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Radiotherapy is a widely used treatment for many tumors. Combination therapy using anti-angiogenic
agents and radiation has shown promise; however, these combined therapies are reported to have
many limitations in clinical trials. Here, we show that radiation transformed tumor endothelial cells (ECs)
to fibroblasts, resulting in reduced vascular endothelial growth factor (VEGF) response and increased

Key ‘{vords: Snaill, Twistl, Type I collagen, and transforming growth factor (TGF)-p release. Irradiation of radio-
SRadfgthErapy resistant Lewis lung carcinoma (LLC) tumors greater than 250 mm? increased collagen levels, particularly
P?r?éri?cllone in large tumor vessels. Furthermore, concomitant sunitinib therapy did not show a significant difference

in tumor inhibition versus radiation alone. Thus, we evaluated multimodal therapy that combined pir-
fenidone, an inhibitor of TGF-induced collagen production, with radiation and sunitinib treatment. This
trimodal therapy significantly reduced tumor growth, as compared to radiation alone. Immunohisto-
chemical analysis revealed that radiation-induced collagen deposition and tumor microvessel density
were significantly reduced with trimodal therapy, as compared to radiation alone. These data suggest
that combined therapy using pirfenidone may modulate the radiation-altered tumor microenvironment,

Lewis lung carcinoma
Transforming growth factor-

thereby enhancing the efficacy of radiation therapy and concurrent chemotherapy.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Radiotherapy is widely used to treat tumors, including non-
small cell lung cancers (NSCLC) [1,2]. However, tumors located in
anatomic regions that are difficult to access or adjacent to vital
structures have a significant risk of local recurrence. Combined
drug therapy can increase the efficacy of radiotherapy by targeting
both cancer cells and the microenvironment, including tumor
vessels. Anti-angiogenic therapy targets endothelial cells, disrupt-
ing the pre-existing tumor vasculature and inhibiting angiogenic
vessel formation [1,3]. Sunitinib (Su11248, Sutent) is a multi-target
tyrosine kinase inhibitor of the vascular endothelial growth factor
receptor (VEGFR1/2/3), platelet-derived growth factor receptor
(PDGFRa/b), c-kit, FLT3 and ret. It can inhibit both angiogenesis, by
targeting endothelial cells, and tumor growth [4,5]. Preclinical data
indicates that sunitinib enhances radiotherapy response [6,7];
however, clinical trials evaluating the efficacy of concurrent
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sunitinib and radiotherapy are on-going in patients with various
cancers, including advanced NSCLC [8].

Combination treatment using anti-VEGF therapy, such as suni-
tinib, and radiotherapy is limited in dose, treatment schedule, and
tumor size [3,9]. In vivo, tumor size at therapy onset plays a key role
in the efficacy of radiation and anti-VEGF therapy [10]. In several
transplantable tumor models, radioresistance emerges when tu-
mors reach approximately 250 mm?, because critical determinants
of radioresistance, including oxygen tension, nutrient supply, and
pH, are affected by tumor size [10]. Furthermore, several clinical
and experimental reports indicate that smaller initial tumor sizes
predict a good response to anti-VEGF therapy [11,12].

In this study, radiotherapy was initiated when Lewis lung car-
cinoma (LLC) tumors reached sizes greater than 250 mm°>. We
examined the efficacy of combined drug treatment on these radi-
oresistant tumors. Previous observations indicate that irradiated
normal ECs lose their EC-specific characteristics, becoming fibro-
blast cells [13]. We hypothesize that radiation changes tumor ECs
and the tumor microenvironment. The aim of this study was to
better understand the limitations of combined anti-angiogenic and
radiation therapy, and to overcome these limitations by modulating
the radiation-altered microenvironment.
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2. Materials and methods
2.1. Cell culture and treatment

The mouse tumor endothelial cell line 2H11 and mouse LLC cells
were purchased from ATCC and cultured in Dulbecco's modified
Eagle's medium (DMEM) supplemented with 10% fetal bovine
serum (FBS). Cells were exposed to gamma rays derived from a
['¥7Cs] source (Atomic Energy of Canada, Chalk River, Ontario,
Canada) at a dose rate of 3.81 Gy/min.

2.2. In vitro tests

Immunoblotting was performed as described previously [14]
using antibodies against TGFB-RI (ALK5), Twist (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), p-Smad2/3, Snaill (Cell
Signaling Technology, Beverly, MA, USA), and B-actin (Sigma-
—Aldrich, St. Louis, MO, USA). For RT-PCR, total RNA was isolated
from ECs using TRI reagent (Molecular Research Center, Cincinnati,
OH, USA). RNA (1 pg) was used to synthesize ¢cDNA using the
Omniscript RT kit (Qiagen, Valencia, CA, USA), followed by ampli-
fication using Takara Ex Taq polymerase (Takara Bio Inc., Otsu,
Japan). The primer sequences for collagen I transcripts were as
follows: forward 5-CCCAGCTGTCTTATGGCTATGA-3’, reverse 5'-
GCACCATCCAAACCACTGAA-3'. A 346 bp band was amplified using
the following PCR cycle: initial denaturation 95 °C for 2 min, 35
cycles of 95 °C for 30 s, 58 °C for 30 s, and 72 °C for 45 s, and a final
extension at 72 °C for 10 min. Cell proliferation was assessed by 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay as described previously [14] Recombinant human
VEGFi65 (R&D Systems, Minneapolis, MN, USA) was used for VEGF-
induced proliferation. TGF-1 released into culture medium was
measured using a mouse TGF-B1 enzyme-linked immunosorbent
assay (ELISA) kit (Enzo Life Sciences, Farmingdale, NY, USA) ac-
cording to the manufacturer's instructions.

2.3. In vivo tumor model

All protocols involving mice were approved by the Institutional
Animal Care and Use Committee of the Korea Institute of Radio-
logical and Medical Sciences. To generate the syngeneic tumors,
2 x 10° LLC cells were injected subcutaneously into the right thigh
of C57BL/6 male mice. Tumors were irradiated when they reached a
volume of 250—300 mm°. Radiation was delivered using an X-RAD
320 (Precision X-ray, North Branford, CT, USA). Sunitinib malate and
pirfenidone (Selleckchem, Munich, Germany) were dissolved in
DMSO, and were further diluted in 0.3% (w/v) carboxymethyl cel-
lulose (CMC) with 1% (v/v) Tween-80 prior to intraperitoneal in-
jection (40 and 37 mg/kg respectively). Tumor volumes were
determined according to the formula (L x W x H)/2, by measuring
tumor length (L), width (W), and height (H) with a caliper. Six mice
were used in each group, and tumors were harvested 10 days after
irradiation.

2.4. Histology and immunohistochemistry

Mice were euthanized and tumor tissues were harvested and
fixed in 10% neutral buffered formalin for paraffin section prepa-
ration. Paraffin-embedded tissue sections were deparaffinized and
stained as described previously [14]. Tumor vessel density was
assessed by CD31 (Abcam, Cambridge, UK) staining. Collagen
deposition was assessed using Masson's trichrome staining (Sig-
ma—Aldrich). Collagen positive or CD31 positive areas were eval-
uated with Image ] software. The Student's t-test and analysis of
variance (ANOVA) were used to determine statistical significance

between experimental groups. Statistical analyses were performed
using GraphPad Prism version 5.0 (GraphPad Software).

3. Results
3.1. Radiation altered tumor EC phenotype

Previously, we reported that radiation induces normal aortic EC
dysfunction [13]. We assessed phenotypic changes in irradiated
tumor ECs. Over 50% of tumor ECs died within 3 days after exposure
to 10 Gy irradiation (Fig. 1A). Living tumor ECs underwent
morphological changes, displaying irregular, flattened, long, or
thinned morphology as shown in Fig. 1B; however, proliferative
tumor ECs remained 10 days after irradiation. Furthermore, 10Gy-
irradiated tumor ECs did not increase proliferation in the response
to VEGF165, whereas the proliferation of non-irradiated tumor ECs
increased (Fig. 1C). Tumor ECs displayed increased ALK5, phospho-
SMAD2/3, Twistl, and Snaill expression at the indicated time
points following irradiation. RT-PCR analysis also revealed increases
in type I collagen gene expression in irradiated tumor ECs 1—4 days
after irradiation (Fig. 2A). These results suggest that radioresistant
tumor ECs acquire a fibroblast-like phenotype. Since fibroblasts
produce various growth factors, including TGF-$, we examined
whether radioresistant tumor ECs release TGF-f using an ELISA
assay. Irradiated tumor ECs released TGF-f in a dose-dependent
manner (Fig. 2B). Together, our data suggest that irradiated tumor
ECs have a fibroblast-like phenotype, displaying increased Twist1,
Snaill, and type I collagen expression, and TGF-f secretion.

3.2. Pirfenidone increases the efficacy of concurrent sunitinib and
radiotherapy

Several groups have reported the effects of combination radia-
tion and anti-angiogenic sunitinib therapy [4,15—17]. We propose
that radiation-induced alterations in tumor ECs may limit the ef-
fects of sunitinib. Because the altered tumor ECs released TGF-$3 and
increased type I collagen expression, we tested the effects of pir-
fenidone, an inhibitor of TGF-B-stimulated collagen production, on
combination sunitinib and radiation therapy.

The efficacy of radiation and anti-angiogenic therapy is depen-
dent on tumor size [11]. We examined the effects of pirfenidone on
combined treatment when tumors reached approximately
300 mm?>. As shown Fig. 3A, at this initial tumor size, radiation does
not reduce the LLC tumor size. However, radiation therapy com-
bined with anti-angiogenic sunitinib decreases the growth rate of
LLC tumors. The effects of radiation therapy combined with pirfe-
nidone and sunitinib is likely to enhance these effects. Radiation
therapy combined with sunitinib and pirfenidone synergistically
reduced tumor growth, as compared to combination radiation and
sunitinib or pirfenidone (Fig. 3A). A significant (p < 0.05) inhibition
in tumor growth was observed only when using radiation therapy
in combination with both sunitinib and pirfenidone (Fig. 3B).

3.3. Pirfenidone reduces radiation-induced collagen deposition

To test the effects of radiotherapy combined with pirfenidone,
we harvested tumors 10 days after radiation and performed Tri-
chrome staining, where blue color indicates collagen deposition. As
shown in Fig. 4A, radiation increased collagen deposition around
tumor vessels. Compared to combination sunitinib and radiation
therapy, pirfenidone reduced radiation-induced collagen deposi-
tion. This collagen deposition was primarily affected in large tumor
vessels. Next, we tested whether pirfenidone concomitantly
affected tumor microvessel density. As shown Fig. 4B, tumor
microvessel density was slightly increased 10 days after irradiation



140 S.-H. Choi et al. / Biochemical and Biophysical Research Communications 462 (2015) 138—143

B 2 day after irradiation 3 day after irradaition

2001

1604

0 Gy

1004

50

Relative proliferation rates (%) >

S 50

TR A A
1 day 2 days 3 days

5Gy

(@]

Relative proliferation rates (%)
(3davs vs. 0 dav after VEGF165 treatment

160 L
140
120

*
100
80
60
40 L
20
0 == =

VEGF - VEGF +
®IR- WIR5Gy mIR10Gy

10 Gy

Fig. 1. Radiation changes the characteristics of tumor ECs. (A) Proliferation of 2H11 cells 1, 2 or 3 days after irradiation with 0, 5, 10, or 20 Gy. Error bars indicate SEM. **P < 0.01;
***P < 0.001 vs. no IR. (B) Morphological changes in 2H11 cells 2 or 3 days after irradiation with 0, 5, or 10 Gy. (C) The effect of irradiation on VEGF165-induced 2H11 proliferation.
2H11 cells were irradiated with 0, 5, or 10 Gy, and then cultured with 10 ng/ml VEGF165 10 days after radiation. Proliferation was determined in MTT assays. Error bars indicate SD.
*P < 0.05 vs. no VEGF (—). Graphs are representative of three independent experiments.
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Fig. 2. Radiation increases the expression of fibroblast markers in tumor ECs. (A) Expression of ALK5, Twist1, Snail I, and Collagen I, and phosphorylation of Smad2/3 in irradiated
2H11 cells 0, 1, 2, 3, and 4 days after 10 Gy irradiation were analyzed by Western blot (ALK5, p-Smad2/3, Twist1, Snail I) and RT-PCR (collagen I). Error bars indicate SEM of three
independent experiments. **P < 0.01; ***P < 0.001 vs. Control (B) TGF-B1 secretion in irradiated 2H11 cells was determined using ELISA. Error bars indicate SEM of three inde-
pendent experiments. . *P < 0.05; ***P < 0.001 vs. Control.
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Fig. 3. Combination treatment using sunitinib malate and pirfenidone (PFD) increases the radiosensitivity of tumors in vivo. (A) Experimental protocol for combination therapy.
Administration of sunitinib malate was started 1 h before irradiation (6 Gy) and continued once every 2 days for 8 days at a dose of 40 mg/kg. Administration of PFD was initiated 1
day after irradiation and continued once daily for 3 days and once every 2 days for 6 days at a dose of 37 mg/kg. (B) Tumor growth was monitored every day for 10 days after
irradiation. (n = 6) (C) Tumor volumes on day 10 after irradiation. Error bars indicate SD. Graphs are representative of two independent experiments.
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Fig. 4. Reduced collagen deposition and vessel density in tumor tissues after combination therapy using sunitinib malate, pirfenidone (PFD), and radiation. (A) Masson's trichrome
staining of LLC tumor tissues collected 10 days after 6 Gy irradiation. Collagen is stained blue, nuclei purple, and cytoplasm red/pink. The original magnification was 200x. Scale
bar = 100 pm. The graph shows the relative levels of collagen in tumors, as the average of the five 100 x fields (error bars indicate the SEMs with six mice per group; *P < 0.05;
**P < 0.01; ***P < 0.001 vs. Control) (B) Vessel density of LLC tumor tissues collected 10 days after 6 Gy irradiation. Endothelial cell marker CD31 stained brown. The original
magnification was 200 x. Scale bar = 100 pm. The graph shows the average number of CD31-labeled microvessels in the five 200x fields/tumor. (Error bars indicate the SEMs with six
mice per group; *P < 0.05; **P < 0.01; ***P < 0.001 vs. Control). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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alone, as compared to control tumors. Radiotherapy combined with
sunitinib reduced microvessel density; however, large tumor ves-
sels were still observed, as compared to tumor microvessels.
Furthermore, combined treatment with pirfenidone significantly
reduced tumor microvessel intensity, accompanied with a reduc-
tion in large tumor vessels. Together, these data suggest that pir-
fenidone reduces radiation-induced collagen deposition. Thus,
radiation alone or radiation therapy combined with sunitinib has
synergistic anti-tumor effects in combination with pirfenidone.

4. Discussion

There is an increasing interest in combination radiation and
anti-angiogenic drug therapy for various cancer patients. However,
recent reports indicate that the efficacy of these combinations de-
pends on the dose and treatment schedule [15,16,18]. Recent datas
suggest that concurrent sunitinib and radiotherapy is a promising
treatment for cancer patients, because sunitinib inhibits both
angiogenesis and tumor growth [7,17,19]. However, these data are
controversial.

We found that radiation induced phenotypic changes in tumor
ECs, inducing tumor EC radioresistance and inhibiting response to
VEGF. Moreover, tumor ECs had a fibroblast-like phenotype
following irradiation, increasing collagen levels and the secretion
of TGF-f. Thus, we propose that radioresistant tumor ECs under-
going radiotherapy are not affected by anti-angiogenic therapy
targeting EC-specific VEGF or VEGFR1/2. Thus, we suggest that a
multimodal therapy that targets a regulator of tumor EC pheno-
typic changes may increase the efficacy of combination therapy.
Indeed, in large LLC tumors that underwent radiotherapy, collagen
deposition was increased, especially around tumor vessels, as
compared to control tumors. As expected, combination radiation,
sunitinib, and pirfenidone, an inhibitor TGF-B-stimulated collagen
production, therapy reduced radiation-induced collagen deposi-
tion and LLC tumor growth. Radiation and pirfenidone or radiation
and sunitinib delayed LLC tumor growth; however, maximal
growth inhibition and reduced microvessel density was observed
using all three.

Supporting our data, there are many reports that TGF-f is a
major regulator of radiation sensitivity [20,21]. Additionally, several
reports indicate that tumor formation and metastasis are related to
increased tumor stromal collagen [22—24]. A recent study reported
that collagen VI is a potent biomarker of chemotherapy resistance
[25].

Radiation-induced phenotypic changes in tumor ECs and
collagen deposition around tumor vessels may lead to fibroblast
proliferation and changes in the tumor microenvironment after
radiation. Resistance to chemo- or radiotherapy is associated with
cancer fibroblasts [26,27]. Furthermore, it has been reported that
cancer-associated fibroblasts do not respond to combined irradia-
tion and kinase inhibitors [28].

Additionally, radiation-induced pulmonary fibrosis (RIPF) is a
major late side effect following radiation therapy in lung cancer
patients [29—31]. Pirfenidone was originally an anti-fibrotic drug
for the treatment of idiopathic pulmonary fibrosis (IPF), via regu-
lation of TGF-f and procollagen I and II production [32—35].
Therefore, we are further studying whether pirfenidone has effects
on radiotherapy for lung cancer accompanied by RIPF. Our data
indicate that targeting radiation-induced changes in tumor ECs
may enhance the efficacy of radiation therapy or combination
therapy using radiation and anti-angiogenic drugs.
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