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for cell survival curves. The relative biological effectiveness
(RBE) for neutron beams was obtained as the ratio of the
mean value of Dy, to that of gamma rays.

Gamma-H2AX focus assay

A Gamma-H2AX focus assay was performed to detect DNA
double-strand breaks (DSBs) [16]. Cells were poured onto
22 %22 mm coverslips in 35 mm dishes filled with medium
and placed in an incubator for the stated repair time after ir-
radiation. Briefly, cells were fixed with 4% paraformaldehyde
in phosphate-buffered saline (PBS), permeabilized for 10 min
on ice in 0.5% Triton X-100 in PBS, washed thoroughly with
PBS, and then blocked for 1 h with 3% skim milk in PBS.
The coverslips were then incubated with an antibody against
histone H2AX phosphorylated on serine 139 (Upstate
Biotechnology, Lake Placid, NY) for 2 h at 37°C. After incu-
bation with primary antibody, the cells were washed with
PBS, and Alexa Fluor 488-labeled anti-mouse IgG secondary
antibodies (Invitrogen) were added. The coverslips were incu-
bated for 1 h at 37°C, washed with PBS, and sealed onto glass
slides with 0.05ml PBS containing 10% glycerol (Wako,
Osaka, Japan) and 20 pg/ml DAPI (4’ 6-diamidino-2-phenylin-
dole; Invitrogen). The cells were examined using a Keyence
fluorescence microscope (Keyence, Osaka, Japan), and the
green intensity of the phosphor-H2AX signal on digitized
images was automatically analyzed using the software
package Dynamic Cell Count (Keyence). Using this software
package, the numbers and sizes of foci exhibiting high-
intensity staining with gamma-H2AX (green) in each type of
A172 cell population were determined in more than 100 areas
per condition.

Statistical analysis

Values are presented as means + standard errors. Statistical
analyses were performed using the unpaired, two-tailed
Student’s ¢-test. A significance level of P <0.05 was used for
all analyses. The data on cell survival were fitted to the
linear-quadratic dose relationship.

RESULTS

Detection of stemness in GSLCs

Figure 1 shows the characteristics of the GSLCs. To induce
GSLCs, we cultured the A172 cells in SFM, as described
above. Seven days after culturing in SFM, these cells were
form-floating, neurosphere-like spheroid cells (Fig. 1A). In
the Westem blotting analysis, we found that two neural stem
cell markers, Sox2 and Musashi, were more highly expressed
in the GSLCs than in the A172 cells cultured in serum-
containing medium as control cells (CCs) (Fig. 1B). However,
no apparent CD133 expression was detected in either GSLCs
or CCs that were cultured for 7 d. Therefore, we changed the
CD133-detection assay for FACS analysis by using several
time-points. In the FACS analysis, the ratio of CD133-positive
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GSLCs increased by 9% after 14 d, whereas the ratio of
CD133-positive CCs was unchanged (Fig. 1C). The FACS
analysis confirmed marked positivity in the WERI-Rb-1 (WE)
cells, a retinoblastoma cell line used as a control (data not
shown).

Radiosensitivity of GSLCs and CCs

The radiosensitivity of GSLCs was compared with that of
CCs under gamma-ray or neutron-beam irradiation. Figure 2
shows the surviving fractions of A172 under the two culture
conditions after gamma-ray or neutron-beam irradiation.
After gamma-ray irradiation, GSLCs showed significantly
greater radioresistance than CCs. On the other hand, after
neutron-beam irradiation, there was no significant difference
in the sensitivity between GSLCs and CCs. The Dyy values
were calculated by linear regression analysis from the sur-
vival curves shown in Fig. 2, and the Dy, dose parameters
for survival following irradiation and their RBEs are listed in
Table 1. The Dy, value represents the radiation dose that pro-
duces a survival fraction of 10%. To examine the difference
in radiosensitivity between GSLCs and CCs, we referred to
the resistance ratio. This ratio was calculated from the Dqq
dose of GSLCs per that of each respective CC by these two
forms of irradiation. For example, under gamma-ray irradi-
ation, the ratio of the Dy dose of GSLCs to that of CCs was
3.98/3.02 = 1.318. On the other hand, under neutron-beam ir-
radiation, the Dyo dose of GSLCs per that of CCs was 1.17/
1.25=0.936. The resistance ratio of neutron beams was
smaller than that of gamma rays. Consequently, neutron-
beam irradiation overcame the resistance to gamma-ray ir-
radiation in A172 GSLCs. In other words, these results sug-
gested that Al172 GSLCs, which were radioresistant to
gamma rays, became sensitive to neutron beams.

Persistence of gamma-H2AX foci following
irradiation

Figure 3 shows representative images of each type of A172
cells at 24 h after each type of irradiation. The fluorescence
intensity of gamma-H2AX foci produced by neutron beams
was stronger than that produced by gamma rays in both
GSLCs and CCs, under the same staining conditions and the
same photographic exposure time (Fig. 3). At a glance, the
foci in both CCs and GSLCs produced by neutrons seemed
larger than those produced by gamma rays. Figure 4A and B
show the change in the numbers of gamma-H2AX foci fol-
lowing 4 Gy of gamma-ray or neutron irradiation in GSLCs
and CCs induced from A172 cells. There were significantly
more gamma-H2AX foci per cell in CCs than in GSLCs 24 h
after gamma-ray irradiation. However, after neutron-beam ir-
radiation, there was no apparent difference between GSLCs
and CCs in the number of gamma-H2AX foci. Figure 4C
and D show the distribution histograms of the size of foci
induced in GSLCs and CCs, respectively, and Fig. 4E shows
the mean size of gamma-H2AX foci at 24 h post-irradiation,
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meamned usmg the BZIT i 1mage analyﬂs system (Kx:ycnce)

radlatlon mduced Iarger gamma H2AX foci tha.n those:

obscrved after gamma ray nrachatlon, not only in CCs. but

that DSBS were repalred more eﬁlmenﬂy in GSLES than in

CCs foIIowmg gamma-ray irradiation. .In ‘contrast; under.

neutron irradiation, the DNA DSBs’ were not repaired effi-
ciently in either GSLCS or: CCs.

DISCUSSION

Research on GSCs has been conducted for many years, and
GSCs have been found to contribute to the fecuirence and re-
sistance to therapy of malignant. gliomas [2-6]. Thedifficulty

of treating GBM may be attributed to the existence of GSCs'
in GBM, judging from the ‘numerous pubhshed findings:

about GSCs.
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In previous reports, GSCs were isolated from ghoma

tissues asspheres cultured in SFM containing stem- cell mito-
gens; epldemlal growth factor and fibroblast growth factor,
which is the same method used to isolate neural stem cells

from bram tlssue [2—4 17] Because of the Iack of serum: and

,Thai divide in response to- the: stem-cell rmtogens The

growth-factor-responsive. .cells proliferate to. ,fzorm floating

‘clusters called neurospheres [18]. In this study, we induced
'GSLCs from cells of the human GBM line A172 using the
‘same isolation-GSCs method as
Tn SFM containing the stém-cell mitogens, GSLCs were pro-
duced as newrosphereslike spheroid. cells, and expressed
neural stem cell markers such as Sox2 ‘and Musashi (Fig. 1A
and B) on.Day 7 after induction. Actually; CD133 was

as described previously [12].

hardly detected in: Western blot analysis-after, 7 d_of culture.
Thetefote; we performed FACS analyses and determined the
fatio ‘of CD133 positivity between GSLCs and CCs by
kinetics study. The CD133-positive fraction. in GSLCs
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Fig. 2. Cell survival curves of GSLCs induced from A172 cells cultured with serum-free medium and CCs cultured with normal medium
after gamnma-ray (A), or neutron-beam irradiation (B). The data are fitted with a linear quadratic model. Bars represent the standard errors
based on three independent experiments. *P < 0.05 compared with the survival fraction of GSLCs and CCs. GSLCs = glioma stem-like cells;

CCs =control cells.

Table 1. D,, physical dose and RBE (relative biological
effectiveness)

Irradiation
{CCs) gamma rays neutron beams
Do physical dose 3.02 125
RBE* 2.42
(GSLCs)
Do physical dose 3.98 1.17
RBE 3.40
Resistance ratio>(GSLCYCCs) 1.318 0.936

“The ratio of the D, physical dose compared to that of gamma
rays. PThe ratio of the dose of radiation necessary to obtain the
Dio endpoint from GSLCs to that necessary in CCs.
GSLCs = glioma stem-like cells, CCs = control cells, Dyq =the
radiation dose that produces a surviving fraction of 10%.

increased gradually in comparison with that in CCs day by
day, and on Day 14, 9% of GSLCs were CD133-positive,
although many GSLCs were still negative for CD133. In
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addition, 30 d of induction culture resulted in a higher per-
centage of CD133-positive GSLCs—up to 21% (data not
shown). We speculate that it took a long time for CD133-
positive cells to be refined in the SFM, and thus there was an
insufficient number of CD133-positive cells for detection by
‘Western blot analysis on Day 7. Indeed, CD133 positivity in
our GSLCs from A172 on Day 7 was still small in number,
but other stemness markers increased compared with CCs,
and CD133 is not always a good GSC marker [19-21]. In
addition, GSLCs induced by this method showed the upregu-
lation of ATP-binding cassette transporter G2 and increased
chemo-resistance in comparison with CCs (data not shown
and manuscript in preparation). Above all, these GSLCs
from Al172 were somewhat radioresistant for low-LET
gamma rays. Thus, we judged that these GSLCs were ad-
equate for our further experiments. In any event, GSLCs had
some degree of stemness. Actually, we tried to induce
GSLCs from three GBM lines. Among them, GSLC from
A172 was most prominent with GSC phenotype and appar-
ent radioresistance to low-LET y-rays. Thereafter, we used
GSLCs from A172 in the current studies. We assessed the
radiosensitivity of GSLCs using colony-forming assay on
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Fig.’3. Representative images of nuclear gamma-H2AX foci of CCs. and ‘GSLCs'in A172. These cells were
irradiated with different types of beams (total phy51cal dose =4 Gy) and fixed at 241 posf—madwtlcm for
gamma-H2AX detection. DAPI = staining of nuclear DNA; Gamma-H2AX = staininig of gamma-H2AX foci;

GSLCs = glioma stem-like cells; CCs= cortrol célls:

Day 7. Although, there might be a possibility of change in

radiosensitivity associated with change of expression. of
CD133, especially in the later period of the induction of

GSLCs, such as on Day 28, in the previous report [22],
Al72 CCs did:not express CD 133, while radiation-induced
GSLCs of A172 cells did express CD133. This is in accord
with our experiment. )

To: evaluate the difference in radiosenmsitivity between
GSLCs and CCs, ‘we irradiated thesé cells with ganima rays
or neutron beams, and found that the latter ‘could overcome
the radioresistance of GSLCs to gamma rays. (Fig. 2 and

Table 1). To obtain neutron beams, we used the Heavy Water
Column of the KUR. These neutron beams consisted of fast,

epithermal and thermal neutrons. Each neutron beam pro-
duced proton pamdes by:elastic scattering (IH(n n)lH) or ni-

trogen capture reaction ( 14N(n,p)l“(j) at irradiation, and these.
paiticles exhibited high-LET radiation. The LET of proton:
particles produced by the former reaction was ‘about 50 keV/
pm, and that produced by the latter reaction was about 35
keV/um, whereas the gamma rays exhibited Tow-LET radi-
ation. Therefore, it can be concluded that high-TET radiation

can: better overcome the radioresistance of GSI:Cs in com-

parson with Tow-LET imradiation. Ionizing radiation pro-
duces a broad spectrum ‘of molecular Tesions in DNA;
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including single-strand breaks, DSBs, and a great variety of
base damages. DSBs are the most toxic form of DNA
damage, because a single unrepaired DSB can lead to .abnor-
mal mitosis with losses of Targe fragments of DNA [23].

Further, it is generally accepted that high-LET radiation

induces more serious DNA DSBs than low-LET radiation
[11,24]. In the current study, we demonstrated that high-LET

radiation -could damage GSLCs that were resistant to low-

LET gamma rays. As pieviously described, GSCs have a

largc capacity to repair DSBs induced by low- LET radiation

[5]. However, it was uncertain-whether or not high-LET radi-
ation could cause serious DSBs that ‘were unrepairable, even

in.GSCs.

To clarify the response to DNA DSBs:induced by gamma

‘tays of neutron beams, we employed a gamma-H2AX assay,

From a previous report, ‘we judged the persistence of
gamma-H2AX foci 24 h after freatment as unrepairable DSB

f[25] GSLCs had a larger restoration capacity’ for DSBs than
CCs after Tow-LET radiation, ‘but could not repair DSBs suf-

ficiently after high-LET radiation (Fig: 4A  and B). Because

teduced survival was accompanied by the persistence of

DNA damage as evidenced by the persistence. of gamma-

H2AX foci. after imradiation [26], high-LET radlanon could
‘produce persistence of DSBs ‘and induce’ fatal damage even



Effectiveness of high-LET radiation on GSLCs 81
A Gamma-rayirradiation B Neutron beans irradiation
28 14,
s -8~CCs ~A--CCs
1 £ -GSLCs| 12 ~8-GSL s
? 4 s :‘: B
E 2
i 12 L‘x S §
S0 é \"‘\ 2
& \ e
8 % R
2 \ 2 X
g ¢ v 5 *
Z 4 \%ﬁm’_ s Z & = o
2 — =
g v ¥ ey 2 ¢ ¥ y
g 5 10 15 20 25 8 3 153 15 28 25
Tane hom's) Time (ours)
c The size of CC fod D The size of GSLC fod E Mean size of fod.
O gammarays
- : b3 4 e
?0 TCCegammerays 0 QGSLC s gamm s rays il ‘mt’“ms
?"’ MOCaneutronbsams ,.Nm ] WOSLO sneutronbeams
Pl Pole
g.@, %sa 1
% 30 %m o
& &
EEY $30 0
E-A g
é BB e :.,” e
il 10
@ S & cay -
L o03 0510 v, e~05 9.5~10 1o~ ¢ AL72CEs AlT2GSLCs
()
Fig. 4. Change in the number of induced nuclear gamma-H2AX foci and the histograms of gamma-H2AX foci size, at the times indicated

post-irradiation in A172. These cells were irradiated with different types of beams (total physical dose =4 Gy). (A) and (B) The numbers of
gamma-H2AX foci per cell of GSLCs and CCs in A172 after the different types of radiation. (C) and (D) Distribution of gamma-H2AX foci
sizes for A172 at 24 h post-irradiation. (E) Mean gamma-H2AX foci size for each type of A172 cells at 24 h post-irradiation. Bars represent

the standard errors. *P < 0.05 compared with gamma-H2AX foci per cell in GSLCs and CCs. GSLCs

cells.

in GSLCs. In fact, it has been reported that to evaluate
gamma-H2AX foci in cells exposed to high-LET radiation,
the size of the foci should be considered, since high-1LET ra-
diation can cause larger gamma-H2AX foci than low-LET
radiation [11, 27]. We therefore investigated not only the
numbers of foci but also their size after 24 h irradiation by
both types of radiation, and found that high-LET radiation
could cause larger gamma-H2AX foci than low-LET radi-
ation in both GSLCs and CCs (Figs. 3, 4C, 4D and 4E). As
Fig. 4E shows, high-LET radiation led to significantly larger
gamma-H2AX foci than low-LET radiation did, in both
GSLCs and CCs. Therefore, it is thought that high-LET
radiation could cause more serious DNA DSBs than Tow-
LET radiation, even in GSLCs. In the previous report [28],
low-LET irradiation might produce relatively large foci
with time. In our experiment we demonstrated that high-
LET particles produce larger foci in GSLC than low-LET
gamma rays.

Indeed, under both gamma-ray and neutron-beam irradi-
ation, more than half of all gamma-H2AX foci were small
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= glioma stem-like cells; CCs = control

(0-0.5 um®). Tt is speculated that the neutron beams from
KUR formed a wide-range beam that included gamma rays
and secondary gamma rays. At the absorbed dose of 4 Gy,
the compositions of fast, epithermal and thermal neutrons as
well as of gamma rays were 25.5%, 2.5%, 22% and 50%,
respectively. Almost half of the neutron beam components of
the absorbed dose were induced by gamma rays, which could
explain why small foci were induced mainly by gamma rays,
even under neutron-beam irradiation. As described above,
Fig. 3 also shows that the fluorescence intensity of gamma-
H2AX foci after neutron irradiation was higher than that
after gamma-ray irradiation. This may explain why high-
LET radiation causes more intense DNA damage than low-
LET radiation. A previous study showed that high-LET
radiation, such as that from heavy ion therapy, had several
potential advantages over low-LET radiation due to its induc-
tion of complex DNA damage that was not easily repaired
[29], and may have an advantage over low-LET radiation for
cancer stem-like cells [30]. Thus, our data also suppoit the
potential for use of high-LET radiation for GSCs.
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Heavy ion treatment and BNCT are recognized as forms
of high-LET radiation. In a previous report, when chemo-
irradiation was combined with carbon ion therapy, the
median survival time of GBM patients was 17 months [31].
In another report, BNCT followed by X-ray radiation therapy
led to a median survival time of GBM patients of 21.3
months, even without chemotherapy [9]. Although both of
these reports involved small numbers of patients, the results
suggested that, since these high-1.ET radiations were effect-
ive even for GSCs in a clinical setting, patients could show
prolonged survival. At the moment these treatment modal-
ities are still at the clinical trial stage, but they may improve
the standard treatment for GBM.

Although various treatments for GBM have been tried, an
unfavorable prognosis can be expected with the current
standard treatment. In the present study, we demonstrated
that high-LET radiation may be able to overcome GSC resist-
ance to low-LET radiation. It is necessary to further investi-
gate the usefulness of high-LET radiation for the control of
GSCs. High-LET radiation therapies such as BNCT or heavy
ion therapy have very important roles in further treatment for
therapy-resistant GBM.
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Figure 1 The principle of boron neutron capture therapy (BNCT).

BNCT is a binary approach: A boron-10 (1°B)-labeled compound is administered that delivers high
concentrations of 1°B to the target tumor relative to surrounding normal tissues. This is followed by
irradiation with thermal neutrons or epithermal neutrons that become thermalized at depth in
tissues. About one cell size level short range high energy of the alpha and "Li particles released from
the 9B (n, alpha) “Li neutron capture reaction make tumor selective killing without damage for

adjacent normal brain tissue.
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2R HRPA (recursive partitioning analysis)
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Brain (Gy-eq) Tumor (Gy-eq)

Figure 2 Dose planning of boron neutron
capture therapy (BNCT).

Dose planning of neutron capture therapy for the
tumor (right) and for the normal brain (left). (Gy-
Eq: gray equivalent, star: air instillation to the
tumor removed cavity)

In this case, tumor volume was 70mL (black area;
tumor; white area; cavity with fluid) and >40Gy
was irradiated for 75% and >30Gy for 87% of
gross tumor volume. Peak dose for normal brain
and skin was 11 and 7 Gy-eq, respectively.
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Table 1 Prognostic factors for survival in adult patients with recurrent glioma enrolled
onto the NABTTelinical trials

class results of the recursive partitioning analysis (RPA). surviva} time
(median)
1 Initial histology = Not GB, KPS = 80-100, location (Frontal only) 25.7 months
2  Initial histology = Not GB, KPS = 80-100, location (Other) 17.2 months
3  Initial histology = Not GB, KPS = 60-70 3.8 months
4  Initial histology = GB, Age < 50, KPS = 90-100 10.4 months
5  Initial histology = GB, Age < 50, KPS = 60-80 5.6  months
8 Initial histology = GB, Age >= 50, Steroids (No) 6.4 months
7  Initial histology = GB, Age >= 50, Steroids (Yes) 4.9 months

GB, glioblastoma; KPS, Karnofsky performance score.
*Carson et al, J Clin Oneol 25: 2601-6, 2007 2

Table 2 Overview of re-irradiation for recurrent malignant gliomas with large targeted
volumes

tumor volume overall survival

no of cases Irradiation (median, mL) (median)
Cho et al., 1999 (12) 27 GB/ SRS 10 11  months
19 grade HI
15 GB/ fractionated 25 12  months
10 grade III SRT
Lederman et al.,, 88 GB hypofractiona 33 7.0 months
2000 (13) ted SRT
( 38GB <30 9.4 months )
( 50 GB >30 57 months )
months
Voynov et al., 2002 (14) 5GB/ IMRT 35 10.1 months
5 grade II1
Hall et al., 1995 (15) 26 GB/ SRS 28 8.0 months
9 grade III
Combs et al., 2005 (16) 53 GB fractionated 48 8  months
SRT
Patel et al., 2009 (17) 10GB fractionated 51 7.5 months
SRT
Kawabata et al, 26 GB BNCT 36 10.3 months

present series

abbreviations: GB, glioblastoma; SRS, stereotactic radiosurgery; SRT, stereotactic radiotherapy; IMRT,
intensity-modulated radiotherapy; BNCT, boron neutron capture therapy
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Clinical results of boron neutron capture therapy on previously
irrediated patients with recurrent malignant glioma

Shinji Kawabata®, Ryo Hiramatsu®, Motomasa Furuse!, Yoko Matsushital,
Gen Futamura!, Hiroyuki Onishi!, Toshihiko Kuroiwa®, Natsuko Kondo?,
Minoru Suzuki®, Yoshinori Sakurai?, Hiroki Tanaka?,

Koji Ono? and Shin-Ichi Miyatake!

Department of Neurosurgery, Osaka Medical College, Takatsuki, Osaka, Japan,
?Kyoto University Reserch Reactor Institute, Kumatori, Osaka, Japan

Abstract: We have applied tumor selective particle irradiation known as boron
neutron capture therapy (BNCT) using the nuclear reaction (*°B[n, alpha)’Li)
to recurrent malignant gliomas (MGs).

We have treated 34 cases of previously irradiated recurrent MGs with BNCT.
As there has been no standard treatment for recurrent MGs so far, it has been
difficult to evaluate the results of BNCT. Here we introduce the survival benefit
of BNCT for recurrent MGs with RPA classification (NABTT, J Clin Oncol.
2007).

The median overall survival (OS) was 11.2 (8.9-12.4) months. In the subgroup
considered to be a poor prognosis, OS was satisfactory with 11.0 (7.8-11.6)
months (v.s. 4.4 (3.6-5.4)). The prognostic factor in our experienced cases did not
become the tumor size which was on-site histology, steroids / temozolomide
history, tumor location (right < left) with the risk.

Earlier BNCT did not become received widely by a problem to use a nuclear
reactor as a neutron source. In late years, a technical problem was solved, and
clinical trials using the accelerator based BNCT device have been started. In
this report, the treatment result with good clinical results of reactor based
BNCT for a similar target cases were shown.

key words: glioma, boron neutron capture therapy, recurrence, reirradiation
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RADIATION
ONCOLOGY

The roles of platelet-derived growth factors and
their receptors in brain radiation necrosis

Tomo Miyata', Taichiro Toho', Naosuke Nonoguchi', Motomasa Furuse', Hiroko Kuwabara®, Erina Yoritsune',
Shinji Kawabata', Toshihiko Kuroiwa' and Shin-Ichi Miyatake'”

Abstract

Background: Brain radiation necrosis (RN} occurring after radiotherapy is a serious complication. We and others
have performed several treatments for RN, using anticoagulants, corticosteroids, surgical resection and
bevacizumab. However, the mechanisms underlying RN have not yet been completely elucidated. For more than a
decade, platelet-derived growth factors (PDGFs) and their receptors (PDGFRs) have been extensively studied in
many biclogical processes. These proteins influence a wide range of biological responses and participate in many
normal and pathological conditions. In this study, we demonstrated that PDGF isoforms (PDGF-A, B, C, and D) and
PDGFRs (PDGFR-a and B} are involved in the pathogenesis of human brain RN. We speculated on their roles, with a
focus on their potential involvement in angiogenesis and inflammation in RN.

Methods: Seven surgical specimens of RN, obtained from 2006 to 2013 at our department, were subjected to
histopathological analyses and stained with hematoxylin and eosin. We qualitatively analyzed the protein
expression of each isoform of PDGF by immunohistochemistry. We also examined their expression with double
immunofluorescence.

Results: All PDGFs were expressed in macrophages, microglia, and endothelial cells in the boundary of the core of
RN, namely, the perinecrotic area (PN), as well as in undamaged brain tissue (UB). PDGF-C, D and PDGFR-a were also
expressed in reactive astrocytes in PN. PDGFs and PDGFR-a were scarcely detected in UB, but PDGFR-$ was
specifically expressed in endothelial cells not only in PN but also in UB.

Conclusions: PDGFs/PDGFRs play critical roles in angiogenesis and possibly in inflammation, and they contribute to
the pathogenesis of RN, irrespective of the original tumor pathology and applied radiation modality. Treatments for
the inhibition of PDGF-C, PDGF-D, and PDGFR-a may provide new approaches for the treatment of RN induced by

common radiation therapies.

growth factor receptors
.

Keywords: Angiogenesis, Brain radiation necrosis, Inflammation, Platelet-derived growth factors, Platelet-derived

Background

Higher radiation doses to tumors result in good local
tumor control and improvement in overall survival. On
the other hand, radiation necrosis (RN) in the brain oc-
curring after radiotherapy for brain tumors as well as for
head and neck cancers is a serious complication that de-
creases the quality of life in patients. The mechanisms
underlying RN have not been completely elucidated. In a

* Correspondence: neu070@poh.osaka-med.acjp

'Department of Neurosurgery, Osaka Medical College, 2-7 Daigaku-machi,
Takatsuki City, Osaka 569-8686, Japan

Full list of author information is available at the end of the article
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previous study we showed that RN specimens stained with
hematoxylin and eosin (H&E) typically show marked
angiogenesis, so-called telangiectasis, microbleeding, and
interstitial edema, probably caused by leakage of plasma
from leaky angiogenesis into the surrounding necrotic
core—namely, the perinecrotic area (PN) [1].

‘We and others have applied several treatments for RN,
such as anticoagulants, vitamin E, corticosterocids, and sur-
gical resection [2-4]. The typical MRI of symptomatic RN
from case 3 demonstrated rapid shrinkage of the perile-
sional edema after surgical treatment [see Additional
file 1 and Table 1]. After surgical resection for the only

© 2014 Miyata et al; licersee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http//creativecornmons.org/licenses/by/2.0), which permits urvestricted use, distribution, and
reproduction in any medium, provided the original work is properly credited. The Creative Commons Public Domain

Dedication waiver (http//creativecommons.org/publicdomairvzero/1.0/) applies to the data made available in this article,

unless otherwise stated.
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Table 1 Clinical features of patients with symptomatic radiation necrosis

b

Pt. Age {y) Sex Original dis. Radiation® Resection area (lobe) Duration Chemo

1 46 F SCC. XRT (60 Gy), BNCT (13.9 Gy-Eq) Temporal 7 MTX

2 78 M Sal. Duc. Ca. XRT (60 Gy), BNCT (13.9 Gy-Eq) Frontotemporal 20 -

3 18 M GBM XRT (IMRT) (74 Gy) Parietal 37 -

4 63 F GBM XRT (24 Gy), BNCT (13 Gy-Eq) Frontoparietal 4 -

5 34 M GBM XRT (24 Gy), BNCT (13 Gy-Eq) Frontal 6 -

6 56 F GBM Proton + XRT (total 90 Gy) Temporoparietal 10 ACNU

7 46 F Ade. Ca. XRT {30 Gy), SRS (55 Gy, 65 GY) Frontal 32 Herceptin

Pt, patient; y, year; £, female; M, male; Original dis, original disease; SCC, Squamous cell carcinoma; Sal. Duc. Ca, salivary ductal carcinoma; GBM, glioblastoma;
Ade. Ca, adenocardnoma; XRT, X-ray radiation treatment; IMRT ,intensity modulated radiation therapy; BNCT, boron neutron capture therapy; Proton, proton beam

therapy; MTX, methotrexate; ACNU, nimustin; Herceptin, trastuzumab;

fIn Pt. 1 and 2, the temporal lobe was included in the irradiation field and in Pt. 3, 4, 5, and 6, local radiation therapy was administered. Pt. 7 had received whole
brain irradiation and received SRS twice. In BNCT, the presented dose is the peak point dose for the normal brain.
PMonths between termination of the last radiotherapy and onset of symptoms caused by radiation necrosis.

enhanced lesion, the perilesional edema decreased rapidly
compared with preoperative MRI This rapid shrinkage of
the perilesional edema after surgical treatment was also
cbserved in other cases. In addition, bevacizumab, an anti-
body for vascular endothelial growth factor (VEGF), has
recently shown promising effects on symptomatic brain
RN and symptomatic pseudo-progression [5,6]. However,
in some cases, treatment with bevacizamab was not suffi-
cient to resolve RN. Some RN cases recurred as RN even
after temporary remission by bevacizumab treatment [7].

Recent experiments have shown that demyelination
and damage of the normal vasculatures and the appear-
ance of abnormal vasculatures around necrotic foci are
major issues in the development of RN [8,9]. In addition,
we previously reported that hypoxia-inducible factor la
(HIF-1a) and VEGF are key molecules in RN [1]. In a
later study, we tried to determine whether not only HIF-
la and VEGE, but also preinflammatory cytokines such
as IL-1a, IL-6, TNF-a, and NFiB, might play significant
roles in RN, since these cytokines were produced by CD68-
and hGLUT5-positive microglia and/or macrophages ac-
cumulated in PN (in submission).

The platelet-derived growth factors (PDGFs) signaling
pathway, which has been extensively studied and shown
to play critical reles in many biological processes, is
mediated through tyrosine kinase receptors (PDGFR-q,
PDGFR-B) [10,11]. There are five members of the PDGF
family: PDGF-A, B, and AB, and the recently discovered
PDGF-C and D. So far, no heterodimers involving the
PDGF-C and D chains have been described. PDGF-A
binds only PDGFR-a, whereas PDGF-B activates PDGFR-q;,
of, and B. PDGF-A, B, and C activate PDGFR-a and af,
while PDGF-D specifically binds to and activates its cognate
receptor PDGFR-B. In other words, according to published
data, PDGFR-« binds PDGF-A, B, AB, and C, whereas
PDGER-f binds PDGE-B and D [10,12,13].

In addition, PDGF-A and B are secreted in their active
forms, while PDGF-C and D are secreted as inactive forms

94

requiring activation for their function [14]. Interestingly,
several reports have shown that the structare and bio-
logical function of PDGFs are quite similar to those of
VEGF [15]. Therefore, the PDGF family is sometimes re-
ferred to as the VEGF family. Nevertheless, in recent years
it was revealed that the angiogenic pathway induced by
PDGE-C is, in large part, VEGF-independent [16].

Based on these findings, in this retrospective study we
performed histopathological and immunohistochemi-
cal analyses on 7 human RN specimens from patients
who we had treated surgically from 2006 to 2013 at our
department. We here describe the findings common to
all 7 of these specimens, and demonstrate which type
of cells produce PDGFs and which type express the
PDGERs. We also evaluated the roles of PDGFs/PDGFRs
in brain RN.

Methods

Case selection

Seven surgical specimens, obtained from 2006 to 2013,
were submitted for histopathological analysis, staining
with H&E, and immunohistochemistry. All the patients
had received radiotherapy, including X-ray treatment
(XRT), stereotactic radiosurgery (SRS), proton beam
therapy, and boron neutron capture therapy (BNCT).
The primary diseases were 4 glioblastomas, 2 head and
neck cancers, and 1 metastatic brain tumor derived from
breast cancer.

In this study we selected the area as radiation necrosis
with extensive necrotic area with the boundary of exten-
sive angiogenesis and edema, which is continuous to un-
damaged brain tissue, as mentioned in Background.

For the 2 patients with head and neck cancers, radio-
therapy was used to treat the parotid lesions and the
temporal lobe was included in the irradiation feld.
Therefore, there were no tumor cells in the brain, indi-
cating pure brain RN. The patient characteristics are de-
tailed in Table 1.
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Histological and immunohistochemical staining
Histological and immunohistochemical analyses were per-
formed on paraffin sections in which we observed the
presence of RN by H&E staining. Each section was immu-
nostained with the following antibodies: PDGF-A (1:20;
R&D Systems, USA), PDGF-B (1:20; Abcam, Japan),
PDGF-C (1:100; R&D Systems), PDGF-D (1:50; R&D
Systems), PDGFR-a (1:20; R&D Systems), and PDGFR-§
(1:50; R&D Systems) (Table 2). We routinely use a pres-
sure cooker for 4 minutes to retrieve all the antigens. En-
dogenous peroxidase was blocked with 0.03% hydrogen
peroxide for 40 minutes at room temperature. We used
the ABC technique (Vector Laboratories, USA) for all of
these antigens, before DAB (3, 3’ diaminobenzidine tetra-
hydrochloride (Wako Pure Chemical Industries, Japan)).
The sections were counterstained with hematoxylin 3G
(Sakura Finetek, Japan) and mounted.

immunofluorescence
Double immunofluorescence was performed using the
following antibody combinations: PDGF-C and GFAP (1:25;
Dako, Denmark), CD68 (1:25; Epitomics, USA), hGLUT5
(1:50; IBL, Japan), or CD45 (1:50; Epitomics); PDGF-D and
GFAP, CD68, hFLUTS5, or CD45; PDGFR-a and GFAP,
CD68, hGLUTS5, or CD31 (1:20; Dako, Denmark); and
PDGFR-B and GFAP, CD68, hGLUTS5, or CD31.
GFAP, CD68, hGLUTS5, CD45, and CD31 were adopted
as markers for astrocytes, monocytes, microglia, lympho-
cytes, and endothelial cells, respectively. All sections were
incubated with their respective antibodies for 24 hours
with CD68, hGLUTS5, and GFAP, and for 48 hours with
PDGE-A, B, C, D, and PDGFR-a and B. Then, after
washing the primary antibodies, Alexa Fluor 488 (1:25;

Table 2 List of primary antibodies used

Antibody Clone Sources Type Dilution

PDGF-A R&D Systems, p/g 120
Minneapolis, MN

PDGF-B MMO0014-S F66  Abcam Cambridge, MA m/m 1:20

PDGF-C R&D Systems, p/g 1100
Minneapolis, MN

PDGF-D R&D Systems, p/g 150
Minneapolis, MN

PDGFRa R&D Systerns, p/g  1:20
Minneapolis, MN

PDGFR-B R&D Systerns, p/g  1:50
Minneapolis, MN

D68 KP-1 Dako, Glostrup, Denmark  m/m 1:25

hGLUTS IBL, Tokyo, Japan p/r 1:50

GFAP 6F2 Dako, Glostrup, Denmark  m/m 1:25

CD4as EP322Y Eptomics, Burlingame, CA m/r  1:50

D31 JC70A Dako, Glostrup, Denmark  m/m 1:20
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Molecular Probes, USA) or Alexa Fluor 546 (1:25;
Molecular Probes) was used (Table 3). Finally, the sections
were examined using an LSM510 laser scanning confocal
microscope (Carl Zeiss, Germany).

Statistical analysis

We assessed the frequency of expression of PDGFs
semi-quantitatively by the following method. Five fields
of each PDGF isoform in which abnormal angiogenesis
was detected were randomly selected with a microscope.
PDGFE-positive mononuclear cells were counted. We ob-
served 7 cases and, to reduce bias, used two observers to
count the cells. One observer, who was blinded to the
patients’ clinical and pathological information, evaluated
the results of immunohistochemical staining. The ratios
of PDGF-positive cells per total cells in each field were
calculated, and we statistically analyzed the data with
Steel-Dwass tests using JMP Pro 10 (SAS Institute,
USA). The results revealed that PDGF-C and D showed
higher frequency of expression than PDGF-A and B in
PN. The difference was statistically significant.

Ethical approval

This study was approved by an institutional committee
of Osaka Medical College. The research was in compli-
ance with the Helsinki Declaration.

Results

Expression of PDGFs

Figure 1 shows the results of H&E staining and immunohis-
tochemistry from case 1. H&E staining revealed a necrotic

Table 3 Double immunofiuorescence combinations

Primary Dilution Secondary Primary Dilution Secondary
PDGF-C 1:50 F488 CD68 125 F546
PDGF-C 1:50 F488 hGLUTS  1:50 F546
PDGF-C 1:50 Fa88 GFAP 125 F546
PDGFC 150 F488 CD4s 150 F546
PDGF-D 1:20 F488 D68 125 F546
PDGF-D 120 F488 hGLUTS 1550 F546
PDGF-D 120 F488 GFAP 125 Fs46
PDGF-D 1220 F488 CD4s 150 F546
PDGFRa  1:10 F488 CDs8 125 F546
PDGFRa  1:10 F488 hGLUTS 150 Fs46
PDGFR-a  1:10 F488 GFAP 125 F546
PDGFRa 110 F488 D31 120 F546
PDGFRB 120 F488 CD68 1:25 F546
PDGFR-B 120 F488 hGLUTS 150 F546
PDGFRB 120 F488 GFAP 125 F546
PDGFR-B 1220 F488 D31 120 F546

p/g polyclonal goat; p/r, polyclonal rabbit; m/r, monoclonal rabbit; m/m,
monoclonal mouse.

Primary, primary antibody; Secondary, secondary antibody; F488, Alexa Fluor
488; F546, Alexa Fluor 546.
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‘Figuré 1 Resulis of. hematoxylin and eosin:staining (H&E) and lmmunohxstochemlstry from case 1 |
core: (NQ and:perinecrotic.area (PNJ‘* mdudmg micro bleeding (A, arrowhead) and abnermal angiogenesis
i and D); D (E and F)yand PDGFR-0 (GYwe
i 5 G arrowhead] n PN, Onv.the other hand, PDG
cells (Hand l*l,There wasipartially. nonspecrf‘cstafmng ir NC:{B)-oF arbund blood: vessels (). Onglna

[&E stalring (A revealed & necrotic
arraw) Immunostammg results for

{H and [) wasexpressed main! i in: endo’chehal
magmﬂcatlon,A Band H><4O C, D EF,

“COTé: {NC) (Figure 1A. NC) and PN {Figure 1A. PN), in

i
‘whlch micro’ bleedmg (Plgure lA, arrowhead) and abnor~

ifmens: [see Additional ﬁle 3}
Our -statl.sucal;..analysxs revealed that PDGE-C and D
showed higher' frequencies of ‘expression than. PDGE-A
:and'B in PN. The difference was statistically significant
teel Dwass test) {Plgure ‘3): We: also ‘grouped

'?cant dlﬁerences in the- expressxon of any of the isoforms
‘were observed between the two groups by the Steel-Dwass
test: [see Additional file 4]. Therefore, we considered. that

EDGEC OL. D~P081twe cells: were merged with many cells.

]zexpressed mainly- i : :
PDGPR-0 was not. expressed in any types of ce]ls in UB-
f{Plgure 2E); but: PDGER-B’
‘cells in both PNand UB {Plgure 2E).

but PDGER-o
tive for CD68 (Pigure 5A), GEAP (Pigure 5B), hGLUTS
(Figure 5C); a '

‘these primary diseases did riot” affect the expression of
‘PDGPFs. )

‘Donble immimnofliorescence from case 1 revealed that

:H&E stalmng, inimunok 'chemlstry, and doublei
munoﬂuorescence idlso showed: similar fendenmes
specimens’ with symptomatic. RN [see Additional files: 3,

and. 5.

Express:on of PDGFRs

Double mmunofluorescence reveglgd ’that PDGPR«:[;

ositive cells were mérged with' cells: posi

and CD45. {Bigure 5E) in PN.
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ABGLUTS

hGLUTS

fluorescence antibody. The scale bar represents: 50 um.
AL

Figure 4 Double xmmunoﬂuorescence stammg The results of: double immunofluorescence staining from-ease 1. revealed: that PDGF-C or
B -positive cells were: merged with. marny: CD68 (A, E), CFAP (B, F), RGLUTS {C.G); and CD45 (D, H) -positive: ‘cells in PN Some PDGF-C or
Drpositive cells did riot express CD68; GFAP, hGLUTS or €D45 and vice versa, Endothelial eells: (FJ-were Honspecifi ca!ly stained withisecondary

A

PDGFs has adverse’ effects. Previous: studies ‘also. have
demonstrated ‘that' various: cell types, incliding ‘macro-
phages, fibroblasts, pericytes, and capillary endothelial cells,
-express PDGPEs [20,21). Deuel et al: also reported that a
‘macrophag&derwed PDGP mduces chemota‘xxs and the
-proliferation ‘of monocytes and ﬁbroblasts durmg 1nﬂam~
‘mation and wound repair [22].

This is the. first study ‘to explore the expression of
‘PDGE isoforms and PDGFRs in human: brain RN. Our
results have shown that all PDGPs and PDGERs were
-expressed in brain. RN; and that PDGFs and PDGFRu
were primarily expressed by macrophages mlcrogha, Te~
‘active astrocytes, lymphocytes; and endothelial cells in
_;hese ﬁndlngs suggest that ’the actlvat,_ I of ; DGPS

genesm in the pafhophysmlogy of RN,

 Our recent study revealed that CD45-positive lympho-
-cytes expressing CXCR4 might be drawn into PN from
_peripheral blood by chemotaxis; but they do not express
: prom.ﬂammatory cytokines; and . their roles in RN remain
unclear {submitted for pubhcatlon). How&y,e‘ry,:mzthe. p]:ese,ntk
study, .CD45-positive lymphocytes produced PDGF-C
and=D. These results suggest that CD46-positive 1ympho—
‘cytes in PN do niot: ‘produce proinflammatory cytokines
butmay play significant indirect roles in angmgenesxs
_and/or inflarnmation.

98

‘The highest differences of expression among PDGFs
on brain RN were observed in PDGP-C and D (Figure 3
and"Additional file 4). In this study; the expressions of
PDGE-C and D were- significantly higher than the expres-
sions of PDGPeA and B in PN. Our current unmuno}usto»,
chemical study has. further revealed that inflammatory

cells, including’ g macrophages; microglia, and even lympho-

«cytes; were gathered in PN and produoed PDGE-C and D..
‘These mononiiclear cells are known*to play importarit:
‘roles in wound healing and inflammatory’ disedse by pro--

ducing a variety of: gr‘dwth factors and cytokines [23,24].

In our recent study; these mononuclear cells produced in-
jﬂammaﬂ)ry ,
mitted for: pubhcanon)k
also produced PDGP-C and D. Therefore the activation of

okines (Il-1a; IL-6, TNE-a, NEB) (sub--
In the present study, . these cells:

PDGP—C and D is coincident: with mﬂam_matlon as: well as,

angiogenesis. These findings suggest that PDGF-C and-D:
‘are involved in multiple aspects of brain RN.

‘The present and previous reports have revealed that

Lthe dlﬂ'el:entlal EXPIESSLON: ¢ of PDGPS has-also been seen:
in: paﬂlologxcal conditions other than RN. In the a»orhcv

ring outgrowth assay, ] PDGP~C medxated’ﬂgnﬁcanﬂ

creased, outgrowth comparable to the levels: medlatéd by

VEGE and PDGE-A and B [25]. The angiogenic' activity

‘of PDGE-C'in:vivo is more potent than that of PDGE-A,
AB.oi:B [26]. PDGE-D-also has been shown to: stimulate



