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the target cell population once localized to the tumor sites [9]. For
targeted '°B delivery in BNCT, immunoliposomes have been
employed by linking tumor-targeting ligands to liposome such as
antibodies or receptor ligands such as folate [10], transferrin [11]
and epidermal growth factor (EGF) [12].

EGFR is a 170-kDa transmembrane tyrosine kinase and the EGFR
gene is often amplified in human GBMs. EGFRVIII, which has an in-
frame deletion of exons 2-7 of the extracellular domain of the EGFR
gene, is constitutively expressed and amplified in up to 57% of
GMBs [13,14]. EGFR is overexpressed in GMB, but is undetectable or
weakly expressed in normal brain. Therefore, EGFR is an attractive
molecular target for the specific delivery of therapeutic agents to
high-grade gliomas [15,16]. An antibody can be directly linked to
a liposome through covalent conjugation to a functional group on
the liposome [17] or can be post-inserted into a preformed lipo-
some via the micelles of an antibody-lipid conjugate [18,19].

We previously used hollow bionanocapsules (BNCs) composed
of modified L protein (the hepatitis B virus surface antigen) for tar-
geting brain tumors [20]. In the present study, BSH was encapsulated
into a nickel-liposome and recombinant ZZ-His (IgG Fc-binding
motif) was used as an adaptor to conjugate anti-EGFR antibody to
the nickel-liposome, resulting in an immunoliposome. Three glioma
cell lines, parental U87 glioma cells (PAU87) and human wild-type
EGFR and EGFRvIlI-transfected U87 glioma cells (U87 WT and U87
AEGFR), were used to evaluate the efficiency with which B was
delivered by the immunoliposomes in vitro and in vivo.

2. Materials and methods
2.1. Lipids and chemicals

1,2-Dioleoyl-sn-glycero-3-[(N-(5-amino-1-carboxypentyl)iminodiacetic acid)-
succinyl] nickel (abbreviated as DOGS-NTA-Ni) and the fluorescent analog 25-[N-[(7-
nitrobenz-2-oxa-1,3-diazol-4-yl)-methyl]amino]-27-norcholesterol (abbreviated as
NBD-cholesterol) were purchased from Avanti Polar Lipids (Alabastar, AL). DOPC,
DOPG and DSPE-PEG;900 Were obtained from Nippon Oil and Fats (Tokyo, Japan).
BSH (NazBjsHySH, '°B enriched >99%) was purchased from Katchem Ltd.
(Czechoslovakia). Chloroform, diethyl ether and cholesterol were acquired from
Wako Pure Chemicals (Japan).

2.2. Preparation of liposomes

Liposomes composed of DOPC:DOPG:DOGS-NTA-Ni:CH:DSPE-PEG;qg0(3:3:1:4:0.1,
molar ratio) were prepared according to the reverse-phase evaporation (REV) method
[11] with slight modification. Briefly, 100 pmol of lipid was dissolved in 2 mL of a chlo-
roform/diethyl ether mixture (1:1 v/v), and 1 mL of a 50 mm BSH solution was added.
The ratio of the organic to aqueous phase was 2:1. To prepare liposomes for experiments
in vivo, a 300 mm BSH solution was used. The mixture was sonicated for 1 min to form
a W/0 emulsion and evaporated with reduced pressure in a rotary evaporator at 50 °C
until a gel was formed. Ten cycles of freezing (dry ice) and thawing (60 °C water bath)
were then applied. To obtain liposomes with a homogeneous size distribution, the
liposome emulsion was extruded through a polycarbonate membrane 100 nm in pore
size using an extruder device at 60 °C. The mean diameter and zeta-potential of the
prepared liposomes were determined with an electrophoretic light scattering spec-
trophotometer (ELS-8000, Photal, Tokyo, Japan). Unencapsulated free BSH was removed
by an Amersham sephadex G-50 column (1 x 30 cm). For the preparation of fluorescent
liposomes, 1 mol% of NBD-cholesterol was added to the lipid solution,

2.3. Expression and purification of ZZ-His protein

The ZZ gene was cloned into pET-22b (+) (Novagen, Madison, WI) and intro-
duced into E. coli BL21 (DE3). The expression and purification of ZZ-His were per-
formed as described [21]. Briefly, recombinant proteins were induced by the
addition of 1 mm isopropyl-B-p-thiogalatopyranoside (IPTG) when the optical
density (OD) of the cell culture at 600 nm reached 0.6. The expressed proteins were
purified from the supernatant using ProBond Nickel-chelating resin (Invitrogen) and
dialysed against PBS (pH 7.4) at 4 °C for 24 h. The proteins were stored at —80 °C
prior to use.

2.4. Cell lines and cell culture

Three human glioma cell lines (kindly donated by Professor Webster K. Cavenee
of the University of California at San Diego) were used. U87 AEGFR expresses

EGFRVIII (145 kDa); U87 WT expresses wild-type EGFR (170 kDa); and PAU87
(parental) expresses no EGFR. The cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) (GIBCO) with 10% fetal bovine serum (FBS), penicillin and
streptomycin at 37 °C in a humidified atmosphere containing 5% CO,. Rat primary
astrocytes were prepared from a newborn Wistar rat (Japan SLC, Inc.) as described
previously [22].

2.5. Antibody-mediated ZZ delivery to EGFR-overexpressing glioma cells

To identify the ability of antibody-directed ZZ-His delivery, we first analyzed the
expression level of EGFR in different cells. PAU87, U87 AEGFR, and U87 WT cells and
primary astrocytes were homogenized by sonication in a boiling buffer containing
1% SDS and Western blotting was carried out as described previously [23]. The blots
were probed with an anti-EGFR mouse mAb (101-7300-0, Katayama Chemical Inc.,
Japan) or the anti-EGFR rat mAb ICR10 (Abcam, Cambridge, UK). After incubation
with the appropriate secondary antibody conjugated with horseradish peroxidase
(Sigma-Aldrich), positive bands were visualized using an enhanced chem-
iluminescence detection system (Amersham Biosciences, Pittsburgh, PA).

For delivering ZZ-His into cells via antibody, 18 pg of ZZ-His and anti-EGFR
mouse antibody were mixed at a molar ratio of 5 to 1 (ZZ-His to antibody) in 200 pL
of PBS (pH 7.4) and rotated at 4 °C for 2 h. Then the ZZ-mAb complex was added to
PAU87, U87 AEGFR, U87 WT and the primary astrocytes. As a control, only ZZ-His
was added. After 2 h of incubation, the cells were washed with PBS twice and treated
with 0.025% trypsin to remove surface-binding antibody. They were then resus-
pended in PBS twice before sonication and subjected to Western blotting using an
anti-His (C-term) mouse monoclonal antibody (Invitrogen).

2.6. Analysis of liposome-ZZ-mAb complex (immunoliposome) by
ultracentrifugation, Western blotting and lipid measurements

To determine the binding ability of nickel-liposomes and ZZ-His, the two were
mixed at a molar ratio of 20-1 (nickel lipid: ZZ-His), rotated at room temperature for
1 h, and then subjected to sucrose gradient ultracentrifugation. Two milliliters of
each 10, 20, 30, 40 and 50% sucrose solution was used to prepare the gradient. After
16 h of ultracentrifugation at 35,000 rpm using a Beckman coulter optima-LE-80k
ultracentrifuge (rotor SW 41), 1 mL was drawn out and samples were resolved by
SDS-PAGE and then transferred to nitrocellulose membranes (Hybond ECL, Amer-
sham Biosciences). Western blotting was performed as described above. The lipid in
each fraction was analyzed by the DAOS method using a Phospholipids C reagent kit
(Wako Pure Chemical Inc. Ltd., Japan).

For a large amount of immunoliposome, the free ZZ protein was separated by
a Sepharose CL-4B column (15 x 70 mm) and the collected liposome-ZZ was
concentrated with Amicon Ultra-15 centrifugal filter devices (Millipore). The anti-
body was conjugated to the liposome-ZZ at a molar ratio of 1 to 20 (mAb:ZZ) and the
free antibody was separated with a Sepharose CL-4B column.

2.7. Immunohistochemical analysis (IHC) and measurement of °B content in vitro

Immunoliposomes were prepared with anti-EGFR rat or mouse mAb for IHC and
measuring '°B content, respectively. IHC was carried out to analyze the distribution
of '°B in vitro. Cells were incubated for 24 h and BSH, liposome, liposome-ZZ, and
immunoliposome were added. The final '°B concentration was 1 pg/mL and the
antibody concentration was 3 pg/mL. After 3 h of incubation, the cells were washed
with PBS twice, fixed with 4% paraformaldehyde (PFA) for 10 min, and then incu-
bated with anti-BSH mouse mAb [24]. The secondary antibody was Cy3-conjugated
mouse IgG. Fluorescence signals were observed using a confocal laser microscope
(FluoView, Olympus, Japan).

To detect 1B in cells, BSH, liposome, liposome-ZZ, and liposome-ZZ-mAb were
added in 6-cm dishes. After 3 h of incubation, the cells were washed with PBS,
dissolved in 200 pL of concentrated nitric acid overnight, and diluted with 5 mL of
MillQ water. For liposome-ZZ and immunoliposome-treated cells, 250 mm of
imidazole was used for an additional wash to remove surface-bound liposome. The
198 content was measured by inductively coupled plasma-atomic emission spec-
trometry (ICP-AES, Vista Pro, Seiko Instruments, Japan).

To analyze the effect of the antibody concentration on the delivery of '°B, 1 mm
of liposome was incubated with U87 AEGFR cells in the presence of 0.1,0.5, 1, 3, 5, 10,
or 50 pg/mL of mAD for 3 h. To analyze the effect of time on the delivery, 3 pg/mL of
antibody was used and U87 AEGFR cells were incubated with 1 mM of immunoli-
posome for 1, 3, 5, 7, 12 and 24 h. The '°B measurements were carried out as
described above.

2.8. Brain tumor model and detection of immunoliposomes in vivo

U87 AEGFR cells (5 x 10° cells/5 pL) were injected into the striatum of female 4-
to-6 week-old nude mice (15-20 g, BALB/c Slc-nu/nu; Japan SLC) as described [24].
After two weeks, 400 pL of NBD-liposome and NBD-immunoliposome was admin-
istered into tumor-bearing mice intravenously via the tail. After 4 h and 24 h, the
mice were sacrificed and the brains were placed in PBS. Sections of 10-pm thickness
were cut on a microtome (CM 1850, Leica Microsystems, Wetzlar, Germany). IHC was
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Fig. 1. EGFR expression level in different cell lines and antibody-mediated ZZ-His delivery. (A) Cell lysates of primary astrocytes and glioma cell lines U87 AEGFR, U87 WT, and
PAU87 were subjected to 6% SDS-PAGE and transferred to PVDF membranes. Anti-EGFR mouse monoclonal antibody was used for detection of the wild-type and vlIl EGFR. (B) ZZ-
mAb and ZZ were incubated with cells for 2 h and the delivered proteins were detected by anti-His mouse mAb.

carried out as described above. The fluorescence labeling of liposomes was observed
immediately after the sections were prepared.

For the analysis of the distribution of B, immunoliposomes and liposomes
were injected via the tail at a dose of 35 mg '°B/kg. Tumor, normal brain, liver, and
blood were sampled at 4,12, 24, and 48 h post-administration, and the samples were
digested with a nitric acid solution overnight and diluted with MillQ water for ICP-
AES.

2.9. Statistical analysis

Data are shown as the mean + S.E. Data were analyzed using Student's t-test to
compare the two conditions, and p < 0.05 was considered significant.

3. Results
3.1. Antibody-mediated delivery of ZZ into glioma cells

EGFR levels in each cell line were determined by Western
blotting using an anti-EGFR monoclonal antibody (mAb). The mAb
detected EGFR in AEGFR-expressing U87 cells (U87 AEGFR) and
wild-type EGFR-expressing cells (U87 WT) (Fig. 1A). In contrast,
EGFR expression was undetectable in PAU87 cells and primary
astrocytes. Thereafter, we examined the ability of the mAb to target
EGFR-overexpressing glioma cells. The Western blotting showed
that the mAb and ZZ-His were detected in U87 AEGFR and U87 WT
cells when ZZ was bound with the antibody (Fig. 1B). In contrast,
neither mAb nor ZZ-His was detected without conjugation with the
anti-EGFR mAD (Fig. 1B). Moreover, no antibody or ZZ was detected
in PAU87 cells and primary astrocytes (Fig. 1B). These results
suggest that the anti-EGFR mAb is capable of targeting glioma cells
expressing wild-type and viII EGFR.

3.2. Identification of liposome-ZZ-mAb complex

When 10 mol% of DOGS-NTA-Ni and 1 mol% of DSPE-PEGyg00
were used in the liposome formulation, no aggregation occurred. It
was reported that NTA-Ni increased the sensitivity and DSPE-
PEGy000 reduced the aggregation [25]. Therefore, to identify the

ability of ZZ-His to bind with mAb and nickel-liposomes containing
10 mol% DOGS-NTA-Ni and 1 mol% DSPE-PEG;qq0, We carried out
ultracentrifugation and Western blot analyses. The ultracentrifu-
gation indicated that the nickel-liposomes bound with ZZ-His
effectively. The positions in different layers are shown in Fig. 2A.
When 1 mol% DSPE-PEG;qgp Was used in the liposome, the distri-
bution was the same as that without DSPE-PEG;p00 (data not
shown). As shown in Fig. 2B, most of the PEG-liposomes were in the
first layer after ultracentrifugation. When ZZ-His was mixed with
the nickel-liposome and mAb, the liposomes occurred in the fourth
and fifth layers. Results of Western blotting in Figs. 2C-F show that
the ZZ, liposome, and antibody are all in the same layer (fractions 4
and 5), while free ZZ-His and mAD are in the first and third frac-
tions, respectively. These results suggest that mAb is effectively
bound to liposome via ZZ adaptor. When the molar ratio of nickel
lipid to ZZ was 20:1, about half of the ZZ bound with liposomes
(Fig. 2D). The ratio was adjusted to 40:1 in the subsequent
experiment.

The Western blotting and lipid analysis also indicated that the
binding of the nickel-liposome to ZZ and of ZZ to the mAb was
specific because the liposome showed no ability to bind ZZ when
nickel lipid was not used (data not shown). When ZZ was not used,
the nickel-liposome showed no binding with mAb (data not
shown). A scheme of the immunoliposome is shown in Fig. 3A. The
diameter of the liposome is about 100 nm, but when ZZ and mAb
are added, the diameter of the immunoliposome increases to
130 nm (Fig. 3B). The z-potential also increases, from —44.74 to
—24.67 mV (Fig. 3C). The immunoliposomes were used for in vivo
experiments.

3.3. Delivery of BSH into glioma cells in vitro

We examined the effect of the immunoliposomes on the
delivery of '°B in different cell lines. The cells were incubated with
the immunoliposomes for 3 h and the delivery of '°B was then
investigated with IHC using the anti-BSH mAb (Fig. 4). BSH was not
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detected in primary astrocytes and only a small amount of BSH was
delivered into PAU87 cells (Fig. 4). The results of ICP-AES were
consistent with those of IHC (data not shown). In contrast, BSH was
delivered in almost all U87 AEGFR and U87 WT cells expressing vIII
EGFR and wild-type EGFR, respectively (Fig. 4). To demonstrate that
BSH was actually present inside glioma cells and to exclude the
possibility that it was just attached to the surface of the cells, serial
optical sections of 2 um taken along the Z-dimension of the
immunostained cells were collected with a confocal microscope
(Supplementary material). Signal for BSH on the surface of the cells
was weak and most BSH was observed in the cells (Supplementary
material). Moreover, strong signals were observed in the nucleus.
To further investigate whether BSH delivered by immunoliposomes
functions as '°B in glioma cells, ICP-AES was performed (Fig. 5A). In
U87 AEGFR and U87 WT cells incubated with control liposomes
without the anti-EGFR antibody, the °B level was low. In contrast,
a high level of '°B was detected in the cells incubated with
immunoliposomes (Fig. 5A). Moreover, immunoliposomes did not
deliver 9B into PAU87 cells (Fig. 5A). These results suggest that
immunoliposomes conjugated with anti-EGFR antibodies effi-
ciently deliver '°B in glioma cells expressing EGFR.

3.4. Effect of antibody concentration and time course
on BSH delivery

We examined the dose-dependent effect of the antibody on the
efficiency of 1°B delivery. Following 3 h of incubation with immuno-
liposomes in the presence of 0.1, 0.5, 1, 3, 5, 10, or 50 pg/mL of
anti-EGFR antibody, the cells were washed twice with PBS con-
taining Ni-chelating components (250 mm imidazole) to remove
surface-bound liposomes. ICP-AES revealed that 0.5 ug/mL of
antibody was effective for the delivery of '°B compared with

liposomes without the antibody (Fig. 5B). In the time-course
experiment, 3 pg/mL of antibody was used for the detection of '°B
and cells were incubated with immunoliposomes for 1, 3, 5, 7, 12
and 24 h. The '°B content of cells increased with time (Fig. 5C).
When cells were incubated with immunoliposomes at 4 °C, little
108 was detected inside them (data not shown), suggesting that the
uptake of immunoliposomes was temperature-dependent and the
immunoliposomes were internalized into cells by endocytosis.

3.5. In vivo delivery of BSH in brain tumor by immunoliposomes

To observe the distribution of the liposome and BSH in vivo, we
injected NBD-liposomes and NBD-immunoliposomes into the tail
of nude mice two weeks at the tumor engraftment. In freshly
prepared brain slices, fluorescence could be seen in the tumor and
blood vessel wall 4 h after the injection (Figs. 6A and D). In normal
tissues, strong fluorescence was seen only in the blood vessel wall
(arrowheads in Fig. 6E). In the NBD-liposome-injected mice, no
fluorescence was seen in the tumor (Fig. 6G). Signal’s distribution
indicates that the immunoliposomes were delivered into the tumor
via the blood stream, and the delivery was antibody-dependent.
BSH'’s distribution was examined by IHC using the anti-BSH mAb.
BSH was clearly detected in the tumor whereas it was under-
detectable in normal tissue (Figs. 7A and B). A low level of BSH was
observed in both tumor and normal tissues of the mice treated with
the control liposome without conjugation of the anti-EGFR mAb
(Figs. 7D and E). In immunoliposome-treated mice for 24 h, BSH
was detected in the tumor and surrounding regions (Fig.7G and H).

We finally compared '°B content among each tissue in this
model of brain tumors. Immunoliposomes effectively delivered
BSH to tumors compared with liposomes (Fig. 8). In immunolipo-
some-treated mice, the amount of '°B in the tumor reached
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immunoliposome.

28.36 + 7.63 pg/g 24 h after the injection and remained high until
the 48 h mark (21.38 + 5.31 pg/g). In liposome-treated samples, on
the other hand, the 1°B content of tumors at 24 and 48 h was 3.45
and 2.97 pg/g, respectively (Fig. 8A). In normal brain tissue of the
mice treated with immunoliposomes and liposomes, 1°B content
was low at all time points (Fig. 8B). In liver, 1°B levels peaked 12 h
after the injection and then decreased in a time-dependent manner
(Fig. 8C). In blood, '°B levels reached a maximum 4 h after the
injection of immunoliposomes and rapidly decreased 12 h after the
injection (Fig. 8D).

4. Discussion

The aim of the present study was to develop a novel 108 delivery
system for targeting glioma cells. Since the appearance of BNCT in the
1950s, different methods of delivering °B into tumor cells have been
investigated [2,4], though only BSH and BPA have been used clini-
cally. BSH is thought to penetrate tumor tissue through a disrupted
blood-brain barrier (BBB) and thus accumulates little in normal brain
tissue [26]. BPA is an analog of an essential amino acid (tyrosine) and
is actively taken up by tumor cells but also accumulates measurably
in normal brain [5]. The specific accumulation of '°Bin tumor tissue is
still a limitation to the use of this technology. In the present study, we
encapsulated BSH in liposomes and used a universal adaptor (ZZ) to
conjugate an anti-EGFR mADb to target glioma cells.

The wild-type EGFR and its isoforms (variant IlI) are considered
prime targets for the specific delivery of a variety of diagnostic and
therapeutic agents [9,27,28]. In BNCT, mAb or EGF-conjugated

immunoliposomes and boronated mAb have been used to deliver
108 into glioma cells [7,12,14,29]. The anti-EGFR antibody used in
this study recognized both wild-type and vIIl EGFR, so ZZ-His
bound with the mAb could be effectively delivered into EGFR-
overexpressing glioma cells. In our '°B delivery system, the ability
of ZZ to bind the nickel-liposome was not affected by the addition
of 1% DSPE-PEG,000 and the liposome-ZZ complex showed the
same position as the naked nickel-liposome-ZZ after ultracentri-
fugation (data not shown). Chikh et al. [30] reported that the
addition of 5 mol% of DSPE-PEGyqgqp caused a slight change in the
rate of binding, but the incorporation efficiency of His-tagged
peptide did not change. The binding of DOGS-NTA-Ni with ZZ-His is
not achieved at a theoretical ratio. When a molar ratio of 20:1
(DOGS-NTA-Ni:ZZ-His) was used, only about half the amount of ZZ
could be conjugated with the liposome, and the liposome-ZZ
complex was in the fourth layer (Fig. 2D). When the ratio was
adjusted to 40:1, no free ZZ was detected by Western blotting after
ultracentrifugation (data not shown). The interaction of DOGS-
NTA-Ni with His-tags has been reported to be stronger than or
equivalent to that of antibody interactions (10~ to 10~° M), with
adissociation constant (kg) in the range of 106 to 107> M at pH 7-8
depending on the protein and location of the His-tag on the
protein [31,32]. When the molar ratio of ZZ to mAb was 25:1, all the
liposome-ZZ-mAb complexes occurred in the four and fifth layers
after ultracentrifugation. For the preparation of immunoliposomes,
removal of free ZZ and mAb from the liposome-ZZ complex may be
important, because free mAb or ZZ-mAb will bind to EGFR-over-
expressing cells.
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Fig. 4. Analysis by immunohistochemistry (IHC) of '°B delivery by immunoliposomes in different cell lines. Immunoliposomes (liposome: 1 mM; anti-EGFR rat mAb: 3 pg/mL; '°B:
1 pg/mL) were incubated with primary astrocytes, PAU87, U87 WT and U87 AEGFR for 3 h and fixed with 4% PFA. Anti-BSH mouse mAb was used as the primary antibody and Cy3-
conjugated mouse IgG was used as the secondary antibody. The fluorescence signals were visualized using a confocal laser microscope. Bar = 50 um.

The conjugation of ZZ-His protein at the surface of a liposome by
DOGS-NTA-Ni will make the liposome more stable in blood.
Moreover, the combination of ZZ and PEG inhibits interaction of the
liposome and cells to some degree, and so inhibits non-specific
endocytosis. Recently, NTA-Ni has been reported to attach His-tag
peptides and proteins to the liposome [30]. van Broekhoven et al.
[33] used NTA-Ni for surface mobilization of His-tagged antibodies
for DC-specific receptor to DCs.

An advantage of using ZZ to bind with Fc of IgG is that complete-
IgG-labeled liposomes may have shorter circulation times, due to
the rapid identification and uptake of the Fc fragment by macro-
phages in circulation [34]. Allen et al. [35] reported that increasing
the density of liposome-grafted antibodies resulted in a faster
clearance of immnoliposomes from the circulation. To overcome
this, an antibody fragment (Fab’ and scFV) that lacks the Fc portion
was used, and showed identical circulation times with PEGylated
non-immunolabeled liposome when conjugated to the free termini
of PEGylated lipid [27].

Protein A has been widely used for purifying IgG because of its
specific binding to the Fc domain of IgG through bioaffinity [36]. In
this study, we used the ZZ motif (Fc-binding domain) as an adaptor
to conjugate an antibody to the liposome, resulting in an immu-
noliposome. In this 1°B delivery system, the specificity and totality
of the antibody are retained, and not affected by thiolation of the
antibody during liposome’s preparation. The His-tag at the
C-terminus of ZZ is used not only for purification, but also for
interaction with chelated divalent metal ions, nickel in the NTA-Ni
lipid [37]. NTA forms a strong complex with four of the metal sites,
leaving two additional sites for interaction with the His-tag present
on the protein. After incubation in medium for 12 h, the immuno-
liposomes still deliver °B efficiently (data not shown), indicating
the stability of liposome-ZZ-mAb in serum. Long-term stability of
the immunoliposomes in serum will permit high levels of '°B to
accumulate in tumor cells in vivo.

Gliomas have a poor prognosis due to their exceptional ability to
infiltrate normal brain tissue, often along blood vessels or nerve
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Fig. 5. ICP-AES of "B delivery by immunoliposomes in vitro. (A) After 3 h of incubation in medium containing 1 mM of liposomes or immunoliposomes (1 pg/mL of 108 and 3 pg/mL
of anti-EGFR mouse mAb) in a 6-cm dish, cells were treated with 0.025% trypsin and washed with 250 mM of imizadole and PBS, and amounts of internalized 198 were detected.
n=4; ** p < 0.01. (B) Effect of antibody concentration on 108 delivery. U87 AEGFR cells were incubated with 1 mM of immunoliposomes for 3 h in the presence of 0.1, 0.5, 1, 3, 5, 10,
or 50 pg/mL of mAb and '°B was detected. (C) Time course of 108 delivery by immunoliposomes. Immunolipoosmes and lipsomes were incubated with U87 AEGFR cells for 1,3, 5, 7,

12 and 24 h. At the indicated time, '°B was measured.
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Fig. 6. Distribution in vivo of NBD-immunoliposomes. Four hundred microliters (liposome concentration: 50 mM; antibody concentration: 180 pg/mL) of NBD-immunoliposome or
NBD-liposome was injected via the tail into nude mice two weeks after tumor engraftment. Green fluorescence of NBD and blue fluorescence of hochest were used to indicate the
positions of the liposomes and tumor 4 h after injection, respectively. (A,D,G) NBD-fluorescence images (10x) of freshly prepared brain slices. (C,F1) Hochest-fluorescence images
(10x) of freshly prepared brain slices. (B,E,H) Merging of the NBD and hachest signals. Arrows indicate the positions of blood vessels. Bar =200 pm.
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Fig. 7. IHC analysis of BSH's distribution in vivo. Four hundred microliters of immunoliposomes or liposomes was injected into the tail of nude mice two weeks after tumor
engraftment. Slices were prepared 4 and 24 h post-injection. Anti-BSH mouse mAb and Cy3-conjugated mouse IgG were used as the primary and secondary antibody. Red fluo-
rescence of Cy3 was used to show the distribution of BSH and blue fluorescence of hochest was used to indicate the position of the tumor. (A,D,G) Cy3-fluorescence images (10x).
(CEI) Hochest-fluorescence images (10x). (B,E,H) Merging of the Cy3 and hochest signals. Bar = 200 pm.
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liposome was injected into tumor-bearing mice via a tail vein at a dose of 35 mg °B/kg.
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fibers [38]. The tumor usually recurs after initial surgical resection.
In BNCT, it is still difficult to deliver enough '°B to the invading
glioma cells in the brain. Our immunoliposomes may solve this
problem. PEG-lipid and ZZ on the surface of the liposome provide
steric stabilization and prolong circulation time. In solid tumors,
the BBB is destroyed, and the abnormal tumor vessels are discon-
tinuous, with pores varying from 100 to 780 nm [39,40]. At 4 h after
an intravenous injection, the immunoliposome reached the tumor
through the blood stream, and the anti-EGFR mAb effectively
recognized the EGFR on the surface of tumor cells. The immunoli-
posomes had passed through the tumor vessel and penetrated
tumor cells, as weak fluorescence could be seen in the blood vessel
wall (Fig. 6A). At normal sites, we could see strong fluorescence on
the surface of vessel walls and no fluorescence in normal tissues
(Fig. 6E). This suggests that the immunoliposomes could not pass
through the BBB in normal tissue.

To avoid possible toxic effects of DOGS-NTA-Ni, we are now
exploring a new way to conjugate ZZ to the liposome surface. Our
immunoliposomes can be used as a universal drug delivery system
to deliver other anti-cancer drugs to tumor cells if we know the
receptor or ligand on the surface of the tumor cells. In this study, 10g
delivery has been proved effective.

5. Conclusion

The results described above support the use ofimmunoliposomes
to specifically deliver BSH to glioma cells. Recombinant ZZ-His (Fc-
binding domain) was conjugated to liposomes containing 10 mol%
DOGS-NTA-Ni and 1 mol% DSPE-PEGggp to prepare immunolipo-
somes. This is the first time that an antibody-binding domain has
been used to deliver '°B in BNCT. ICP-AES and IHC indicated that 1°B
was specifically delivered into EGFR-overexpresing glioma cells in
vitro and in vivo. Thus, it appears that our system can be used for the
specific delivery of other anti-cancer drugs.
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Appendix

Figures with essential colour discrimination. Certain figures in
this article, in particular parts of Figs. 2, 3, 4, 6 and 7, are difficult to
interpret in black and white. The full colour images can be found in
the online version, at doi:10.1016/j.biomaterials.2008.12.010.

Appendix. Supplementary material

Z-Dimensional scan of '°B delivery by immunoliposomes in U87
AEGFR (100x ). IHC was carried out as described in Fig. 4. Video was
recorded at Z-sections from the bottom to top of cells every 2 pm.
Supplementary data associated with this article can be found, in the
online version, at doi:10.1016/j.biomaterials.2008.12.010.
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Figure 1 The principle of boron neutron capture therapy (BNCT).,

BNCT is a binary approach: A boron-10 (10 B)-labeled corapound is administered that delivers high con-
centrations of 10 B (o the target tumor relative to surrounding normal tissucs, This is followed by irradia-
tion with thermal neutrons or epithermal neutrons that become thermalized at depth in tissues. The short
range (5-9 micrometer) high energy of the alpha and 7 Li particles released from the 10 B (n, alpha) 7 Li
neulron caplure reaction make wmor selective killing without damage for adjacent normal brain tissue.
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F-BPA PET has been applied for the estimation of the boron compound accumulation prior to BNCT,
The tracer is fluororide labelled boron compound. This PET ensures the effectiveness of BNCT. F-
BPA accumulates well and distributes precisely in the funor lesion and the infiltrating tumor zone.

(MST) X, BNCT ¥ 21 1T 15.6 (95% CI;
122-239) ¥ A CH Y, gk v bo— v
(F45, Mg, (b2eeE) 27600 103 (7.4~
132) ¥ B AR LE o7 (Kg. 4, Log-rank
test, p=0.0035)o T DI ¥ b O — )% HEI R
LN —FEF VT, NYF— Nk 0399
(p=0.0038) TdH -7z, 7z, BNCT (ZHFHU
EIMA 7B 1 BT, MST 28235 (102—)
FBEESBIZERL, a2 Ma—IZHT AN
¥— FHid 0323 (p=0.004) &% o7 (Fig.
5)o

RTOG RPA class 3 #Cld, class III A% 6
B, VIA6Hl, VA8H, VIZ1IBITHY,
FR-EH MST 1, 235, 169, 132,98 ¥ A T
Hol2o X RTOG (FfiF, HIHIAER)
TO.MST (MI; 179, IV; 111, V; 89, VI;
4.6)9 3 X U" RORTC (%ﬂ‘r, T:Ey*u H#
B BIAE) To MST (I; 214,1V; 163,
V; 103)"% FRIBHERTH o 72 (Fig. 6)o

2. BREMMSERBIECKHT S BNCT
BNCT 2 6 MST 1%, 4 2617C 108 (7.3



26

J”yl‘{b!' ’E‘?’“R‘ EEH) mLUr ﬁﬁ)

=R, A, AW, M,

.

Figure 3 63 y.o, F., Newly diagooised glioblastoma patient.

She was treated by surgical removal and BNCT followed by external beam X-ray 'm'adiation_(z Gy/day, total
30 Gy). The deepest part of the tumor was 7.5 ¢m from the scalp in this case. The irradiated minimum tumor
dose by BNCT was improved by the air-instilation methods from 18.9 (without air) to 26.9 (with air) Gy-Eq.
{left: prior to surgical removal, middle : after surgery, prior to BNCT, right : 44 months afler treatment)
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Figure 4 Cumulative data for alt newly diagnosed glioblastoma (WHO grade 4, n=21).

This is our recent historical control (gray line) in our institute treated mainly by nitrosourea plus irradiation.
The median survival time of BNCT group (black line) is 15.6 months without chemotherapy until tumor pro-
gression. There is statistical significance betwecn both group in Log-rank test {p=0.0035).
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Therapy effects of boron neutron capture therapy
for malignat glioma

Shinji Kawabata', Shin-ichi Miyatake', Shiro Miyata', Kunio Yokoyama’,
Kyoko Onishi', Yoshihito Miki', Toshihiko Kuroiwa',
Yoshio Imahori’, Mitsunori Kirihata®’, Koji Ono*

Department of Neurosurgery, Osaka Medical Cullege, Takalsuki, Japan’,
CICS corp. Tokyo, Japan®,
Department of Agriculture, Osaka Prefectural University, Sakai, Japan’®,
Parficle Radiation Oncology Research Center,
Kyoto University Research Reacfor Institute, Kumatori, Japan

Boron neutron capture therapy (BNCT) is cell selective particle iradiation based upon the nu-
clear reaction that occur when non-radioactive boron-10 (“B) is irradiated with low energy
neutrons to produce high energy alpha particles.

Since 2002, we have treated >50 cases of malighant gliomas with our modified BNCT utiliz-
ing sodium borocaptate (BSH) and boronophenylalanine (BPA) simultaneously. Modified
BNCT was carried out without craniotomy using epithermal neutron beam, We used “I-BPA-
PET for almost all the patients who will receive BNCT to estimate the imadiation dose. Re-
cently, we increased the amount of BPA and prolonged the infusion time (700 mg/kg, 6
hours) to give a more homogeneous distribution of boron compounds, even in the infiltrating
lesion, Farther move, for the newly diagnosed case, patients were treated with BNCT followed
by fractionated X-ray irradiation (XRT) of 20 to 30 Gy.

The median survival time (MST) of newly diagnosed glioblastorna was 21 months (n=11).
With BNCT followed by XRT boost, the MST was significantly extended. Also for the recur-
rent malignant glioma cases, we showed the survival benefit compare with other clinical stud-
ies.

Our modified BNCT protocol showed favorable resulis of patients with malignant glioma not
only for those with good prognoses but also for those with poor prognoses.

Key woxds : alpha particle, boron neutron capture therapy, malignant glioma
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Phase II study of ifosfamide, carboplatin, and etoposide in
patients with a first recurrence of glioblastoma multiforme

Clinical article
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Object. The prognosis of recurrent glioblastoma multiforme (GBM) remains unsatisfactory. The authors con-
ducted a Phase 11 study of ifosfamide, carboplatin, and etoposide (ICE) for a first recurrence of GBM to determine
whether it prolonged a patient’s good-quality life.

Methods. This trial was an open-label, single-center Phase II study. Forty-two patients with a first GBM relapse
after surgery followed by standard radiotherapy (60 Gy) and first-line temozolomide- or nimustine-based chemo-
therapy were eligible to participate. The primary end point was progression-free survival at 6 months after the ICE
treatment (PFS-6), and secondary end points were response rate, toxicity, and overall survival. Chemotherapy con-
sisted of ifosfamide (1000 mg/m? on Days 1, 2, and 3), carboplatin (110 mg/m? on Day 1), etoposide (100 mg/m* on
Days 1, 2, and 3), every 6 weeks.

Results. Progression-free survival at 6 months after ICE treatment was 35% (95% CI 22-50%). The median
duration of PFS was 17 weeks (95% CI 10-24 weeks). The response rate was 25% (95% CI 9-34%). Adverse events
were generally mild and consisted mainly of alopecia.

Conclusions. This regimen was well tolerated and has some activity and could be one of the options for patients

with recurrent GBM. (DOI: 10.3171/2009.5 JNS081738})

KeEv Worps

carboplatin - « etoposide

tating malignancies, destroying important cogni-

tive functions in the brain, altering the personali-
ties of humans, and leading to death. Standard treatment
of a newly diagnosed GBM usually consists of cytore-
ductive surgery followed by conventional radiotherapy
concomitant with temozolomide chemotherapy.* Glia-
del wafers also have been used in patients with GBM.»
Despite the administration of multimodal treatments,
this tumor always recurs no more than | or 2 years later.

G LIOBLASTOMA multiforme is one of the most devas-

Abbreviations used in this paper: CR = complete response; GBM
= glioblastoma multiforme; ICE = ifosfamide-carboplatin-etoposide;
KPS = Karnofsky Performance Scale; MGMT = O°-methylguanine-
DNA methyltransferase; NCI = National Cancer Institute; NR = no
response; PFS = progression-free survival; PR = partial response.
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Unfortunately, we have no established second-line treat-
ments once the tumor progresses.’

As shown in a published database of Phase II tri-
als that included 225 patients with recurrent GBM, the
benefit from chemotherapy in such patients is very lim-
ited.3 The median duration of PFS is 9 weeks, and PFS
at 6 months (PFS-6) is 15%, meaning that 15% of pa-
tients survive without tumor progression by 6 months
after treatment. Several chemotherapeutic or biological
agents may palliate patients but produce only a minimal
increase in survival, although dose-intensified temozolo-
mide or bevacizumab has shown promising effects.?+26

Carboplatin has demonstrated activity against malig-
nant brain tumors.?* Etoposide, a semisynthetic deriva-
tive of podophyllotoxin, has shown synergistic activity
with cisplatin.'® Ifosfamide is an alkylating agent that has
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Regimen for recurrent glioblastoma multiforme

demonstrated an increased therapeutic effect in a variety
of refractory solid tumors.* The ifosfamide-carboplatin-
etoposide (ICE) combination has demonstrated a thera-
peutic effect in a broad range of malignancies, even after
the failure of previous chemotherapy."”

A Phase II study of the ICE regimen in patients with
recurrent malignant GBMs has been conducted with in-
teresting results.?? Carboplatin and etoposide were both
given at a dose of 75-100 mg/m?day for 3 days, whereas
a dose of ifosfamide ranging from 750 to 1500 mg/m?day
was administered for 3 days. This regimen was repeated
every 4 weeks. The PFS-6 was ~ 30% and the response
rate was 28%, but the hematological toxicity was not ac-
ceptable. Recurrent malignant GBMs are refractory and
ultimately incurable. Long-term tumor stabilization with
low toxicity is important in the management of malignant
lesions.?* We performed a feasibility study of a lower-
dose ICE regimen to confirm whether its safety and ef-
ficacy were acceptable. A feasibility study in 15 patients
with malignant GBMs showed a response rate of 45% and
Grade 3 or 4 toxicities of 8% (unpublished data); there-
fore, we initiated a Phase II study of a lower-dose regimen
for further evaluation.

Methods
Eligibility for Study Participation

Patients enrolled in the study had a first relapse of
supratentorial GBM previously treated with surgery,
conventional radiotherapy (60 Gy), and a first-line ni-
trosourea-based? or temozolomide-based chemotherapy.
Tumor progression was confirmed on Gd MR imaging.
If radiation necrosis or pseudoprogression was suspected,
spectroscopic MR imaging was performed to confirm
the presence of viable cells. If mainly necrosis was noted
in those who underwent repeat surgery for a recurrence,
adjuvant chemotherapy was continued. Patients were re-
quired to be at least 18 years old, have a KPS score = 60,
and have a life expectancy > 12 weeks. An interval > 12
weeks from the completion of radiotherapy, > 4 weeks
from prior chemotherapy (6 weeks from a nitrosourea-
based regimen), and > 2 weeks from surgery had to have
elapsed for the patient to be eligible for study enrollment.
Adequate laboratory values were also required, including
a neutrophil count =z 1500/m1?; platelet count = 100,000/
mm?, transaminase and alkaline phosphatase levels < 3
times the upper limit of laboratory normal, and serum
creatinine and bilirubin levels < 1.5 times the upper limit
of laboratory normal. In addition, patients could not be
pregnant, have an uncontrolled infection, or have had any
prior malignancy. All patients signed informed consent
according to the principles of the Declaration of Helsinki
and the rules of good clinical practice. The institutional
review board of Kitano Hospital, Japan, approved the pro-
tocol.

Patient Characteristics

Between March 2002 and February 2005, 42 patients
were prospectively enrolled in the study. Their median
age was 55 years (range 21-70 years), and 57% (24 of 42
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patients) were men (Table 1). Fifty-five percent (23 of 42)
of the patients had a KPS score = 80. All patients had un-
dergone surgical interventions at the time of the initial di-
agnosis of GBM. Furthermore, all patients had undergone
conventional radiotherapy (2.0 Gy per fraction 5 times a
week, total dose 60 Gy), followed by a first-line chemo-
therapy regimen consisting of a nimustine (ACNU)-based
regimen? in 24 patients and temozolomide in 18 patients.
The median time from the initial diagnosis to first relapse
was 39 weeks (range 12-98 weeks). Between the patients
who had been on a temozolomide regimen and those on
a nimustine regimen, there was no significant difference
in the prognostic factors (age, sex, and KPS score) and
the time from first diagnosis to study enrollment. Salvage

- surgery at the first recurrence before ICE treatment was

performed in 14 patients (33%); on the basis of MR imag-
ing results, the extent of resection was considered gross

total in 10 patients and partial in 4. At enrollment 35 of

42 patients were taking antiepileptic prophylaxis without
enzyme-inducing properties (valproic acid); 7 patients
were on antiepileptic prophylactic enzyme-inducing drugs
(phenytoin in 4 cases, phenobarbital in 2, and carbamaze-
pine in 2).

Treatment Regimen

Chemotherapy consisted of ifosfamide (1000 mg/m?
on treatment Days 1, 2, and 3), carboplatin (110 mg/m? on
treatment Day 1), and etoposide (100 mg/m? on treatment
Days 1,2, and 3). This combination was intravenously ad-
ministered and repeated every 6 weeks until tumor pro-
gression, provided that all hematological toxicities from
the previous course had resolved to a Grade 2 or lower
(NCI common toxicity criteria, version 3.0) and all non-
hematological toxicities had recovered to either Grade 0
or 1. If enough recovery had not occurred, the subsequent
course was delayed until these criteria were met; a delay
of up to 2 weeks was allowed. No dose escalation was
allowed. Dose reduction for toxicity was allowed-—a 30%
reduction for all drugs—but only 2 dose reductions were
permitted. Patients having Grade 3 toxicity of any type
after 2 dose reductions were excluded from the study.
Ondansetron was given to all patients before administra-
tion of the chemotherapy regimen to prevent nausea and
vomiting.

Schering-Plough Pharmaceuticals kindly supplied
the temozolomide through a compassionate use program,
as the Japanese administrative agency only approved te-
mozolomide in September 2006.

Response Evaluation

Response was assessed using a modification of the
Macdonald criteria.® We compared baseline contrast-
enhanced MR images obtained in a week before every
course of chemotherapy, while also considering any
changes on the neurological examination and the dose of
steroids. In brief, CR was defined as the disappearance
of all enhanced tumors at least 1 month after they had
appeared on the last MR image obtained, with no corti-
costeroids and no neurological deterioration. Partial re-
sponse was defined as a > 50% reduction in lesion size
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TABLE 1; Summary of characteristics in 42 patients with
recurrent GBM

Parameter No. (%)
age inyrs
median 55
range 21-70
<50 14 (33)
>50 28 (67)
Sex
M 24 (57)
F 18 (43)
KPS score
100 4(12)
90 9 (26)
80 10 (33)
70 6 (19)
60 3 (10)
time from 1st diagnosis to study enrollment (wks)
median 39
range 12-98
antiepileptic prophylaxis w/ enzyme-inducing drug 7(17)
prior treatment at 1st relapse
salvage surgety
gross-total resection 10 (24)
partial resection - 4(10)
no surgery 28 (66)
chemotherapy regimens
temozolomide 18 (43)
nimustine-based regimen 24 (57)

(the product of the largest perpendicular diameters). This
response had to be maintained for at least 1 month with-
out either neurological deterioration or an increased dose
of corticosteroids. No response was defined as no change
in tumor size for a 'minimum interval of 4 weeks or a
change in tumor size after 1 month that did not qualify
as a CR, PR, or progressive disease. Progressive disease
was defined by the following: any new tumor or a > 25%
increase in lesion size, a deterioration in the patient’s
neurological status, or a stable neurological status on an
increased dose of steroids. Unequivocal evidence of re-
currence or progression of the disease on Gd MR imag-
ing was also required; acceptable evidence was disease
progression on 2 subsequent MR images separated by at
least 1 month. A multidisciplinary team consisting of a
neurosurgeon, a neuroradiologist, a neurooncologist, and
a radiotherapist evaluated the images.

Treatment Toxicity

Toxicity monitoring was performed in patients on all
treatment cycles, according to the NCI common toxicity
criteria (version 3.0) (http://ctep.cancer.gov/protocolD-
evelopment/electronic_applications/docs/ctcaev3.pdf). A
physical examination, complete blood count, urinalysis,
and biochemistry profile were performed every cycle.
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Weekly hematological tests and serum chemistries were
also required.

Statistical Considerations

The primary end point of this study was the percent-
age of patients alive and progression free at 6 months
(PFS-6). Secondary end points included the percentage
of patients who were progression free at 3, 12, and 18
months; tumor response to treatment; overall survival;
and time to disease progression. The regimen would be
considered a success if at least 30% of enrolled patients
responded to it, whereas the regimen would be consid-
ered ineffective if a success rate <= 10% was observed.
In the North Central Cancer Treatment Group (NCCTG)
database of patients with recurrent GBMs, the PFS-6 was
10%.3! Our design used 33 patients and had an alpha level
of 0.04 and a power of 0.89 for detecting a true success
probability of 30%. The original sample size of the trial
was 37 (33 patients with 4 additional patients in case of
drop-outs), and 42 patients were accrued initially.

The time to progression was defined as the time from
study entry to disease progression. Patients who died
were considered to have disease progression at the time
of death until there was documented evidence that no pro-
gression had occurred before death. Overall survival was
defined as the time from study entry to death from any
cause. Patients who did not die or whose tumor did not
progress were censored at the last known follow-up.

Results

The median follow-up period was 13.2 months (range
1.5-22 .4 months).

Treatment Responses

Only 36 patients could be assessed for a treatment
response because 5 patients underwent almost total resec-
tion at a salvage surgery and 1 patient died of a pulmo-
nary embolism during the 1st month of treatment before
any response could be evaluated. There was 1 CR (3%)
and 8 PRs (22%) to the ICE treatment (Table 2). The over-
all response rate (CR + PR) was 25% (9 of 36 patients,
95% CI 12-37%). The median duration of disease stabi-
lization in 18 patients was 21 weeks (range 6—69 weeks).
The median duration of the overall response rate (CR +
PR) was 25 weeks (range 8-71 weeks). All responding
patients were taking either a stable dose of or no cortico-
steroids at the time of the best response. The rate of stable
disease was 50% (95% CI 39-62%).

Disease Progression

Considering all 42 enrolled patients (Fig. 1), the me-
dian time to tumor progression was 16.2 weeks (95% CI
12.4-27.3 weeks). Progression-free survival at 6 and 12
months after ICE treatment were 35% (95% CI 22-43%)
and 7% (95% CI 3-15%), respectively. On univariate
analysis, there was no difference in the possibility of pro-
gression based on surgical treatment at relapse (p = 0.55),
the extent of surgery (p = 0.31), prior nitrosourea-based
chemotherapy (p = 0.46), patient age (p = 0.33), or KPS
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