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Single high-dose irradiation aggravates eosinophil-mediated fibrosis
through IL-33 secreted from impaired vessels in the skin compared to
fractionated irradiation
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We have revealed in a porcine skin injury model that eosinophil recruitment was dose-dependently
enhanced by a single high-dose irradiation. In this study, we investigated the underlying mechanism
of eosinophil-associated skin fibrosis and the effect of high-dose-per-fraction radiation. The dorsal skin of
a mini-pig was divided into two sections containing 4-cm? fields that were irradiated with 30 Gy in a
single fraction or 5 fractions and biopsied regularly over 14 weeks. Eosinophil-related Th2 cytokines such

'];eﬁ‘f"i;ds" as interleukin (IL)-4, IL-5, and C—C motif chemokine-11 (CCL11/eotaxin) were evaluated by quantitative
Sliir:oinjziirpy real-time PCR. RNA-sequencing using 30 Gy-irradiated mouse skin and functional assays in a co-culture

system of THP-1 and irradiated-human umbilical vein endothelial cells (HUVECs) were performed to
investigate the mechanism of eosinophil-mediated radiation fibrosis. Single high-dose-per-fraction
irradiation caused pronounced eosinophil accumulation, increased profibrotic factors collagen and
transforming growth factor-$, enhanced production of eosinophil-related cytokines including IL-4, IL-5,
CCL11, IL-13, and IL-33, and reduced vessels compared with 5-fraction irradiation. IL-33 notably
increased in pig and mouse skin vessels after single high-dose irradiation of 30 Gy, as well as in irradiated
HUVECs following 12 Gy. Blocking IL-33 suppressed the migration ability of THP-1 cells and cytokine
secretion in a co-culture system of THP-1 cells and irradiated HUVECs. Hence, high-dose-per-fraction
irradiation appears to enhance eosinophil-mediated fibrotic responses, and IL-33 may be a key mole-
cule operating in eosinophil-mediated fibrosis in high-dose-per fraction irradiated skin.

© 2015 Elsevier Inc. All rights reserved.
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delivery technology and image guidance, and its clinical applica-
tions are increasing for treating various tumor sites including the

1. Introduction

Skin is usually the first site of entry in radiation treatment, and
various degrees of skin reactions can occur. Interest in hypo-
fractionated radiotherapy, which may potentiate normal tissue
injury, has increased lately with improvements in radiation
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breast. For example, recent accelerated partial breast irradiation
delivers a high-dose-per-fraction to the tumor cavity and adjacent
breast tissue in 1—10 fractions. Breast cancer patients' skin is often
in close proximity to or even within the irradiation field, and
possible complications include delayed wound healing, ulceration,
necrosis, telangiectasia, fibrosis, and poor cosmetic outcome [1].
Fibrosis is a common late complication caused by ionizing radia-
tion. However, no effective treatment exists, and the mechanisms
underlying fibrosis are not clearly understood.

Irradiation can induce cytokine and chemokine production that
leads to fibrosis and polarized immune responses [2,3]. Abnormal
immune reactions such as inflammation and polarized immune
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Fig. 1. Single high-dose radiation with 30 Gy induces enhanced production of profibrotic factors compared to 30 Gy in 5 fractions. Porcine skin subjected to 30 Gy single-fraction or
5-fraction irradiation was biopsied at the indicated times and stained with H&E, Masson's trichrome, and TGF-p and «-SMA antibodies. mRNA was isolated from biopsy specimens
for qQRT-PCR. (a) Histology, (b) collagen deposition, (c) z-SMA expression, (d) TGF-$ mRNA and protein expression, and (e) the mean numbers of eosinophils in 5 high-power fields
(magnification, x400) from tissue sections irradiated with 30 Gy in a single fraction or 5 fractions are plotted against time, and in 30 Gy single-fraction- or 5-fraction-irradiated

porcine skin.
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Fig. 2. Upregulation of eosinophil-related factors by 30 Gy single-fraction vs. 5-fraction irradiation of porcine skin. mRNA was isolated from biopsy specimens, and qRT-PCR was
performed with target primers. B-actin-normalized mRNA levels of (a) IL-5, (b) CCL11, and (c) IL-4 in porcine skin after 30 Gy single-fraction or 5-fraction irradiation. (d) Number of
mast cells in porcine skin after 30 Gy single-fraction or 5-fraction irradiation. Mast cells were stained with toluidine blue and counted per 400 x field. (e) IL-13 mRNA level in
porcine skin after 30 Gy single-fraction or 5-fraction irradiation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)
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responses may in turn be involved in fibrosis [4]. Eosinophils were
reported to play a major role in pulmonary fibrosis [5] by triggering
Th2-polarized immune reactions [6]. Th2 immune response has
been associated with upregulation of Th2-type cytokines including
IL-4, IL-5, IL-10, and IL-13 and induction of mast cells [7,8]. Highly
polarized Th2 cytokine responses are also closely related to fibrosis
progression [9]. The cytokine IL-33 potently stimulates secretion of
Th2 cytokines such as IL-5 and IL-13 by ST2-expressing immune
cells, which contribute to the development of Th2 immune re-
sponses [10,11]. Administration of IL-33 to mice resulted in
increased serum levels of Th2 cytokines including IL-4, IL-5, and IL-
13, as well as IgG1 and IgE, and inflammation was accompanied by
eosinophil accumulation in the lung and gut [12]. IL-33 also induces
cutaneous fibrosis via eosinophil-derived IL-13 and lung fibrosis
through type-2 macrophage-induced IL-13 and transforming
growth factor (TGF)-$ [13,14].

We previously developed a porcine skin injury model and
characterized the dose—response relationship in high-dose single-
fraction irradiation. In these experiments, eosinophil recruitment
was dose-dependently enhanced by single high-dose irradiation
[15]. In this study, we investigated the underlying mechanism of
eosinophil-associated skin fibrosis and the effects of high-dose-
per-fraction radiation.

2. Materials and methods
2.1. Porcine skin irradiation and biopsy

The radiation-induced porcine skin injury model using a female
mini-pig (Medi Kinetics Co., Ltd., Pyeongtaek, Korea) was estab-
lished as described previously with minor modification [15]. The
study design was approved by the Institutional Animal Care and
Use Committees. Briefly, the dorsal skin was divided into two sec-
tions. A lead shield containing 11 cut-out 2 cm x 2 cm squares
separated from each other by at least 2.5 cm, was placed over one
section of the dorsal skin, and either 30 Gy in a single fraction or in
5 fractions was delivered with a 6-MeV electron beam. The pig was
housed and observed for 14 weeks to allow acute and late effects of
radiation to develop.

2.2. Mouse and cell irradiation

Radiation was delivered with an X-RAD 320 X-ray unit (Preci-
sion, CT) equipped with fixed and adjustable collimation fixtures.
For mouse skin irradiation, the collimators produced a beam with a
1 cm x 1 cm coverage area. The percentage depth doses were
determined after absolute dosimetric measurements with Gaf-
chromic EBT3 film, and acrylic and water-equivalent RW3 slab
phantoms (PTW, RW3). Radiation dosimetry for cultured cells was
carried out using a cell culture dish, water, an RW3 phantom slab,
and Gafchromic EBT3 film. Further details of mouse and cell irra-
diation were described by Yoo et al. [16].

2.3. RNA-Seq analysis using mouse skin tissue

To reveal what factors promote eosinophil recruitment in irra-
diated skin, we performed RNA-Seq using irradiated- and non-
irradiated mouse skin samples. Mouse flank skin was pulled
aside, followed by irradiation with 30 Gy. Total RNAs were isolated
using TRIzol (Invitrogen), and mRNA was isolated from total RNAs
using oligo-dT beads. Construction and sequencing of an RNA-Seq
library were performed based on Illumina HiSeq2000 protocols to
generate 101 paired-end RNA-Seq reads. The quality of raw data
was checked using FastQC [17], and the adaptor sequences of the
[llumina sequencing platform were trimmed using Trimmomatic

(ILLUMINACLIP:2:30:10 MINLEN:75) before read alignment. All
quality-filtered reads were aligned to the Mus_musculus genome
(GRCmM38) from the Ensembl database (release 73) using Tophat
[18]. Aligned reads were sorted using Samtools [19], and the read
count for each gene was calculated using HTseq [20]. To identify
differentially expressed genes between the two conditions, we
used the R package DESeq [21], which is based on a negative
binomial model. Based on the DEGs identified using DESeq
(P < 0.01, Bonferroni corrected), we conducted Ingenuity Pathway
Analysis (Qiagen). Endothelial cells, epithelial cells, dermis, and
epidermis were selected to conduct the core analysis in Ingenuity
Pathway Analysis, and other options were set to default.

2.4. Statistical analysis

Data are presented as mean =+ SD, and groups were statistically
compared using the unpaired 2-sided Student's t-test. All experi-
ments were performed at least three times. P < 0.05 (*) and P < 0.01
(**) were considered statistically significant.

All other materials and methods are described in the
Supplementary materials.

3. Results

3.1. Single-fraction irradiation with 30 Gy induced higher
expression of fibrosis-related factors and eosinophils recruitment in
porcine skin than 5-fraction irradiation

The maximum tolerable dose without overt ulceration of
porcine skin after single-fraction irradiation with 15, 30, 50, or
75 Gy was 30 Gy in our previous study [15]. Here, we investigated
the effect of single-fraction 30 Gy on fibrosis-related factors and
eosinophils compared with a fractionated scheme (6 Gy, 5 times)
using a radiation-induced porcine skin injury model (Fig. S1). Fig. 1
shows irradiation-induced histological changes of the skin. Histo-
logical examination of biopsy specimens indicated that 30 Gy single
high-dose irradiation induced more epidermal hyperplasia,
collagen accumulation, and o-SMA expression than 5-fraction
irradiation at 14 weeks (Fig. 1a—c). Additionally, TGF-f mRNA and
protein expression was more enhanced by single high-dose irra-
diation than fractionated irradiation (Fig. 1d). In our previous study,
we demonstrated that inflammatory responses including IL-6
expression and eosinophil infiltration were increased in irradiated
porcine skin [15]. IL-6 expression was enhanced in both fraction-
ation schemes, with no significant difference between the two
schemes (Fig. S2). The average number of eosinophils was deter-
mined in five high-power fields (magnification, x400) in irradiated
tissue sections, and the rate of increase and peak eosinophil count
were more pronounced after 30 Gy single-fraction irradiation
compared to 5 fractions (Fig. 1e). The average number of eosino-
phils increased sharply after 2 weeks, peaked at 6 weeks, and
subsided to baseline levels at 12 weeks after 30 Gy single-fraction
irradiation. Induction of eosinophils appeared to coincide with
the acute and subacute skin response to radiation.

3.2. Upregulation of eosinophil-related factors following irradiation

Since eosinophils can regulate Th2 immunity [6], eosinophil-
related Th2 cytokines such as IL-4, IL-5, and CCL11 (eotaxin) were
evaluated by quantitative real-time PCR (qRT-PCR). Increases in IL-
4, CCL11, and IL-5 mRNA levels were more pronounced after 30 Gy
single-fraction irradiation (Fig. 2a—c) compared with fractionated
irradiation. Expression of CCL11 and IL-5, which are significant
factors in eosinophil recruitment, began increasing at 4 weeks and
peaked at 6 weeks after irradiation, paralleling the pattern of
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Fig. 3. Enrichment of granulocyte adhesion and upregulation of IL-33. Ingenuity Pathway Analysis was conducted using differentially expressed genes (DEGs; P < 0.01, Bonferroni
corrected) in mouse skin irradiated with 30 Gy (single dose) and non-irradiated. (a) Enrichment of granulocyte adhesion molecules and (b) diapedesis pathways by canonical
pathway analysis and (c) IL-1 family genes including IL-1, 18, and 33 among upregulated DEGs. (d) IL-33 mRNA levels determined by qRT-PCR in 30 Gy irradiated mouse skin. Porcine
skin was irradiated with 30 Gy in a single fraction or 5 fractions and biopsied at the indicated times. (e) IL-33 mRNA levels determined by qRT-PCR in irradiated porcine skin and (f)
ST2 receptor expression in irradiated porcine skin biopsied at 4 weeks after irradiation and stained with ST2 antibody (red). (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

eosinophil recruitment. The induction of mast cells, which also play
an important role in eosinophil-mediated Th2 immunity [22], was
quantified with toluidine blue. The number of mast cells per
400 x microscopic field in the infiltrated dermal area remained
higher following single high-dose irradiation vs. 5-fraction irradi-
ation with 30 Gy (Fig. 2d). Expression of IL-13, which is known to be
capable of driving tissue fibrosis [14], increased over time and was
also more pronounced after single-fraction compared to 5-fraction
irradiation with 30 Gy (Fig. 2e).

3.3. IL-33 induction in mouse skin following 30 Gy single high-dose
irradiation

To identify factors that promote eosinophil recruitment in
irradiated skin, we performed RNA sequencing (RNA-Seq) in irra-
diated mouse skin. RNA-Seq analysis using DESeq identified 679
differentially expressed genes (DEGs) (333 upregulated, 346
downregulated) in irradiated mouse skin samples. Ingenuity
Pathway Analysis of diseases and functions for the 333 upregulated
DEGs showed that these were significantly related with eosinophil
adherence (P < 0.003), immune cell adherence (P < 0.001), or
vascular endothelial cell chemotaxis (P < 0.0001). Related genes
and functions are summarized in Supplementary Table 1. Consis-
tent with phenotypic changes, fifth complement component (C5),
chemokine (C-X-C motif) receptor 2 (CXCR2), alpha 5-integrin
(ITGA5), P-selectin (SELP), and IL-1, which are involved in im-
mune response; eosinophil recruitment; and vascular endothelial

cell chemotaxis, were upregulated, and canonical pathway analysis
revealed enrichment of the granulocyte adhesion and diapedesis
pathways in the DEGs of 30-Gy-irradiated mouse skin (Fig. 3a).

IL-1R signaling plays a central role in the regulation of immune
and inflammatory responses. IL-1, IL-18/IL-37, IL-33, and IL-36/IL-
38 are among the IL-1 family members that share the IL-1Ra
chain [23]. Therefore, we searched the DEGs for IL-1 family genes
and found that IL-1, IL-18, and IL-33 were upregulated DEGs in 30-
Gy-irradiated mouse skin (Fig. 3b). IL-33 had the highest fold-
change (>7-fold) among IL-1 family genes, consistent with recent
reports that IL-33 is expressed in endothelial and epithelial barrier
tissues, such as skin and vessels, that play important roles in the
response to damage and infection [24,25]. In mice, IL-33 is not
expressed constitutively in normal blood vessels [26]. However,
damaged vascular endothelial cells and tissue in an ApoE (—/-)
atherosclerosis mouse model produce high IL-33 levels [27].

We validated the IL-33 mRNA upregulation using qRT-PCR,
which indicated 4-fold higher IL-33 mRNA levels in 30 Gy-irradi-
ated mouse skin than non-irradiated skin (Fig. 3c). Moreover,
expression of IL-33 mRNA and the IL-33 receptor ST2 was more
significantly elevated in porcine skin 1 week after 30 Gy single
high-dose irradiation compared with 5-fraction irradiation (Fig. 3d,
e). These results indicate that high-dose radiation induces IL-33
production in the early period (1—2 weeks) after irradiation and
may be accompanied by vascular endothelial cell damage.
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Fig. 4. Production of IL-33 and blood vessel damage by high single-dose irradiation. (a) Mean density of CD31-stained small arterioles, determined by summing the luminal areas of
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(green) and CD31 (red) antibodies (original magnification, x 400). IL-33 (d) mRNA and (e) production in HUVECs irradiated with 0, 4, or 12 Gy and incubated for 48 h. IL-33
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3.4. Eosinophil-mediated Th2 immune reaction by IL-33 secreted
from impaired vascular endothelial cells in the skin

Since ablative-hypofractionated radiotherapy methods, which
deliver over 10 Gy per fraction, have been reported to induce
vascular damage [28], microvessel density was assessed by CD31
staining. The density of dermal microvessels in porcine skin was
lower during the early period (0—6 weeks) after 30 Gy single high-
dose irradiation (Fig. 4a). To identify vascular damage induced by
irradiation, biopsy specimens from irradiated porcine skin were co-
stained with p53-binding protein 1 (P53BP1), which is a classic
DNA damage response marker, and CD31 antibodies. The number of
p53BP1 and CD31 double-positive cells was greater in skin irradi-
ated with 30 Gy in a single fraction (Fig. 4b).

Next, we investigated whether IL-33 is secreted from dermal
blood vessels upon irradiation. Since no IL-33 antibody was avail-
able for immunofluorescence staining of porcine skin, we used
irradiated mouse skin for IL-33 and CD31 co-staining. IL-33
expression was significantly increased in dermal vessels after 30 Gy
single-fraction irradiation (Fig. 4c). To identify whether IL-33 is
released from damaged vascular endothelial cells by radiation
in vitro, we used HUVECs cells and set 12 Gy and 4 Gy cell irradi-
ation as the counterparts of single high-dose and 5-fraction irra-
diation with 30 Gy in vivo. Culture media were collected 48 h after
irradiation to measure IL-33 synthesis. The mRNA and protein

levels of IL-33 were increased by radiation in a dose-dependent
manner (Fig. 4d, e). We also evaluated immune cell recruitment
and cytokine release via IL-33-mediated immune responses in a
human monocyte co-culture system. The migration of THP-1 cells
co-cultured with 12 Gy-irradiated HUVECs was enhanced
compared to those cultured with non-irradiated HUVECs (Fig. 4f).
This enhanced THP-1 cell migration and production of IL-4 and IL-6
were impaired by anti-IL-33 antibody treatment (Fig. 4g—h), sug-
gesting that endothelial cells impaired by single high-dose radia-
tion could produce IL-33, which might encourage immune
responses such as inflammation and immune cell recruitment.

4. Discussion

Vascular change has been reported to stimulate fibrosis through
release of various cytokines including TGF-$ and IL-6 [29]. High-
dose irradiation decreases tumor microvascular density and
CD68™ tumor-associated macrophages in irradiated tumors [30].
Vascular endothelial cells appear to be one of the main targets of
hypofractionated radiotherapy in the ablative dose range used in
stereotactic body radiotherapy or radiosurgery (>10 Gy per frac-
tion) [28]. However, changes in the tumor micro-environment after
hypofractionated radiotherapy and the impact of varying fraction
size are not well understood. In our previous study, single high-
dose radiation of porcine skin induced loss of vessel density and
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eosinophil infiltration of the irradiated site [15]. In this study, 30 Gy
single high-dose irradiation exhibited more pronounced reduction
of vessels and increase of eosinophil infiltration compared to
fractionated radiation. RNA-Seq analysis of irradiated mouse skin
showed elevation of chemotaxis-associated factors of vascular
endothelial cells.

Expression of the IL-1 cytokine family member IL-33 (also
known as IL-1F11 and NF-HEV) markedly increased. Furthermore,
increases in IL-33 mRNA and the IL-33 receptor ST2 were more
pronounced in pig skin during the early period (1 week) after 30 Gy
delivered in a single fraction compared with in 5 fractions. In the
present study, we demonstrated that blocking IL-33 inhibited IL-4
and IL-6 secretion in a co-culture system with THP-1 cells and
irradiated HUVECs. Since IL-33 is expressed in various cell types
[24,31,32], it may have been produced in other skin cells such as
dermal fibroblasts, mast cells, or lymphocytes in this study. How-
ever, IL-33 mRNA and ST-2 expression were sharply increased at 1
week after high-dose irradiation of porcine skin, indicating that IL-
33 induction was increased as an early response. The acute effect of
radiation on blood vessels is an important trigger, and vascular
endothelial cells are a primary target for killing tumor cells in
hypofractionated ablative radiotherapy (stereotactic body radio-
therapy or radiosurgery) compared with conventionally fraction-
ated radiotherapy. Therefore, IL-33 induction in vascular
endothelial cells impaired by high-dose radiation may act as an
immune modulator in recruiting eosinophils to the irradiated site
in the current study. Additionally, since IL-33 is a chemo-attractant
of Th2 cells, enhancing production of IL-4, IL-5, and IL-13, which
can stimulate Th2 immune responses such as mast cell activation
via IgE-dependent immune reactions. Accordingly, IL-33 could also
act on mast cells that in turn induce Th2 environment, resulting in
eosinophil recruitment in this study.

Eosinophils release Th2-type cytokines and act as direct regu-
lators of fibroblast proliferation and collagen synthesis, in part
through TGF-B [5]. Such eosinophil-produced soluble factors can
act as autocrine signals through engagement of cytokine receptors
in eosinophils [33]. In the present study, upregulation of
eosinophil-mediated Th2 cytokines was more pronounced with
single high-dose irradiation compared with a multiple-fraction
schedule, which might affect eosinophil recruitment. Especially,
eosinophil mediated-profibrotic factors IL-13 and TGF-f might
affect fibrotic responses such as collagen accumulation and a-SMA
expression.

In conclusion, single high-dose-per-fraction irradiation can
induce more pronounced disruption of vascular endothelial cell
function compared with fractionated irradiation. Vascular endo-
thelial cells damaged by high-dose radiation secrete IL-33, which
may stimulate fibrotic responses via eosinophil recruitment and
eosinophil-mediated Th2 immune responses in irradiated skin
(Fig. S3). Thus, IL-33 can be a key factor in eosinophil-mediated
fibrosis in hypofractionated radiotherapy, and IL-33 may be a use-
ful factor to predict common complications such as fibrosis in
cancer patients treated with radiotherapy.

Conflict of interest

The authors state no conflict of interests.
Acknowledgments

This work was supported by the Nuclear Research and Devel-
opment Program (NRF-2011-0031695) and the Radiation Technol-
ogy Research and Development Program (NRF-

2013M2A2A7042978) through the National Research Foundation of
Korea funded by the Ministry of Science, ICT & Future Planning and

a faculty research grant from Yonsei University College of Medicine
for 2014 (6-2014-0031). The authors thank Dong-Su Jang (Medical
illustrator, Medical Research Support Section, Yonsei University
College of Medicine, Seoul, Rep of Korea) for his help with the
figure.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.bbrc.2015.05.081.

Transparency document

Transparency document related to this article can be found
online at http://dx.doi.org/10.1016/j.bbrc.2015.05.081.

References

[1] J.T. Hepel, M. Tokita, S.G. MacAusland, S.B. Evans, J.R. Hiatt, LL. Price,

T. DiPetrillo, D.E. Wazer, Toxicity of three-dimensional conformal radio-

therapy for accelerated partial breast irradiation, Int. J. Radiat. Oncol. Biol.

Phys. 75 (5) (2009) 1290—1296.

Y. Chen, J. Williams, I. Ding, E. Hernady, W. Liu, T. Smudzin, J.N. Finkelstein,

P. Rubin, P. Okunieff, Radiation pneumonitis and early circulatory cytokine

markers, Seminars Radiat. Oncol. 12 (1 Suppl. 1) (2002) 26—33.

P. Rubin, CJ. Johnston, J.P. Williams, S. McDonald, J.N. Finkelstein, A perpetual

cascade of cytokines postirradiation leads to pulmonary fibrosis, Int. J. Radiat.

Oncol. Biol. Phys. 33 (1) (1995) 99—109.

A. Wangoo, T. Sparer, LN. Brown, V.A. Snewin, R. Janssen, ]. Thole, H.T. Cook,

RJ. Shaw, D.B. Young, Contribution of Th1 and Th2 cells to protection and

pathology in experimental models of granulomatous lung disease, J. Inmunol.

166 (5) (2001) 3432—3439.

F. Levi Schaffer, E. Garbuzenko, A. Rubin, R. Reich, D. Pickholz, P. Gillery,

H. Emonard, A. Nagler, F.A. Maquart, Human eosinophils regulate human

lung- and skin-derived fibroblast properties in vitro: a role for transforming

growth factor beta (TGF-beta), Proc. Natl. Acad. Sci. U. S. A. 96 (17) (1999)

9660—-9665.

[6] L.A. Spencer, P.F. Weller, Eosinophils and Th2 immunity: contemporary in-

sights, Immunol. Cell Biol. 88 (3) (2010) 250—256.

M.G. Chiaramonte, M. Mentink Kane, B.A. Jacobson, A.W. Cheever,

M.J. Whitters, M.E. Goad, A. Wong, M. Collins, D. Donaldson, M.J. Grusby,

T.A. Wynn, Regulation and function of the interleukin 13 receptor alpha 2

during a T helper cell type 2-dominant immune response, J. Exp. Med. 197 (6)

(2003) 687—701.

S.M. Opal, V.A. DePalo, Anti-inflammatory cytokines, Chest 117 (4) (2000)

1162—-1172.

M.G. Chiaramonte, A.W. Cheever, ].D. Malley, D.D. Donaldson, T.A. Wynn, Studies

of murine schistosomiasis reveal interleukin-13 blockade as a treatment for

established and progressive liver fibrosis, Hepatology 34 (2) (2001) 273—282.

[10] M.A. Rank, T. Kobayashi, H. Kozaki, K.R. Bartemes, D.L. Squillace, H. Kita, IL-33-
activated dendritic cells induce an atypical TH2-type response, ]. Allergy Clin.
Immunol. 123 (5) (2009) 1047—1054.

[11] ]. Louten, A.L. Rankin, Y. Li, E. Murphy, M. Beaumont, C. Moon, P. Bourne,
T.K. McClanahan, S. Pflanz, R. de Waal Malefyt, Endogenous IL-33 enhances
Th2 cytokine production and T-cell responses during allergic airway inflam-
mation, Int. Immunol. 23 (5) (2011) 307—315.

[12] ]J. Schmitz, A. Owyang, E. Oldham, Y. Song, E. Murphy, T.K. McClanahan,
G. Zurawski, M. Moshrefi, J. Qin, X. Li, D.M. Gorman, J.F. Bazan, R.A. Kastelein,
IL-33, an interleukin-1-like cytokine that signals via the IL-1 receptor-related
protein ST2 and induces T helper type 2-associated cytokines, Immunity 23
(5) (2005) 479—490.

[13] Dong Li, Rodrigo Guabiraba, Anne-Ga€elle Besnard, Mousa Komai-Koma,
Majid S. Jabir, Li Zhang, Gerard ]J. Graham, Mariola Kurowska-Stolarska, Foo
Y. Liew, Charles McSharry, P. Damo Xu, IL-33 promotes ST2-dependent lung
fibrosis by the induction of alternatively activated macrophages and innate
lymphoid cells in mice, J. Allergy Clin. Immunol. 134 (6) (2014) 1422—1432.

[14] A.L. Rankin, J.B. Mumm, E. Murphy, S. Turner, N. Yu, T.K. McClanahan,
P.A. Bourne, R.H. Pierce, R. Kastelein, S. Pflanz, IL-33 induces IL-13-dependent
cutaneous fibrosis, ]. Immunol. 184 (3) (2010) 1526—1535.

[15] J.W. Kim, D.W. Lee, W.H. Choi, Y.R. Jeon, S.H. Kim, H. Cho, E. Lee, Z. Hong,
W.J. Lee, J. Cho, Development of a porcine skin injury model and character-
ization of the dose-dependent response to high-dose radiation, ]. Radiat. Res.
54 (5) (2013) 823—-831.

[16] H. Yoo, ].W. Kang, D.W. Lee, S.H. Oh, Y.S. Lee, EJJ. Lee, J. Cho, Pyruvate meta-
bolism: A therapeutic opportunity in radiation-induced skin injury, Biochem.
Biophys. Res. Commun. 460 (3) (2015) 504—510. http://dx.doi.org/10.1016/j.
bbrc.2015.03.060.

[17] S. Andrews, FastQC: A quality control tool for high throughput sequence data,
Reference Source, 2010.

2

3

[4

[5

(7

[8

[9


http://dx.doi.org/10.1016/j.bbrc.2015.05.081
http://dx.doi.org/10.1016/j.bbrc.2015.05.081
http://dx.doi.org/10.1016/j.bbrc.2015.05.081
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref1
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref1
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref1
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref1
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref1
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref2
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref2
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref2
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref2
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref3
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref3
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref3
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref3
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref4
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref4
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref4
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref4
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref4
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref5
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref5
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref5
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref5
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref5
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref5
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref6
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref6
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref6
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref7
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref7
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref7
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref7
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref7
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref7
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref8
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref8
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref8
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref9
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref9
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref9
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref9
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref10
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref10
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref10
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref10
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref11
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref11
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref11
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref11
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref11
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref12
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref12
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref12
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref12
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref12
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref12
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref13
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref13
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref13
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref13
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref13
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref13
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref13
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref14
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref14
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref14
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref14
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref15
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref15
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref15
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref15
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref15
http://dx.doi.org/10.1016/j.bbrc.2015.03.060
http://dx.doi.org/10.1016/j.bbrc.2015.03.060
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref17
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref17

26

[18]

[19]

[20]

[21]
[22]

[23]

[24]

[25]

[26]

E.-J. Lee et al. / Biochemical and Biophysical Research Communications 464 (2015) 20—26

C. Trapnell, L. Pachter, S.L. Salzberg, TopHat: discovering splice junctions with
RNA-Seq, Bioinformatics 25 (9) (2009) 1105—1111.

H. Li, B. Handsaker, A. Wysoker, T. Fennell, J. Ruan, N. Homer, G. Marth,
G. Abecasis, R. Durbin, The sequence alignment/map format and SAMtools,
Bioinformatics 25 (16) (2009) 2078—2079.

S. Anders, HTSeq: Analysing High-throughput Sequencing Data with Python,
2010. URL, http://www-huber.embl.de/users/anders/HTSeq/doc/overview.
html.

S. Anders, Analysing RNA-Seq data with the DESeq package, Mol. Biol. (2010)
1-17.

K.D. Stone, C. Prussin, D. Metcalfe, IgE, mast cells, basophils, and eosinophils,
J. Allergy Clin. Immunol. 125 (2 Suppl. 2) (2010) S73—S80.

L.R. Lopetuso, S. Chowdhry, T.T. Pizarro, Opposing functions of classic and
novel IL-1 family members in gut health and disease, Front. Immunol. 4
(2013).

C. Moussion, N. Ortega, J. Girard, The IL-1-like cytokine IL-33 is constitutively
expressed in the nucleus of endothelial cells and epithelial cells in vivo: a
novel 'alarmin'? PLoS One 3 (10) (2008) e3331—e3331.

S. Tajima, K. Oshikawa, S. Tominaga, Y. Sugiyama, The increase in serum
soluble ST2 protein upon acute exacerbation of idiopathic pulmonary fibrosis,
Chest 124 (4) (2003) 1206—1214.

M. Pichery, E. Mirey, P. Mercier, E. Lefrancais, A. Dujardin, N. Ortega, ]. Girard,
Endogenous IL-33 is highly expressed in mouse epithelial barrier tissues,
lymphoid organs, brain, embryos, and inflamed tissues: in situ analysis using

[27]

[28]

[29]

(30]

[31]

[32]

(33]

a novel I1-33-LacZ gene trap reporter strain, J. Immunol. 188 (7) (2012)
3488-3495.

AM. Miller, D. Xu, D.L. Asquith, L. Denby, Y. Li, N. Sattar, A.H. Baker,
I.B. Mclnnes, EY. Liew, IL-33 reduces the development of atherosclerosis,
J. Exp. Med. 205 (2) (2008) 339—346.

HJ. Park, RJ. Griffin, S. Hui, S.H. Levitt, CW. Song, Radiation-induced vascular
damage in tumors: implications of vascular damage in ablative hypofractio-
nated radiotherapy (SBRT and SRS), Radiat. Res. 177 (3) (2012) 311-327.

T. Wynn, Cellular and molecular mechanisms of fibrosis, J. Pathol. 214 (2)
(2008) 199—-210.

F. Chen, C. Chiang, C. Wang, C. Tsai, S. Jung, C. Lee, W.H. McBride, J. Hong,
Radiotherapy decreases vascular density and causes hypoxia with macro-
phage aggregation in TRAMP-C1 prostate tumors, Clin. Cancer Res. 15 (5)
(2009) 1721-1729.

J. Sponheim, J. Pollheimer, T. Olsen, ]J. Balogh, C. Hammarstrom, T. Loos,
M. Kasprzycka, D.R. Serensen, H.R. Nilsen, AM. Kiichler, M.H. Vatn,
G. Haraldsen, Inflammatory bowel disease-associated interleukin-33 is pref-
erentially expressed in ulceration-associated myofibroblasts, Am. J. Pathol.
177 (6) (2010) 2804—2815.

C. Hsu, PJ. Bryce, Inducible IL-33 expression by mast cells is regulated by a
calcium-dependent pathway, J. Immunol. 189 (7) (2012) 3421—-3429.

M.E. Rothenberg, S.P. Hogan, The eosinophil,, Annu. Rev. Immunol. 24 (2006)
147—-174.


http://refhub.elsevier.com/S0006-291X(15)30007-3/sref18
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref18
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref18
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref19
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref19
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref19
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref19
mailto:http://www-huber.embl.de/users/anders/HTSeq/doc/overview.html
mailto:http://www-huber.embl.de/users/anders/HTSeq/doc/overview.html
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref21
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref21
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref21
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref22
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref22
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref22
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref23
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref23
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref23
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref24
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref24
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref24
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref24
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref25
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref25
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref25
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref25
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref26
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref26
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref26
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref26
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref26
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref26
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref27
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref27
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref27
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref27
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref28
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref28
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref28
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref28
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref29
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref29
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref29
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref30
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref30
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref30
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref30
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref30
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref31
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref31
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref31
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref31
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref31
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref31
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref31
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref31
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref32
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref32
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref32
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref33
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref33
http://refhub.elsevier.com/S0006-291X(15)30007-3/sref33

	Single high-dose irradiation aggravates eosinophil-mediated fibrosis through IL-33 secreted from impaired vessels in the sk ...
	1. Introduction
	2. Materials and methods
	2.1. Porcine skin irradiation and biopsy
	2.2. Mouse and cell irradiation
	2.3. RNA-Seq analysis using mouse skin tissue
	2.4. Statistical analysis

	3. Results
	3.1. Single-fraction irradiation with 30 Gy induced higher expression of fibrosis-related factors and eosinophils recruitment in ...
	3.2. Upregulation of eosinophil-related factors following irradiation
	3.3. IL-33 induction in mouse skin following 30 Gy single high-dose irradiation
	3.4. Eosinophil-mediated Th2 immune reaction by IL-33 secreted from impaired vascular endothelial cells in the skin

	4. Discussion
	Conflict of interest
	Acknowledgments
	Appendix A. Supplementary data
	Transparency document
	References


