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Fig. 4. (A) Comparison of the mRNA levels of the PEPT1, PEPT2, ALAS1, ALAS2, ALAD, HMBS, UROS, UROD, ABCB6, CPOX, PPO, FECH,
ABCG2, HIF-1, and HO-1 genes between the no-fluorescence and strong-fluorescence groups. The mRNA levels of these genes are
normalized to the mRNA level of GAPDH. Data are expressed as mean + SD (N = 10). (B) Statistical analysis of CPOX mRNA levels
between the no-fluorescence and the strong-fluorescence groups. Data are expressed as mean + SD (N = 10). A horizontal broken line
indicates the best cutoff value for CPOX expression levels that discriminates between strong-fluorescence and no-fluorescence groups.

of malignant gliomas infiltrated by live clonogenic
tumor cells and is helpful for the precise resection of
those regions. ALA is converted to PpIX in the body
(Fig. 2) and emits red fluorescence with the excitation
of blue-violet light (Fig. 1B). As PpIX accumulates
preferentially in the tumor tissue in comparison with
normal tissue, this red fluorescence becomes a good
hallmark for discrimination between normal and
tumor tissues, especially in malignant gliomas, which
have infiltrative characteristics.

Approximately 80% to 90% of malignant gliomas
show this red fluorescence in surgery, while only a
limited number of brain tumor cases do not. In the
surgery for metastatic brain tumors and lesionectomy
for radiation necrosis and neurodegenerative disease,
white matter around the lesion shows weak and vague
fluorescence that also provides us with a hallmark for
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the surgery.'” Additionally, in meningioma, some
tumors showed the PpIX fluorescence, which is
especially helpful for the removal of the infiltrative
portion in bone and normal parenchyma.” Clinical
data indicate that ALA-PDD-assisted resection of
malignant gliomas may result in statistically significant
prolongation of progression-free survival.”

It has previously been suggested that brain tumor
fluorescence induced by 5-ALA is correlated to (a) cel-
lular density, (b) an MIB-1 labeling index as an
indicator of tumor cell proliferative activity, (c) the
area of CD-31 staining as a measure for neovascularity
of the tugnor,6 and (d) blood-brain barrier per-
meability.”> In many cases, however, we have experi-
enced that despite all of the 4 factors being fulfilled,
malignant brain tumors did not always exhibit
S5-ALA-induced PpIX fluorescence. In fact, we found
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Fig. 5. (A) H&E staining and CPOX-immunohistochemical staining for specimens of metastatic tumors and glioblastomas with strong
fluorescence or no fluorescence. CPOX-positive cells were immunologically stained a brown color. Nuclei were stained a blue color by
H&E. CPOX is highly expressed in both metastatic tumors and glioblastomas with strong fluorescence. (B) Statistical analysis of
CPOX-positive cells (stained brown) between the no-fluorescence and the strong-fluorescence groups. Data are expressed as mean + SD
(N =10). The percentage of CPOX-positive cells was significantly higher in the strong-fluorescence group than in the no-fluorescence

group (P = .0001).

that 67% of the metastatic brain tumors and some
glioblastomas did not exhibit 5-ALA-induced PpIX
fluorescence. In this context, we analyzed the
expression levels of major enzymes and transporters
involved in the biosynthesis and metabolism of
porphyrin to find a new biomarker for the 5-ALA-
induced PpIX fluorescence in brain tumors.

The present study provides evidence that the level of
mRNA encoding CPOX was remarkably high in
malignant brain tumors that exhibited strong red fluor-
escence of PpIX after administration of 35-ALA

(Fig. 4B). Immunohistochemical studies with the
CPOX-specific  antibody support our findings
(Fig. 5B). To our knowledge, the present study is the
first report showing that the induction of CPOX
gene expression is one of the key molecular mechan-
isms underlying 5-ALA-induced fluorescence of malig-
nant brain tumors. The transcriptional upregulation of
the CPOX gene is considered a pivotal step in enhan-
cing the biosynthesis of protoporphyrinogen, which is
readily converted to PpIX by the action of protopor-
phyrinogen oxidase (Fig. 2).
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Induction of CPOX Gene Expression as a Key
Molecular Mechanism Underlying 5-ALA-induced
Fluorescence

Our data from qRT-PCR analysis have clearly demon-
strated that the high levels of CPOX mRNA are well
correlated with the high intensities of 5-ALA-induced
fluorescence. CPOX is a mitochondrial enzyme involved
in the porphyrin metabolism pathway and plays a role in
oxidizing coproporphyrinogen III to produce protopor-
phyrinogen. It has been demonstrated that transfection
of prostate cancer LNCaP cells with a
CPOX-expressing vector increases the intracellular
accumulation of PpIX in vitro. Moreover, methotrexate
(MTX) at nontoxic low concentrations increases the
expression of CPOX at both mRNA and protein levels,
and MTX pretreatment followed by ALA exposure
results in a 3-fold increase in the intracellular PpIX
level.'® As a consequence, the effect of photodynamic
therapy was enhanced in MTX-preconditioned cells.
Similar results were also observed in skin cancer cell
lines in vivo.'” Although these in vitro experiments do
not directly reflect the in vivo situations in brain tumor
patients, such observations indirectly support the
notion that the induction of CPOX gene expression is
one of the key molecular mechanisms underlying
5-ALA-induced fluorescence of malignant brain tumors.
Little is known, however, about the tumor-associated
transcriptional activation of the CPOX gene. The mech-
anisms involved in the induction of the CPOX gene in
malignant brain tumors should be elucidated in future
studies.

Porphyrins play critical roles in diverse biological pro-
cesses, such as respiration and oxidative metabolism.
Both porphyrin biosynthesis and its intracellular

concentration are tightly regulated (Fig. 2). In recent
years, evidence has been accumulating to show that
ABCBS6, one of the human ABC transporters, transports
coproporphyrinogen III from the cytoplasm to the mito-
chondria;?®?! whereas another ABC transporter,
ABCG2, is responsible for the cellular homeostasis of
porphyrins and their related compounds.”*** Recent
studies suggest that ABCG2, a porphyrin efflux pump,
is downregulated in tumors, and thereby PpIX is facili-
tated to accumulate in colorectal and cervical cancers.”*
In the present study, the mRNA level of ABCG2 was
somewhat lower in the brain tumors with high levels of
ALA-induced fluorescence compared with those
without ALA-induced fluorescence (Fig. 2A). However,
there was no statistical significance. On the other hand,
imatinib mesylate and other protein kinase inhibitors
reportedly enhance the efficacy of photodynamic
therapy by inhibiting ABCG2.2**3*¢ Therefore, both
the induction of the CPOX gene and the inhibition of
ABCG2 would increase 5-ALA-induced PpIX accumu-
lation and thereby enhance the efficacy of 5-ALA/
pophyrin-based PDD and therapy of malignant brain
tumors.

Conflict of interest statement: None declared.

Funding

The study was supported by grants-in-aid for scientific
research (C) (20591729) and (C) (19591709) and by a
grant-in-aid for young scientists (B) (20791022) from
the Japanese Ministry of Education. Additional
support was provided by a grant from the Japan
Science and Technology Agency (JST) Research Project.

References

1. Lipson RL, Baldes EJ. The photodynamic properties of a particular
hematoporphyrin derivative. Arch Dermatol. 1960,82:508-516.

2. Lipson RL, Baldes EJ, Olsen AM. Hematoporphyrin derivative: a new aid
for endoscopic detection of malignant disease. J Thorac Cardiovasc
Surg. 1961;42:623-629.

3. Lipson RL, Baldes EJ, Olsen AM. Further evaluation of the use of hema-
toporphyrin derivative as a new aid for the endoscopic detection of
malignant disease. Dis Chest. 1964;46:676-679.

4. Lipson RL, Baldes EJ, Gray MJ. Hematoporphyrin derivative for detec-
tion and management of cancer. Cancer. 1967;20(12):2255-2257.

5.  Stummer W, Novotny A, Stepp H, Goetz C, Bise K, Reulen HJ.
Fluorescence-guided resection of glioblastoma multiforme by using
5-aminolevulinic acid-induced porphyrins: a prospective study in 52
consecutive patients. J Neurosurg. 2000;93(6):1003-1013.

6. Stummer W, Reulen HJ, Novotny A, Stepp H, Tonn JC. Fluorescence-
guided resections of malignant gliomas—an overview. Acta Neurochir
Suppl. 2003;88:9~12.

7. Kajimoto Y, Kuroiwa T, Miyatake S, et al. Use of 5-aminolevulinic acid in
fluorescence-guided resection of meningioma with high risk of recur-
rence. Case report. J Neurosurg. 2007;106(6):1070-1074.

1242 NEURO-ONCOLOGY « NOVEMBER 2011

8. Lacroix M, Abi-Said D, Fourney DR, et al. A multivariate analysis of 416
patients with glioblastoma multiforme: prognosis, extent of resection,
and survival. J Neurosurg. 2001;95(2):190-198.

9. Stummer W, Pichlmeier U, Meinel T, Wiestler OD, Zanella F, Reulen HJ.
Fluorescence-guided surgery with 5-aminolevulinic acid for resection of
malignant glioma: a randomised controlled multicentre phase 11} trial.
Lancet Oncol. 2006;7(5):392-401.

10. Bottomley SS, Muller-Eberhard U. Pathophysiology of heme synthesis.
Semin Hematol. 1988;25(4):282~302.

11. Kennedy JC, Pottier RH, Pross DC. Photodynamic therapy
with endogenous protoporphyrin IX: basic principles and present
clinical experience. J Photochem Photobiol B. 1990;6(1-2):
143-148.

12. Kaneko S. Intraoperative photodynamic diagnosis of human glioma
using ALA induced protoporphyrin IX. No Shinkei Geka. 2001;29(11):
1019-1031.

13. Stummer W, Stocker S, Wagner S, et al. Intraoperative detection
of malignant gliomas by 5-aminolevulinic acid-induced porphyrin
fluorescence. Neurosurgery. 1998;42(3):518-525; discussion 525-—
516.

2102 ‘€1 YOIBIAl UO AJISIOATU() [EQIPOIAl BYESQ 18 /310°s[euinolpiojxo-A50jooun-oinau//:dny woly papeojuso(



15.

16.

17.

18.

19.

Takahashi et al.: Enhanced expression of coproporphyrinogen oxidase in malignant brain tumors

. Utsuki S, Oka H, Sato S, et al. Possibility of using laser spectroscopy for

the intraoperative detection of nonfluorescing brain tumors and the
boundaries of brain tumor infiltrates. Technical note. J Neurosurg.
2006;104(4):618-620.

Ennis SR, Novotny A, Xiang J, et al. Transport of 5-aminolevulinic acid
between blood and brain. Brain Res 10. 2003;959(2):226-234.
Krishnamurthy P, Ross DD, Nakanishi T, et al. The stem cell marker
Berp/ABCG2 enhances hypoxic cell survival through interactions with
heme. J Biol Chem. 2004;279(23):24218-24225.

Miyatake S, Kuroiwa T, Kajimoto Y, Miyashita M, Tanaka H, Tsuji M.
Fluorescence of non-neoplastic, magnetic resonance imaging-enhancing
tissue by 5-aminolevulinic acid: case report. Neurosurgery. 2007;61(5):
E1101-1103; discussion E1103-1104.

Sinha AK, Anand S, Ortel BJ, et al. Methotrexate used in combination
with aminolaevulinic acid for photodynamic killing of prostate cancer
cells. Br J Cancer. 2006;95(4):485-495.

Anand S, Honari G, Hasan T, Elson P, Maytin EV. Low-dose methotrex-
ate enhances aminolevulinate-based photodynamic therapy in skin car-
cinoma cells in vitro and in vivo. Clin Cancer Res. 2009;15(10):
3333-3343.

20.

21.

22.

23.

24,

25.

26.

NEURO-ONCOLOGY « NOVEMBER 2011

Krishnamurthy P, Xie T, Schuetz JD. The role of transporters in cellular
heme and porphyrin homeostasis. Pharmacol Ther. 2007;114(3):
345-358.

Krishnamurthy PC, Du G, Fukuda Y, et al. Identification of a mammalian
mitochondrial porphyrin transporter. Nature. 2006;443(7111):586-589.
Wakabayashi K, Tamura A, Saito H, Onishi Y, ishikawa T. Human ABC
transporter ABCG2 in xenobiotic protection and redox biology. Drug
Metab Rev. 2006;38(3):371-391.

An R, Hagiya Y, Tamura A, et al. Cellular phototoxicity evoked through
the inhibition of human ABC transporter ABCG2 by cyclin-dependent
kinase inhibitors in vitro. Pharm Res. 2009;26(2):449-458.

Gupta N, Martin PM, Miyauchi S, et al. Down-regulation of BCRP/
ABCG2 in colorectal and cervical cancer. Biochem Biophys Res
Commun. 2006;343(2):571-577.

Robey RW, Steadman K, Polgar O, Bates SE. ABCG2-mediated trans-
port of photosensitizers: potential impact on photodynamic therapy.
Cancer Biol Ther. 2005;4(2):187-194.

Liu W, Baer MR, Bowman MJ, et al. The tyrosine kinase inhibitor
imatinib mesylate enhances the efficacy of photodynamic therapy by
inhibiting ABCG2. Clin Cancer Res. 2007;13(8):2463-2470.

1243

0[02U0-0110//:d1| WOL} PIPEOJUMO(]

=3

P10jx0°AS

7107 ‘€1 YOIBIA UO AJISIOATU[) [EOIPIA BYESQ 38 /510°$[eunol



 E e R

FrEYI R

R FRHIEEETITONT

KIRERARZREEN JIIRER. WTEF. SHEH. ERHE—

1 [EL&®HIC

WA, TENCHERFRIBRCNE SN2 B O R IR N
WOBRIZERE L., MELFKGIEHE (Intensity
modulated radiotherapy (IMRT) ) R0t A /S—F 1 75 &I
T D RS 2 U T iSRRI RIS AT BE 2 SRR SEIN T
BEINLTW5, £72, SMEBEINEERRE#E (Image-guided
radiotherapy (IGRT)) &, to23EAMHFUZIEENT THIFE L
723D NEHEHREFEFIR L H Y . BE O H D FEEIE
B7n ST L TH ZEMARREE RN e Ao o TG, L
7 L7a7s & MM MIERE © & 2 B EE e & B
Wi eR A B - T IE AR ORI R B T ARSI L
T, WINIERBEICHRERT 21T > THHMEIEE L,

F T AT, EMERBEIC IR, B
BIRAORLFHRIGHE T H D MHE P THIEEE Boron
neutron capture therapy (BNCT)) ZFEABAIIZEL Y AFLERIR
W% 7> T& 7Y, BNCTCRIAT 2 PUEE I, Wi —
10D P FHIER S HEON DRI TR TH Y . RIHIE
BOFEE SNDD, BTHRORERIBRE T2 82D
JHHERAA LIRRIETH D, AR TIIBNCTO ST DFE—E &
L% DRELEIZ OV THEINT 5,

2 BNCT m#i& & EInER

BNCTCld, WIS bEMIC G2 b IEEREME L EE
HHRERINBRET & U 5 O R IRR R R DA\ R 4
T LT LY, EHEMCRE T DIEEEE AN K E
 IOTRRDS AR B, BERCRRRIERSE 2 &L @E Dk
FHRRIGHERCR SEIR DO HETRRAE 2 H - T LT b @b As mEE
ThOREE, 1BEORRETHZ ERARETH D,

W Boron, B) DEEFLETH D BIL, =F/LF—
DIRNFYET-TH LT 2 ERICHE L, ~V UL

F#E (abrF) L VFULRBMKIIHET D, ZORLE
FMEFREERIGE VD (B, ZORIGICE > TAEL S~
U LBEFRE, UF U LRBEET. EBRENEN O um, 4
um& FEERELEI AL T A TRE CEIEEIE L, 2O/
LT HRNF—EHH T AELET (linear energy transfer)
DRIFHETHY . FRSEIIFERICREZ VN, ZOLE
TBRRTSR LIZDOABNCT TH D, & b UOIEEICERENE
PHTAWHRMADERE L, ZORICHETZEICHE
Siud, BEENTE LR HFEER ST L EHE SN
5 ELETRIFRRORFEDIBEAIIE O K & I 2B 222,
N HARAJE PO IE HA R TR S, BRI O A 0350
TG,

EMRIPE, BHOBHEL. AREEPE R R T E b
TP RRBORFMEMERETH D, TOEHAETFHMITZ
Wr2s SRR E &, BE20FERAEFRICKE RUEITA O
TV, FOFEE E LT iifikBE PR o
FEER ENRER SN TWAD, b RERERIIEEDR
TAMEHRRICH D L B2 D, EMMRBIEO DB TIX
72 BEEARITES EoEEE AL, D & LA
Bi2emE TIITFET D & END, TOTH, EEOEFE
AR TOETH, RHET»LOBERIINETH
V. KU - (LSRR E A S D EDMENSH D, BNCTI
MBI A Rl am RR L LTRER L TE,

3 BIMNZBITEH T ETHBNCT

HAE, A2 LR E®R EEZT COABBNCT TH D03,
EERERER LD THCK THRE AN TTZ, BNCTOJFER)S
B SN TUME, BRI~ 7= RS ZE S 2ol
v, 195VEICIIERARETIE (T y 7 ~T7 VEN
At (BNL) WFZErE, KE) 2MELNZ, 19534F-7 bAMIEE S

| pE— YT
ey (O (Y

® axcn 'j!*ﬁ?ﬂlﬁ%

A BEETRIEFRIEEE BNCT) TR, Hoh LOEEERIEE
BT 5hUE (B LaP0RE£T5. BFR (B L&wk
%Iz, ETRLF—ORIEFERST S LT, BAPETF
ERREEEL, TINDE LAY TLEREFE (FILT 7HF)
&) F o LREET, BRI EERIICEET 5.

X1

O

O

B CORMEFRERGEESHERTERMICELSESI L
T, BEMCHSVTHEEMREER L D DIESHIRNAH IR
Ehd,

WRPHETFREIEEE BNCT) IS8+ HHlSEIRA RS DR

PET Journal 2011 & 158 9

Presented by Medical*Online



ENTHRET BBNCI S &, BNLB L OF DD~ F 2—
T oV TRKEEFE MITR) TORRRRIFEIL1961FITHE T L,
BREDR Y FCAMHIEBEIRIEICE Livol- 2 &, B
PETRROGEIENRTENT LA B0 n, MLk 7 HREess s
<. EWHBOEENE Uz, ZO%PEFR - WE A
WS B M T, KETIZEAIOR T EAY BPA) %
U FEREEE T 2 B T2 BV - FEEHEERR S A
19994FF Tirbh-, Lo LASRER TOAIEERIF13~15
H A EIBFEEN DT TH Y | TR EOEINE
RHATo b Z A, EFHRPIER U7 0SEA 22 AR A6
TENA U770, BTEKETOBNCTIZHEE - 72> TU 3,
Z OXRETORKRBRIIINE LA OB LG T 0 ha—L
PN, BEZOTHMIICKE ZBERH -T2 EZ BT
W3, Tbh, YEFORBRTIL, BEREEE - SEOH
BEEHIA AR+ T, Bl FORER A U7 EFI 4
THRER] & FHL SN TfER, ZHEBNCT TORERRE &
FTp L, RRESIND Tk rTEEMEAS B,

BRIMNZRBWE, ZRETICAT &, F=aTO BSH %
HWZEEERER, 2 =—F 2. 745 RTO BPA &
HWEEERERBRER S D, R ITREISGEA Y 2 —F
DI N—TTo7= BPA OG- EHEEAER (900mg/kg) T
BV, THICE STV ICEBEDR Y E4EEIcE
FHSHARAETH S Y, 2001 45 2003 AFITAFIETHH
PSR A TR U, ATFHRI R IYE (MST) 2% 17.7 » H
(N=29) &, BNL O BPA (250~330mg/kg). MST 12.8
H A, N=53) VI L CTHEICRIF ThoT-, F/220
HERCIL, BUEAEHERNE L Ao TV RES] - TEY | 3
R%& BNCTAZHFHT 5 2 & C, IBRRGENI LT 5 2 L bR
LT3,

4 THETOLMRTORRKRZER

ZNE TICERFR CHEH S CE -l {bA %%, BSH
(sodium borocaptate) EMNET X/ BET 2= LT 5=D
FHE(KTH HBPA (boronophenylalanine) M2FEFED 7T
%, BSHIZIEH, MBI 2 @B TE 220, EF O
FERRIZ IR0 L7, MR Gl i M BE P 2 Stk e
ST B 7=OIZBSHANEE L, AR ORI S
DOERBARIER N5, BPAIZT I VB T v AR— & —
LT, BHOR A RIEEAIC L 0 £ <R AENS,
BPAIZIEF M~ HEEFE 25 2 L OBE D= 1L U - R IEHANE
BRI A FIUC S VEIEER LTV s, Fxids
NEFHOME L AEME AT 270 ha—LaEBEL,
JEBENOMIESAROAE 2 ERSE 5 2 L 2R TET-
D E TR O S | MR ORI RRSEN
B ME L, BIEIIETIFN CTORBEFINIAEL 2o
TUW5, BNCTAERENT 2 &0, W LAY oIEEma
EREERICA D & ZAMBIERICRE Y, BIEEff i+
BN 21T 5 5 Ai2id. MR LA PRI RS 2T
L. WIEOERELERTX =23, FEEHEEBNCTASAIBE & 72 o
TOLITFHEEN R LN < fao Tz, MR EITIERINE
HRIC L 0 HESN A7, BPADERRITHhTH e bEEEE
SV, FCHFIEE, PBOHAERE CIIEENLE L 2
Do ZHEMFER LI=ODPETRA TH 5, BNCTFHIEHEEBPA
EERTT YL LIZF-BPA% b L —H—& L7- "F-BPA-PET
BE ®2) 274252 & T BNCTHETRTCIEE & E47
FEFROMIZE DB Y IAZ L (Tumor/Normal brain ratio: T/N

10 PET Journal2011 £ 155

2 WERPIEFEERUANEITAIOD 1F-BPA PET
BREBMRERIEESIOA N =7 LEZ MR (LB & F-BPAPET
(FEY) OXLLZETY, AHlIE. BREDOEMMMEHRAREZ
FRIZERELELC TS, ERMEEAPET b L—Y—0%HIC
—HLABWIEARS U b THY. BNCT TIEEERERDLRE
DHTEFNRAR Y, BITBEDABROFEN SEFER(T1:

EPLIFERET SN,

K Al
3 BNCTIz& HriRESHA )
R MBS IRER T8 L CRUEO BRTHIEAE ST
%, BATHID “F-BPA PET IFEERAER L. 2EZDORI THHEAR
BREZBBLTLS,

""‘N’ / fic ; 2
BNCT [k B3aFi56E (FFRESHAA)
R ERRSFIEAE ]I T L T BNCT BEEAH S ER L IESRNE

EAEONTNS,

ratio) ZR$HDHZEMAETH DY, THETOHA DIE
Hric & ® & BPA-PETIZH IS DIBSEEDT/NELIE, FHEZSHT
T4, 3, BEEAFRBITS. 9 L TEEIMEDIFRRICB W TITE &
ERHLIVT, BIETOL/NEII4. 1 TH 7=, F7-. T

Presented by Medical*Online



SHRRBREG] CIINEE A3 & HERARESE BRI S ARETH D

ZRPETHEATIIBNCT OGS « TR HEI D272 & FVERH D
TREEZEICRT L CO AR TH D = L idbho T =7,

2007 FFEE CTOFBZEIBIEOAFIRIL. 1ekoiHEE
HHFINT+X RO ENBE OSEEZ A EIC LEY . BNCT 15
FBHIOATFHAR R YE MST) 1% 15.6 # A (P— Rt
0.4) ThHol, Fiz, BFEOWHE LA TITRRROH 2 D
71 b 2/ UIBWTHEEHREDORRE, ML~ TO
A—PEDMEE ST LI B EELS | X B EIS R DAL
FBROBPA DR - BREIIREZEA L, MST1X23.5 » B

L S ORI OIEREM 2R LA TEZY (M3,

4), F¥7-EaLTIE, Yamamoto 5743 BNCT O HERFIAS . &
H2WIB SRR 330 HHHEE - Hirch FRETRE & FERHEE - MR
HOIBERGEZ R LRE L TW5, Z Uz LU, BEsE -
W RS T BSH B4 & AV N, FEBHEE - SMPRIEECI3d &
L[FER, BSH - BPA (250mg/kg) DFFRIC X B5yEISBST %
fEAAE, MSTA3ZNFH23.3 (N=7), 27.1 (\=8) # A
LIEFIZBAFCH S V), FHEREHICIIT B X BRI RET
ORI, BEREHRRAEENZ BT A HBN (R5) &Rk
NEEARREEINIE 24592 BNCT 72 5 TIZOWATH v | FEYE
BRI I35 2 & & alRERHERFREE TH S, BNCT D
TRREEE I 2 BIMERIZ S o 7205, BN 2 SETOEREH
SRR (AR T /IR A%EHE 4 245 (JRR4. ZIRIE -
WA . EIKER TR EBRAT (KUR, KBRAT - AEEAT))
W, HZEHEOBE « AT T ZITAY | AFLTO BNCT
IHARIBREEIZ o 77, BEEIZZ2 > T L H=0< JRR4 (2010 4F
3 H). KR (2010 476 H) 23ER0 L. [EFRBHIIAKE
WZEB L,

5 EMHIEECxT DBk

EMEREE B EE L AR, AR~ OREMERE %
£ HIEHEEE 2 NEE TH D, FaldohE TIlo, B
FEHEIZRT LTH BNCT IZ L A PREREA T T & 72 10, B
BEBHE 12 12568 LT 20 [E10D BNCT 24617 L. 2FHEEE D
FITCHRFIBRFE R OFREE TH D, BESOHWNTIT
BPA-PET ZfEAH L, LN HIT T 3.8 Tho7- (E2), 7
[B] BNCT FEOD i/ MEEAR BT 18. 8~50. TGy-Eq & & X,
B CIBEAFEONE N 2R 7=, BNCT % O2AD AT
I 15 5 A HIEERD S DAL 94 » B Thotz,
JRATHAEN L RAF ThH o T2hS, B~ - SHENEEREA
FRIER & 2p o T, BEHEIT IR B NZRIZE < . BNCT
TR BN TR EAA R 22 B2\ A8, ZFMEIC S -
HRZ# DRI HNE <, B - BEE A TOHIEI T RSE
Th D, ok O TIVE TOIRERERA 5 | EMBEIFHEAS BNCT
WCBAHIRGT BHEBERECTH D Z L 2R LA, BHREIC
BRI D BERHRERE ST TN D 2 &ML, A1
IIHENEFIFIZBNCT 2 V5 = & TREOWEICHEF X
BLEZTND,

6 ZHEERIEFEE 2 HERERAERIZDOINT

TRV BE L LT, BNCT NEBARAEBEETA7-H
W23, £V RSS2 A3 258 0 2 ME LA OB 5,
HELHELERIND, LLans, 2LFLETFE
ERHWTIEEEITORY . BNCT 1ZEERIFZE Dk E i35 =
LIITET, REMRICE DEAB I, BRI LD
D EIFE L — XA RSB Z & ITRNEETH S, #F 2 CBNCT 23

5 BNCTICk&AKEE (BRBRSHRAEA)
EAAHRIATR. BRI L TH, BNCT RN SRT
IEAER L TLBDMHN B, RIFHCIEPHSEERIGARE SN, wiE
FRIER D RENE NI,

- T
‘ f(f.‘/n?ii!‘ . 200mg m K25 days

AMRI PRFESH
| BPA-PET | MRI

| BPA-PET

A :¢ y 745

LA
BSH &5 t !
“7  BrAss I it 7 RYY
BEbEITFaLYT
TRE MR (e

6 [EFIFBNCT & 5 2R 2 HEERRER GETH) D
Joka—iL

7 BNCT & XRABI MBS AROIEE

L LTRMESNDITIE, ETEFFELOBEE L2
272 b7y, R, IMIEE TORGEDM EofEEE~D):
M2 82 FENLOER LSV . IIEESTIETFIR OB
TENTHED D30 TN D, [EFATHETFRE L Cohnss
DEBITIUE, ERREEL U TOHEENTREE 721 . BNCT
DEFARZ BIET R LWIOFSERICBATE S &
N7 %, BUE, MR CEERAILREA BRI SN T
WA, ENTIIAE KRR T HERATNICRE SN TR
V. 2010 FFRKDOIEERDALAZ B 8 LEEIED ST 5B,

PET Journal 2011 £ 152 11

Presented by Medical*Online



PEYIR

T | 3F DUERERMEL LT, ZHE CORKREREZ SEA
THHERET e F a— VBT L, JFFFBNCT I L A%
SRAE[EISS 2 FHEGERERER  (UMINO00002385, NCT00974987) %
SEH B EFPRERE BRIE LT,

AT, FHEZWOBEEESRE L, e ha—
I T E TOR A ORENEN SN TS (BR6), 1%
BEEL R L LT, FEHLER 22475, ket
GEE B 2B Ve & B EFROFEELE L, BNCT R UXHR
SEBEH (246y) (A7) WT7EY eI K 2FHLIK
SR SEREDTERENR AR T Z L AL Lz, ¥
SRAEBID LA RHE TR D & D IZEDT,

1) FHHC & 0 RSO AE HTD
HEE

2) MRIFEBIZIBWT, RO Z EDNHEREINTNHEE, A
BEEHST > b b, —APEERICERS L, RGEHASEER L V6 cm
PINOREER] (F4rh36 em LLETH-TH, IEER T~
DI EHUT L0 BETIEE L I L7 AEFN LIS & T5)
B. EETHY, HBELEDR,

3) [FIEBUERHEEA 15mLL EToR L T DBE

4) Karnofsky Performance Scale (KPS) A360%LL EDEE

FEEO T Fa—UiE, 1) BNCT | 2) XERsyEIZMR
ft: 2Gy/Hx12H, 3) TFEY 1 I FHHES XEREMNR
FHET £ Cmg/maEH) | 4) TFY 1 I RikRpE kR
SE S BREHE T $150-200mg/me, 5 H HJ#%5-23 HIARR 240
B TV, UEMOBERGO%, 2T OBHAEL
1Pk & U, UboEmzEAE2/ER L, BETFEE®R
T B —TBERS L OB IERR I COMFEET TV, A3 H
MR - FEFIRSEE IR L T 5, BEEEFENL. B2k
RSB TH LN TEY 1 2 NI & DIEHERE & Ok %:

IR, T IE CORA OBNCTIARRIEE b & I HEE
FRAT ATV, 45M81 & L=,

7 BNCTO4S#

JIEERE BNCT 2SRRI U, BRETO R HEITE L.,
B A CIIEREE A EIRREOBEEIRRST, SRR L
B RIS ATREE 12 B, T4 HIL. BERCTEDR
PMASRENTWA, HHENEST /77 /7 ry— K
S o FFYNY =L 2T Mg EOFEERWR T #EKE
WIORERIGH bW S5 2, BUEBNCT 1, BERMERMIEEIC
Nz, ERIESHEIER., ZRATER., MR RAEIC LT
b FOBEETET TODIRIUZH B, IIEEIL D B A A,
T OEEBESERERIZS LT, BNCT 23 H72Brilvase
BT VIS L D) BEERORILE . BRRIREE T
T HVENRD D,

BEER

DIIEHERFA: PET journal 6: 26-9, 2009.

9)Barth RF, et al: Clin Cancer Res 11: 3987-4002, 2005.
3)Skold K, et al: Acta Neurol Scand, 2009.

4)Diaz AZ: J Neurooncol 62: 101-9, 2003.
5)Kawabata S, et al: J Neurooncol 65: 159-65, 2003.
6)Imahori Y, et al: Clin Cancer Res 4: 1825-41, 1998.
7)Miyashita M, et al: J Neurooncol 89: 239-46, 2008.
8)Kawabata S, et al: J Radiat Res (Tokyo) 50: 51-60,
2009.

9)Yamamoto T, et al: Radiother Oncol 91: 80-4, 2009.
10)Miyatake S, et al: Neurosurgery 61: 82-90, 2007.

FEIRERRTBIZRA  SFFFERTEP

BEREEIXATAILDHD

mmIU=AILPET

anreE LoEV
AR B K MEAE. EREN. SAEL. RS
o W OENASN. BASA. FYHEY

[3) exEmEEmRR

12 PET Journal 2011 5155

UNEEIATAILDI=HD

BHUNEUF-yaVER

WEIR NN HAAE W B
W R HEn
RN ERS. SARS. AARA. REEN. HHRT]. RS

FRED

[ sesEmEERRAR

Presented by Medical*Online



#38% H6H 201146 H 927
Current Organ Toplcs Central Nervous System Tumor
J)F—=<

0. EVERIES X 2 & 7 P Pl Pk
BR - (KBUERRSE  RREsED

i L &I

A& 7 Eh - TlPE#E%: (boron neutron capture thera-
py, BNCT) (/530 FRES 59 2 MR s R AY B s T
BB ME— DU RIERETH 5. BRI T BNCT D)L
B, EMERRAES CEMEMREIE & ERERE) OwEEEe,
EFE, BUHREROEE, SBROBESLRTH
ER Al

1. BNCT DJF:E

BNCT E#ATAHNC & B0 HE & TR & B
HREOR S DR E S OWBRETH L, TORME
LR 9IRS RIRGICIE a2 £
MaE, TP TE R 5. MIRILEWITEHTE
2L, BRICHVLED LEESNFPHTFICHIIEEA
SHBEETENE RV, MERTF °B) ohirat
BELEEZCRETAIT V7 7HBE)F T2 T
B) WA REET L, ZORTFOREEEAAMK 1
ZH L350 C, MFELEWTAFAMBIZERTER
i, BPAMBOAZHEL, MEOA-TVRWVWERD
MR RN TS Z L XSTTREL %2 5, BNCT T
AETBETLIOEFHT TR, TORTHETHY,
COXO AR ERYZHRERCL2FEOME
BNCT BAMCIZFEL BV

BNCT OB IZMEEWOEE~ORIRER &
T OEE~DORENRET 5. MBLEWOMBE~
DORFMWERIBITEOWEE, UTo2 5&2MAL T

AR

1 BNCT #EH

(Jpn J Cancer Chemother 38(6): 927-932, June, 2011)

BBE%b, TTHATIMENLEDD ) H BSH (so-
dium borocaptate) XEFIRAIEESIC LD, Bk Lo
BiEAM (BBB) 2> SEEBHCZBIRICEM S, LERET
¥ BBB 2R/ 5 7%, BSH &R S, &
—ODLEYMABPA TH Y, THIFLET I/ BTH
% phenylalanine # iR CHH LIILEWTH 5, L -
TEORBOITE LB CIIRBIICERT 5,
ZORBERILEwE 7 v EZESAVLAELOR L ——
L LTHIA§ADH F-BPA-PET TH b, ZOPET T
BPA OEBIFERTENIE, FOIEEO XHICHT 2
BZME MDY, BNCT ZLTHREREL, Z0#EIS
PEB L OHEFMICAPET AR TH 5, B
BiETo F-BPA-PET O FH % X 2A IZRT, 2B
R Gd &R T1 B ERICIZIET—H LT, Z0Ed
TEXMIEFERD 7 %0 BPA &R+ RO, 2% 0,
FIERALICIESS & IEFMIEANRA LT g, BPA HH
Th, EFHMRRICETEE 7 FOoN TR 5T
EBHTEERLTNAS,

2. BRI DARYR

Z DIEBIE biopsy T grade 3 Pl b M BE &
ZHish, BNCT # HWIZHMAS iz BI2ICPET &
HEMRI Z/R L7, REIOEFEZEBZ M 3ICRT,
BNCT # 1 EM CARISOBEERITERL, ZOBEH
53K PET L 2BFMROTFRUIENTHHI L
PHERTE B, OHEBFMOER I3 2 BNCT

F-BPA-PET, L/N ratio:7.0

T1-Gd MRI



928 BALBECE

BNCTHI

BNCTHI

BNCT
36MFH %

ORIERIR L4 ST 2. ZOEFD 1AL AR T 6 ISR T, ZOEKIE IS 2R
v IR TR, REEEOWE R B0, RRERTHET, TMZ 2L T, X BAHRE
PR WIRSENEIZ BT 5 BNCT ORIEE X 5 1R Y, EMAEBLO 1 BFIOEETIE, 23.50H L) 4T
Z DFEFNIZ gross total resection %, BNCT & 30 Gy @ B RErRLTwEY, BiHR» S L IZIZRAEDR
X @R E N, FRTEEEL TS, RISHIZET BRI ARSI TWE Y, F72, HRMRBIEICH L
EHEEL, AERORENEALZ OO, FEV TR THEN IR 2 B L TWa7,
F (TMZ) OBRAR LT, 5HMHEEEZRD TRV, 3. EMEERIEICH T BAESE
2007 48 F T2 BNCT 12 THER L7z H 2 W sEiE o HVEHREIENG & & b ITETRREIRIE O HEE PR RN
Feen,




#E3R%E H67T 2011F68

BNCT15E#

Survivalratio

929

BNCT650 B

BNCT14» B

- =-control
| <=BNCT
. ==BNCT with XRT

0 12

24

36 48 80

Time after diagnosis (months)
B 6 HHEZMIEE O AT

THY, BEFICESRT LI D%, 712 anaplastic
meningioma (ZX$ % BNCT DB ZRY. & DR
FELE DO FM, SRS HICEHREMEICHEEZ RO ERTH
57%%, BNCT I & h REICIEEHESTREE Y, /2
EHZBATH R & o 72% biubiuid 2011 46 2 A B
T 18 BIDEMBEIEICAREZERL T b, TTO
EFICIREOMANNEZ RO TV B, £HEBPH
FHAHENMETH 5,

4 . EERENEFIREIEDRE

FAREREREROMEM L LT, B U sE S 51

EhBe bHLAAT ORGSR BT S LS REEEt
WAERETH LA, MEBIROZMHEBEETDH S
BNCT &z &, ¢ TITHETRIBIRE D & 5 R
REHFRETAE, EEERGHRERZERET 2L
ROEEEV. B, BRTHREICH LT, mEN
B E TR TH 2R/ LT (BRE T NAF V)
PEERTEVIREDNZEINY, bbb R
WAL A, £ DEFTERZHD, M8
BNCT # 30 Gy @ X #HS % 0l 2 72 BHENWE O EFI 5
H L 22 E BB TR I B AN Y A T ORR




BALSROE

930
BNCT 1:ER38
{KiF 65.6 cm? §
BNCT 2R
A% 49.0cm?
BNCT 4:ERE1#%
#iE 25.4 cm?
B 7 EMHEE
BNCT & 1 20 B B OIS MARNIZ 2 Blcamik L, RITREEE 25,
BNCT % 1 BB THRITWRENLUE,
RN ARAT
pregs=q: ]
AT Ew! |
3EARE
B 8 WMEHELIZHTAENNY T TOME
2R, F RS EIEIE I T A RBRBIE O AR SHORE
HITIEH A%, Wil ST AREMEIE CORESFR LN REETHRA L7-BRs DA &, BESERDTA, R
7-OT, RFEBICHESLTB T, O THB i, WHREPRIBESEONARICHN L TESERT
&, BNCT Tiid 525, —RILIITKE ZHEGTEHET 5,

BIRCTHEAL D 2T HEIZETFELIRATE v,




3B F6FT 201146 H

BFrE—2A

LB fadeoft
B—i o N

Wkl

931

g — 2R

B9 TR

Cyclotron-Based Acceralator

Pb : used as a breeder and a reflector for high energy neutrons

Fe : used as a moderator

Al and CaF, : used as a shaper for epi-thermal region
Polyethylene : used as a shielding for high energy neutrons

Polyethylene

Collimator,

Beryllium target

10 ¥4 7w bo s B/NhnES:

BT RRIEKR MRS LETH D, 2oZoBicy s
VEFRATAIEICID, BREEEDRELHEE 2 S,
ZZTHHEPETIHEE LTRSS TEH SR Twb, £
DREBEZEIIRT. BTHRESES —7 Y MOHEET
AHZEICLDEFEEFLRIANF—ORHEFHFHAL,
RIEFTBEIL L2 2V F— it T % 25 L T B
CHEATAIENTE S,
NYYTLy—Fy bERAV, GHEBETETSLZ
L&D, y—Fy bowmEE WO MEN ) T —TE,
ERERMAS A 7 0 b o VRN RS & B T
FEZFEORBIOE L (K10). 2009 FE0RIELE

Been

55 ol slegroted Fiect

K[TERETENLZEL I, TTRLEG LM
ERAEL, A-—BROVR-MZLY, bhbiid
TS CEREMEFBESR A (PMDA) CHREHGEY
TBIELTWA,

COEEETHVAIZILICLD, BN BNCT &
B0, REPNIL) —BULERELTCERTZ20LH
BT %

X  w

1) Coderre JA and Morris GM: Review: The radiation biolo-
gy of boron neutron capture therapy. Radiation Res
151: 1-18, 1999.




932

2)

3)

4)

5)

Miyatake S, Kawabata S, Kajimoto Y, ef al: Modified bor-
on neutron capture therapy (BNCT) for malignant
gliomas using epithermal neutron and two boron com-
pounds with different accumulation mechanisms—Effec-
tiveness of BNCT on radiographic images—. J Neurosur-
gery 103: 1000-1009, 2005.

Kawabata S, Miyatake S, Kuroiwa T, et ¢/: Boron neutron
capture therapy for newly diagnosed glioblastoma. J Rad
Res 50:51-60, 2009.

Yamamoto T, Nakai K, Kageji T, et al: Boron neutron
capture therapy for newly diagnosed glioblastoma. Ra-
diother Oncol 91: 80-84, 2009.

Miyatake S, Kawabata S, Yokoyama K, et al: Survival
benefit of boron neutron capture therapy for recurrent
malignant gliomas. J Neuro-Oncol 91: 199-206, 2009.

6)

7)

8)

9

BAUSREE

Tamura Y, Miyatake S, Nonoguchi N, et a/: Boron neu-
tron capture therapy for recurrent malignant meningio-
ma. Report of first trial. J Neurosurgery 105:898-903,
2006.

Miyatake S, Tamura Y, Kawabata S, et @/ Boron neutron
capture therapy for malignant tumors related to menin-
giomas. Neurosurgery 61:82-91, 2007.

Gonzalez J, Kumar AJ, Conrad CA, et al: Effect of bevaci-
zumab on radiation necrosis of the brain. /nt J Radiat
Oncol Biol Phys 67:323-326, 2007.

Furuse M, Kawabata S, Kuroiwa T, ef al: Repeated treat-
ments with bevacizumab for recurrent radiation ne-
crosis in patients with malignant brain tumors: a report
of 2 cases. J Neuro-Oncol (in press)




Lasers in Surgery and Medicine 43:52-58 (2011)

Application of a Novel Boronated Porphyrin (H,OCP) as a
Dual Sensitizer for Both PDT and BNCT

Ryo Hiramatsu, mp,! Shinji Kawabata, Mp, PhD,* Shin-IchivMiyatake, b, Php,! Toshihiko Kuroiwa, mp, pup,!

Michael W. Easson, php,Z and M. Graca H. Vicente, Php®

IDepartment of Neurosurgery, Osaka Medical College, Osaka 569-8686, Japan
2Department of Chemistry, Louisiana State University, Baton Rouge, Louisiana 70803

Background and Objective: Boronated porphyrins have
emerged as promising dual sensitizers for use in both photo-
dynamic therapy (PDT) and boron neutron capture therapy
(BNCT), by virtue of their known tumor affinity, low
cytotoxicity in dark conditions, and easy synthesis with high
boron content. Octa-anionic 5,10,15,20-tetra[3,5-(nido-
carboranylmethyl)phenyl] porphyrin (H,OCP) is a boro-
nated porphyrin having eight boron clusters linked to the
porphyrin ring. To evaluate HoOCP’s applicability to both
PDT and BNCT, we performed an in vitro and ex vivo study
using F98 rat glioma cells.

Materials and Methods: We examined the time-depend-
ent cellular uptake of H;OCP by measuring the boron con-
centration over time, and compared the cellular uptake/
clearance of boron after exposure to HoOCP in conjunction
with boronophenylalanine (BPA) and sodium borocaptate
(BSH), both of which are currently used in clinical BNCT
studies. We evaluated the cytotoxicity of HoOCP-mediated
PDT using a colony-forming assay and assessed the tumor-
igenicity of the implantation of pre-treated cells using
Kaplan—Meier survival curves. Fluorescence microscopy
was also performed to evaluate the cellular uptake
of H,OCP.

Results: H,OCP accumulated within cells to a greater
extent than BPA/BSH, and H,OCP was retained inside
the cells to approximately the same extent as BSH. The
cell-surviving fraction following laser irradiation (8 J/
em?, 18 hours after exposure to 10 ug B/ml H,OCP) was
<0.05. The median survival times of the pre-treated cell-
implanted rats were longer than those of the untreated
group (P < 0.05). The fluorescence of Hy;OCP was clearly
demonstrated within the tumor cells by fluorescence
microscopy.

Conclusions: H,OCP has been proven to be a promising
photosensitizer for PDT. H,OCP has also been proposed as
a potentially effective replacement of BPA or BSH, or as a
replacement of both BPA/BSH. Our study provides more
evidence that H;OCP could be an effective novel dual sensi-
tizing agent for use in both PDT and BNCT. Lasers Surg.
Med. 43:52-58, 2011. © 2011 Wiley-Liss, Inc.

Key words: boron neutron capture therapy; boronated

porphyrin; F98 rat glioma cells; H,OCP; photodynamic
diagnosis; photodynamic therapy

© 2011 Wiley-Liss, Inc.

INTRODUCTION

The prognosis of patients with malignant glioma, especi-
ally glioblastoma (GB), is poor. The median survival of GB
patients is <2 years after the initial diagnosis [1], with
most recurrence occurring at the site of the original tumor.
Therefore, more aggressive local therapies are necessary
to eradicate unresectable tumor cells that invade adjacent
normal brain tissue. Two adjuvant therapies with the poten-
tial to destroy these cells are photodynamic therapy (PDT)
[2-4] and boron neutron capture therapy (BNCT) [5-8].
Both are bimodal therapies, the individual components of
which are non-toxic in isolation but tumoricidal in combi-
nation. Boronated porphyrins have emerged as promising
dual sensitizers for both PDT and BNCT by virtue of the
following characteristics: tumor affinity by the porphyrin
ring; ease of synthesis with a high boron content; low cyto-
toxicity in dark conditions; and desirable photophysical
properties, including strong light absorption in the visible
and near infrared regions, the ability to generate singlet
oxygen upon light activation, and fluorescence properties
[9,10]. Several boronated porphyrins havebeen synthesized
and evaluated in cellular and animal studies [9,10]. Among
these, boronated porphyrins BOPP [11,12] and CuTCPH
[13], each containing four boron clusters, have been exten-
sively investigated. This type of boronated porphyrin was
found to selectively deliver therapeutic concentrations of
boron into tumor cells with low cytotoxicity in dark con-
ditions and with long retention times within tumors.
Boronated porphyrins having high boron content (up to
16 boron clusters) have been reported, [9,14] and it hasbeen
postulated that this type of compound could potentially
deliver higher amounts of boron to tumors at the same dose.
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In particular, the synthesis and cellular evaluation of
theocta-anionic5,10,15,20-tetral3,5~(nido—carboranylme-
thyl)phenyl] porphyrin (H,OCP), containing eight boron
clusters (38% boron by weight), have been reported pre-
viously bythe authors[15]. In that study, H;{OCP wasshown
todeliver high amountsofboron tohuman glioma T98G cells
with low cytotoxicity in dark conditions. In this study, we
evaluated the potential of HoOCP as a dual sensitizer for
both PDT and BNCT using F98 rat glioma cells. Although
several boronated porphyrins have been proposed as boron
delivery agents for BNCT, only a few have been investigated
as dual sensitizers for both PDT and BNCT of tumors [9,16].

MATERIALS AND METHODS

Boron Delivery Agents

The Hy;OCP was prepared as previously described [15].
Boronophenylalanine (BPA) (L-isomer) was kindly supplied
by the Stella Chemifa Corporation (Osaka, Japan) and was
prepared as a fructose complex [17]. Sodium borocaptate
(BSH) was purchased from Katchem Ltd. (Katchem,
Prague, Czech Republic) and dissolved in sterile saline.

Cell Culture

F98 rat glioma cells produce infiltrating tumors in the
brainsofFischerrats[18]. Thetumorshavebeenshowntobe
refractory to a number of treatment modalities, including
radiation therapy [19]. Based on their in vivo histology, the
F98ratgliomacellshavebeen characterized asanaplasticor
undifferentiated glioma [20]. In the present study, F98 rat
glioma cells were kindly obtained from Dr. Barth (Depart-
ment of Pathology, the Ohio State University, Columbus,
OH). They were routinely cultivated in our laboratory in
Dulbecco’s Modified Eagle Medium supplemented with 10%
fetalbovine serum and penicillin at 37°Cin an atmosphere of
5% COs. All the materials for the culture medium were
purchased from Gibco Invitrogen (Grand Island, NY).

Cellular Uptake/Clearance of Boron

The F98 rat glioma cells were seeded in 100 mm dishes
(BD Falcon™, Franklin Lakes, NJ), and the culture
medium without HoOCP was exchanged for the HyOCP-
containing culture medium just before confluence. In all
cellular studies, three 100 mm dishesforeach cellular study
were used. HoOCP was dissolved in DMSO prior to dilution
into the culture medium; the final DMSO concentrations
never exceeded 1%. After the completion of exposure, the
H,0OCP-containing culture medium was removed and the
cells were washed twice with 4°C phosphate-buffered saline
(PBS). Finally, the cells wereretrieved using trypsin and fed
60% nitric acid in the cellular solution to extract intracellu-
lar boron. In order to evaluate the time-dependent boron
uptake, the cells were exposed to 20 g B/mlof HyOCP for 6,
12, or 18 hours. Cellular uptake/clearance experiments
were conducted using culture media containing 20 pg B/
ml boron from either the HoOCP, BPA, or BSH stock
solutions and were exposed to the cells for a 12-hour period,
followed by clearance times of 0, 2, and 6 hours. The boron
concentrations were analyzed by inductively coupled

plasma atomic emission spectrometry (ICP-AES) using
an iCAP6000 emission spectrometer (Hitachi High-
Technologies, Tokyo, Japan). PBS and trypsin were pur-
chased from Gibco Invitrogen, and the 60% nitric acid
was purchased from Wako Pure Chemical Industries
(Osaka, Japan).

Colony-Forming Assay

F98rat glioma cells were incubated in culture media with
two different doses of HoOCP (5 and 10 pg B/ml) and with-
out HoOCP (control) for 18 hours in 150 cm? flasks (TPP®;
Zollstrasse, Trasadingen, Switzerland). Following incu-
bation, the cells were retrieved from the flasks, seeded onto
60 mm dishes (BD Falcon™) with 10* cells each and irra-
diated with visible light of 405 nm from a diode laser (Ball
Semiconductor, Frisco, TX). The cellswereevenlyirradiated
at powers of 0 (control), 2, 4, and 8 J/cm?. Following laser
irradiation, the cells were seeded onto dishes; each with
the same predetermined number of cells, iteratively.
After 7 days, all of the colonies (>50 cells) were counted
and assessed by calculating the cell-surviving fraction.

Tumorigenesis of In Vitro Pre-Treated
Tumor Cells

In the treated group, F98 cells were exposed to 20 pg B/ml
H;0CP for 12 hours at 37°C prior to laser irradiation (4 J/
cm?), after which the tumor cells were implanted into 10 male
Fischer rats. As a control study, untreated F98 cells were
prepared and implanted in five male rats. Dead cells were
stained with trypan blue just before implantation, counted
under microscope, and expressed as a percentage of total cells
per field-of-view segment. Viable cells were counted and were
implanted into the rat brains. All male Fischer rats (200—
250 mg) were anesthetized with an intraperitoneal injection
of Nembutal (50 mg/kg) and placed in a stereotactic frame
(Model 900, David Kopf Instruments, Tujunga, CA). A mid-
line scalp incision was made and the bregma was identified.
A 1 mm 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 stereo-
tactic coordinates, with the needle tip inserted 5 mm into
the dura. An injection of 10% cells in 10 pl of serum free
medium was administered at a rate of 1 pwl/minute. After
the infusion, the needle was left in place for 3 minutes and
the burr hole was then covered with bone wax. After implan-
tation surgery, the body weight and neurological function of
the rats were monitored daily. One day before death became
imminent (defined by significant weight loss and a lack of
activity or severe neurological deficits), therats were euthan-
ized and Kaplan—-Meier survival curves were plotted and
analyzed.

Cytotoxicity of H;OCP in Dark Conditions

We examined the cytotoxicity of HoOCP inthe dark with a
viable cell-countingmethod and acolony-formingassay. F98
rat glioma cells were seeded in 100 mm dishes and were
incubated in culture media containing two different concen-
trations of HoOCP (0, 20 pg B/ml) for cell counting. After
exposure to HoyOCP for 24 hours, the cells were counted
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using the trypan blue dye exclusion method. This assay was
performed in triplicate. The cytotoxicity in the cell count was
assessed by the percentage of viable of cells. For the colony-
forming assay, F98 rat glioma cells were seeded in 100 mm
dishes and were incubated in culture media containing five
different concentrations of H,OCP (0,5, 10, 20,40 pg B/ml).
After exposure to HyOCP for 24 hours, the cells were
retrieved from the dishes and were seeded onto 100 mm
dishes, each with the same predetermined number of cells.
This assay was also performed in triplicate. After 7 days, all
of the colonies (>50 cells) were counted and assessed by
calculation for the cell-surviving fraction.

Fluorescence Microscopy

F98 rat glioma cells were seeded in a two-well chamber
mounted on glass slides with a cover (Nalge Nunc
International, Rochester, NY) and the culture medium with-
out HoOCP was exchanged for the H;OCP-containing cul-
ture medium just before confluence. The cells were exposed
t020 pg B/mlIH,OCP for 24 hours. After exposure, the glass
slides were washed with 4°C PBS and the two-well chamber
was removed. The nucleus-specific hoechst dye (Hoechst
33342, Lonza, Maryland, MD) was added (10 wg/ml) and
the glass slides mounted onto cover glasses using DPX
Mountant for histology (44581, Fluka Biochemika,
Darmstadt, Germany). The two-well chamber slides were

observed using an inverted fluorescence microscope system
(BZ-8000, Keyence, Tokyo, Japan).

RESULTS

Cellular Uptake/Clearance of Boron

The measured cellular boron concentrations obtained by
in vitro cellular delivery using HyOCP were 158.2 + 3.8,
272.2 + 15.3, and 405.1 + 22.6 ng B/ml 10° cells after 6,
12, and 18 hours of exposure, respectively. Nearly three
times more boron was found within cells after 18 hours of
exposure than after 6 hours of exposure (Fig. 1). The deter-
mined cellular boron concentrations for in vitro cellular
uptake/clearance of boron in response to exposure to
H,;0CP, BPA, and BSH for 12 hours were 272.2 + 15.3,

S00 7
400
300
200 4

100 1

Boron concentration{ng/10°cells)

0 6 12 18

H,OCP exposure time {H)

Fig. 1. Cellular uptake of boron (ng B/ml 10° cells) after 6,
12, and 18 hours of exposure to 20 pg B/ml H,OCP.

239.7 £ 12.3, and 85.2 + 2.0 ng B/ml 10° cells, respect-
ively. In contrast, at 6 hours after exposure the cellular
boron concentrations were 246.7 + 14.6, 84.9 + 0.7, and
67.0 + 4.6 ng B/ml 10° cells, respectively. At the same
boron dose, H;OCP delivered significantly higher amounts
of boron to cells than did BPA or BSH (log-rank test,
P < 0.05). Furthermore, while BPA cleared rapidly from
cells, both HoOCP and BSH showed high cellular retention
of boron for up to 6 hours (Fig. 2).

Colony-Forming Assay

The cytotoxicity of H;OCP determined by laser irradia-
tion using a colony-forming assay showed that the surviving
fraction of cells following exposure to H;OCP (10 wg B/ml
for 18 hours) and laser irradiation was 0.326 + 0.031,
0.246 + 0.037, and 0.045 + 0.001 using 2, 4, and 8 J/em?
light dose, respectively. Under the same conditions, the
surviving fractions of the laser-only control (without
H;0CP) were 0.861 + 0.182, 0.776 + 0.035, and 0.299 +
0.023, respectively. The most efficient PDT-induced tumor-
icidal effect was achieved when the cells were irradiated
with 8 J/ecm?, 18 hours after exposure to HyOCP (<0.05)
(Fig. 3).
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Fig. 2. Comparison of cellular uptake/clearance of boron
(ng B/ml 10° cells) after exposure to 20 ng B/ml of either
H,0CP, BPA, or BSH under identical conditions. Left and
right Y-axes show the measured value (ng B/ml 10° cells)
and percentage of boron concentration, respectively. The cel-
lular uptake of boron using HoOCP showed values higher
than those for BPA and BSH (P < 0.05), and the cellular
retention of boron using HyOCP showed values similar to
those obtained using BSH.
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Fig. 3. Colony-forming assay using F98 rat glioma cells
exposed to 0 (control), 5, and 10 pg B/ml of HyOCP and irra-
diated with light doses of 0, 2, 4, and 8 J/em?, respectively.
The cell-surviving fraction following laser irradiation (8 J/
em?, 18 hours after exposure to 10 ug B/ml H;OCP) was
<0.05.

Tumorigenesis of In Vitro Pre-Treated Tumor Cells

The observed tumorigenicity of the implanted pre-treated
cells using Kaplan—Meier survival curves revealed median
survival times of 12 and 14 days in the untreated and the
treated groups, respectively, and mean survival times
of 11.8 and 14.6 days after implantation, respectively.
In Kaplan—Meier survival curve analysis, these survival
times demonstrated a significant difference (log-rank test,
P < 0.05) (Fig. 4).

Cytotoxicity of H;OCP in Dark Conditions

The viable cell-counting method revealed the following
results. The percentage of cell viability with exposure of
20 pg B/ml HyOCP was 98.0 & 1.4% (mean + SD), while
that of cell viability without HOCP was 98.0 £ 0.9%. The
colony-forming assay showed the following: the surviving
fractions with each boron concentration (0, 5, 10, 20,
40 pg B/ml HyOCP) were 1, 0.99 & 0.04 (mean + SD),
0.98 + 0.05, 0.98 + 0.01, and 0.98 £ 0.03, respectively.
These results showed no significant differences (Welch’s ¢-
test, P > 0.05).

Fluorescence Microscopy

The fluorescence microscopy showed the intracellular
porphyrin fluorescence and images from the co-localization
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Fig. 4. Kaplan—-Meier survival curves following in vitro pre-
treated F98 cells using HyOCP-mediated PDT. Rats were
implanted i.c. with F98 cells and were either untreated (dot-
ted line) or treated with PDT (continuous line). Cells were
exposed to 20 pg B/ml of HoOCP for 24 hours at 37°C prior to
laser irradiation. After laser irradiation (4 J/em?), the tumor
cells were implanted into the rats. Cell viability was deter-
mined by trypan blue exclusion staining and 10° viable cells
were implanted stereotactically into the caudate nucleus.
The median survival times of the untreated control and the
treated group were 12 and 14 days, and the mean survival
times were 11.8 and 14.6 days after implantation, respect-
ively (P < 0.05).

experiment using the nucleus-specific Hoechst dye. These
results showed that HoOCP was taken up into the cells and
also localized in the nuclei (Fig. 5B-D). Although the cells
showed evidence of cytotoxic damage, the cytotoxicity
of H,OCP in dark conditions was not found at twice the
concentration of HoOCP used in this fluorescence micro-
scopy experiment. (Fig. 5A).

DISCUSSION

BNCT is a targeted chemo-radiation therapy that signifi-
cantly increases the therapeutic ratio relative to conven-
tional radiotherapeutic modalities. In BNCT, a '°B-labeled
compound delivers therapeutic concentrations of ]
(~30 pg °B/g tumor) to the target tumor, with high
tumor-to-blood and tumor-to-normal-tissue ratios and low
cytotoxicity[5,6]. Subsequently the tumor isirradiated with
epithermal neutrons that become thermalized at a certain
depth within the tissues. The short range (<10 wm) of the a
and "Li high linear energy transfer (high-LET) particles
released from the °B(n, «) "Li neutron capture reaction
makes the tumor microdistribution of 1°B critically import-
ant in BNCT [21]. Since the high-LET particles are
highly cytotoxic, their killing effect depends on the site of
generation. These characteristics contribute to the tumor
selectivity and strong tumoricidal activity of BNCT, with
negligible damage to normal tissue. Therefore, if sufficient
quantities of boron can be selectively delivered to tumor
tissues, BNCT could be an ideal tumor-selective particle
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Fig. 5. Images obtained using an inverted fluorescence microscope. A: Bright field image.
Although the cells showed evidence of cytotoxic damage, the cytotoxicity of HoOCP in dark
conditions was not found at twice the concentration of HoOCP used in this fluorescence
microscopy experiment. B: Fluorescence of porphyrin Hy;OCP. C: Nuclear fluorescence by
Hoechst dye (excitation wavelength was 340—-380 nm). D: Merged image. (Magnification of
all images: x600).

beam irradiation local therapy for malignant gliomas.
Clinically, BPA and BSH are currently available for
BNCT as boron delivery agents. BPA is a boronated deriva-
tive of an essential amino acid (L-phenylalanine) that is
actively taken up by tumor cells, presumably via the amino
acid transport mechanism [22]. BSH, on the other hand, is
believed to preferentially accumulate within tumor tissue
via a partially destroyed or leaky blood brain barrier, and is
thought to be retained longer than BPA due to its higher
hydrophobic character [23]. We have used both of these
boron delivery agents in combination in clinical BNCT stud-
ies, and have previously been reported on the survival
benefit from BNCT for newly diagnosed GB patients [7] as
well as for recurrent malignant glioma patients [8].
However, the present results using BPA and BSH are far
from satisfactory, and the use of more effective boron deliv-
ery agents should provide enhanced clinical outcomes for
BNCT. The so-called third-generation of boron delivery

agents [6], including boronated porphyrin derivatives, mol-
ecular-targeted agents (e.g., to EGFR), and liposome-linked
boron delivery agents could potentially greatly increase the
efficacy of BNCT in the clinical setting. Among these boron
delivery agents, boronated porphyrins are particularly
promising becausethey contain aporphyrinring with tumor
affinity, and they are alsoexcellent photosensitizers for PDT
[9]. In a similar fashion to BNCT, PDT is a localized therapy
that relies on the specific uptake of a photosensitizer in the
tumorrelativetothe surrounding normal tissue, followed by
laser irradiation for activation of the photosensitizer [2,24].
The photoactivation of the sensitizer causes oxidative dam-
age to a variety of cellular targets via the release of singlet
oxygen and other reactive oxygen species, with subsequent
tumor necrosis. To date, the clinical trials with PDT
employed as an adjuvant treatment for human gliomashave
used the poorly defined heterogeneous porphyrin mixture
hematoporphyrin derivative (HpD) or its more enriched
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commercial preparation, Photofrin [2], which does not con-
tain boron. This photosensitizer has been shown to localize
preferentially in glioma relative to normal brain tissue.
Moreover, reports of PDT as a treatment for animal and
human glioma have been encouraging, and a photosensi-
tizer that is more tumor selective than HpD or Photofrin
would have great clinical benefits.

In this study, our results showed the positive efficacy of
PDT using H,OCP in a colony-forming assay (Fig. 3) and
in tumorigenesis of in vitro pre-treated cells in Fisher
rats (Fig. 4). Additionally, H;OCP accumulated within
the glioma cells to a significantly higher extent than BPA
or BSH (P < 0.05), and was retained inside the cell to
approximately the same extent as BSH (Fig. 2). Based on
these findings, we postulated that HoOCP could be applied to
both PDT and BNCT for treatment of glioma tumors. In the
fluorescence microscopy experiment, although the cells in
the bright field image showed evidence of cytotoxic damage
(Fig. 5A), the cytotoxicity of H;OCP in dark conditions was
not observed, even at double the concentration of HyOCP
used in the fluorescence microscopy experiment. Therefore,
we considered that the damage to the cells in the bright field
image was most probably due to technical complications
related to irradiation with the laser during imaging, rather
than to the cytotoxic effects of HoOCP itself. Furthermore,
H;OCP was shown to be taken up by F98 rat glioma cells
(Fig. 5B-D). Therefore, our results suggest that HoOCP can
be used intraoperatively for photodynamic diagnosis (PDD)
and fluorescence-guided resection of brain tumors.

Pre-operative administration of a boronated porphyrin
has a number of advantages in the clinical setting. As
noted previously, boronated porphyrins are useful in
PDD and in fluorescence-guided resection of brain tumors
during surgery. Using fluorescence-guided resection of
such tumors during surgery, the resection rate can be aug-
mented, with expected further improvements in patient
prognosis [25]. In addition, boronated porphyrins can be
used with intra-operative PDT and post-operative BNCT.
Although the initial results with commonly used photosen-
sitizers for PDT such as Photofrin (or its unpurified form
HpD) were very encouraging, treatment failures did occur,
mainly due to the limited penetration of light into the
brain. In cases with deep lesions, PDT alone may be
inadequate to achieve complete tumor treatment, and it
would be preferable in such cases to use BNCT as a supple-
mentary treatment, with boron-containing porphyrin as a
photosensitizer. Fairchild et al. [26] reported that thermal
and epithermal neutrons are transported to a depth of
approximately 10 cmin fact, BNCT hasbeen shown to treat
deeplesions. Since boronated porphyrins can be effective for
BNCT asboron delivery agents while retaining their photo-
sensitizer ability, the limited penetration of light can be
overcome using a combination of BNCT and PDT for the
treatment of human gliomas.
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