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Table 1

Characteristics of patients.

Case Age/sex Location Histopathological diagnosis Previous treatment Symptoms
1 41/M Cervical lymph node SqCC S, CH, Ra ED, Pa

2 32/M Cervical lymph node Melanoma S.CH

3 82[F Upper lip AC Th ED, Pa

4 57|M Maxilla SqcC S,CH, Ra ED, Pa

5 67/F Maxilla MC S, CH, Ra ED, Pa, B
6 69/F Maxilla AC S, CH, Ra ED, Pa

SqCC: squamous cell carcinoma; AC: adenocarcinoma; MC: mucoepidermoid carcinoma; S: surgery; CH: chemotherapy; Ra: conventional radiotherapy; Th: thermotherapy;

ED: eating disorder; Pa: pain; B: bleeding.

Fig. 1. '8F-BPA-PET examination can visualize the distribution of boronophenyla-
lanine (BPA).

used for measurement was removed at 10 min after the start of
irradiation to evaluate epithermal neutron flux on a collimator Bi
surface at a point 25 cm from the center and at the center of the
irradiation field on the affected surface. The full-time exposure
dose on the surface adjacent to the affected portion was
determined by measuring neutron fluence (nvt) using gold and
manganese wires. The absorbed dose of gamma rays was
measured using a TLD (BeO), with the gold wire and TLD set in
the vicinity of the center of the affected surface. The '°B
concentration in blood was determined by collecting venous
samples every 30 min after BPA administration until just before
irradiation, as well as after irradiation for prompt gamma
radiation measurement.

Following BNCT, the tumor regression, adverse side effects,
survival time, and subjective symptoms were recorded. For
evaluating adverse side effects, the Common Terminology Criteria
for Adverse Events v3.0 (CTCAE v3.0) was used. Tumor regression
was evaluated by CT and MR imaging.

4. Results

T/N ratios calculated on the basis of the '®F-BPA-PET results
ranged from 1.9 to 4.0. The maximum dose to the tumor (Gy-Eq)
was 20.1-39.1 Gy-Eq and the minimum 9.12-31.9 Gy-Eq, while the
dose to the oral mucosa was 9.03-15.7 Gy-Eq and to the skin was
2.81-7.64 Gy-Eq (Table 2).

Tumor reduction was rated as PR in 4 cases, while 1 case was
CR and 1 was PD. Notably, in Case 2 with metastasis to the lymph
nodes that was within the BNCT irradiation range, the reduction
was rated as CR (Fig. 2).

As for clinical improvement, pain was alleviated in all 5 cases
in which pain was observed before the study and difficulty eating
was improved in each of those. Especially in Cases 1 and 4, the
patients, who were forced to stay in the hospital due to pain and
difficulty eating, were temporarily discharged after BNCT. In
Case 5, bleeding from the tumor was reduced. For adverse side
effects, mucositis, fatigue, alopecia, impaired taste, and
pharyngeal edema were observed, although none was severe.
Neither myelosuppression nor osteomyelitis of the jaw bone was
observed.

Three of the 6 patients survived for a range of 23-29 months
after the final BNCT. In Case 1, a tumor in the cervical lymph node
was markedly reduced after BNCT, then later became enlarged,
which led to death from aspiration pneumonia 4 months later. In
Case 2, a tumor in the cervical lymph node was reduced to the
level of CR and the patient died from lung metastasis 16 months
later. In Case 4, the tumor enlarged after therapy and the patient
died 13 months later. The other 3 patients were alive at the time of
writing (Table 3).

5. Discussion

108, a stable isotope of boron that captures a low-energy
neutron, splits off into alpha-particles and Li atomic nuclei. Their
ranges are approximately 9 and 4, respectively, which are
equivalent to the size of a tumor cell. BNCT makes use of the
reaction and selectively destroys tumor cells by causing low-
energy neutrons to react with '°B preliminarily uptaken by tumor
cells. The therapy was performed for the first time by Farr et al.
(1954) for glioblastoma multiforme, after which Kato et al. (2004)
began to utilize it for head and neck cancer that had relapsed after
initial treatment, and reported 11 cases.

Oral cancer in the early stage of T1 or T2 is frequently treated
with surgery. However, it is difficult to obtain a radical cure for
progressive or recurrent cancer after completion of the initial
treatment, even if multimodal approaches such as surgery,
radiotherapy, and chemotherapy are used. Accordingly, improve-
ments in therapeutic performance are not encouraging, unless
some new therapeutic strategies are developed. We have been
performing BNCT treatment for recurrent cancer that relapsed
after completion of initial treatment, including surgery, che-
motherapy, conventional radiation therapy, and thermotherapy
since 2005.

In BNCT, tumor cells take up boron and then are selectively
destroyed. This reduces the impact on normal cells, and adverse
effects can be alleviated. In the 6 cases described in this report,
myelosuppression and skin lesions, normally seen with conven-
tional radiation therapy, were not observed. Notably, osteomye-
litis of the maxillary bone, which often develops after
conventional radiation therapy for oral cancer, was not seen.
These findings are extremely significant clinically, as osteomyelitis
of the jaw bone after radiation therapy can induce infection and
fracture, which causes difficulty in dealing with the intense pain.
In addition, the mucositis and fatigue observed in most cases were
mild and rated as grade 2 or lower.

As for clinical response, 4 cases were rated as PR, with 1 case
each as PD and CR. Case 2 is quite interesting. In this patient, BNCT
was performed for metastasis to the cervical lymph nodes after
initial surgery and chemotherapy for melanoma in the maxillary
gingiva. With melanoma, the presence of metastasis to the lymph
nodes affects the prognosis, as the 5-year survival rate is 39% for
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Table 2
Parameters of BNCT.

Case Boron compound T/N ratio of ®F-BPA Dose (Gy-Eq)
Skin surface Oral mucosa Tumor peak Tumor minimum
1 1BPA 4.0 493 144 391 15.0
2BPA 2.85 9.52 255 103
2 1BPA 19 4.6 144 201 15.7
2BPA+BSH 7.64 15.7 355 29.0
3 1BPA 3.2 41 15.4 346 319
BPA 3.59 129 288 279
4 1BPA 34 3.22 913 216 9.12
BPA 2.81 9.03 211 204
5 1BPA 22 3.74 153 248 220
6 1BPA 24 7.2 15.0 383 171

CEAKA

Fig. 2. Case2: Left: CT image taken before BNCT. Right: CT image taken after BNCT.
Metastasis of the lymph node reduced completely.

Table 3
Clinical results.

Case Clinical . Clinical Adverse side effects = Outcome (duration
response I  response Il  (grade) after BNCT)

1 PD DP, IE M (2), F (1) Died (4 months)

2 CR M (3), F(1), AL(1),1 Died (16 months)

(1), PE(2)

3 PR DP, IE M (2), F(1) AD

4 PR DP, IE M (1), F(1) Died (13 months)

B5SEPR DP, IE, DB M (1), AL (1) AD

6 PR DP, IE M (2), F(1) AD

DP: decreased pain; IE: improved eating; DB: decreased bleeding; M: Mucositis; F:
fatigue; AL: alopecia; I: impaired taste; PE: pharyngeal edema; AD: alive with
disease.

cases with metastasis to the lymph nodes, whereas it is 80% for
negative cases (Goldsmith, 1970). Our patient died from lung
metastasis at 16 months after BNCT. However, the metastasis had
completely disappeared from the cervical lymph nodes where
BNCT was administered, suggesting the effectiveness of BNCT for
highly malignant melanoma.

The mouth has a variety of functions such as eating and
talking, as well as aesthetic qualities. These functions are
disturbed easily as oral cancer progresses, while QOL is severely
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affected when pain is added. BNCT is effective not only for
reducing the size of the tumor, but also in controlling pain and
decreasing bleeding, thus contributing to QOL improvement. The
most important goal of this therapy is tumor regression, with
complete cure and reintegration of the patient into normal life.
However, this has yet to be achieved.

The success or failure of BNCT is dependent on whether the '°B
compound can be selectively taken up by the nuclei of the tumor
cells. Miyatake et al. (2005) reported that the combination of BPA
and BSH increased the '°B concentration in patients with
malignant brain tumors. In Case 2, we aimed at the cervical
lymph nodes as the target and used BPA as the boron compound
during the first irradiation. However, since the tumor peak dose
was low at 20.1 Gy-Eq, we used BHS concomitantly during the
second irradiation. As a result, the tumor peak dose elevated to
35.5Gy-Eq and the target lymph nodes attained CR.

Although the number of cases presented was small, all of our
cases were patients with recurrent or metastatic cancer after the
completion of an initial treatment we considered that these
patients might face difficulties not only with the therapeutic
effect on the tumors, but also QOL improvement, if treated by
conventional treatment. Although BNCT could not bring about a
complete cure, it greatly improved the QOL of each patient
without causing serious adverse side effects. For BNCT for the oral
and maxillofacial region, additional detailed studies are necessary
in regard to the method of fixing and positioning the patient. In a
future study, we intend to investigate the detailed clinical and
basic requirements to develop a more effective treatment method.
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BNCT requires high concentration and selective delivery of '°B to the tumor cell. To improve the drug

Keywords: delivery in BNCT, we conducted a study by devising TPLB. We administrated three types of boron
Boron neutron capture therapy (BNCT) delivery systems: BSH, PLB and TPLB, to Oral SCC bearing mice. Results confirmed that '°B concentration
Mice is higher in the TPLB group than in the BSH group and that TPLB is significantly effective as boron
Oral SCC delivery system.
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1. Introduction

To improve the efficacy of boron neutron capture therapy
(BNCT) in the treatment of oral malignant tumors, a high
concentration of boron uptake is required at the tumor cells.
Furthermore, in order to minimize damage to normal cells, it is
important that boron specifically concentrates and is retained for
a long period of time in the tumor cells, while uptaking with a low
concentration in normal cells (Barth et al., 1992). In other words, if
boron can be retained only in the tumor cells for as long as
possible during exposure, it is assumed that efficacy of BNCT can
be improved. Consequently, a delivery system with a long
retention time and high selectivity to the tumor cell is desired.

Although many delivery systems that can transport drug
agents and can perform targeting have been studied, liposome
was selected for this study as it shows high concentration in
tumor cells, and can transport a large amount of boron macro-
molecules.

Since liposomes consist of a lipid membrane derived from a
biomembrane, they do not have toxicity or immunogenicity and
have excellent biocompatibility. Liposomes are also carriers which
can encapsulate a large amount of drug agents without the
mediation of chemical bonding (Gabizon and Papahadjopoulos,
1988).

In vivo, however, reticuloendothelial tissues, such as the liver,
phagocytize the liposomes. As such, by modifying the liposome

* Corresponding author. Tel.: +81726 83 1221; fax: +81726 813723.
E-mail address: ora059@poh.osaka-med.ac.jp (Y. Ito).

into a PEG-Liposome that can be retained in the blood, would
reduce phagocytosis, and transport of boron to the tumor cells can
be improved. Also, receptors which show high expression for the
tumor cell are useful for the transport of the tumor-selective
boron compound. Transferrin receptors are known to be over-
expressed on the surface of cancer cells with respect to normal
cells; by modifying the surface of PEG-Liposomes with transferrin
(TF), the resulting liposomes (TF-PEG-Liposomes) targeted at
these receptors may be considered to be an effective carrier as
cancer targeting (Wagner et al., 1994).

In this study, Boron concentration at the oral squamous-cell
carcinoma (SCC) cell in a cancer-bearing mice model was
considered, using PEG-Liposome and TF-PEG-Liposome loaded
with the boron compound sodium borocaptate (BSH).

2. Materials and methods

Cells, animals, and materials: SAS (from HSRRB) was used as the
oral SCC cell line. A medium was mixed 1:1 with DMEM: F-12
medium, supplemented with 10% FBS and an antibiotic agent. SAS
was cultured with the medium at 37°, 5% CO,. PEG-Liposome-BSH
(PLB), TF-PEG-Liposome-BSH (TPLB), (both provided by Dr.
Kasaoka) (Doi et al, 2008), and BSH were used as boron
compound.

Creation of cancer-bearing mice: SAS cells were collected after
separating for trypsin EDTA, and then adjusted to 5 x 10° cells/
0.1 mL. Five-week-old male BALB/c mice were anesthetized by
inhalation anesthesia, and the adjusted SAS cells were injected
under the dorsal skin.

0969-8043/$ - see front matter Crown Copyright © 2009 Published by Elsevier Ltd. All rights reserved.
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Boron compound administration and tissue removal: Experi-
ments were conducted when tumor cell mass diameter on the
skin of the cancer-bearing mice reached 1 cm. After anesthetizing
by inhalation anesthesia, various adjusted boron compounds at
35mg'°B/kg (35 pug'°B/g) were administered to the cancer-bearing
mice. The mice were then euthanized with an overdose of
anesthesia 24, 48, and 72h after administration. Physiological
saline was allowed to flow back from the aorta, and then the
tumor site, liver, and blood were removed. The removed tissue
weight was measured, dissolved in nitric acid, and the sample
solutions were used for ICP measuring.

Boron concentration measurement: ICP emission spectrometry
using an ICP-AES P-5200 (HITACHI) was performed to measure
boron concentration. The analytical curve derived from the boron
standard solution with a measurement wavelength of 249.773 nm
was used to measure the concentration. Luminescence intensity of
the created sample solution was measured by ICP-AES. Boron
concentrations of the solutions were measured according to the
analytical curve, and the amount of boron was calculated as the
boron concentration per weight of the tissue.

This study was based on the national regulations and guide-
lines, all experimental procedures were reviewed by the review
committee for animal experiments of Osaka Medical College.

3. Results and discussion

The boron concentrations of BSH group were a low value at
which tissues (blood, liver and tumor) and times (24, 48 and 72 h).
The boron concentration of blood using PLB is blood-PLB group
and using TPLB is blood-TPLB group. Blood-PLB group and
blood-TPLB group were high in 24 h after administration, and
both groups were decreased in 72 h. The boron values in 72 h of
blood-PLB and blood-TPLB groups were about the same as BSH
group. The boron concentration of liver using PLB is liver-PLB
group and using TPLB is liver-TPLB group. The boron value was
similar in the liver-PLB group and the liver-TPLB group. Both
were high in 24h, and decreased a little in 72h. The boron
concentration of tumor using PLB is tumor-PLB group and using

TPLB is tumor-TPLB group. Tumor-PLB group was no difference in
24 and 48 h, but decreased in 72 h. However, tumor-TPLB group
were no difference in 24, 48 and 72 h.

It seems that the TPLB has accumulated Boron in not only the
tumor cell surroundings but also the tumor cells while the PLB
accumulated Boron in the tumor cell surroundings. Therefore, it is
thought that Boron remained accumulating in the tumor site for a
long time (Maruyama et al., 2004).

4. Conclusions

This study showed a high concentration of TPLB to the oral SCC
cells at the tumor site in vivo. Furthermore, high retention of TPLB
in the blood could also be observed. In the future, the appropriate
concentration and length of time to achieve BNCT efficacy, which
will have a high concentration at the tumor site while not
affecting surrounding tissues, could be estimated for SAS cells by
measuring the change in boron concentration in various organs
over time.
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The diverse characteristics of immunoliposomes provide advantages for utilization in drug delivery
systems. In this study, we fused the antibody affinity motif of protein A (ZZ) with Gaussia luciferase
(GLase). The fused protein conjugated with an anti-epidermal growth factor receptor (EGFR) monoclonal
antibody (GLase-ZZ-His-mAb) was effectively delivered into glioma cells expressing an activated EGFR
mutant (EGFRVIII) and the bioluminescence was visualized in the cells. Immunoliposomes were further
constructed with DSPE-PEG-MAL for covalent GLase-ZZ-His-mAb conjugation. A fluorescence dye (HPTS)
encapsulated in immunoliposomes conjugated with GLase-ZZ-His-mAb was effectively delivered into
EGFRvIII-expressing glioma cells. In a murine xenograft model of glioma, moreover, specific targeting of
the immunoliposomes was visualized in the tumor. This new bifunctional immunoliposome system has
the potential for drug delivery and imaging in vivo.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Liposomes, comprised of naturally-occurring non-cytotoxic
phospholipids and cholesterols, have been recognized as a poten-
tial drug delivery vehicle for three decades [1]. Their ability to
encapsulate water-soluble compounds as well as non-toxic nature
surpasses that of all other nanomaterial-based drug delivery plat-
forms [2]. Also, by altering lipid composition, size and surface
chemistry, liposomes can be developed into multifunctional
constructs to meet the tunable requirements of different DDSs,
such as combining diagnostic and therapeutic capabilities, thus
providing a universal platform that can simultaneously detect,
image and target diseased cells [2].

In recent years, targeted liposomes have emerged as viable
candidates for tumor imaging and therapy [3,4]. Tumor-targeting
ligands, such as antibodies, or receptor ligands such as folate [5],
transferrin [6] and epidermal growth factor (EGF) [7], have been
used for targeted '°B delivery in boron neutron capture therapy
(BNCT). Targeted liposomes provide an advantage over untargeted
liposomes not only because of increased localization to tumor sites

* Corresponding author. Tel.: +81 96 373 5050; fax: +81 96 373 5052.
E-mail address: tomikt@kumamoto-u.ac.jp (K. Tomizawa).
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but also because of increased interaction with the target cell pop-
ulation once at the tumor sites [8]. Immunoliposomes have also
been used to deliver contrast agents and radionuclides for diag-
nostic imaging and therapy [9-12]. Semiconductor quantum dots
(ODs) conjugated to liposomes are used for imaging, and the
immunoliposomes are successfully observed in vitro and in vivo
[13].

For real-time imaging in small animals, the bioluminescence
produced by the enzymatic reaction of a luciferase with a luciferin
has been used to non-invasively monitor biological processes [14].
The methods based on a luciferase-luciferin reaction have been
applied to the imaging of tumors in mice with firefly luciferase [15],
Renilla luciferase [16], and Vargula luciferase [17]. As a coelenter-
azine-dependent luciferase, Gaussia luciferase (GLase) was cloned
from a marine copepod Gaussia princes and has recently been
validated as a reporter gene for in vivo imaging applications [18,19].
Its small size (19.9 kDa) and independence of ATP make it suitable
for detecting bioluminescence when fused with another protein
[20-22].

We previously used the antibody affinity motif of protein A (ZZ)
as an adaptor to conjugate anti-EGFR antibodies to sodium bor-
ocaptate (BSH)-encapsulated nickel-liposomes. The formed
immunoliposomes effectively and specifically delivered BSH into
EGFR-overexpressing glioma cells in vitro and in vivo [23]. In the
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present study, ZZ fused with GLase was used not only as an adaptor
to conjugate mAb, but also as an imaging component for detection.
Two glioma cell lines, PA U87 not expressing EGFR, and U87 AEGFR-
overexpressing human EGFR variant I1I (vilI), were employed to
evaluate the efficiency with which the fluorescence dye was
delivered and imaging was achieved using the immunoliposomes
in vitro and in vivo.

2. Materials and methods
2.1. Lipids and chemicals

DSPE-PEG-MAL (maleimide), DSPE-PEG2000, DOPC and DOPG were purchased
from Nippon Oil and Fats (Tokyo, Japan). Cholesterol, chloroform and diethyl ether
were acquired from Wako Pure Chemicals (Japan). 8-Hydroxypyrene-1,3,6-tri-
sulfonic acid trisodium salt (HPTS) and Traut's Reagent (2-Iminothiolane.HCI) were
purchased from Sigma-Aldrich and Coelenterazine was purchased from NanoLight
Technology.

2.2. Cell lines

U87 AEGFR and PA U87 glioma cell lines (kindly donated by Professor Webster K.
Cavenee of the University of California at San Diego) were used in all experiments.
U87 AEGEFR cells stably express the constitutively active EGFR, EGFRVIII, whereas PA
U87 cells express no EGFR. The cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) (Invitrogen) with 10% fetal bovine serum (FBS), penicillin and
streptomycin at 37 °C in a humidified atmosphere containing 5% CO,.

2.3. Expression and purification of recombinant GLase-ZZ-His

The pGLuc plasmid was purchased from LUX biotechnology Ltd (Scotland,
UK).The Glase gene was amplified from the plasmid using a sense primer (5'-
GAGCTCCATGAAACCAACTGAAAACAATG-3’, underline indicates Sacl site) and anti-
sense primer (5-AAGCTTATCACCACCGGCACCCTT-3', underline indicates Hindlll
site). The PCR product was ligated into the pCR2.1 TOPO vector (Invitrogen), and
digested with Sacl and Hindlll. The digested GLase fragment was then inserted
between the Sacl-Hindlll site in the ZZ-His expression plasmid [23]. The recombi-
nant plasmid was transformed into E. coli BL21 (DE3). The expression and purifi-
cation of GLase-ZZ-His were performed as described previously [24].

2.4. Conjugation of GLase-ZZ-His with anti-EGFR antibody or FITC

To conjugate GLase-ZZ-His with the anti-EGFR mouse antibody (101-7300-0,
Katayama Chemical Inc., Japan), the two were mixed at a molar ratio of 100:1

U87 AEGFR

PA U87

Heavy chain
Actin (47 kDa)——

GLase-zZz-His .
(34 kDa) U87 AEGFR PA U87
GlLase-ZZ-His + + + +
Anti-EGFR mAb - + + .

Fig. 1. Antibody-mediated delivery of GLase-ZZ-His into EGFR-overexpressing glioma
cells. GLase-ZZ-His-mAb and GLase-ZZ-His were incubated with U87 AEGFR and PA
U87 for 2 h. After a wash with PBS, cell lysate was subjected to 10% SDS-PAGE and
transferred to PVDF membranes. The delivered proteins were detected by Western
blotting using anti-His mouse mAb.

(GLase-ZZ-His to antibody) in 200 pL of PBS (pH7.4) and rotated at 4 °C for 2 h to
yield GLase-ZZ-His-mAb.

For the preparation of FITC-GLase-ZZ-His, GLase-ZZ-His was incubated with
1 mg/mL of fluorescein isothiocyanate isomer I (FITC, Sigma-Aldrich) at room
temperature for 15 min with further incubation at 4 °C overnight in PBS as described
[25]. The molar ratio of FITC to GLase-ZZ-His was 2:1. After incubation, non-reacted
FITC was removed using a PD-10 column (Amersham). To conjugate FITC-GLase-ZZ-
His with the anti-EGFR mouse antibody (FITC-GLase-ZZ-His-mAb), the two were
mixed at the molar ratio mentioned above.

2.5. Confirmation of the delivery of GLase-ZZ-His-mAb and FITC-GLase-ZZ-His-mAb
in cells

PA U87 and U87 AEGER cells were incubated with 3 um of GLase-ZZ-His-mAb. As
a control, the cells were incubated with 3 pm of GLase-ZZ-His. After 2 h, the cells
were washed with PBS twice and treated with 0.025% trypsin to remove surface-
bound antibody. They were then resuspended in PBS twice before sonication and
subjected to Western blotting using an anti-His mouse monoclonal antibody (C-
term, Invitrogen). The Western blotting was carried out as described previously [26].
After incubation with the appropriate secondary antibody conjugated with horse-
radish peroxidase (Sigma-Aldrich), positive bands were visualized using an
enhanced chemiluminescence detection system (Amersham Biosciences, Pittsburgh,
PA).

After 3 h of incubation with FITC-GLase-ZZ-His-mAb, U87 AEGFR and PA U87
cells were washed with PBS twice, then fixed with 4% paraformaldehyde (PFA) for
10 min, and washed with PBS three more times. Fluorescence was observed using

Fig. 2. Fluorescence-based detection of GLase-ZZ-His delivered by the antibody. U87 AEGFR and PA U87 cells were incubated with FITC-GLase-ZZ-His-mAb for 2 h and fixed with 4%

PFA. Fluorescence was visualized using a confocal laser microscope. Bar = 50 pm.
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Cont.

luminescence

DIC

GlLase-ZZ-His GLase-ZZ-His-mAb

Fig. 3. Bioluminescence-based detection of GLase-ZZ-His in U87 AEGFR cells. U87 AEGFR cells were incubated with GLase-ZZ-His and GLase-ZZ-His-mAb for 2 h. After being
washed with culture medium without serum, the cells were treated with coelenterazine and immediately observed under a bioluminescence microscope.

a confocal laser microscope (FluoView, Olympus, Japan). In the control, only FITC-
Glase-ZZ-His was added.

2.6. Bioluminescence imaging of GLase-ZZ-His in cells

To detect the bioluminescence of GLase-ZZ-His, U87 AEGFR cells were cultured
on a 35-mm glass-bottomed dish for 24-48 h. GLase-ZZ-His-mAb and GLase-ZZ-His
were added at 3 pm and the cells were incubated for 2 h, washed with DMEM two
times, and soaked with 1 mL of serum-free DMEM containing 1 pg/mL of coe-
lenterazine. Luminescence was immediately recorded with an Olympus Luminoview
LV 200 (Bioluminescence microscope (BLM)) after the addition of coelenterazine.
Images were acquired and analyzed with Metamorph software (Molecular devices).

2.7. Construction of GLase-ZZ-His-immunoliposomes

Liposomes composed of DOPC: DOPG: CH: DSPE-PEG-MAL: DSPE-PEGyq00
(3:3:4:0.1:0.1, molar ratio) were prepared by lipid film hydration as described
previously with a slight modification [27]. Briefly, 100 pmol of lipid dissolved in 2 mL
of a chloroform/diethyl ether mixture (1:1 v/v) was added to a rotary evaporator to
form a lipid film under reduced pressure. Two milliliters of PBS containing 35 mm
HPTS was then added and the lipid film was vortexed. To control size and lamellarity,
the suspension was sonicated by a tip-type ultrasonic homogenizer (output level 7,
TAITEC ULTRS Homogenizer VP-5S, Tokyo, Japan) for 5 x 1 min with 1 min ice
cooling interval between each round. Then the liposome emulsion was extruded 10
times through a polycarbonate membrane 100 nm in pore size using an extruder
device at 50 °C. The mean diameter of the prepared liposomes was determined with
an electrophoretic light scattering spectrophotometer (ELS-8000, Photal, Tokyo,
Japan). Unencapsulated free HPTS was removed by a PD-10 desalting column
(Amersham). . '

For protein thiolation, GLase-ZZ-His was incubated with Traut's reagent at
a molar ratio of 1:2 in PBS (pH7.4) with 0.5 m EDTA. After incubation at room
temperature for 1 h, the thiolated GLase-ZZ-His was separated using a PD-10
column, and the fractions containing thiolated GLase-ZZ-His were pooled. Under
a nitrogen atmosphere, HPTS-loaded liposomes containing DSPE-PEGyqgg-mal-
eimide were incubated with thiolated GLase-ZZ-His (molar ratio of DSPE-PEG3q00-
maleimide to GLase-ZZ-His, 40:1) overnight at room temperature at a low rotating
speed [28]. Free Glase-ZZ-His was removed with a Sepharose CL-4B column
(1 x 10 cm) and the eluted GLase-ZZ-His-liposomes (Hereafter abbreviate as pre-
immunoliposomes) were concentrated and the protein concentration was measured
with a Biadford protein assay (Bio-rad). For constructing the immunoliposomes
conjugated with anti-EGFR mouse antibody (mAb), the antibody was mixed with
pre-immunoliposomes at a molar ratio of 1:20 (mAb to GLase-ZZ-His) at 4 °C with
rotation for 2 h. Free mAbs were removed with a Sepharose CL-4B column. The lipid
in each fraction was analyzed by the DAOS method using a Phospholipids C reagent
kit (Wako Pure Chemical Inc. Ltd., Japan)

2.8. Fluorescence signal and luciferase detection in immunoliposome-treated cells
U87 AEGER cells were cultured on laminin (20 pg/mL)-coated 3 cm dishes (2 mL

medium) for 24-48 h, after which immunoliposomes and pre-immunoliposomes
were added. The final concentrations of liposome (total lipid), GLase-ZZ-His, and
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antibody were 1 mwm, 2 pv, and 3 pg/mL, respectively. After 2 h incubation, the cells
were washed with DMEM twice, fixed with 4% PFA for 10 min, and washed with PBS
twice again. Fluorescence signals were observed using a confocal laser microscope.
For the detection of GLase-ZZ-His in immunoliposome-treated cells, U87 AEGFR
cells were washed with DMEM and bioluminescence signals were analyzed as
mentioned in 2.6.

2.9. Bioluminescence imaging in vivo

U87 AEGFR cells (1 x 106 cells/100 uL) were implanted into the back of female 4-
to-6 week-old nude mice (15-20 g, BALB/c Slc-nu/nu; Japan SLC). After 10-14 days,
animals bearing palpable tumors were administered intravenously 400 pL of
immunoliposomes and pre-immunoliposomes via the tail. After 4 h, mice were
imaged by injecting 50 L of coelenterazine solution (100 pg/mL) at the tumor site
under anesthesia using a cooled CCD (IVIS, Xenogen, Alameda, CA) camera as
described previously [22]. The intensity of the selected region over the tumor was
recorded as maximum photons s~' cm™2 steradian~', To obtain control signal
intensity, same amount of coelenterazine was injected to the site without tumor.

2.10. Slice analysis for determining HPTS’s distribution in tumor

The immunoliposome-injected mice were sacrificed soon after bioluminescence
imaging and tissues containing the tumor were excised. Sections 10-pm thick were
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Fig. 4. Characterization of GLase-ZZ-His conjugated to liposomes. (A) GLase-ZZ-His-
immunoliposomes (pre-immunoliposomes) were eluted through a Sepharose column
and detected by lipid analysis. (B) Ten-microliter aliquots of eluted pre-immunolipo-
some samples were subjected to 10% SDS-PAGE and transferred to PVDF membranes.
Anti-His mouse monoclonal antibody was used for the detection of GLase-ZZ-His.
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cut on a microtome (CM 1850, Leica Microsystems, Wetzlar, Germany) and the
fluorescence signal of HPTS was observed immediately using a confocal laser
microscope (FluoView, Olympus, Japan).

3. Results
3.1. Delivery of GLase-ZZ-His-mAb into U87 AEGFR cells

Little of GLase-ZZ-His was delivered into U87 AEGFR cells
overexpressing the constitutively active EGFR mutant, EGFRvIII
(Fig. 1). When conjugated with the anti-EGFR mouse antibody
(GLase-ZZ-His-mAb), however, GLlase-ZZ-His was effectively
delivered (Fig. 1). In PA U87 cells, which had no EGFR expression,
the GLase-ZZ-His level was low even when GLase-ZZ-His was
conjugated with the mAb (Fig. 1).

Glase-ZZ-His-mAb was next labelled with FITC and its delivery
into U87 AEGFR and PA U87 cells was examined using a confocal

A Immunoliposome

luminescence

DIC

Immunoliposome

Pre-immunoliposome

microscope (Fig. 2). GLase-ZZ-His-mAb was observed in almost all
U87 AEGFR cells (Fig. 2). A Z-dimensional scan excluded the
possibility that the GLase-ZZ-His was attached to the cell surface
(Supplementary material). In contrast, weak fluorescence was
detected in PA U87 cells (Fig. 2). The results were consistent with
those of Western blotting in Fig. 1, and suggest that GLase-ZZ-His
was targeted and delivered into the EGFRvIII-overexpressing cells
when conjugated with the anti-EGFR antibody.

3.2. Bioluminescence activity of GLase-ZZ-His-mAb in U87
AEGFR cells

To clarify whether GLase-ZZ-His had bioluminescence in glioma
cells, GLase-ZZ-His was conjugated with the anti-EGFR mAb and
added to the culture medium of U87 AEGFR cells. A strong signal
was detected in the cells (Fig. 3). In GLase-ZZ-His incubated cells, in

Pre-immunoliposome

Fig. 5. Bioluminescence and fluorescence-based detection of immunoliposomes delivered into glioma cells. (A) U87 AEGFR cells were incubated with immunoliposomes and pre-
immunoliposomes for 2 h. After a washing with DMEM, the luminescence was recorded soon after the coelenterazine substrate was added to cells. (B) After the luminescence was
observed, the same samples were observed under a confocal microscope to detect fluorescence. Bar = 50 pm.
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contrast, weak bioluminescence was detected in a few cells (Fig. 3).
The bioluminescence was underdetectable in intact cells (Cont.).
These results suggest that the fusion of ZZ-His with GLase did not
affect its luciferase function.

3.3. Confirmation of the conjugation of GLase-ZZ-His with
pre-immunoliposomes

To investigate whether thiolated GLase-ZZ-His effectively reac-
ted with the maleimide (MAL) group on the liposome’s surface, we
compared the position of the GLase-ZZ-His and pre-immunolipo-
some after their separation with Sepharose CL-4B. The peak of the
pre-immunoliposome occurred between fractions 5 and 6 (Fig. 4A).
Western blotting revealed that GLase-ZZ-His was also abundant in
these fractions (Fig. 4B). The results showed that thiolated GLase-
ZZ-His was conjugated to the liposome’s surface through the MAL-
SH group via a covalent reaction. The immunoliposome was
eventually produced through conjugation of the anti-EGFR anti-
body with the pre-immunoliposome.

3.4. Immunoliposome-mediated delivery of HPTS and imaging of
GLase-ZZ-His in U87 AEGFR cells

To investigate whether immunoliposomes conjugated with the
anti-EGFR antibody targeted U87 AEGFR cells and are useful for the
delivery of chemicals and the imaging of tumors, HPTS,

A Immunoliposome

Tumor

Normal

a fluorescence chemical, was encapsulated in the immunoliposome
and U87 AEGFR cells were incubated with the HPTS-encapsulated
immunoliposomes. Strong bioluminescence was detected in the
cells (Fig. 5A). In contrast, pre-immunoliposomes not conjugated to
the mAb, emitted a faint signal in the cells (Fig. 5A). Moreover, the
cells were subjected to fluorescence microscopy. The fluorescence
from HPTS was strong in the immunoliposome-treated cells but
weak in the pre-immunoliposome-treated cells (Fig. 5B).

3.5. In vivo imaging of xenografted brain tumor using
immunoliposomes conjugated with anti-EGFR antibody

We investigated whether the immunoliposomes conjugated
with the anti-EGFR antibody could be used to image xenografted
brain tumor and carry chemicals. Immunoliposomes and pre-
immunoliposomes were injected into the tail of tumor-bearing
mice. After 4 h, the tumor was imaged by injection with 50 pL of
coelenterazine solution (100 pg/mL) at the tumor site. A strong and
clear bioluminescence signal was detected at the tumor site
(Fig. 6A, left panel) in immunoliposome-treated mice while weak
signals were detected at two tumor sites in the pre-immunolipo-
some-treated mice (Fig. 6A, right panel). As a signal intensity
control, much weaker signal was observed at the site without
tumor when coelenterazine was injected (data not shown).

To investigate whether HPTS was specifically carried in the
tumor, the tumor xenografted regions were sectioned and the
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Fig. 6. Bioluminescence imaging in living nude mice harboring U87 AEGFR cell xenografts and slice analysis. (A) Images were obtained using a CCD camera 4 h after an intravenous
injection of immunoliposomes and pre-immunoliposomes in the tail. A color scale represents p/sec/cm?/steradian. Left panel, immunoliposome-treated sample. Right panel,
pre-immunoliposome-treated sample. (B) A 10-pm section cut from frozen tumor tissue harvested at 4 h post-injection and examined with a confocal microscopy. The tumor
section was examined for nuclei stained by Hoechst (blue) and HPTS (green). The blue fluorescence of Hoechst was used to indicate the position of the tumor. Left panel,
immunoliposome-treated sample. Right panel, pre-immunoliposome-treated sample, Bar = 200 pm.
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Fig. 7. Development of a bifunctional immunoliposome. (A) Our previous nickel-immunoliposome. (B) The bifunctional immunoliposome.

fluorescence from HPTS was observed using a confocal microscope.
The fluorescence was located in the tumor but not in normal tissue
in the immunoliposomes-treated mice (Fig. 6B, left panel). In the
pre-immunoliposome-treated mice, by contrast, no fluorescence
was seen in the tumor or normal regions (Fig. 6B, right panel).

4. Discussion

In the present study, we showed that a fusion protein consisting
of ZZ-linked to Gaussia luciferase could be used to target and image
glioblastoma cells expressing the activated EGFR mutant EGFRVIIL
The results support our previous findings obtained with a ZZ
conjugated to liposomes for targeting and delivering BSH [23].
Previously, a nickel lipid was used for binding His-tagged ZZ
(Fig. 7A) [23]. To avoid possible toxic effects of DOGS-NTA-Ni, we
replaced it with DSPE-PEG-MAL for the covalent reaction to
conjugate GLase-ZZ-His with the liposome in the present study.
Thus, GLase-ZZ-His was located at the distal end of the immuno-
liposome. The antibody conjugated to ZZ is thought to be located
further out than in our previous immunoliposome (Fig. 7B). The
design of the new immunoliposome may improve the antibody’s
ability to recognize and bind tumor cells. Moreover, the usage of an
appropriate ratio of DSPE-PEGzgp0 made the immunoliposome
more stable. Since the mid-1990s, to increase specific binding while
also retaining a long period of circulation, researchers have
attached an antibody or ligand to PEG's terminus via a thioether
bond [28,29]. This design is used widely by researchers [28,29], but
the effect of the thiolation reaction on the stability and affinity of
the antibody has not been discussed. In the present study, we fol-
lowed the same basic design but made some improvements. That is,
the antibody was conjugated to PEG via the adaptor GLase-ZZ-His,
and remained intact because its Fc part bound with ZZ. The
construction of the new immunoliposome prevents shorter circu-
lation times using a complete antibody, due to the rapid identifi-
cation and uptake of the Fc fragment by macrophages in circulation
in vivo [30].

In recent years, Gaussia luciferase has mostly been used for non-
invasive studies because of its high quantum yield compared with
firefly luciferase and Renilla luciferase [31]. GLase has been used to
image cultured cells implanted subcutaneously into nude mice
[32]. A recent study showed that GLase fused with an anti-carci-
noembryomic antigen (CEA) fragment was capable of targeting and
imaging human colon carcinoma cells in nude mice [22]. However,
its utilization for detecting the distribution of immunoliposomes
has not been reported. In the present study, immunoliposomes
conjugated with GLase-ZZ-His and anti-EGFR antibody were used

to target and image EGFRvIII-expressing glioma cells both in vitro
and in vivo. Although the luciferase signal was detected at the
tumor site by a direct coelenterazine solution injection, the signal
intensity is much stronger than those in pre-immunoliposome-
treated sample (Fig. 6) and at the site without tumor (data not
shown), indicating the GLase on immunoliposome targeted to the
tumor site by ZZ conjugated antibody. These results suggest that
the bioluminescence of GLase is not affected by thiolation and
immunoliposomes conjugated with GLase may be useful for the
imaging of tumor cells expressing EGFR. The monitoring of lipo-
somes in vivo provides valuable information on drug delivery
although the development of this technology is still in its early
stages.

The combination of a diagnostic test and a therapeutic entity is
termed theranostics [33]. Some chemotherapeutics have been
directly or indirectly radiolabeled for single photon emission
computed tomography (SPECT) and positron emission tomography
(PET) imaging [34]. The radiolabeled chemotherapeutics have been
injected into patients for the purpose of better understanding their
biodistribution and metabolism and to assess whether there exists
arelationship between their uptake in tumor tissue and response to
treatment [34]. In the present study, our bifunctional immunoli-
posomes effectively delivered their cargo to the tumor and also
were imaged in nude mice. The present results suggest our
bifunctional immunoliposomes to be useful for BNCT as a thera-
nostics reagent.

5. Conclusions

The present study showed the utility of bifunctional immuno-
liposomes fused with GLase-ZZ-His-mAb for the imaging and tar-
geting of glioma cells both in vitro and in vivo. A thiolated fusion
protein of ZZ (Fc-affinity domain) and GLase was conjugated to the
immunoliposomes for antibody binding and imaging. We have
demonstrated the utility of Gaussia princeps luciferase for detecting
the distribution of immunoliposomes. Bioluminescence and fluo-
rescence analyses indicated that GLase-ZZ-His and HPTS were
successfully delivered into EGFR-overexpressing glioma cells in
vitro and in vivo. Thus, our bifunctional immunoliposome system
provides the potential for drug delivery and imaging in tumors.
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