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Fig.4. Change in the number of induced nuclear gamma-H2AX foci and the histograms of gamma-H2AX foci size, af 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 = glioma stem-like cells; CCs = control

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-LET 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 low-
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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(0-0.5 pm®). 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 flucrescence 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 stmdy 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 support 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-LET 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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radiographic assessment using functional
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Abstract
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Background: Radiclogic response of brain tumors is traditionally assessed according to the Macdonald criteria 10
weeks from the start of therapy. Because glioblastoma (GB) responds in days rather than weeks after boron neutron
capture therapy (BNCT) that is a form of tumor-selective particle radiation, it is inconvenient to use the Macdonald
criteria to assess the therapeutic efficacy of BNCT by gadolinium-magnetic resonance imaging (Gd-MRI). Our study
assessed the utility of functional diffusion map (fDM} for evaluating response patterns in GB treated by BNCT.
Methods: The fDM is an image assessment using time-dependent changes of apparent diffusion coefficient (ADC)
in tumors on a voxel-by-voxel approach. Other than time-dependent changes of ADC, fDM can automatically assess
minimum/maximum ADC, Response Evaluation Criteria In Solid Tumors (RECIST), and the volume of enhanced
lesions on Gd-MRI over time. We assessed 17 GB patients treated by BNCT using fDM. Additionally, in order to verify
our results, we performed a histopathological examination using F98 rat glioma models.

Results: Only the volume of tumor with decreased ADC by fDM at 2 days after BNCT was a good predictor for GB
patients treated by BNCT (P value = 0.022 by log-rank test and 0.033 by wilcoxon test). In a histopathological
examination, brain sections of F98 rat glioma models treated by BNCT showed cell swelling of both the nuclei and
the cytoplasm compared with untreated rat glioma models.
Conclusions: The fDM could identify response patterns in BNCT-treated GB earlier than a standard radiographic
assessment. Early detection of treatment failure can allow a change or supplementation before tumor progression
and might lead to an improvement of GB patients’ prognosis.

Background

Surgery followed by radiation therapy is still the stand-
ard treatment for glioblastoma (GB). The addition of
temozolomide (TMZ) chemotherapy to the standard
treatment has significantly increased the proportion of
patients who survive longer than 2 years [1]. However,
additional progress is needed, as almost half of GB pa-
tients do not survive the first year after diagnosis.
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Department of Neurosurgery, Osaka Medical College, 2-7 Daigaku-machi,
Takatsuki City, Osaka 569-8686, Japan
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Boron neutron capture therapy (BNCT) has been de-
veloped in the hope of achieving a breakthrough in GB
treatment [2,3]. BNCT is a form of tumor-selective par-
ticle radiation therapy. We have applied BNCT to over
80 GB patients and have reported its survival benefit [4].
Additionally, a phase II multicenter clinical trial of
BNCT is currently underway in Japan. In our substantial
experience of clinical BNCT, we have frequently experi-
enced dramatic reductions in enhanced lesion size
on gadolinium-magnetic resonance imaging (Gd-MRI)
obtained 2 to 7 days after BNCT [2,3]. Assessment of

© 2013 Hiramatsu et al; licensee BioMed Central Ltd. This is an Open Access artidle distributed under the terms of the Creative
Commons Attribution License (hitp://creativecommons.org/licenses/by/2.0), which permits urvestricted use, distribution, and
reproduction in any mediurn, provided the original work is properly cited,
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radiation and chemotherapy efficacy for GB patients is
traditionally accomplished by measuring changes in con-
trast enhancement of tumors at 10 weeks from the start
of therapy using Gd-MRI, using the so-called Macdonald
criteria [5]. The Macdonald criteria guide standard
radiographic assessments, and have been correlated
with survival [5-7]. However, because GB responds in
days rather than weeks after BNCT, it is inconvenient
to use the Macdonald criteria (including the conven-
tional timing) to assess the therapeutic efficacy of
BNCT by Gd-MRI

On the other hand, the current standard treatment for
GB patients, combined chemo-irradiation with TMZ,
may induce pseudoprogression in 20-30% of cases [8],
defined as an increase of contrast enhancement and/or
edema on MRI without true tumor progression [9]. Also,
full-blown radiation necrosis may be more frequent after
combined chemo-irradiation. Psendoresponse - namely,
a decrease in contrast enhancement of brain tumors on
MRI without a decrease of tumor activity - is frequent
after treatment with vascular endothelial growth factor
receptor signalling pathway inhibitors. Just as it is diffi-
cult to evaluate response patterns of GB treated by
BNCT, so also cases with pseudoprogression, radiation
necrosis, or pseudoresponse are difficult to assess using
standard radiography because of changes in contrast en-
hancement that do not reflect tumor activity.

Diffusion MRI, which measures the randem (Brown-
ian) motion of water, has been proposed as an early bio-
marker for tumor response that does not rely on the
measurement of contrast enhancement [10], and has
been evaluated in preclinical [11,12] and clinical studies
[13-15]. Diffusion MRI measurements are sensitive and
can be used to detect and quantify tissue water diffusion
values, which have been proposed to be related to the
ratio of intracellular water to extracellular water; thus,
changes in apparent diffusion coefficient (ADC) are in-
versely correlated with changes in cellularity. In this sce-
nario, increases in ADC would reflect an increase in the
mobility of water, either through the loss of membrane
integrity or an increase in the proportion of total extra-
cellular fluid with a corresponding decrease in cellular
size or number, as seen with necrosis or apoptosis. In
contrast, decreases in ADC reflect a decrease in free
extracellular water, either through an increase in total
cellular size or number, as can be seen with tumor pro-
gression or tumor cell swelling [16].

Functional diffusion map (fDM} was developed to take
advantage of these principles on a voxel-by-voxel ap-
proach, and have proven to be a powerful tool for
predicting the effect of chemotherapy and radiotherapy
[10,15,17]. An increased ADC has been shown to correl-
ate with a decrease in cellularity as a result of successful
treatment [11,18] and/or radiation necrosis [18]. Other
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than time-dependent changes of ADC, fDM could auto-
matically assess minimum (Min)/maximum (Max) ADC,
Response Evaluation Criteria In Solid Tumors (RECIST),
and the volume of enhanced lesions in response to
BNCT over time.

In the current study, the usefulness of fDM as a pre-
dictive biomarker for GB patients treated with radioche-
motherapy was reported [14,15]. There are no reports
about the usefulness of DM for GB treated by BNCT.
In order to verify the usefulness of fDM for GB patients
treated by BNCT, we assessed 17 GB patients treated by
BNCT with DM at 2 days after BNCT and examined a
relationship between all the above factors analyzed by
fDM (time-dependent changes of ADC, Min/Max ADC,
RECIST, and the volume of enhanced lesions) and prog-
nosis of GB patients treated by BNCT. Additionally, we
treated F98 rat glioma models with BNCT and compared
brain sections of the BNCT group with the untreated
group using hematoxylin-eosin (H & E) staining.

Methods

Patient population

We performed a retrospective investigation of clinical
BNCT to evaluate the effects of therapy and adverse
events. From June 2003 to December 2007, we treated a
total of 61 GB patients using BNCT. Because 17 of these
61 GB patients (8 fermales; 9 males) had diffusion MRI at
pre- and post-BNCT and had contrast enhancement vol-
umes over 0.7 cm® on Gd-MRI, we were able to assess
them using fDM. Ten patients were newly diagnosed
with GB and 7 patients were recurrent GB cases. The
average age was 56.7 years (3674 years). The average
survival time from BNCT was 14.5 months (7.2 - 45.9
months). The average volume of contrast enhancement
on Gd-MRIs was 18.8 cm® (0.7 - 51.4 cm®).

Our treatment for GB patients and boron neutron capture
therapy protocol

QOur treatment for GB patients was surgical resection as
much of the tumor as possible, followed by BNCT. Our
BNCT protocol was as follows:

Twelve howrs before the neutron irradiation, the pa-
tients were administered 100 mg/kg or none of sodium
borocaptate intravenously for 1 hour. Boronophenylalanine
(BPA} of 250 mg/kg was infused continuously to the pa-
tients for 1 hours or 700 mg/kg was infused continuously
to the patients for 6 hours before the irradiation, and they
were positioned for neutron irradiation in the atomic re-
actor (Kyoto University Research Reactor [KUR] or Japan
Atomic Energy Agency Research Reactor 4). Just after ter-
mination of continuous BPA infusion for 6 hours, neutrons
were irradiated. Between June 2003 and December 2006,
no chemotherapy was applied for any of the patients until
the tumor progression was confirmed histologically or by
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BE._BPA-positron emission tomography [19]. This protocol
was approved by the Ethical Committee of Osaka Medical
College and also by the Committee for Reactor Medicine in
KUR. The indication of BNCT for each candidate was
discussed by the latter committee.

MRI examinations

All patients underwent pre-BNCT MRI within 20 days
before BNCT and underwent post-BNCT MRI at 2 days
after BNCT. MRI examinations were composed of
Tl-weighted images MRI, T2-weighted images, fluid at-
tenuation inversion recovery (FLAIR) images, Gd-T1-
weighted images and diffusion images. MRI was
performed on a 1.5-T MRI system (GE; Wisconsin,
Milwaukee, USA). MRI sequences included T1-weighted
images (TE/TR =9 ms/2500 ms, slice thickness =5 mm
with 2.5 mm interslice distance, number of excita-
tions [NEX]=1, matrix size=256 x 224, and field of
view [FOV] =24 cm), T2-weighted images (TE/TR =103
ms/2500 ms, slice thickness=5 mm with 25 mm
interslice distance, NEX =1, matrix size =320x 192, and
FOV =24 cm), and FLAIR images (inversion time = 2200
ms, TE/TR=116.7 ms/8800 ms, slice thickness=5 mm
with 2.5 mm interslice distance, NEX =1, matrix size =
256 % 192, and FOV = 24 c¢m). In addition, Gd-T 1-weighted
images (axdal: TE/TR = 9 ms/400 ms, slice thickness 5 mm
with 2.5 mm inteyslice distance, NEX =1, a matrix size of
256 x 224, and FOV = 24 cm) were acquired after contrast
injection (Magnevist; Berlex; 0.1 mmol/kg) (Table 1).

Diffusion MRI

Diffusion MRI was collected with TE/TR = 79.3 ms/6400
ms, NEX =1, slice thickness=5 mm with 0 mm
interslice distance, matrix size = 128 x 192 and a FOV =
24 cm. ADC images were calculated from acquired
DWIs with b=1000 s/mm® and b=0 s/mm’ images
(Table 1). Diffusion images for the three orthogonal di-
rections were combined to calculate an ADC map [20].

Table 1 Summarizing the details of MR! sequences

MRI Sequences T T2 FLAIR DWI Gd-T1
TR (ms) 2500 4000 8300 4500 400
TE (ms) 9 103 167 67.7 9
inversion time (ms) 2200

FOV* {cm) 24 24 24 24 24
slice thickness (mm) S 5 5 5 5
interslice distance (mm) - 25 2.5 25 0 25
frequency matrix 256 320 256 128 256
phase matrix 224 192 192 192 224
NEX"** 1 1 1 2 1
scan time (s) 107 144 121 64 94

*FOV =fleld of view **NEX = number of excitations.
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fDM analysis

All MRIs were spatially co-registered using the pre-BNCT
Gd-MRI as the reference dataset. This step allowed all im-
ages of a given patient to be viewed and analyzed from a
fixed frame of reference. The co-registration was performed
using 2 “mutual information for automatic multimodality
image fusion” (MIAMI FUSE) algorithm [21]. After this co-
registration, brain tumors were manually segmented on the
Gd-MRIs by a neurosurgeon (R. H.). These segmentations
were copied into the contemporary diffusion MRIs and
were analyzed using a voxel-by-voxel approach [17,22]. A
minimum of 0.7 cm® of tumor on Gd-MRI was necessary
for eligibility. If a resection cavity was present, it wasn’t in-
cluded within the regions of interest if circumscribed by
contrast enhancement. Only voxels present in both the
pre-BNCT and post-BNCT tumeor volumes were included
for DM analysis. Individual voxels were stratified into three
categories based on the change in ADC from the pre-
BNCT scan to each time point. Red voxels represent areas
within the tumor where ADC increased (> 55 x 10 mm?%/
sec); blue voxels represent decreased ADC (< 55 x 107
mm?/sec), and green voxels represent no change (Figure 1).
These thresholds represent the 95% confidence intervals for
change in ADC for the uninvolved cerebral hemisphere
[17]. The percentages of the tumor within these three cat-
egories were calculated as Vy Vp, and Vi, respectively.
Other than time-dependent changes of ADC, DM could
automatically assess Min/Max ADC, RECIST, and the vol-
ume of enhanced lesions in response to BNCT over time.
These analyses were performed using DM analysis soft-
ware (I-Response™-1.0, Cedara software; Ontario Canada).

Representative case

This patient was newly diagnosed GB with 23.2 months of
patients’ survival time after BNCT. Depicted images are sin-
gle slices of Gd-MRI scans at 2 days after BNCT with a
pseudocolor overlay of the fDM. Red voxels indicate re-
gions with a significant rise in ADC at 2 days after BNCT
compared with pre-BNCT, green regions had no changed
ADC, and blue voxels indicate areas of significant decline
in ADC (Figure 1A). The scatter plots display data for the
entire tumor volume and not just for the depicted slice at 2
days after BNCT, with ADC of the pre-BNCT on the x-axis
and ADC at 2 days after BNCT on the y-axis. The central
red line represents unity, and the flanking blue lines repre-
sent the 95% confidence interval (CI) (Figure 1B). Other
than time-dependent changes of ADC, fDM can automatic-
ally assess maximum/minimum ADC, RECIST, and the vol-
ume of enhanced lesions on Gd-MRI over time (Figure 1C).

Correlation with all factors assessed by fDM and survival
time after BNCT

All factors assessed by fDM are composed of Vi, Vp,
Ve, Min/Max ADC, RECIST, and the volume reduction
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B C
/ & All factors assessed by fDM at 2 days after BNCT
: 7
3 Min | Max Volume
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Figure 1 Representative case: Regions of interests were drawn for tumor image by using anatomical images (A). Red voxels represent
areas within the tumor where ADC increased (> 55 x 10° mm?/sec); blue voxels represent decreased ADC (< 55 x 10°° mm?/sec), and green
voxels represent no change. These thresholds represent the 95% confidence intervals for change in ADC for the uninvolved cerebral hemisphere
(B). Vi, Vi, Vae, Min/Max ADC, RECIST, and the volume of enhanced lesions on Gd-MRI over time showed 26.8%, 16.7%, 56.5%, 55.0 10°° mm?*/sec,
251.0 10° mm?¥sec, 26.3 cm, and 29.8% at 2 days after BNCT, respectively (C).

rate of enhanced lesions. The end point in this study
was a survival time after BNCT. Survival analysis uti-
lized log-rank and wilcoxon test. Statistical analysis uti-
lized JMP? Pro 10 (SAS Institute Inc., Cary, NC, USA).

Tumor models

F98 rat glioma cells produce infiltrating tumors in the
brains of Fischer rats [23]. The tumors have been
shown to be refractory to a number of treatment
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Figure 2 Overall survival of all patients: Median overall survival
was 18.5 months (95% Cl; 12.9 - 23.2 months).

modalities, including radiation therapy [24]. Based on
their in vivo histology, the F98 rat glioma cells have
been characterized as anaplastic or undifferentiated
glioma [25]. In the present study, F98 rat glioma cells
were kindly obtained from Prof. Barth (Department of
Pathology, the Ohio State University, Columbus, OH,
USA). They were routinely cultivated in our laboratory
in Dulbecco’s Modified Eagle Medium. supplemented
with 10% fetal bovine serum and penicillin at 37°C in
an atmosphere of 5% CO,. All the materials for the cul-
ture medium were purchased from Gibco Invitrogen
(Grand Island, NY, USA). Male Fischer rats weighing
200-250 g were anesthetized with an intraperitoneal in-
jection of Nembutal (50 mg/kg) and placed in a stereo-
tactic frame (Model 900, David Kopf Instruments,
Tujunga, CA, USA). A midline scalp incision was made
and the bregma was identified. A lmm burr hole
was made in the right frontal region of the skull and
a 22-gauge needle attached to a 25-pl syringe was
inserted into the caudate nucleus using the same
stereotactic coordinates, with the needle tip inserted 5
mm into the dura. An injection of 10°> F98 rat glioma
cells in 10 pl of serum free medium was administered
at a rate of 1 pl/min. After the infusion, the needle was
left in place for 3 min and the burr hole was then cov-
ered with bone wax.
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Figure 3 Survival time after BNCT of all patients: Median
survival time after BNCT was 11.2 months (35% Cl; 7.8 -
15.3 months).

Histopathological examination

At 2 weeks after implantation, the BNCT group was
administered 250 mg/kg body weight of BPA intraven-
ously. An hour and a half after BPA injection, only
the BNCT group was irradiated with neutrons at KUR
during 1 hour. All rats of both the BNCT group and the
untreated group were euthanized by isoflurane 16 days
after implantation (i.e., 2 days after BNCT for the BNCT
group). The rats were perfused and fixed by 10% forma-
lin; then the brains were dehydrated and embedded
in paraffin. The 4-um sections were stained with
hematoxylin and eosin (H & E) for histopathological in-
vestigation. We compared sections of the BNCT group
with the untreated group using a light microscope
(ECLIPSES80i, Nikon, Japan).

Results

MRI examination

In our study, pre-BNCT MRI was performed at 7.9 + 5.0
(1-20) days before BNCT, and post-BNCT MRI was
performed at 2.5 + 1.6 (1-8) days after BNCT.

Table 2 Survival analysis of all factors assessed by fDM

P
1.8
0.8 Vp > 124%
e V% 12.4%
2
o 06
[~
E
B
04
5
A
0.2
0.0 : Sy
] 12 24 36 48
Survival time after BNCT (M)
Figure 4 Survival analysis of Vp at 2 days after BNCT: Vp, greater
than 12.4% at 2 days after BNCT was good response for BNCT
{median survival = 19.3 months; 95% Cl = 13.4 - 45.9 months) and
Vp 12.4% or less at 2 days after BNCT was nonresponse for BNCT
{median survival = 10.3 months; 95% Cl= 7.8 - 13.4 months).

Overall survival and survival time after BNCT of all
patients

Median overall survival was 18.5 months (95% CI; 12.9 -
23.2 months) (Figure 2) and median survival time after BNCT
was 11.2 months (95% CI; 7.8 - 15.3 months) (Figure 3).

Correlation with all factors assessed by fDM and survival
time after BNCT

Vp and Min ADC at 2 days after BNCT showed a sig-
nificant difference using log-rank test and wilcoxon test.
However, Min ADC showed over-lap in 95% CI. On the
other hand, Vi showed no over-lap in 95% CI (Table 2).
Vp greater than 12.4% at 2 days after BNCT was good
response for BNCT (median survival =23.2 months;
95% CI=13.4 - 45.9 months) and Vp 12.4% or less at 2
days after BNCT was nonresponse for BNCT (median
survival = 10.3 months; 95% CI=7.8 - 13.4 months)
(Figure 4). Survival analysis of Vp showed a significant
difference (P value = 0.022 by log-rank test and 0.033 by

All factors assessed by fDM

Vp (%) 'V, (%) Ve (%) Min ADC Max ADC RECIST (cm)  Volume reduction rate
(10° mm2/sec) (106°° mm2/sec) of enhanced lesion (%)
>124 <124 <35 236 <746 2746 <70 270 <368 2368 <403 2403 <-21.1 2 =211
Median time (M) 19.3 103 112 123 15.3 11 143 9.1 11.2 121 14.2 108 15.1 9.7
95% C1 134 78 72- 78  69- 7.8- 7.8 72- 7.2- 69- 78- 7.2- 11.2- 7.2-
M) 459%*  134% 459 153 459 151 227**  108% 232 15.1 459 151 459 153
p value logrank 0.022% 0521 0.128 0011% 0176 0.118 0.143
wilcoxon 0.033* 0834 035 0.045* 0413 0223 0.083

*Vp and Min ADC at 2 days after BNCT showed a significant difference using log-rank test and wilcoxon test. **However; Min ADC showed over-lap in 95% Cl. On

the other hand, Vp showed no over-lap in 95% Cl.
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wilcoxon test). However, Vi, Vyc, Max ADC, RECIST,
and the volume reduction rate of enhanced lesions at 2
days after BNCT had no correlation with patients’ sur-
vival time after BNCT (Figure 5, Table 2).

Histopathological examination

Tumor cells in the BNCT group showed swelling of both
the nuclei and the cytoplasm compared with the un-
treated group at 16 days after implantation (i.e., 2 days
after BNCT for the BNCT group) (Figure 6).

Discussion

In 1990, Macdonald et al. reported criteria for response as-
sessment in glioma [5]. Although these criteria have limita-
tions, they have become widely accepted. However, recent
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observations have revealed the fundamental limitations of
the Macdonald criteria [26,27]. One limitation of the Mac-
donald criteria is the extended time required to. detect
change [5,28,29], abotit 8 to 10 weeks. Another is the dis-
crepancy between contrast enhancement and tumor
activity. At the core of Macdonald criteria are changes
in contrast enhancement, and all too often, the contrast
enhancément of high-grade tumors is perceived as a meas-
ure of tumor activity. However, contrast enhancement
is nonspecific and primarily reflects a disrupted blood-
brain barrier. Contrast enhancement can be influenced by
changes in corticosteroid dose and radiologic technique
[9,30]: Contrast enhancement can also be induced by a var-
iety of nontumoral processes: inflammation, seizure activity,
postsurgical changes, pseudoprogression, radiation necrosis,

A
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2
& 06
B
g 8.4
oy
024
06 s
4] 12 24 36 48
Survival time after BNCT VD
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oz s Min ADC < 70
- . e Mm ADCZ 70
3 06
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& Odd
]
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0.0 e A 7
8 12 24 36 48
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E
1.6
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3 s ;
k!
B 04
5
324
 GArmrp iy .
& 12 24 36 48
Survival time after BNCT (8O
ADC showed over-lap in 95% CI (Table 2).

Figure 5 Survival analysis except for Vp at 2 days after BNCT: V), Vyc, Max ADC, RECIST, and the volume reduction rate of enhanced
lesions at 2 days after BNCT (A, B; D, E, and F, respectively) had no correlation with patients’ survival time after BNCT using log-rank
test and wilcoxon test. Min ADC at 2 days after BNCT {C) showed a significant difference using log-rank test and wilcoxon test. However, Min
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group). (A and C were at 400-fold. B and D were 1000-fold magnificat

Figure 6 Histopathological examination: Tumor cells in the BNCT group showed the cell swelling of both the nuclei and the cytoplasm
(Cand D) compared with the untreated group (A and B} at 16 days after the implantation (i.e., at 2 days after BNCT for the BNCT

ion).

-and pseudoresponse [9,31]. As a result, changes in contrast
enhancement cannot be equated with changes in tumor
size or tumor growth/activity.

Recently, several novel imaging methods—positron-emis-
sion tomography, single-photon emission computerized
tomography, MR spectroscopy, and diffusion MRI—have
been evaluated for their ability to assess early therapeutic re-
sponses independently of late changes in enhanced tumor
volume [32,33]. Diffusion MRI detection of cancer treat-
ment response was first successfully reported in a rodent
brain tumor model treated with chemotherapy. Additionally,
Diffusion MRI has been evaluated in preclinical [11,12,34]

and clinical studies [13,34,35]. In 2008, Hamstra et al.

assessed high-grade glioma with functional diffusion map.
They reported that the volume of tumor with increased dif-
fusion by fDM at 3 weeks after the start of radiation therapy
was the strongest predictor of patient survival at 1 year [10].

In our study, Vp at 2 days after BNCT was the strongest
predictor of GB patients’ survival time after BNCT.
Vp (= the volume of the voxels with decreased ADC com-
pared with pre-BNCT by fDM) indicates that extracellular
free water is relatively decreased for the highest volume of
tumor cells. So, this appearance is attributed to tumor pro-
gression or tumor cell swelling as previously mentioned in
the Background. In our study, day 2 Vi, was a good predictor
for GB patients treated by BNCT. We attributed this higher
Vp to tumor cell swelling rather than tumor progression. In

108

fact, our histopathological study detected tumor cell swelling
in the BNCT group compared with the untreated group at 16
days after the implantation (ie., at 2 days after BNCT for the
BNCT group) (Figures 5 and 6). Others have reported tumor
cell swelling in the acute stage after BNCT. Kato et al.
reported the pathological changes of oral squamous cell car-
cinoma at an early stage after BNCT using nude mouse sub-
cutaneous models. They compared a BNCT group with an
untreated group using pathological analysis at 1, 2, and 7 days
after BNCT. Compared to the untreated group, oral squa-
mous cell carcinoma in the BNCT group at all early stages
showed tumor cell swelling on the H & E stained nude
mouse brain sections [36]. Nakagawa et a4l. reported early
effects of BNCT on C6 rat glioma models. They compared
a BNCT group with an untreated group using pathological
analysis at 4days after BNCT. Compared to the untreated
group, C6 rat glioma cell in the BNCT group showed cell
swelling on the H & E stained rat brain sections [37].

Conclusions

Our study proved that fDM was useful for evaluating the
therapeutic efficacy of BNCT in GB patients treated by
BNCT. Additionally, fDM could identify response patterns
in BNCT-treated GB earlier than a standard radiographic
assessment. Early detection of treatment failure can allow a
change or supplementation before tumor progression and
might lead to an improvement of GB patients’ prognosis.
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Abstract

immunofluorescence.

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 ) 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 immunchistochemistry. We also examined their expression with double

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-p 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
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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, corticosteroids, 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; licensee BioMed Central Ltd. This is an Open Access artide distributed under the terms of the Creative
Commons Attribution License (hitp//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) Termporal 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; F, female; M, male; Original dis, original disease; SCC, Squamous cell carcinoma; Sal. Duc. Ca, salivary ductal carcinoma; GBM, glioblastoma;
Ade. Ca, adenocarcinoma; XRT, X-ray radiation treatment; /MRT ,intensity modulated radiation therapy; BNCT, boron neutron capture therapy; Proton, proton beam

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

In Pt. 1 and 2, the temporal lobe was included in the imadiation 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.
“Months 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
observed in other cases. In addition, bevacizumab, an anti-
body for vascular endothelial growth factor (VEGEF), 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 proinflammatory cytokines such
as IL-1a, IL-6, TNF-a, and NFxB, 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 roles in many biological processes, is
mediated through tyrosine kinase receptors (PDGFR-q,
PDGFR-P) [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. PDGE-A
binds only PDGFR-q, whereas PDGF-B activates PDGFR-o;,
aff, and B. PDGF-A, B, and C activate PDGFR-a and «f,
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-B binds PDGF-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
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requiring activation for their function [14]. Interestingly,
several reports have shown that the structure 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
PDGFRs. 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 beron 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 field.
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
Systemns), PDGFR-a (1:20; R&D Systems), and PDGFR-8
(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 immunotfluorescence was performed using the
following antibody combinations: PDGE-C and GFAP (1:25;
Dako, Denmark), CD68 (1:25; Epitomics, USA), hGLUT5S
(1:50; IBL, Japan), or CD45 (1:50; Epitomics); PDGE-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 GFAF, and for 48 hours with
PDGEF-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 antibedies used

Antibody Clone Sources Type Dilution

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

PDGF-B MMO0014-5 F66 Abcam Cambridge, MA  m/m  1:20

PDGF-C R&D Systemns, p/g 1:100
Minneapolis, MN

PDGF-D R&D Systems, p/g  1:50
Minneapolis, MN

PDGFR-a R&D Systems, p/g  1:20
Minneapolis, MN

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

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

hGLUTS 1BL, Tokyo, Japan p/t 1:50

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

CD4s EP322Y Eptomics, Burlingame, CA mv/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.
PDGF-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 immunofluorescence combinations

Primary Dilution Secondary Primary Dilution Secondary
PDGF-C 150 F488 CDe8 125 F546
PDGF-C 150 F488 hGLUTS 150 Fs46
PDGF-C 150 F488 GFAP 125 FS46
PDGF-C 150 F488 CD4s 1:50 F546
PDGF-D 120 F488 D68 125 Fs46
PDGF-D 1220 F488 hGLUTS 150 Fs46
PDGF-D 120 F488 GFAP 125 Fs46
PDGF-D 1220 F488 CD4s 150 F546
PDGFRa  1:10 F488 o8 125 F546
PDGFRa  1:10 F488 hGLUTS 150 F546
PDGFRa  1:10 F488 GFAP 125 F546
PDGFRa 1110 F488 CD31 120 Fs46
PDGFRB 120 F488 CDe8 125 F546
PDGFRB 120 F488 hGLUTS  1:50 F546
PDGFRB 120 F488 GFAP 125 FS46
PDGFRB 120 F488 CD31 120 Fs46

p/g polyclonal goat; p/r, polyclonal rabbit; m/r, monoclonal rabbit; m/m,
monoconal mouse.
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Primary, primary antibody; Secondary, secondary antibody; F488, Alexa Fluor
488, F546, Alexa Fluor 546.
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Figure 1 Results of hematoxylin and eosin staining (H&E) and immunchistochemistry from case 1. H&E staining (&) revealed a necrotic
core (NG and perinecrotic area (PN), induding micro bleeding (A, arrowhead) and abnommal angiogenesis (&, arrow). Immunostaining results for
PDGF-C are presented as a representative example (B). PDGF-C (C and D); I (E and F) and PDGFR-a (G} were produced by monocytic cells
(C.E, G, arow) and reactive astrocytic cells (D, F, G, arrowhead) in PN. On the other hand, PDGFR-B (H and 1) was expressed mainly in endothelial
cells (H and I*). There was partially nonspecific staining in NC (B) or around blood vessels {1). Original magnification, &, B and Hx 40, C, D, E, F,

core {NC) (Figure LA. NC) and PN {Figure 1A. PN}, in
which micro bleeding (Figure 1A. arrowhead) and abnor-
mal angiogenesis (Figure 1A. arrow) were confirmed
PDGE-A, B, C, and D-positive cells were detected in PN,
The results of immunostaining for PDGP-C are shown as
a typical example of these distribution analyses (Figure 1B,
C, D). Morphologically, PDGEF-A and B were produced by
some monocytic cells [see Additional file 2] in PN. On the
.other hand, PDGP-C and D (Figure 1E, F) were produced
by many monocytic cells (arrows in Figure 1C, E), reactive
astrocytic cells (arrowheads in Figure 1D, F), and endothe-
lial cells (Figure 1D*). PDGE-A, B, C, and D were scarcely
detectable in UB (Figure 2).

These relationships among the expression of PDGFs
are summarized in Table 4. These relationships were also
confirmed with other specimens [see Additional file 3].

Our statistical analysis revealed that PDGE-C and. D
showed higher frequencies of expression than PDGF-A
and B in PN. The difference was statistically significant
{p < 0.0001, Steel-Dwass test) (Figure 3). We also grouped
the cases into a GBM group (cases 3, 4, 5, 6) and non-
GBM group {cases 1, 2, 7) and analyzed the differences in
protein expression between them. No statistically signifi-
cant differences in the expression of any of the isoforms
were observed between the two groups by the Steel-Dwass
test [see Additional file 4]. Therefore, we considered that

these primary diseases did not affect the expression of
PDGPFs.

‘Double immunofluorescence from case 1 revealed that
PDGF-C or D-positive cells were merged with many cells
positive for CD68 (Figure 44, E), GFPAP (Figure 4B, F),
hGLUTS5 {Figure 4C, G), and CD45 {Figure 4D, H).

H&E staining, immunohistochemistry, and double im-
munofluorescence also showed similar tendencies in other
specimens with symptomatic RN [see Additional files 3,
and 5].

Expression of PDGFRs

PDGER-o was expressed in endothelial cells {Figure 1G*),
monocytic cells (Figure 1G arrow), and reactive astro-
cytic cells {Pigure 1G, arrowhead) in PN. PDGFR-P was
expressed mainly in endothelial cells (Figure 1H, I*).
PDGER-ot was not expressed in any types of cells in UB
(Pigure 2E), but PDGPR-B was detected in endothelial
cells in both PN and UB {Figure 2F).

Double immunofluorescence revealed that PDGFR-o¢.
and B were strongly expressed in CD31-positive cells
(Figure 5D, I). PDGPR-B-positive cells were merged specif-
ically with endothelial cells {Figure 55 G, H, [ and J, %),
but PDGER-a-positive cells were merged with cells posi-
tive for CD68 (Figure 5A), GEAP (Figure 5B), hGLUTS
{Figure 5C), and CD45 (Figure 5E) in PN.
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{F %) were detected in UB Original magpification, X260,
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Figure 2 Representatlve results of lmmunostamlng of undamaged braln tissue (UB). PDGF-A, B, C, D and: PDGFR-0 were scarcely detectable
in UB (A through E). PDGFR-B {F) was specifically expressed in endothelial cells in UB: Many nomal cerebral blood vessels stained with PDGFR3

These findings from case 1 were confirmed in other
specimens with symptomatic RN [see Additional file 6].

Donble immunofluorescence revealed partlal]y non-
speaﬁc- staining, especially in endothelial cells {Figures 4,
and 5%. In cases where immunofluorescence was per-
formed with GFAP alone, vascular endothelial' cells were
not stained [see Additional file 7]. These findings were
also‘observed in other specimens.

Discussion

PDGPs are a group of multifunctional proteins with a
wide variety of effects. They have important physiologic
functions. in ‘embryonic and organ development, have
been implicated in a wide variety of pathological pro-
cesses, including proliferation, differentiation, and fibro-
genesis, and are essential for the stability of normal blood
vessel formation [16-19]. However, the overexpression of

Table 4 Expression of PDGFs/PDGFRs in two areas of
the brain’

UB PN

Mono- - Astro Endo Mono. Astro Endo
PDGF-A - - - + - +
PDGF-B - : - + - ¥
PDGF-C’ - - - + +
PDGF-D - - - + +
PDGFR-a - - - + ¢ +
PDGFRE - - + - - +

‘UB;undamaged brain area; PN, perinecrotic area; Mono, monocytes, including
‘macrophages, microglia and lymphocytes Astro, reactive astrocytes; £ndo,
endothelial cells ; -, not expressed; +, expressed.
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Figure 3 Frequency of expression. We assessed the frequency of
expression of PDGFs semi-quantitatively by-the following method.
Five fields.of each-PDGF isoform, in which abnormal angiogenesis
were detected, were randomly selected with a microscope: The
PDGF-posmve mononuclear cells were counted. We Dbserved all
7 casés and performed the counting’ using two observers to
reduce bias. One observer, who was. blind to the patients’ clinical
and pathological information; evaluated the results of the
immunohistochemical :staining. The ratios of PDGF-positive cells
to total cells in-each field were calcuated and were statistically
analyzed using Steel-Dwass tests with JMP Pro 10 (SAS Institute Inc,
Cary, NC, USA). Statistical analysis revealed that PDGF-C and D showed
higher frequericy of expression in the PN specimens than did PDGF-A
and B. The difference was statistically significant (*p < 0.0001,

Steel-Dwass test).
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C+hGLUTS

hGLUTB

fluorescence antibody. The scale bar represents 56 um.
L\

Figure 4 Double immunofluorescence staining. The results of double immunofluorescence staining from case-1 revealed that PDGF-C or
D-positive cells were merged with-many CD68 (A, E), GFAP (B, FJ, hGLUT5 (C, G}, and €D45 (D, H) -positive cells in PN. Some PDGF-C or
D-positive cells did not express CD68, GFAP, hGLUTS or CD45 and vice versa. Endothelial cells (¥) were nonspecifically stained with secondary

C+GBA

BOGE GFAP

J

PDGPs has adverse - effects. Previous- studies also have
demonstrated that various cell types, including macro-
phages, fibroblasts, pericytes, and capillary endothelial cells,
-express PDGPFs [20,21]. Deuel et al also reported that a
macrophage-derived PDGF induces chemotaxis and the
proliferation of monocytes and fibroblasts during inflam-
mation and wound repair [22].

This is the first study to explore the expression. of
PDGF isoforms-and PDGFERs in human brain RN. Our
results have shown that all PDGPFs and PDGFRs were
expressed in brain RN, and that PDGFs and PDGFR«
were primarily expressed by macrophages, microglia, re-
active astrocytes, lymphocytes, and endothelial cells in
PN. These findings suggest that the activation of PDGFs
is.coincident with inflammation, angiogenesis, and fibro-
genesis in the pathophysiology 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
proinflammatory cytokines, and their roles in RN remain
unclear {submitted for pub]icaﬁon). However, in the present
study, . CD45-positive lymphocytes' produced PDGE-C
and -D. These results suggest that CD45-positive lympho-
cytes in PN do not produce proinflammatory cytokines
but may play significant indirect roles in angiogenesis
and/or inflammation.

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'
PDGF-C and D were significantly higher than the expres-
sions of PDGF-A and B in PN. Our current immunchisto-
chemical study has further revealed that inflammatory
cells, incuding macrophages; microglia, and even lympho-
cytes, were gathered in PN and produced PDGF-C and D.
These mononuclear cells are known to play important
roles in 'wound healing and inflammatory disease by pro-
ducing a variety of growth factors and cytokines [23,24].
In our recent study, these mononuclear cells produced in-
flammatory cytokines (IL-la, IL-6, TNE-o, NFxB) {sub-
mitted for publication). In the present study, these cells
also produced PDGP-C and D. Therefore the activation of
PDGE-C and D is coincident with inflammation as well as
angiogenesis. These findings suggest that PDGFP-C and D
are involved in multiple aspects of brain RN.

‘The present and previous reports have revealed that
the differential expression of PDGFs has also been seen
in pathological conditions other than RN. In the aortic
ring outgrowth assay, PDGF-C mediated significantly in-
creased outgrowth, comparable to the levels mediated by
VEGE and PDGF-A and B [25]. The angiogenic activity
of PDGE-C in vivo is more potent than that of PDGF-A,

‘AB ot B [26]. PDGE-D also has been shown to stimulate
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Figure 5 Double ifnmunoﬂuorescen’ce staining. Double immunofluorescence staining from case 1 revealed that PDGFR-a and B were strongly
expressed in CD31-positive cells in PN'(D-and 1). PDGFR- positive cells were merged with many cells positive for CD68 (A), GFAP (B), hGLUT5
(€}, and CD45 (E} PDGFR-B-positive. cells. merged specifically with endothelial cells (F, G, H, 1 and J, *). Endothelial cells (¥} were norspecifically
stained with secondary fluorescence antibody. The scale bar represents 50 pm..

angiogenesis and to play a critical role in wound healing
[21,27,28].

Li et al. found that PDGP-D is a potent transforming
and angiogenic growth factor for NIH/3 T3 cells, and
that the transformed. cells also induce VEGF expression
[28]. Zhao et al. also found that inhibition of PDGE-D
‘leads to decreased: cell invasion in gastric cancer, partly
through the regulation of VEGE [29]. In our study, many
reactive astrocytes produced PDGE-C and D and expressed
PDGER-w, but these cells did not express PDGER-p. These
results established that PDGP-C and D play roles in angio-
genesis and inflammation through autocrine and paracrine
‘stimulation. Although the functions of these isoforms of
PDGPs on cells are similar in many respects, each isoform
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might play different roles in different cell types via various
receptors and pathways.

Previously, it was reported that several types of cells
participate in angiogenesis and inflammation ‘in brain
RN [1,5,6]. But the underlying mechanisms have not been
completely elucidated. We desperately need to know why.
different types of cells, including macrophages, microglia,
lymphocytes, and astrocytes, acquire the capacity for
differentiation, producing inflammatory cytokines and
growth factors under certain pathological conditions.
Ungvari et al. reported that y-irradiated cerebromicrovas-
cular endothelial cells acquired a senescence-associated
secretory phenotype (SASP) characterized by the upregu-
lation of proinflammatory cytokines and chemokines [30].
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Our results suggest that several types of cells that survived
irradiation in PN acquired SASP, and that this mechanism
may be a key process in brain RN,

In this study, we performed retrospective analysis with
clinical specimens of symptomatic RN and revealed that
PDGFs/PSGFRs were involved in RN. However, this ana-
lysis covers just one aspect of RN. It is impossible to de-
termine whether PDGFs exacerbate RN or rather are
produced as a byproduct of RN. Also, we cannot specu-
late as to the dose-response relationship or the time
course of the expression of PDGFs and their receptors
in RN. These questions will be answered if a reprodu-
cible animal model of RN can be established.

Conclusions

In conclusion, PDGFs/PDGFERs play critical roles in angio-
genesis and possibly in inflammation, and they contribute
to the pathogenesis of RN, irrespective of the original
tumor pathology and applied radiation modality. More-
over, the autocrine or paracrine signaling of PDGFs also
plays crucial roles in aggressive angiogenesis and inflam-
mation in RN. PDGF-C, PDGF-D and PDGFR-a have
clinical importance, because PDGFR-3 was expressed even
in UB. Treatments to inhibit PDGF-C and D, or to inhibit
PDGF-C and D in combination with PDGFR-a with a kin-
ase inhibitor, may provide new approaches for RN induced
by common radiation therapies, including XRT, SRS and
BNCT.

Additional files

Additional file 1: Typical MRl of symptomatic radiation necrosis
from case 3. Gd-enhanced T1 MRI just prior to excision of recrotic foci
{A). Gd-enhanced T1 MRI 2 weeks after surgeiy (A}, FLAIR MR just prior
o excision of necrotic foci {B). FLAIR MR, 2 weeks after surgery {B). After
surggical resection of the only enhanced lesion, perilesional edema was
decreased compared with presperative MRI.

Additional file 2: Representative immunohistochemistry from

case 1, immunostaining revealed the necrotic core {4, D NC) and
parineciotic area {A, D PN POGF-A {A, B, () and PDGF-B {D, E} were
oroduced by some monocytic cells (B, E arrow) and endothelial celis

{C, E%} in PN. Originai magnification, A, D x 4G, B, C, EX 200.

Additional file 3: H&E staining and immunohistochemistry from
case 3. H&E staining {A) and immunchistochemistry {B through O} from
case 3, showing NC and PN. PDGF-A (B, G and PDGF-B (D, B were
produced by some menocytic celis {arrows in C E) in PN. in contrast,
POGF-C {F, G, Hj and POGF-D §, Jj were produced by many monocytic
cells {arrowss in G, H, J), reactive astrocytic cells {arrowheads in G, J), and
endothelial cells {H, . PDGFR-a (K, L, M) was expressed in monogytic
celis {L, arrow), reactive astrocytic celis {1, arrowhead) and endothelial
cells (™) in PN. PDGFR-B (N, O) was expressed mainly in endothelial cells
(C%. Original magnification, A, B, D, F, i K, Nx 4G, C E G H, J L, M,

0% 200.

Additional file 4: Frequency of expression of PDGFs in the GBM
group and non-GBM group. We assessed the frequency of expression
of PDGFs semi-quaniitatively. in the GBM group {cases 3, 4, 5, €) and
non-GBM group {cases 1, 2, 7), there was no apparent statistical
significance In expression of each isoform A, B, C, D).
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Additional file 5: Double immunofluorescence staining results from
case 3. Double immunofluorescence staining from case 3 revealed that
POGF-C or D-positive cells were merged with many CD58, hGLUTS, CD45
and GFAP-pasitive celis. Endothelial cells %) were nonspedifically stained
with secondary fluorescence antibody. The scale bar represents 50 pm.
Additional file 6: Double immunofluorescence staining results from
case 3. Double immunoflucrescence staining of the specimen fram case
3 revealed that PDGFR-o and B were strangly expiessed in CD31-positive
cells {& and §). PDGFR-a-positive cells vere merged with many cells positive
for CD68 {A), GFAP (B}, hGLUTS {O), and CD4S (B). PDGFR-B-positive cells
were merged specifically with endothelial cells {F thorough J). Endothelial
cells () were nonspecifically stained with secondary flucrescence antibodly.
The scale bar represents 50 um.

Additional file 7: Immunofluorescence staining from consecutive
specimens from case 1 and 3. Immunofluorescence staining of
consecutive specimens friom case 1 (A, 8) and 3 {C 1) showed positivity for
PDGFR-B {A) or GFAP {B). PDGFR-f {A) was not observable at an excitation
wavelength of 961 nm but was apparent at 499 nm in endothelial cells ().
On the other hand, GFAP {B) was abserved only at an excitation wavelength
of 561 nm in reactive astrocytes. The scale bar represents 56 pum.
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treatment; SRS: Stereatactic radiosurgery; Proten: Proton beam therapy;
BNCT: Boron neution capture therapy: NC Necrotic care; SASP: Senescence-
associated secretory phenotype; CTLs: Cytotoxic T-lymphogytes.
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