kwang Hyun Song •

Joo-Heon Yoon • Jaeho Cho • Michael D. Story

Received: 23 October 2014 /Accepted: 26 February 2015 / Published online: 7 March 2015

� Springer Science+Business Media New York 2015

Abstract

Introduction Stereotactic ablative radiotherapy is a newly

emerging radiotherapy treatment method that, compared

with conventionally fractionated radiation therapy (CFRT),

allows an ablative dose of radiation to be delivered to a

confined area around a tumor. The aim of the present study

was to investigate the changes of various cytokines that

may be involved in ablative radiation-induced lung injury

in vitro and in vivo.

Methods In the in vivo study, ablative-dose radiation was

delivered to a small volume of the left lung of C3H/HeJCr

mice using a small-animal irradiator. The levels of 24

cytokines in the peripheral blood were tested at several

time points after irradiation. For the in vitro study, three

mouse cell types (type II pneumocytes, alveolar macro-

phages, and fibroblasts) known to play important roles in

radiation-induced pneumonitis and lung fibrosis were

analyzed using a co-culture system.

Results In the in vivo study, we found obvious patterns of

serum cytokine changes depending on the volume of tissue

irradiated (2-mm vs. 3.5-mm collimator). Only the levels of

3 cytokines increased with the 2-mm collimator at the

acute phase (1–2 weeks after irradiation), while the ma-

jority of cytokines were elevated with the 3.5-mm colli-

mator. In the in vitro co-culture system, after the cells were

given an ablative dose of irradiation, the levels of five

cytokines (GM-CSF, G-CSF, IL-6, MCP-1, and KC) in-

creased significantly in a dose-dependent manner.

Conclusions The cytokine levels in our radiation-induced

lung injury model showed specific changes, both in vivo

and in vitro. These results imply that biological studies

related to ablative-dose small-volume irradiation should be

investigated using the corresponding experimental models

rather than on those simulating large-volume CFRT.
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Introduction

Stereotactic ablative radiotherapy (SABR) is a newly

emerging radiotherapy treatment method that, compared

with conventionally fractionated radiation therapy (CFRT),

allows an ablative dose of radiation to be delivered to a

confined area around a tumor. SABR has been applied to
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the treatment of early-stage lung cancers in inoperable

patients with excellent clinical results [1], and this ap-

proach to radiotherapy is being widely adopted and has the

potential to represent a feasible alternative to surgery for

early-stage operable populations.

Considering the tremendous potential of SABR, inves-

tigations of the underlying radiobiology pertaining to

ablative dose-per-fraction therapy is of paramount impor-

tance, owing to the risks of severe adverse effects in nor-

mal tissue, particularly when insufficient consideration is

given to the normal tissue dose and the type of normal

tissue present in the radiation field. The response of tissues

to such regimens is likely to be very different from the

response to CFRT [2–6], and it is important to understand

the underlying radiobiology in order to provide a rationale

for the use of ablative dose-per-fraction therapeutic regi-

mens [7]. Toward this goal, small animal platforms have

been developed to simulate SABR delivery [8–10]. More-

over, in addition to animal models, an in vitro model of

ablative-dose radiation-induced lung inflammation would

be useful.

The response to ionizing radiation involves a number of

mediators, including inflammatory cytokines produced by

macrophages, epithelial cells, and fibroblasts [11]. Since

the inflammatory and fibrogenic processes associated with

radiation-induced lung injury are initiated and sustained by

a complex cytokine network [12], the ability to simulta-

neously quantify multiple cytokines is critical for deci-

phering how they affect radiation-induced lung toxicity. A

cytokine that displays differences after the completion of

SABR but before the clinical onset of radiation-induced

lung injury would be useful for the early diagnosis of ra-

diation pneumonitis. In addition, such a cytokine might

serve as a diagnostic tool to distinguish radiation pneu-

monitis from other possible diagnoses (infectious pneu-

monia, tumor progress, lymphangitic spread, and

deteriorated chronic obstructive pulmonary disease). Fur-

ther, this cytokine marker would allow for timely initiation

of the appropriate treatment, as delayed administration of

steroid hormones often worsens the prognosis for patients

with radiation-induced pneumonitis [13].

In our previous studies [8], we established an ex-

perimental model and image-guided animal irradiation

system for the study of ablative dose-per-fraction irra-

diations. It was designed to provide the mouse lung a small

volume, analogous to that used in SABR for human beings.

In the present report, we investigated the cytokine changes

in the blood of mice after delivering ablative-dose small-

volume irradiation (ADSVI) to the lung using the same

irradiation system. Moreover, we attempted to establish an

in vitro model in which three cell types (type II pneumo-

cytes, alveolar macrophages, and fibroblasts) were co-cul-

tured, and investigated the cytokine changes after

delivering ablative radiation to these cells. Our ultimate

goal is to understand the pattern of cytokine changes upon

SABR so that this therapy can be optimized to limit the

adverse effects in normal tissues.

Materials and Methods

A complete description of the materials and methods is

available in this article’s online supplement.

Mouse Irradiation

High-dose radiation was delivered to a small volume of the

left lung of C3H/HeJCr mice using a small-animal

stereotactic irradiator. The detailed description of high

dose-per-fraction irradiation of limited lung volumes

simulating SABR regimens in a small-animal model can be

found in Ref. [8]. To mimic SABR conditions by irradi-

ating only a small volume, 2 and 3.5-mm collimators were

used, with a dose of 90 Gy administered to the left lungs of

the mice.

Histopathologic Examination and Fibrosis

Quantification

The mouse lung tissues were prepared in paraffin blocks,

and the slides were stained with Masson’s Trichrome to

evaluate the extent of radiation-induced fibrosis.

Cytokine Measurement

The cytokine concentrations in the serum were assayed

using a Bio-Plex ProTM Mouse Cytokine 23-plex Assay Kit

(Bio-Rad, Hercules, CA). Because TGF-b1 was not in-

cluded in this kit, a separate TGF-b1 assay kit was pur-

chased from Assay Design� (Farmingdale, NY, USA).

Cell Lines and Reagents

Mouse embryonic fibroblast (NIH/3T3), alveolar macro-

phage (MHS), and type II alveolar epithelial cell lines

(MLE-12) were purchased from ATCC (Manassas, VA,

USA). MLE-12, NIH/3T3, and MHS cells were stained

with red, green, and blue cell trackers, respectively, which

are fluorescent probes retained in living cells through

several generations. After staining with the relevant cell

tracker, the cells were mixed in a 1:1:1 proportion. Sub-

sequently, the mixed cells were co-cultured for 12 h. Next,

the cells were subjected to 20-Gy irradiation. 24 h later, the

cells were separated using fluorescence-activated cell

sorting (FACS) according to the different emitted

wavelengths.
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FACS

The MLE-12, NIH/3T3, and MHS cells absorbed 355, 488,

and 561 nm light, and were separated by the emitting

wavelengths, which were 450 ± 25, 525 ± 25, and

610 ± 10 nm, respectively.

Polymerase Chain Reaction (PCR)

Information about mRNA extraction, cDNA synthesis,

primer sequences, electrophoresis, cycling conditions, and

other processes is available in this article’s online

supplement.

Statistics

Data were statistically analyzed using the Student’s t test,

and differences with a P value of\0.05 were considered

significant.

Results

Comparison of Radiation-Induced Fibrosis

with Different Irradiation Volumes

After applying ADSVI to the peripheral lung, the mice

were sacrificed in order to detect collagen depositions. A

focal injury area was observed in the left lung of the mice

(Fig. 1b). A slight collagen deposition was noted from

week 2 after irradiation, and overt collagen depositions

were observed at weeks 6 and 12 after irradiation. In order

to investigate whether the irradiation volume had any effect

on the progression of fibrosis, the fibrosis scores were

analyzed upon irradiation with 2 and 3.5-mm collimators.

As shown in Fig. 1c, there were no significant differences

between the two volumes in terms of fibrosis, at any time

point.

Cytokine Levels in the Serum from Irradiated Mice

The cytokine levels in the blood of mice irradiated with 2

and 3.5-mm collimators exhibited large individual differ-

ences that resulted in significant variance for the entire

group. However, obvious patterns of cytokine change were

observed. In the serum extracted from animals irradiated

with the 2-mm collimator, three cytokines were increased

at week 1 and/or 2 compared to the control (p\ 0.05,

Fig. 2a), and two cytokines were increased at 6 weeks

compared to at 2 weeks (p\ 0.05, Fig. 2b). The other

cytokines did not show significant changes (Fig. 2c).

However, in the animals irradiated with the 3.5-mm

collimator, most cytokines showed significant increases at

1 or 2 weeks compared to the controls (p\ 0.05, Fig. 3a).

Furthermore, IL-3 was elevated at 6 and 12 weeks when

compared to its level at 2 weeks (p\ 0.05, Fig. 3b). IL-1a
and IL-9 were decreased at 12 weeks (p\ 0.05, Fig. 3c),

and three cytokines showed no significant changes over the

entire period (p[ 0.05, Fig. 3d).

Cytokine Levels in Irradiated Mouse Cell Lines

It is well known that macrophages, epithelial cells, and

fibroblasts are the most important producers of cytokines

that directly or indirectly induce inflammation and fibrosis

in irradiated lungs [11]. To establish an in vitro model

reflecting SABR-induced lung injury as much as possible,

three cell lines, namely NIH/3T3, MHS, and MLE-12, were

selected. The cytokine secretion levels in the supernatant of

the co-cultures of these cell lines or from each cell line

individually, with or without irradiation, were evaluated.

The results are shown in Table 1. The data showed some

interesting trends: (1) most cytokines could not be detected

in MLE-12 and NIH/3T3 cells cultured alone; (2) all cy-

tokines could be detected in the co-cultures of the three cell

lines, and these levels were much higher than those in the

MHS cells alone; (3) nearly half of the cytokines could be

detected at intermediate or high levels in the co-cultured

cells (C100 pg/ml), with many of these cytokines known to

attract macrophages, neutrophils, and eosinophils [14]; and

(4) the secretion levels of most cytokines in the MHS cells

post-irradiation could be detected to variable degrees,

suggesting a typical immune cell character of these cells.It

is well known that macrophages, epithelial cells, and fi-

broblasts are the most important producers of cytokines

that directly or indirectly induce inflammation and fibrosis

in irradiated lungs [11]. To establish an in vitro model

reflecting SABR-induced lung injury as much as possible,

three cell lines, namely NIH/3T3, MHS, and MLE-12, were

selected. The cytokine secretion levels in the supernatant of

the co-cultures of these cell lines or from each cell line

individually, with or without irradiation, were evaluated.

The results are shown in Table 1. The data showed some

interesting trends: (1) most cytokines could not be detected

in MLE-12 and NIH/3T3 cells cultured alone; (2) all cy-

tokines could be detected in the co-cultures of the three cell

lines, and these levels were much higher than those in the

MHS cells alone; (3) nearly half of the cytokines could be

detected at intermediate or high levels in the co-cultured

cells (C100 pg/ml), with many of these cytokines known to

attract macrophages, neutrophils, and eosinophils [14]; and

(4) the secretion levels of most cytokines in the MHS cells

post-irradiation could be detected to variable degrees,

suggesting a typical immune cell character of these cells.

Lung (2015) 193:409–419 411

123



Among the 24 cytokines assessed, five cytokines,

namely IL-6, G-CSF, GM-CSF, KC, and MCP-1, showed

significant increases in a dose-dependent manner

(p\ 0.05; Table 2). The changes in these five cytokine

levels in the single- and co-cultured media are shown in

detail in Fig. 4. In the co-cultured system, after the cells

were irradiated with the indicated doses, the levels of these

five cytokines increased in a dose-dependent manner to

40 Gy; however, there was a diminished rate of response at

100 Gy, suggesting that the culture’s ability to express

cytokines was near saturation.

Gene Regulation of Cytokines in Each Irradiated

Mouse Cell Line in Co-culture Conditions

In order to investigate which cell line was more responsible

for secreting specific cytokines in the co-culture system, we

used FACS to separate the cell lines before and after ra-

diation. In a previous experiment investigating the dose–

effect relationship in the co-culture system (Fig. 4), we

found that the ED50 (50 % effective dose) was ap-

proximately 20 Gy (data not shown). Therefore, in this

experiment, we selected 20 Gy for further investigating the

Fig. 1 Comparison of radiation-induced fibrosis with different irra-

diation volumes. a Image-guided localization of the radiation area.

b The lung sections were stained with Masson’s trichrome to

visualize collagen depositions. Representative micrographs (912.5

magnification) of the irradiated area are shown at each time point.

c Comparison of fibrosis intensity in areas of the mouse lungs

irradiated with 2 and 3.5-mm collimators
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gene regulation of cytokines in each irradiated cell line.

The mRNA expression levels for specific cytokines were

determined by reverse transcriptase-PCR (Fig. 5). We

found that the mRNA levels of IL-6, GM-CSF, and G-CSF

were up-regulated in MLE-12 and MHS cells, whereas, in

contrast, KC mRNA was up-regulated in the NIH/3T3 and

MLE-12 cells. Moreover, all cell types in the co-culture

system expressed MCP-1 mRNA, but only showed minor

differences in the expression levels before and after irra-

diation. Interestingly, amongst the three cell lines, GM-

CSF mRNA was expressed at the highest levels in MHS

cells before irradiation, whereas after irradiation, MLE-12

cells showed the highest levels of GM-CSF mRNA.

Discussion

To date, many studies have evaluated the changes in cy-

tokine levels after delivering low-dose large-volume irra-

diation to the whole mouse lung, simulating clinical CFRT

[15–18]; however, to our knowledge, no study has yet in-

vestigated the changes in the serum cytokine levels in re-

sponse to ADSVI to the mouse lung, which simulates

clinical SABR. In this study, the pro-inflammatory cy-

tokines that may potentially be involved in ADSVI-in-

duced lung injury were investigated in vitro and in vivo.

Cytokine changes in the peripheral blood are considered

dependent on the radiation dose to the lung [19–21].

Fig. 2 Cytokine levels in the mouse serum after irradiation using a

2-mm collimator. A dose of 90 Gy was administered to the left mouse

lung in one fraction. A 2-mm collimator was applied to produce focal

irradiation beams. The levels of 24 cytokines in the peripheral blood

were evaluated at the indicated time points after irradiation. a G-CSF

was increased at 2 weeks compared to the control (p\ 0.05), while

the IFN-c and IL-2 levels were increased at 1 week compared to the

control (p\ 0.05). b Cytokines increased at 6 weeks compared to at

2 weeks (p\ 0.05). c Cytokines that did not show significant changes

between any time points

Fig. 3 Cytokine levels in the

mouse serum after irradiation

using a 3.5-mm collimator A

dose of 90 Gy was administered

to the left mouse lung in one

fraction. A 3.5-mm collimator

was applied to produce focal

irradiation beams. The levels of

24 cytokines in the peripheral

blood were evaluated at the

indicated time points after

irradiation. a IL-12 (p40) and

G-CSF were increased at

2 weeks compared to the

control (p\ 0.05), while all

other cytokine levels were

increased at 1 week compared

to the control (p\ 0.05). b IL-3

was increased at the late time

point compared to week 2

(p\ 0.05). c Cytokines that

were decreased at week 12

compared to the control

(p\ 0.05). d Cytokines that did

not show significant changes

Lung (2015) 193:409–419 413

123



Greater the irradiation delivered to the lung, the more

pronounced are the cytokine changes observed. However,

since, in most cases, radiotherapy is performed on the

whole lung, little is currently known regarding the effects

of volume on the cytokine levels. In this study, we deter-

mined the blood levels of 24 cytokines after 90 Gy of ra-

diation delivered with different small volumes to the left

lung of C3H/HeJCr mice. In our previous study [8], we

found that 100 Gy irradiation resulted in the experimental

mice dying as a result of whole left lung consolidation and

pleurisy (autopsy finding), while 40 Gy was not high

enough to induce fibrosis in the early phase. Furthermore,

in other previous studies by our group [22, 23], we found

that a dose of 90 Gy was well tolerated in the mice, and

typical histopathological events of lung injury were ex-

hibited in our mouse model within 12 weeks after deliv-

ering the irradiation. Therefore, in the present study, we

selected 90 Gy as the highest dose for investigating fibro-

sis. Furthermore, because the cytokine levels exhibited

large individual differences that resulted in significant

variance for the entire group, we tried to emphasize the

trend of cytokine changes in this study. Interestingly, using

a 3.5-mm collimator, most cytokines were dramatically

increased at 1 week after irradiation. Although there was

no significant difference for most cytokine levels when

using a 2-mm collimator, their mean value also increased at

1 week. These findings suggest that ADSVI-induced cy-

tokine elevation occurs early, and that pro-inflammatory

cytokines are sensitive to the radiation volume used.

In addition to the unique trend observed in the cy-

tokine level changes, the individual cytokine levels in our

small-volume ablative-dose system also differed from

that observed using CFRT-simulating models. In a pre-

vious study, the cytokine levels in the blood were com-

pared between C57BL/6 and C3H mice at several time

points within 1 week of receiving low-dose whole-lung

irradiation [14]. In that study, although some cytokines,

including G-CSF, IL-6, KC, and MCP-1, showed tran-

sient elevation, they all recovered to normal levels after

1 week. On the other hand, in our ADSVI system, these

Table 1 Cytokine secretion profile of alveolar macrophages, type II pneumocytes, fibroblasts, and their mixture in response to irradiation

Cell Lines IL-1
α

IL-1
β IL-2 IL-3 IL-4 IL-5 IL-6 IL-9 IL-10 IL-12

(p40)
IL-12
(p70) IL-13 IL-17 Eotax

-in
G-CS

F
GM-
CSF IFN-γ KC MCP

-1
MIP-

1α
MIP-

1β
RAN
TES

TNF-
α

TGF-
β

Tiny secretion                   
(< 10 pg/ml)

MH-S

MLE-12

NIH-3T3

MIX

Low secretion                   
(>=10 & < 100 pg

/ml

MH-S

MLE-12

NIH-3T3

MIX

Intermediate sec
retion (>= 100 & 

<1000 pg/ml)

MH-S

MLE-12

NIH-3T3

MIX

High secretion               
(>= 1000 pg)

MH-S

MLE-12

NIH-3T3

MIX

Undetectable              
(Out of Range, lo

w)

MH-S

MLE-12

NIH-3T3

MIX

NIH/3T3, MHS, and MLE-12 cells were either cultured alone (15 9 104 cells of each cell line in each well) or mixed together (5 9 104 cells of

each cell line in one well) in 6-well dishes. An irradiation dose of 100 Gy was administered to these cells. The cytokine secretion levels in the

supernatant of the co-cultures and from each individual cell line were evaluated. The values were divided into 5 groups according to the range of

concentration in order to assess the trend of distribution. Tiny secretion (\ 10 pg/ml), Low secretion (C 10\ 100 pg/ml),

Intermediate secretion (C 100\ 1000 pg/ml), High secretion (C 1000 pg), Undetectable (out of range, low)
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cytokines were dramatically elevated 1 week after irra-

diation with a 3.5-mm collimator.

It is well known that TGF-b1 plays a central role in

fibroblast activation and modulation of the immune re-

sponse [24, 25]. It has been reported that, after lung irra-

diation in mice, the TGF-b1 mRNA levels are increased

8 weeks after treatment with 5 and 12.5 Gy, as well as at

26 weeks after treatment with 12.5 Gy [26]. In our study,

the protein level of TGF-b1 in the peripheral blood was

evaluated after an ablative dose of radiotherapy was ad-

ministered, and was found to respond much earlier than

that reported in the previous study. TGF-b1 increased at

1 week after irradiation with both collimators and again at

6 or 12 weeks (with the 2 and 3.5-mm collimators, re-

spectively). Interestingly, the first increase in the TGF-b1
level was observed 1 week earlier than a slight collagen

deposition was detected (week 3 after irradiation; Fig. 1b).

This suggests that there is a lag period between TGF-b1
elevation and TGF-b1-mediated fibrosis formation after

irradiating with 90 Gy. Besides TGF-b1, an imbalance in

Th1/Th2 cytokine production is also involved in the

pathogenesis of pulmonary fibrosis [27]. Recent research

has shown that Th1 cytokines such as IL-12 and IFN-c
inhibit fibrocyte differentiation [28, 29] and promote nor-

mal tissue repair by limiting fibroblast proliferation, dif-

ferentiation, and collagen synthesis [30, 31], whereas Th2

cytokines such as IL-4 and IL-10 conversely promote fi-

brocyte differentiation [32] and regulate fibrotic tissue re-

pair by augmenting fibroblast proliferation and collagen

production [33, 34]. In our in vivo study, we found that the

volume of SABR was able to influence the Th1/Th2 bal-

ance. Small-volume SABR led to the shift in the Th1/Th2

Table 2 Radiation dose-responses on cytokine secretions after irradiation in the co-culture

Mixed 0 Gy 10 Gy 20 Gy 40 Gy 100 Gy p value�

Mean ± Std Mean ± Std Mean ± Std Mean ± Std Mean ± Std

IL-la 4.61 ± 0.99 4.54 ± 0.59 5.44 ± 0.91 6.67 ± 0.91 4.65 ± 0.74 0.0833

IL-lb 4.36 ± 4.86 4.31 ± 4.78 6.50 ± 7.23 3.79 ± 4.19 4.04 ± 4.48 0.3500

IL-2 *1.63 ± 1.02 *0.82 ± 0.70 *0.82 ± 0.70 *1.43 ± 0.59 *1.43 ± 0.59 0.9500

IL-3 3.13 ± 0.38 2.74 ± 0.48 3.44 ± 0.13 3.30 ± 0.08 3.74 ± 0.82 0.1333

IL-4 OOR\± *0.05 ± OOR\± *1.03 ± 0.46 *1.84 ± 0.97 0.3333

IL-5 4.57 ± 1.03 4.57 ± 1.51 4.18 ± 0.51 *2.82 ± 1.44 *2.82 ± 1.44 0.0167

IL-6 53.66 ± 2.97 60.40 ± 2.60 74.15 ± 1.10 84.15 ± 4.64 105.55 ± 1.62 0.0167

IL-9 22.33 ± 15.91 13.13 ± 6.11 16.97 ± 11.49 22.33 ± 5.85 32.10 ± 11.17 0.3500

IL-10 19.71 ± 2.72 20.38 ± 3.38 15.53 ± 0.71 14.28 ± 1.05 13.94 ± 2.59 0.0833

IL-12(p40) 274.88 ± 39.90 265.12 ± 47.95 291.42 ± 18.71 307.68 ± 60.02 307.17 ± 8.89 0.1333

IL-12(p70) 7.96 ± 1.00 7.07 ± 1.63 8.07 ± 0.45 8.18 ± 0.59 7.46 ± 1.09 0.7833

IL-13 106.78 ± 9.75 108.17 ± 7.11 89.46 ± 5.18 89.46 ± 5.18 73.71 ± 15.52 0.0833

IL-17 *1.62 ± 0.81 *1.89 ± 0.38 *2.01 ± 0.87 *2.31 ± 0.38 3.17 ± 0.39 0.0167

Eotaxin 612.22 ± 100.86 443.83 ± 131.10 537.40 ± 109.53 443.83 ± 90.89 570.15 ± 121.79 0.7833

G-CSF 101.37 ± 4.17 121.94 ± 5.73 172.53 ± 9.07 192.56 ± 2.37 228.42 ± 6.55 0.0167

GM-CSF 21.11 ± 3.25 25.21 ± 1.58 26.00 ± 0.34 34.57 ± 2.58 38.82 ± 4.45 0.0167

IFN-g *1.80 ± 0.14 *0.94 ± 0.71 *1.22 ± 0.57 *1.22 ± 1.09 *1.63 ± 1.70 0.9500

KC 1276.43 ± 48.79 1363.26 ± 131.46 1675.46 ± 156.80 1960.39 ± 151.14 2310.01 ± 245.46 0.0167

MCP-1 33,296.24 ± 5289.70 33,390.62 ± 5833.95 39,965.47 ± 4295.53 52,808.44 ± 15,000.98 59,894.17 ± 8874.78 0.0167

MlP-la 5934.13 ± 469.46 5309.65 ± 489.60 5279.94 ± 70.56 6123.30 ± 655.62 5468.52 ± 472.42 0.9500

MlP-lb 5634.33 ± 776.06 4007.77 ± 116.95 3088.55 ± 151.81 2954.03 ± 196.17 2245.02 ± 101.83 0.1170

RANTES 1289.63 ± 38.47 1345.05 ± 168.01 1353.58 ± 44.13 1337.16 ± 94.44 1331.62 ± 83.93 0.9500

TNF-a OOR\± *1.02± *6.06 ± 2.06 OOR\± *6.64 ± 5.76 0.3500

TGF-b 460.04 ± 140.50 364.62 ± 69.93 384.79 ± 77.82 348.59 ± 80.35 398.05 ± 68.72 0.2850

Three cell lines, namely MHS, MLE-12, and NIH-3T3, were cultured together in one cell culture dish. Irradiation doses of 10, 20, 40, and

100 Gy were administered to these cells. The levels of cytokines secreted by these cell lines into the supernatant were evaluated 24 h after

irradiation

Bold values are statistically significant (p\ 0.05)

OOR out of range, OOR[ out of range above, OOR\ out of range below

* Value extrapolated beyond the standard range
� Correlation analysis tested by Spearman’s rho
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Fig. 4 Cytokine levels that showed a radiation-dose response Three

cell lines, namely MHS, MLE-12, and NIH-3T3, were either cultured

alone or together in one cell culture dish. Irradiation doses of 10, 20,

40, and 100 Gy were administered to these cells. The levels of

cytokines secreted by these cell lines into the supernatant were

evaluated 24 h after irradiation. Each experiment was performed in

triplicate

Fig. 5 Gene regulation of cytokines in each irradiated mouse cell line

in the co-culture system. a Schema of the experimental process. Three

cell lines were cultured alone, and each cell line was stained with a

different fluorescent cell tracker. These cells were then co-cultured in

one cell culture dish. 24 h after 20 Gy of irradiation was administered

to these cells, they were separated with fluorescence-activated cell

sorting (FACS) according to the emitting wavelengths. mRNA was

extracted from the sorted cells, and reverse transcriptase polymerase

chain reaction (RT-PCR) was performed. b The cell tracker staining

was confirmed by fluorescent microscopy using different wavelength

filters before performing FACS. Three images from each wavelength

were merged. c 24 h after irradiation, the cells stained with cell

trackers could still be separated according to the different emitting

wavelengths. The cells were gated as indicated and collected in

individual tubes. d RT-PCR was performed with mRNA extracted

from the cells collected from each individual tube after FACS. Each

experiment was performed in triplicate
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balance toward Th1 dominance at an early time point (IFN-

c in Fig. 2a), and this might explain why a smaller area of

fibrosis was induced in these mice. On the other hand,

compared to the 2-mm collimator, large-volume irradiation

(3.5-mm collimator) induced Th2 cytokine increases at the

early time point (IL-4, IL-10 in Fig. 3a), potentially ac-

counting for the large area of fibrosis.

In addition to the in vivo model, we also investigated

cytokine changes using an in vitro model in this study. In-

terestingly, compared to cytokines from separately cultured

cells, most cytokines could be detected at higher levels in the

co-cultured cells exposed to irradiation (Table 1). Another

interesting finding is that some cytokines (KC,MCP-1,MIP-

1a, MIP-1b, RANTES) related to macrophage stimulation

[14] increased to high levels (C 1000 pg/ml; Table 1),

which supports the observation that foamy macrophages

accumulate in areas of radiation injury in the lungs in humans

[35]. Furthermore, among the 24 cytokines assessed, the

secretion levels of five cytokines (IL-6, G-CSF, GM-CSF,

KC, and MCP-1) increased in a dose-dependent manner.

These five cytokines are known to play important roles in

inflammation and fibrosis, and it has been reported that

MCP-1 and IL-6 contribute to excessive collagen deposition

via the recruitment of fibrocytes [13, 36], which are believed

to represent a source of fibroblasts andmyofibroblasts during

the fibro-proliferative response to tissue damage [13, 37].

Moreover, in mice, serum factors such as G-CSF, IL-6, and

KC have been explored as potential surrogate markers to

predict and detect radiation-induced lung fibrosis, as the

serum and tissue levels of these cytokines positively corre-

late [14]. It is worth noting that increases of these five cy-

tokines were also detected at the early time point in the

SABR in vivo study (Figs. 2c, 3a), and the significant fibrosis

observed histologically (Fig. 1b) is likely related to the in-

crease of these five cytokines.

Insights into the molecular mechanisms of radiation-in-

duced lung injury might provide new strategies for the treat-

ment of radiation pneumonitis.Althoughwe found that the five

above-mentioned cytokine levels (IL-6, G-CSF, GM-CSF,

KC, MCP-1) increased in the co-culturing system, we were

unable to determine which cell lines produced which cy-

tokines. To address this problem, we extracted mRNA after

FACS of the three different cell types from the co-cultures and

determined which cytokine genes were up-regulated in which

cell line before and after irradiation (Fig. 5). Brach et al. [38]

previously reported that a temporal increase of IL-6 production

by fibroblasts, peaking at 9 h after irradiation, was not irra-

diation dose-dependent. Conversely, we interestingly found

that the cytokine level of IL-6 increased in a dose-dependent

manner (Fig. 4) and that this increase was mainly attributed to

epithelial cells and macrophages rather than fibroblasts

(Fig. 5d). These discrepancies are probably caused by several

reasons. First, the potential of cytokine generation in these

three cell lines was amplified by inter-cellular interactions

following irradiation in the co-culturing system. Second, IL-6

may be preferentially produced by epithelial cells and mac-

rophages rather than fibroblasts. Third, secretion of IL-6 re-

sponds more sensitively to an ablative dose than low doses of

irradiation. On the other hand, unlike IL-6, the mRNA ex-

pression ofMCP-1 andKCwere all detected to a certain extent

in all three cell lines in the present study, supporting the reports

suggesting that these cytokines are secreted by numerous cell

types, including monocytes/macrophages, fibroblasts, and

epithelial cells [39, 40]. To our knowledge, our study is thefirst

to show changes in cytokine levels in vitro after co-culturing

three different cell lines.

Compared to other types of co-culture systems, the mul-

ticellular co-culture system has both advantages and

limitations. For example, the Transwell chamber culture

system or neutralizing cytokine antibodies can be used in the

two-cell co-culture system for assessing whether the cell-to-

cell interactions are cytokine dependent, and cell behaviors

such as migration, proliferation, and phenotype changes can

bemore easily observed in these systems as the cell types are

limited to only two [41, 42]. However, while our multicel-

lular co-culture system is not able to attain these objectives, it

more closely resembles the lung microenvironment in terms

of the number of different cell types present.

Conclusion

The changes in cytokine levels in our in vivo and in vitro

radiation-induced lung injury models simulating ablative

radiotherapy showed unique features, and our findings

imply that biological studies related to ADSVI should be

investigated using the corresponding experimental models

rather than models simulating large-volume CFRT.
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