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@ INTRODUCTION

Recently, boron neutron capture therapy (BNC’E’) ‘has become

recognized as an éssentiat tixerapy for brain cancer; head and
n»cck cancer; and md:mama BNCT is hased on: the nuclear
capture and fission reactions of the '°B atom with low energy
thermal/ cpntherm::i neutrons to. yiekd high linear energy
transfer ¢ particles and recoiling "Li nuclei. Because the path
lengths of the articles are approximately 910 ym, equal to the

dimensions of a single cell, "*B-containing cells are selectively-

destroyed by BNCT.

Although many kinds of boron compotinds, including amino’
acids; m:ciezc ‘acids, and Hposomies, have been repnrte& a8
only two.

e

boron delivery agents (boron carriers) for BNCT,
compounds, p-borono-Uphenylalanine (BPA) and. disodium
mert:apte»daso»unciecahydrodeéecabamte ({B, .S ;

B‘}H), are clinically used in treatment of cancer with BNCT. 7
For 2 boron: delivery agent to be succésshul in BNCT, the
cam;mund must have following properties; (i) high tumor
targeting selectivity (T/ N > 3~4:1), (i) low systemic toxicity,
(i) concentrations of ~20 pg mBfg tumor tissues, especxally
the boron compound, is preferred to accumulate into” tumor
cell and/or cell nudlei; and (iv) high: water-solubility. On the
other hand, the r-amino acid transport system in tumiotr: cells is
enhanced to: ensure celt mu}npl:caﬁon compared with normal

tissues: Therefore, there has been a long-standing interest in the

design, synthesis, and biological evaluation of boron-containing
a-amine acids with tumor-seeking and tumor: Iacahzmg proper-
ties,

1-BPA has been used as an excellent boron delivery agent for
BNCT: Because 1-BPA is selectively uptaken into tumor cells,
particularly accumulating in the cell nuclei, 1-BPA is dmmaliy
vsed in BNCT:

BSH and its derivatives are of increasing interest ag boron
carriers for BNICT with the aim to deliver large amounts of /B

 ALS Publications.
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ties, BSH is clinically used for the treatment of’

atoms to tumorcells,y BSH is a'class of wateér-soluble boron
cluster compound and has low toxicity compared with

another boron cluster compounds. (}wmg ‘to. these proper-
aiit Hunors
with BNCT as a 9B cartier,” although tumor selectivity of
BSH is slightly low.

To - develop pmctzual materials utzlmng g ‘cariers, we
prevm&sly designed and synthes;zed several new boron:

containing amino. acu:l‘;, mdudmg C4-BSH- A (n= 2) (1a),
C$-BSH-AA (= 3) (1b), and C&BSH-AA (x = 6) {lc),

which include the undecahydro-closo-dodecaboranylthic

{[VBy,H,; 81 ~) unit through a- bumn——sulﬁ:r——carhon bond

‘connéction t6 the side chain of w-aming acd™® (Fxgure 1)

‘Figure 1. Bcrommntaining,,wmgounds.

o g/ 10.1021jm300745q 1L Med Chems 2012, 55..6980-6984
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Scheme 1. Synthesis of BSH-Amino Acids (1a—c}”

NH, HCI (HBI}

CN

‘NHyHCHHET)

D
e fa-e

Here, we report the' ‘m&ztxon of the BSH-amino acids Ta—c.
i tumor cells and their cytotoxicities, the incorporated amount
into cancer cells; and the tumor cell killing effects.

Gemeral ;.—“’BPA were mvxded ~Stdla ?}yarma
! PE

] syntbes»
SH :xcuis famc. w;a"& mmed uut ::ccotdmg to
described miett d20 T
eimophorcm,
395%,
Cells: and Ceii Celmrea R
camnoma}, Bi6

Relative cell strvival was calculated i follows;

Table 1. Cytotoxicity aqu;on A‘:jtiim A&ds ‘against Tumor,
Cells

66
E3 |

fo Tebhaaich 4, Carisbad, CA,
emaﬂuor vas purchased from Imthanotech. (Marsmﬁa,«

rekusl) .

microwe plate reader. A well wtthout cells ‘was- used as the blank.

~!: absorbanice valug of untreate.éswe}l} X400

“Fhe relative ¢ell Survival vas” plotted Sgainst the  comipotind
concentration; and 1€ values for each compound were. graphically

‘determined,
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camera {UIC-QF; Molecular Devices Co, Sunnyvale, Ca, US)

controlled by MetaMorph software (Moiwular Devices Co.).
Tumor Cells Killing Effect Study. Culturey were inocdlated with

1.0 % 10% celis/dish, and ‘vells were grown for 24-h s DMEM, The

medinm was. replaced with an requivalent mediom: containing each

‘boren-containing amine acid {the final concentrition wis 2.0 mMin’

gach dase), They were cultired for 24 b, and the nrediom was
removed by aspiration. The <olls were washed with PBS, harvested by
trypsinization, and then counted,. After centrifugation, trypsin was
removed by a 'p,tratxon, and. I‘}MKMZ was added to the residual u:l!s
: ispension in DMEM (50 % 10° céllsfink, 1 mL) was
izradiated with thermal nestedns for 0=90 min In. column-shape
tube: The-thermal neutron fluerce was determined. b)r averaging two
pold £ mmetrically attaclied to the surface of the column-shape
titbe :ﬂonz, the direction of incidence of the. thermal neatrons. After
thermal neutron exposure, 600" cells were placed in three Corning

60 mim tissue culture dishes containing 3 mk of DMEM to exarsine
colony formation; Seven days later, the colonies werg fived - awith
ethanol and stained with: €.1% x,ry\ta} violet for guantitative:

visualization by the naked ey

LIS T
- BCSOBSH AAG
BORBSH AAG) |
Bioppa

B
i
i
H

a8

a

‘Boron concentration (eBl [07ced

Figure 2 Incorporated amount of boron amino-acids.

8 RESULTS AND DISCUSSION

‘A alterdative route of synthesis of the three BSH-aming acids
{la—cy is ilhustrated in Scheme 1. As shown, the' starfmg
‘com ound, f:~(cyarwethy -BSH 4T
2 was ,ptepareé wit
reaction of BSH. dicesinm-sajt thh amriomtnie, uging sodium
‘hydroxide as a base: "*On the other hand, the w-bromo-1-
amito acids {3a-c), represented as Br»(CH )wCH(NR»)
COOH {n =2, 3; and §; respectively), were preparesi as
hydrochleric or hydrobromic Salts. Among these; (8)-2-ami
4-bromobutyric acid (3a, n = : 2) was co ’memaily putuha&;ed
and the others (3 and, 3¢) bearing the (§
syn&haslzad accor&mg to modified versions of yui)lxshed
methods.'#*

Thg alkylation reaction of 2 with urbromo-t-amino acids {3)
was completed by-a simple procedure. The purity and chiemical
structure of 1 were analyzed by "H and *C NMRs, ESE-MS,
and capillary electraphoresis. In the present synthesis, absolute
configuration “of the starting w-bromo-t-amino acid was
‘introduced to--the ﬁnal amino. acids in retention mt}lgut any
racemization. '

The cytotoxicities ‘of the BSH-amino acids fa—c and -BPA
toward the €6, 8AS; and B16 cell lines were determined using
the WST-8 test (Table 1). As shnwn in Tabie I, the cytotrmqty
‘of each compound was very lo city
the three BSH:amino-acids was vgh,er-th:;n that, Q

“To elucidate the: mwrpcmnon amounts of BSH-amino acids
la~c¢ into cancer cells, we measured the boren condentrations
in three kinds of cancer cells, €6, Bi6, and SAS by ICP-OES
{Figure 1). The compounds 1a, 1b; and 1c were: ﬁp*takun inte
‘cancer cells. Tn chtlc:ulan ‘the ‘amounts of la—c th'at were
ingorporated ‘ware higher than. thsse of L~meA for ¢
cells. These results suggest that the BSH- -amino: acxds Ia-c are
as useful as 1°BPA as B carrier:

T6 ‘determine the distribution of each BSH-amino acd in
tamor cells, we stained C6 cells that incorporated compmmd
1a with the anti-BSH antibody. A9HA' (Figure 2). The results
showed. the distibution of BS fammc; aczd 1& was very
different: from. that of 1-BP 3
distributed in the. cytcplasm and the cell nw:lex there are no
regmns within the cells in'which the concentration of L-BPA
is esgemaily }ugh 378 In contrast; the compound fa was

€ SAS -
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Figate 3: The tamor el kiling effects of boforcontaining amiho acids () against C6 cells, (B) against BI6 cells, and (C) agaiiist SAS cells.
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Figuré 4. The mivesdistribation dE compoind Tain €
Huorescenice: mzcmgmph of: C6 cd!» that were cazlmxeci

neutron. cagture therapy; 1-"BPA, p-(*B)-
phenylalanine; “BSH mercapto-undeca-hydro—cfoso-
&odeca(“’B orate, ACP-OES, -

o e

T conﬁ:m the .tzseﬁﬁness of the BSH«amxtio acids’ ia—-c for:
BNC’I‘ W exammed the tumor- t:eii kxiimg:gﬁ"ects of a—‘“BPA;

a kc showed Engher Eu mg eifei:tzs than

L}‘)BP& for all types of tumor ¢ suronie gcg(i
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iododecaborate (-5- [ BisHyIo ) unit-to the residual thiol
Sroups ok arget pepl s coupling reaction wnder aqueous conditions, we have
“Hewly dwised rwo modificati reagents BSH-Npys (2) and BSH-DNpys (3). The
Synthesis af thivdodecaborate-containing ghitathivne 4) and its analogues (5. 6)
by use of 2 and 3, and Biolagical evaluation in vitro as horon agent for BNCT

were. dexc’mbed

Ine order to conduct ih

Keywords: boron agent for BNCT, boron’ cage peptide, mercaptoundecahydro-
closo-dodecaborate (BSH), thwded&cabmmtc«cemammg peptide

Introduction
The boromr ¢luster wmpounds comprised ‘of anionic dodecaborate cage

[ByHpl™ are particularly interesting molecule, because they have characmmt;c
regular icosahedral structure and umique chemical and. bml@muaﬁ properties. Rccentiy‘;,
many application studies of dodecaborate cage focused on thmr intrinsic properties are
currently progressed in the various fields. One of the important apphcat;om of
dodecaborate compounds is related to boron agent for boron neutron capture therapy
{BNC T} for cancer. In particular, mﬁrcapmuhdecahvdrmda‘m»éoéecabcmte {BSH,
[BisHal SH, 1) in which boron atoms are enriched with “B isotope has been used
clinically for the treatment of patients with :makgnzmt brain tumor by BNCT.
BNCT is based on the nuclear reaction of °B with thermal/epi :

to.yield high linear energy transfer o particles (*He) and recoiling "Li nuclei in tumor

&%

» L e et JLi+ 279 MeV

Wy oo 1, g '

sB g T i:‘SB} 9%
m—v—w—u’v

dHe s JLi+ y0ASMeV + 231 MeV

,ng. 1. DBwo Parallel Nucleor Fission between Neutron and ' ’B Nucleus.
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cells (Fig. 1) [1].  For a boron delivery agent to be successful in BNCT, the following
criteria must be met: i) hzgh twmor taroatmg selectivity { >3-4:1); ii) low systemic
toxieity; i) tumor concentrations of ~ 20 ug B jg tumor tissues.  Over the past 20
years, various boron carrier molecules famh as amino acids, nucleic acids and
liposotnes etc. have been designed and synthesized {2).

n‘?& S Tisnor :zéékmg %
" Paplide or Protein
"y ‘?; : J

BSH (1)

Fig. 2. Design Concept of Boron dgent for BNCT

Our strategy for attaining the required concentration is to design the tumor
seeking: ertz(ieﬂ or proteins such. as antibodies bearing large number of polyhedral
boron cages (Fig. 2). In the present study, we have a&aptcd anionic thiododecaborate
(- ‘%[E%E}Hm} ) unit linked to residual thiol groups on peptides or proteins by forming
disuifide like (B-S-8-C) bonds, and also newly developed two modification reagents in
order to conduct the unit to thiol groups.

We now described a new cenjuz:mon method of thiododecaborate unit to the
thiol group on glutathione (GSH) and it’s analogues used as a model peptide, and also
their biotogical evaluation as boron agent for BNCT.

Resnlts and Discussion

Preparation of Modification Reagents, BSH-Npys (2} and BSH-DNpys (3)
Two kinds of reagents (2 and 3) bearing nitropyridyl group for conjugation of

thiododecabarate unit to thiol group were synthesized by the react; m of BSH2Cs with

mtrof{imnrwpvmdyisuifamfi chloride as pure state in moderate vield, respectively, as

shown in Fig. 3.

Svuthesis of Thiododecaborate-Containing Peptides (Thiododecaboration of Thiol
‘(ﬁoup}

, “The coupling reaction of GSH w ith 2 in aqueous solution was required long
teaction tme (over 3 éays) to give GSH-BSH (4), and the i Aield of disulfide 4
was slight fow owing to bn&producmn of G ~d1mer in situ.  In contrast, the same
c&uplm of GSH with 3 was furnished within 30 minto a erd 4 m 81% isolation yield
wut any formation of BSH-dimer (¥i ig. 4). These resulis (itmensimmd
BSH-DNpys 3 to be more suitable for the s:;niheszz, of thiododecaborate-contaning.
péptide.  This reaction was applied to case of eystein-containing ézp tides, ys(}iy
and CysVal, to give the COYfE‘&pi}ndIﬁ“ CysGly-BSH (5) and CysVal-BSH (6).

ras;}ﬁcm*eiy, in-good yield as shown in Fig. 5.

0?9{5
g 2 gl ; R
'% »——-W e o pg
N;}ngm x\v " et f
BSH-Npys (2} e ®

Fig. 3. Prepayationof Modification Reagents 2 and 3.
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Boron Uptake. S{zzdx? y

we examined the bor(m uptak test 1 using B16
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‘Fig. 6. Boron Conceniration in BI16 and C6.cells.
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Fig. 7. Killing Effects by Neutron Irradiation Toward B16 Cell.

Killing Effect by Neutron Irradiation

“Fig. 7 showed in vitro killing effects of peptides 4-6 toward B16 cell by neutron
irradiation. Among these peptides, CysGly-BSH (5) showed th strongest killing effect
in spite of its’ bomﬁ uptake was lower than 6. Killing effects assay using another kind
‘of cancer cell-and mouse bearing cancer are mm*ﬁmkv in progress.

In conelusion, we accomplished the conductive method of thiododecaborate
usit to the residual thiol groups on peptide in water by using of newly developed
modification reagents, and also the biological activities of thiododecaborate-containing.
,,peptzdﬁ:z synthesxzeci hare wcre s:vaiuated ’I‘ hese §hmdodeaa”bemm-mntammg, peptides
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Abstract The cell type and localization of vascular
endothelial growth factor (VEGF)-producing cells in human
radiation necrosis (RN) are investigated from a histopa-
thological and immunohistochemical standpoint using
clinical specimens. Eighteen surgical specimens of symp-
tomatic RN in the brain were retrospectively reviewed.
These cases included different original histological tumor
types and were treated with different radiation modalities.
Histological analyses were performed using hematoxylin
and eosin (H&E) staining, and anti-VEGF and anti-hypoxia-
inducible factor (HIF)-la immunohistochemistry. H&E
staining showed marked angiogenesis and reactive astro-
cytosis at the perinecrotic area. The most prominent vas-
culature in this area was identified as telangiectasis.
Immunohistochemistry indicated that HIF-1« was expressed
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predominantly in the perinecrotic area and that a large
majority of VEGF-expressing cells were reactive astrocytes
intensively distributed in this area. VEGF produced by the
reactive astrocytes localized mainly in the perinecrotic area
might be a major cause of both angiogenesis and the sub-
sequent perilesional edema typically found in RN of the
brain. The benefits of anti-VEGF antibody (bevacizumab)
treatment in RN may be that VEGF secretion from the
perinecrotic tissue is inhibited and that surgery would
remove this tissue; both of these benefits result in effective
reduction of edema associated with RN.

Keywords Angiogenesis - Bevacizumab - Boron neutron
capture therapy - Hypoxia-inducible factor-1a - Radiation
necrosis - Vascular endothelial growth factor

Introduction

White matter necrosis, demyelination, and vascular dam-
age in the central nervous system (CNS) are the major
dose-limiting side-effects in radiation therapy, not only for
intracranial neoplasms but also for neoplasms of the head
and neck region.

Histopathologically, the changes in vasculatures asso-
ciated with radiation necrosis (RN) are largely degenera-
tive or dystrophic, and feature telangiectasis, hyaline
thickening of vessels, and fibrinoid necrosis with intra-
vascular thromboses. Pathophysiologically, RN is charac-
terized by increased permeability and disruption of the
blood-brain barrier [1]. It is thought that such radiation
vasculopathy may account for sporadic focal ischemia and/
or microbleeding, and that, in later stages (weeks to years
after radiation exposure), it may lead to a progressive mass
effect with severe perilesional edema that can result in
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aggravation of symptoms in patients. Thus, the delayed
necrosis of the brain following exposure to high doses of
radiation should be recognized as a hazard.

New radiation therapies with high absorbed doses
within tomor tissue, such as intensity-modulated radiation
therapy, particle radiation therapy, and boron neutron
capture therapy (BNCT), have recently been used to treat
patients with malignant brain tumors, including glioblas-
toma (GB). High-dose radiation treatments may have
potential for greater rates of tumor control [2—6], but this
is typically at the expense of greater rates of RN within
the treatment volume. Also, stereotactic radiosurgery
(SRS) achieves good control over metastatic brain tumors
with the risk of RN [7]. Medical therapy is often started
first and surgery reserved for use only if the lesion is
refractory, unless there is an increase in symptomatic
intracranial pressure [8, 9]. In some cases, however,
removal of only the center of the necrotic core does not
result in rapid shrinkage of edema (personal experience
and data not shown). Recently, bevacizumab, an anti-
vascular endothelial growth factor (VEGF) antibody, has
been recognized as a novel potential tool for treatment of
RN [10-12], as we also reported [13]. This allowed us to
understand the primary factors in the critical exacerbation
of RN. However, it has been unclear what kinds of cells
mainly produce and secrete VEGF as a target of bev-
acizumab or where the VEGF-producing cells exist in the
brain with symptomatic RN. Thus, no report has clearly
described the extent of surgical resection that is necessary
and sufficient to educe the maximal therapeutic effect of
surgical resection of necrotic tissue.

To identify the origin of VEGF in RN and to obtain
answers to the questions above, we retrospectively
reviewed clinical specimens of symptomatic RN by
hematoxylin and eosin (H&E) staining and immunohisto-
logical analyses of VEGF and hypoxia-inducible factor
(HIF)-1a, especially from the standpoint of the occurrence
of angiogenesis and perilesional edema in RN. We also
summarize the results of surgical treatment and bev-
acizumab treatment for symptomatic RN.

Patients and methods
Patients

From June 2004 to December 2009, a total of 27 symp-
tomatic RN cases was treated at Osaka Medical College
(Table 1). In this period, a total of 27 symptomatic RN
cases were ftreated at this institute. They were treated
mainly by S.-LM., and were followed up for at least
1 month with medical treatment, including mainly oral
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steroids, anticoagulants, vitamin E, and others. Pathologi-
cal examination of the original tumor revealed various
histological types, including GB, metastatic brain tumor,
and malignant meningioma, and also head and neck cancer.
All patients were treated with intensive radiation therapy
including proton particle radiation, SRS or tumor-targeting
particle radiation (BNCT) [5, 14] with or without frac-
tionated X-ray treatment. Table 1 lists the use of preceding
radiotherapy in recurrent cases and chemotherapeutic
agents just prior to onset of symptomatic RIN.

Preoperative diagnosis of RN was performed by fluo-
ride-18-labeled boronophenylalanine positron emission
tomography (F-BPA-PET), as reported previously [14, 15].
Even if PET analysis suggested the lesion was RN, it did
not exclude the possibility that a small quantity of living
tumor cells remained in or around the lesion. In other
words, PET determination as RN means that RN should be
the major cause of radiographic enmhancement and perile-
sional edema. For cases 1-18, the MRI-enhanced area was
surgically excised with the aid of 3-aminolevulinic acid
(ALA) [16, 17]. All 18 cases showed massive necrosis on
H&E staining, which proved that PET as described above
accurately diagnosed RN. All other cases (cases 19-27)
received only conservative medical treatment. Six recent
cases {cases 16, 23-27) were treated with bevaciznmab. In
one of these cases, necrotic foci were surgically excised
initially and treated again with bevacizumab when recur-
rence of RN was observed (case 16). All patients were
followed up with periodic computed tomography (CT) or
magnetic resonance imaging (MRI). Neuroimaging
revealed intralesional or perilesional bleeding in four cases
(cases 8, 13, 20, and 22).

Histological and immunohistological analyses

Specimens from 18 cases with surgically removed necrotic
masses underwent histological examination. Of the 18
surgical specimens that had sufficient volume for immu-
nohistological analyses, 11 were preserved and analyzed
for VEGF expression using anti-VEGF antibody (1:200
dilution; A-20; Santa Cruz Biotechnology, Santa Cruz,
CA). Briefly, sections were deparaffinized and nonspecific
binding was blocked with 1% nonfat milk and 0.1% Tri-
ton X. Immunohistochemistry was performed in an auto-
matic stainer using the I-VIEW DAB universal kit
according to the manufacturer’s protocol (Ventana Medical
Systems, Tucson, AZ, USA).

In addition, anti-HIF-le (1:50 dilution; monoclonal
mouse anti-human HIF-1¢, clone Hlalpha67; Novus Bio-
logicals, Littleton, CO, USA) immunohistological analysis
was applied in these 11 cases.
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Table 1 Patient profile of symptomatic radiation necrosis

Case Age (years) Gender KpSs* KPs® Original dis. Radiation® Duration® Steroids® Chemotherapy
(preop.) (postop.)

Surgical cases (excision for enhanced area on MRI)

Case 1f 78 M 70 90 Sal. Duc. Ca. XRT (NA), BNCT x2 (6.1, 10.1 Gy-Eq) 20 40 -

Case 2% 73 F 60 60 GB XRT (60 Gy), BNCT (11.7 Gy-Eq) 3 31 ACNU

Case 3 48 M 50 40 GB SRS (20 Gy), BNCT (12.4 Gy-Eq) 12 81 ACNU, TMZ

Case 4 64 F 60 80 GB BNCT (9.7 Gy-Rg), XRT (30 Gy) 12 40 -

Case § 40 F 50 50 GB BNCT (15.7 Gy-Bq), XRT (50 Gy) 8 2-0 T™Z

Case 6 57 M 50 70 GB XRT (60 Gy), BNCT (13.6 Gy-Eq) 8 82 ACNU

Case 7 7 F 80 80 GB BNCT (13.1 Gy-Eq), XRT (30 Gy) 8 250 -

Case 8 42 M 60 70 GB SRS (20 Gy), XRT (63 Gy) 8 452 ACNU

Case 9 57 F 70 80 Metastasis (Ade. Ca.) SRS (22 Gy) 9 4-0 Herceptin

Case 10 28 F 60 60 MM SRS x2 (20, 15 Gy), BNCT x2 (10.1, 10.2 Gy-Eq) 12 42 -

Case 11 61 F 60 60 MM SRS (40 Gy), BNCT (8.7 Gy-Eq) 8 22 -

Case 12 23 F 60 60 GB BNCT (10.8 Gy-Eq), XRT (50 Gy) 16 432 -

Case 13 48 M 60 40 GB XRT (60 Gy), BNCT (13.7 Gy-Eq) 5 54 PCV

Case 14 42 M 60 60 GB XRT (60 Gy), BNCT (12.7 Gy-Eq) 5 44 PCV

Case 15 26 F 80 90 GB BNCT (12.6 Gy-Eq), XRT (30 Gy) 14 42 -

Case 16" 53 F 70 80 GB Proton (50 Gy-Eq), XRT (40 Gy) 5 41 ACNU

Case 17° 47 F 80 90 Ade. Ca. XRT (NA), BNCT x2 (NA) 7 60 -

Case 18 55 M 90 90 Metastasis (Ade. Ca.) XRT (30 Gy), SRS (18 Gy) 11 4-0 -
Nonsurgical cases (treated medically)

Case 19" T2 F 60 90 Ade. Ca. XRT (NA), BNCT x4 (NA) 6 20 -

Case 20 58 F 90 100 GB BNCT (11.5 Gy-Eq), XRT (40 Gy) S 20 T™™Z

Case 21 37 F 80 90 AA XRT (50 Gy), SRS (10 Gy) 5 61 ™Z

Case 22! 3 M 90 70 GB BNCT (12.2 Gy-Eg), XRT (30 Gy), 6 2-2 T™Z

Case 23" 58 F 50 80 Metastasis (LC Ade. Ca.) XRT (30 Gy), SRS (30 Gy) 6 450 -

Case 24" 39 M 90 100 GB BNCT (11.9 Gy-Bq), XRT (20 Gy) 10 450 T™MZ

Case 25" 56 F 60 60 MM XRT (50 Gy), SRS (32 Gy), BNCT (12.5 Gy-Eq) 12 22 -

Case 26 T4 F 70 70 Metastasis (LC Ade. Ca.) SRS (22 Gy) 264 450 -

Case 27" 55 M 80 90 Metastasis (I.C small) SRS (22.5 Gy) 18 1-0 CDDP, VP-16

ACNU nimustin, TMZ temozolomide, PCV procarbazine, nimustin, vineristin, AA anaplastic astrocytoma, CDDP cisplatinum, VP-16 etoposide, dis disease
* KPS Karnofsky performance score assessed just prior to the treatment
Y KPS Kamofsky performance score assessed at 1 month after the initiation of the treatment

¢ XRT X-ray treatment, BNCT boron neutron capture therapy, SRS stereotactic radiosurgery, Gy-Eq biologically equivalent X-ray dose that would have equivalent effects on tumor and on normal brain. In BNCT, the presented dose is the
peak point dose for normal brain, The method to estimate this dose was described in detail previously in references [4] and [10]. In SRS, the presented dose is marginal X-ray or gamma-ray dose. NA not available

4 Months between termination of last radiotherapy and onset of symptoms caused by radiaton necrosis

¢ Amounts of betamethasone (mg/day) just prior to the treatment and 1 month after the initiation of the treatment

! Head and neck cancer, RN occurred in the brain parenchyma

& 8/0 pseudoprogression

Sal. Duc. Ca. salivary ductal carcinoma, GB glioblastoma, Ade. Ca. adenocarcinoma, MM malignant meningioma, LC lung cancer, small small cell carcinoma
b Bevacizumab-treated

! Intracerebral hemorrhage on magnetic resonance imaging (MRI)
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Results Immunohistological analysis with anti-VEGF.antibody

‘Histological analysis with- H&E staining

‘Two representative cases of surgically excised necrotic

‘tissue- are presented in Fig. 1 (cases 9, 13). Among the

18 surgically treated cases; these 2 cases were. selected
for présentation because their original tumor ,hlstolggges

and/or treatment radiation modalities differed .as shown

in Table 1 and because they were expected to reveal

‘common and universal findings in human RN. Typical

pathological changes were observed with H&E staining
at the border zone between the completely necrotic areas
and ‘the normal brain areas, which we term the “per-
necrotic” area. The. most characteristic vasculature had
an enlarged Tumen composed of a-thin wall with a single
layer of endothelial cells that mimics capillaries; this

condition is described as telangiectasis. In addition, other

typical pathological changes, such as microscopic
bleeding, were frequently observed (Fig. la). In some
specimens, proliferation of arterioles was also observed
(data not shown). Characteristic telangiectasis was

observed in all of the surgically excised riecrotic tissues,

Jdrrespective of the original fumor msteloglcal type -and,
radiation modality, as listed in Table 1 (cases 1-18).
‘Furthermore, hyalinization ‘or fibrinoid necrosis of the
vessels was commonly found in the perinecrotic afca
(data not shown). ’ '

Fig. 1 Typical H&E staining of
~t.he surgical specimens from
sases 9 and 13, a Case 13, RN
‘derived:from. GB cansed by
,XR'I‘ and BNCT. b Case 9, RN
-derived from: metastatic brain
tumer caused by SRS.In aand
b, black. arrows indicate
telangiectasis and a white arrow
shows bleeding in the interstitial
.space. Ne neerotic center;, Pe
perinectotic area. Tn a and b,
‘original ob)ectwe magmﬁcauon
%20 and x40; respectively
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In immunohistological analysis using anti-VEGE antibody
(Figs: 2, 3), almost all astrocytes in the perinecrotic area
were strongly positive for VEGE expression: “This was
confirmed by double staining of anti-VEGF and anti-
GFAP antibody (Fig. S1). Interestingly, there was little or
1o expression of VBGF in the necrotic ‘core or in the
undamaged. brain tissué around the necrosis (Fig. 2).

‘These VEGF-positive astrocytes ‘were identified as: reac-

tive astrocytes morphologically and immunohistological-
ly, as above. They were localized only within a few
millimeters from:each necrotic core. Outside of this very
narrow marginal zone, the number of VEGF-expressing
cells deereased dramatically in all specimens. A repre-
sentative VBGF expression pattern is depicted in Fig. 3.

Typical angiogenesis, namiely telangiectasis, was observed

in the perinecrotic aréa where -abundant expression of
VEGF was concomitantly observed (Fig. 3). In the. other
six samples. from different patients who had undergone
immunohistological analyses, the same features 'were
found with:regard to ' VEGF expression as. described above
{data not shown).

Another characteristic’ finding was endothelial prolifer-
ation, which is composed .of stratified and swollen endo-
ﬂle]ial cells and typically' re‘cognized fin GB prior to

was: obs,er,ved in RN in GB as Wcll,as in RN'in mahgnant
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Fig. 2. Immunohistochemistry
for VEGF of the surgical

as&ocyté—hka cells )
pennccmuo arca,we‘c smmgly

magm canon >(2,0'

for VEGE ofthe peﬁnécrctic
area from ¢dses: 9 and 13. aand.
boare. the ame spcmmcns

an .angiogenesis was observed:
in' the perinecrotic’ areain a.dnd
b: Original. objective
-m.agmﬁcanon x40
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strongly expressed in the cells in the perinecrotic area. At a
glance, these cells look like gemistocytic astrocytes. On the
other hand, little expression was observed in undamaged
brain (Fig. S2A) or in the necrotic center (Fig. S2C). This
tendency of HIF-1a €xpression was confirmed in all five of
the other-surgical cases examined.

Effectiveness of surgical and medical treatments
for radiation necrosis

Typical tapid shrinkage of the perilesional edema in sur-
gical treatment cases is shown in Fig. 4. Also, all patients
treated with bevacizumab showed reduced perilesional
edema. One example is shown in Fig. $3. The necessary
amounts of steroid were reduced in. 16 out of 18 surgically
treated cases (88.9%) and in 7 out-of 9 medically treated
cases (77.8%), for a total of 23 out of 27 cases (85.2%).
The Karnofsky perforimance score (KPS) improved in 13
out of 27 cases (50.6%). However, 3 of the 18 surgically

treated cases and 1 of the 9 medically treated cases showed
deterioration in KPS:(Table 1).

Discussion

Several cytokines and chemokines such as VEGF, platelet-
derived growth factor, and histamine can modulate vas-
cular permeability, but single blockade of VEGF by an
anti-VEGF antibody can significantly reduce the perifocal
edema associated with RN in clinical cases. This result
demonstrates that VEGF is one of the major permeability
factors in human RN and plays a key role in its
pathophysiology

VEGF has two important biological properties. One is a
strong angiogenic peptide component [18, 19], and the
other” i§ -as 4 vasenlat permeability factor [20, 21] In
«clinical RN, the former function may produce telangiec-
tasis as pathological angiogenesis, and the latter function

Fig..4 Periodic changes in neuroimaging and intraoperative photo-
_graphs of case 16, a Gd-enhanced T1 MRI just prior-to excision of.
neérotic. foci. @ Gd-enhanced T1 MRI:24 h after surgery. b FLATIR
MRI just prior to excision of necrotic foci. b FLAIR MRI, 1 month
after’ surgery. Perilesional edema ‘was decreased -compared: with

@' Springer

298

preoperative :MRE ¢ Intraoperative photograph under bright: field
demonstrating dissection of: ‘petinecrotic:tissue from the sm-roundmg
brain. ¢/ Intrapperativé photograph under dark field with excitation for
red fluorescence of protoporphyrin IX. Red fluorescence shows the

-perinectotic area



