10.

11.

12.

13.

Daiki Omata Ryo Suzuki, Yusuke Oda, Yoshikazu
Sawaguchi, Yoichi Negishi, Kazuo Maruyama,
Selective gene delivery for brain by bubble
liposomes and ultrasound, Tht 5™ Asian Arden
Conference, HHE. 20134 8 A 5-6 H
MERAH. B EONBESFOR-.F
BECE.BHE>#  EAEE.REF—. N
th—HE RTIVYRY—LEBERERALK
FHIEIRMEEFEA . F 57 BIAREER
MREXEAR. RR. 20135 10 A 26 B
MBS AR MRS, DEESE
Ag—. . FEECE. BCO>H . BEFAEE. R
BE— AL NTVIRY—LEBER
[CEDBBEMBBEBEFTINI—VRATLE
57 B ARFRBERXIBRE, WK, 2013 F
10 A 26 B

MEENCHR ECETOAVGEQR—. /D
RAB. FEECE. BHEE. PIIEHE. A
W—iE, NT IR —LEBERICIVIE
EELERKBRDIFUICLEBNAER T

HMR.E 57 AEREFRERIBRE. BR.

201345 10 A 26 B

BT oA /NEEN. K TODMRRE.E
Age— . FRECE.HHEE. PIIEE. L
I—if. NARBEREICESTAERMa~D

18

MRERZICAIT-HT-AHE, 5 57 @ARE
PRI EAE. RE. 2013410 § 26 A
FRECE.HK MRXE. DEEN.
B oA EOk— . RE¥X— EHEE.
NEE.RL—. AT V)RY—LEBF K
FRAVWEY A AU EBRE T FEAICKDE
BEVR.F 57 BEAEZRBERERIBRE.
HR.20134 10 A 26 A

H MMM EEOHE -E&RR
H-1 5 M &
L

H-2 RAHREH
L

H-3 ZOfth
L

L ARBAHE
MR
/A
EH E£—
FBE -&£
B &o#

K
Vi



WIERROTFITIZEE T2 —H%

i
FERAL | WX MvE EEEERO | E OB 4 MRS | R (HRE | R
mEHE 4
FHEEERL
MERE
HRERAL4 MXHEA Mg RBRFEA HE AR HREE
é‘a:k"i o Tissue distribution and |Eur. J. Pharm.| 14(52) 132-7 2014
Watari A, safety evaluation of Sei
Yagi K., . ,
Kondoh M. a claudin—targeting
molecule, the
C—terminal fragment of
Clostridium perfringens
enterotoxin.
lida M., A baculoviral display  |Biol. Pharm 36(11) 1867-9 2013
Yoshida T, ’ ’
Watari A, system to assay viral |(Bull.
Yagi K.,
Hamakubo T., entry.
Kondoh M.
Sugano M.,
Negishi Y.,
Endo Takahashi Y., .
Gene delivery to
Hamano N., . . . .
. periodontal tissue using |J. Periodontal
Usui M., . 2013
) Bubble liposomes and  |Res.
Suzuki R, ltras d
Maruyama K., " ound.
Aramaki Y.,
'Yamamoto M.
Hagisawa K.,
Nishioka T.,
Suzuki R,,
Maruyama K., Thrombus—-targeted
Takase B., perfluorocarbon—contain
[shihara M., ing liposomal bubbles for|J Thromb
11 1565-
Kurita A., enhancement of Haemost. @) 965-73 2013
Yoshimoto N., ultrasonic thrombolysis:
Nishida Y., in vitro and in vivo study.
lida K.,
Luo H.,,
Siegel RJ.

19




Negishi Y.,

Tsunoda Y.,
Hamano N., .
Ultrasound-mediated
Omata D., ene deli tem
elivery systems .
EndoTakahashi Y., [° Y sy Biopolymers. | 100(4) 402-7 2013
Suzuki R by AG73-modified
b bubble li .
Maruyama K., ubble fiposomes
Nomizu M.,
Aramaki Y.
EndoTakahashi Y.,
Negishi Y.,
Nakamura A.,
Suzuki D.,
wet pDNA-loaded Bubble
Ukai S, liposomes as potential
Sugimoto K., P 'S PO Biomaterials. | 34(11) | 2807-13 2013
. ultrasound imaging and
Moriyasu F., ene delivery agent:
I .
Takagi N., gen v agents
Suzuki R,
Maruyama K,
Aramaki Y.
Hamano N.,
Negishi Y., .
Omata D., B;:bble |ID:SOI’:GS an:h
Takahashi V., :ntr :cjfn”" ‘:F"e at'mf ©
or
Manandhar M. 1or ETECES T IMol. Pharm. 10(2) 774-9 2013
. AG73 liposomes
Suzuki R, . .
encapsulating antitumor
Maruyama K., I
Nomizu M., & ’
Aramaki Y.
Negishi Y.,
Hamano N.,
Tsunoda Y.,
Oda Y.,
Choijamts B., AG73—-modified Bubble
EndoTakahashi Y., liposomes ff)r ta.rgeted Biomaterials. 34(2) 501-7 2013
Omata D, ultrasound imaging of
Suzuki R., tumor neovasculature.
Maruyama K.,
Nomizu M.,
Emoto M.,
Aramaki Y.

20




7 Q1

43
44

45
46
47
48
49
50
51
52
53
54
55
56
57
58
59

20 RER-REE

Sciences KX

opean journal of Pharmaceutical

ble at ScienceDirect

Tissue distribution and safety evaluation of a claudin-targeting
molecule, the C-terminal fragment of Clostridium perfringens enterotoxin

Xiangru Li, Rie Saeki, Akihiro Watari, Kiyohito Yagi, Masuo Kondoh *

Laboratory of Bio-Functional Molecular Chemistry, Graduate School of Pharmaceutical Sciences, Osaka University, Suita, Osaka 565-0871, Japan

ARTICLE INFO ABSTRACT

Article history:

Received 2 April 2013

Received in revised form 25 October 2013
Accepted 25 October 2013

Available online xxxx

We previously found that claudin (CL) is a potent target ‘for cancer therapy using a CL-3 and -4-targeting
molecule, namely the C-terminal fragment of ,Closmdlum perfringens enterotoxin (C-CPE). Although CL-3
and -4 are expressed in various normal tlss es;:the safety of this CL-targeting strategy has never been
investigated. Here, we evaluated the tissue distribution of C-CPE in mice. Ten minutes after intravenous
injection into mice, C-CPE was distributed to the liver and kidney (24.0% and 9.5% of the injected dose,
respectively). The hepatic level gradually fell to 3.2% of the injected dose by 3 h post-injection, whereas

’éf;’:;‘;gds" the renal C-CPE level gradually rose to 46.5% of the injected dose by 6h post-injection and then
Clostridium perfringens enterotoxin decreased. A C-CPE mutant protein lacking the ability to bind CL accumulated in the liver to a much lesser
Kidney extent (2.0% of the dose at 10 min post-injgction) than did C-CPE, but its renal profile was similar to that
Liver of C-CPE. To investigate the acute toxicity of CL-targeted toxin, we intravenously administered C-CPE-

fused protein synthesis inhibitory factor to mice. The CL-targeted toxin dose-dependently increased
the levels of serum biomarkers of liver injury, but not of kidney injury. Histological examination
confirmed that injection of C argeted toxin injured the liver but not the kidney. These results indicate
that potential adverse hepatlc effects should be considered in C-CPE-based cancer therapy.

© 2013 Published by Elsevier B.V.

Tissue distribution

1. Introduction Rodriguez-Boulan and Nelson, 1989; Vermeer et al, 2003). In

contrast, T] functionality is frequently abnormal in transformed epi-

Most lethal cancers are derived from eplthehal tlssues Cmm
et al, 2008), and many therapeutic strategies targ tmg stich can-
cers have been developed. Selective delivery of anti-cancer agents
to cancer cells is a popular anti-cancer strategy (}x:%au et al, 2012;
"‘D‘ufvii“:) 9{ ’} “y t
much higher levels in cancer cells than in:norr al cells have been
identified. Antibodies have recently become available as anti-can-
cer drugs targeting breast cancer (pert zurnab directed against
human epidermal growth factor réceptor-2) and colon cancer
(pamtumumab directed against epldermal growth factor receptor)
(Dent et al,, 2013; Zouhairi et al ‘zw). y

Normal eplthehal cells develop complex intercellular tight junc-
tions (TJs) that prevent the freemovement of solutes across epithe-
lial cell sheets and of membrane proteins and lipids between apical
and Dbasolateral membranes (Furuse and Tsukita 2006

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransfer-
ase; BSA, bovine serum albumin; BUN, blood urea nitrogen; CL, claudin; CPE,
Clostridium perfringens enterotoxin; C-CPE, C-terminal fragment of CPE; FACS,
fluorescence-activated cell sorter; PBS, phosphate-buffered saline; PSIF, protein
synthesis inhibitory factor; TJ, tight junction.

* Corresponding author. Tel.: +81 6 6879 8196; fax: +81 6 6879 8199.

E-mail address: masuod@ r.ac.ip (M. Kondoh).

h1s.0s5aka

0928-0987/% - see front matter © 2013 Pubhshed by Elsevier B.V.

2013). Many membrane proteins that are present at )

thelial cells. As a result, cellular polarity and intercellular contact are
often lost, both in the early stages of carcinogenesis and in advanced
tumors (Wodarz and Nathke, 2007). Such findings indicate that the
membrane proteins of TJs, which are difficult to access in normal
epithelia but are exposed in malignant cells, may be candidate
targets for cancer therapy.

Freeze-fracture replica electron microscopy has shown that Tjs
present as a series of continuous, anastomotic, intramembranous
particulate strands, or fibrils (Farquhar and Palade, 1963;
Sraehelin, 1973). The TJ-containing strands are composed of both
intracellular and integral membrane proteins, including claudin
(CL) (Anderson and Van Itallie, 2009). CL comprises a tetraspan
protein family with 27 members (Mineta et al, 2011), Interest-
ingly, the expression of CL-3 or -4, or both, is increased in breast,
gastric, intestinal, ovarian, pancreatic, and prostatic carcinomas
(Singh et al, 2010; Tsukita et al, 2008; Turksen and Troy, 2011).

Clostridium perfringens enterotoxin (CPE) causes food poisoning
in humans (McClane and Chakvabarti, 2004). CL-3 and CL-4 serve
as receptors for CPE, and CPE is cytotoxic to cells expressing these
CLs (Long et al,, 2001 Sonoda et al, 1999). Intratumoral adminis-
tration of CPE attenuates pancreatic tumor growth, and intraperi-
toneal administration of CPE inhibits ovarian tumor growth
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Fig. 1. Flow cytometric analysis of the interaction of claudins (CLs) with the CF750-labeled C-terminal fragment of Clostridium perfringens enterotoxin (C-CPE). Mouse
fibroblast L cells were incubated with 10 ug/ml CF750-labeled C-CPE or a mutant form of C-CPE (also labeled with CF750) for 1 h and then subjected to fluorescence-activated
cell sorter analysis as described in the Materials and Methods. Unfilled curves show the results obtained when cells were not treated with C-CPE proteins. Filled curves show
data from C-CPE-treated cells. FL1-H indicates fluorescent intensity and M1 indicates C-CPE-bound cells.

(Michl et al, 2001; Santin €t al, 2005). Moreover, the C-terminal
fragment of CPE (C-CPE)‘is a'ligand of CL-3 and CL-4 (Sonoda
et al., 1999). We previously prepared a CL-targeting cytotoxic mol-
ecule via fusion of C-CPE and a protein synthesis inhibitory factor
(PSIF) derived from Pseudomonas exotoxin (Ebihara et al, 2008).
We found that intratumoral or intravenous administration of
C-CPE-fused PSIF attenuated the growth of murine breast cancer
cells (Saeki ot al., 2009, 2010). Thus, drugs that include all or part
of CPE may be useful for targeting CLs in cancer therapy.

CLs are expressed throughout the body. Evaluation of the possi-
ble adverse effects of CL-targeting molecules is critical if the CPE
technology described above is to be used for cancer therapy. How-
ever, no such hazard assessment has been performed to date. Here,

we investigated the tissue distribution of C-CPE and the tissue
injury caused by C-CPE-fused PSIF.

2. Materials and methods

2.1. Cell cultures

Mouse fibroblast L cells expressing mouse CL-1, CL-2, CL-3,
CL-4, or CL-5 were kindly provided by Dr. S. Tsukita (Kyoto Univer-
sity). Cells were cultured in Eagle’s minimum essential medium
with 10% (v/v) fetal calf serum and 500 pug/ml G418 at 37 °C under
a 5% (v/v) CO, atmosphere.
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Fig. 2. In vivo distribution of the CF750-labeled C-terminal fragment of Clostridium
perfringens enterotoxin (C-CPE). Mice were intravenously injected with 2 pg/mouse
CF750-labeled C-CPE or a CF750-labeled C-CPE mutant. Tissues were removed at the
indicated times after injection and the intensity of fluorescence of each tissue was
measured as described in the Materials and Methods. Tissue C-CPE levels were calculated
as percentages of injected doses. Data are means + SEM (n = 5). ID, injected dose.

2.2. Preparation of C-CPE and C-CPE mutant protein

C-CPE, and a mutant form thereof, in which Ala was substituted
with Tyr and Leu at positions 306 and 315, were prepared as
described previously (Takahashi et al,, 2008). Briefly, recombinant
plasmids derived from pET-16b, pET-C-CPE encoding. histidine
(His)-tagged C-CPE, or a pET-C-CPE mutant encoding His-tagged
C-CPE mutant protein, were transduced into Escherichia coli strain
BL21 (DE3) (Novagen, Darmstadt, Germany), and productlon of
recombinant proteins was induced by adding xsopropyl -B-D-thio-
galactopyranoside. Harvested cells were lysed in"buffer A (10 mM
Tris-HCl [pH 8.0], 400 mM NaCl, 5 mM MgCls, 0.1'mM phenyl-
methylsulfonyl fluoride, 1 mM 2-mercaptoethanol, and 10% [v/v]
glycerol). Each lysate was applied to a HiTrap chelating HP column
(GE Healthcare, Chalfont St Giles, Buckinghamshire, UK), and the
recombinant protein was eluted with buffer A containing imidaz-
ole. This buffer was exchanged for phosphate -buffered saline
(PBS) by using a PD-10 column (GE Healthcare), and the purified
proteins dissolved in PBS were stored at —80 °C until use. The pur-
ity of the recombinant proteins was confirmed by sodium dodecyl
sulfate-polyacrylamide gel electrophore51s followed by staining
with Coomassie brilliant blue. Protein concentrations were quanti-
fied with a BCA protein assay ‘kit, using bovine serum albumin
(BSA) as a standard (Pierce Chemitals, Rockford, IL).

2.3. Animals

Female BALB/c mice (6-8 weeks of age) were purchased from
SLC, Inc. (Shizuoka, Japan). Mice were housed at 23 + 1.5 °C with a
12-hlight/12-h dark cycle and had free access to water and commer-
cial chow (Type MF; Oriental Yeast, Tokyo, Japan). Mice were al-
lowed to adapt to these conditions for at least 1 week after arrival.
All animal experiments adhered to the ethical guidelines of the
Graduate School of Pharmaceutical Sciences, Osaka University.
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Fig. 3. Serum markers of liver and kidney injury in mice injected with protein
synthesis inhibitory factor (PSIF) fused to the C-terminal fragment of Clostridium
perfringens enterotoxin (C-CPE). Mice were intravenously injected with PSIF at
2 pg/kg or C-CPE-fused PSIF at 0, 5, 10, or 20 pg/kg. Twenty-four hours later, serum
ALT (A), AST (B), and BUN (C) levels were measured as described in the Materials
and Methods. Data are presented as means + SEM (n =5).

2.4. Preparation of CF750-labeled C-CPE proteins

C-CPE and the mutant form of the protein were labeled with the
fluorescent dye CF750 by using a XenoLight CF750 rapid antibody-
labeling kit (Caliper Life Sciences, Inc., Hopkinton, MA), in accor-
dance with the manufacturer’s instructions. The concentrations of
labeled C-CPEs were calculated according to the manufacturer’s pro-
tocol by using the following equation: Concentration (mg/
ml) = {[absorbance at 280 nm minus (absorbance at 755 nm x
0.3)]/0.46} x dilution factor.

2.5. Fluorescence-activated cell sorter (FACS) analysis

L-cells expressing various CLs were harvested with trypsin and
suspended in PBS. The cells were incubated with C-CPE or the
mutant form of C-CPE for 1 h at 4 °C; this was followed by incuba-
tion with anti-His-tag antibody. Cells were next incubated
with fluorescein-labeled secondary antibody, and cells that bound
the test proteins were detected and analyzed by flow cytometry
(FACScalibur, Becton Dickinson, Franklin Lakes, NJ).

2.6. Tissue distribution of injected proteins

C-CPE, or the mutant form thereof, labeled with CF750, was
intravenously injected into mice at 2 ug/100 pl of PBS per mouse.
Mice were sacrificed 10 min, 30 min, 60 min, 3h, 6h, 24 h, 48 h,
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Fig. 4. Histological analysis of the livers of mice injected with protein synthesis
inhibitory factor (PSIF) fused to the C-terminal fragment of Clostridium perfringens
enterotoxin (C-CPE). Mice were intravenously injected with PSIF at 20 pg/kg or C-
CPE-fused PSIF at 0, 5, 10, or 20 pg/kg (n=7 or 8). Twenty-four hours later, the
livers were removed and fixed in formaldehyde. Sections were stained with
hematoxylin-eosin and examined microscopically for pathology. A representative
micrograph is shown in panel A; arrows indicate regions of injury (scale bar,
60 um). The extents of hepatocellular necrosis and hepatic hyaline droplet
degeneration were scored (panel B) as follows: 0, none; 1, very mild; 2, mild; 3,
moderate; or 4, high. Each horizontal dash represents the score of one sample. Data
are means + SEM (n=7 or 8).

72 h, or 96 h later. The blood, heart, lung, liver, spleen, kidney, thy-
roid, stomach, intestine, and brain were excised from each mouse.
The blood and organs from each mouse were placed side-by-side
and imaged by using a MaestrqEXuin vivo imaging system, version
2.10.0 (Cambridge Research & Instrumentation Inc., Woburn, MA).
The imaging system was equipped with an excitation filter (wave-
length 229-684 nm). Fluqreéc"ence was detected by a CCD camera
equipped with a C-mount lens and a long-pass emission filter
(745 nm). Spectral data “cubes” were created by acquisition of a
series of images obtainédbyjusing different wavelengths. In such
cubes, each pixel is associated with a spectrum. Maestro software
can be used to analyze these data; any autofluorescence can be
identified, separated from the CF750 fluorescence, and removed.
The resulting signals (counts) from each tissue were used to eval-
uate C-CPE distributions. The levels of C-CPEs in each tissue, as per-
centages of injected doses, were calculated. Total blood volume
was calculated as 8% of body weight.
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Fig. 5. Histological analysis of the kidneys of mice injected with protein synthesis
inhibitory factor (PSIF) fused to the C-terminal fragment of Clostridium perfringens
enterotoxin (C-CPE). Mice were intravenously injected with PSIF at 20 pg/kg or C-
CPE-fused PSIF at 0, 5, 10, or 20 pg/kg (n=7 or 8). Twenty-four hours later, the
kidneys were removed and fixed in formaldehyde. Sections were stained with
hematoxylin-eosin and examined microscopically for pathology. A representative
micrograph is shown in panel A; arrows indicate regions of injury (scale bar,
240 pum). The extent of clustering of the renal pelvis transitional epithelium and the
level of hyaline degeneration of the tubular epithelium were scored (panel B) as
follows: 0, none; 1, very mild; 2, mild; 3, moderate; or 4, high. Each horizontal dash
represents the score of one sample. Data are means + SEM (n=7 or 8).

2.7. Preparation of C-CPE-fused PSIF

PSIF and C-CPE-fused PSIF were prepared as described previ-
ously (Saeki et al, 2009). In brief, plasmid pET-PSIF or pET-C-
CPE-PSIF was transduced into E. coli BL21 (DE3) and recombinant
protein production was induced by adding 0.25 mM isopropyl-B-
D-thiogalactopyranoside. Harvested cells were lysed in buffer A.
The lysates were centrifuged and the supernatants applied to Hi-
Trap chelating HP columns. Recombinant proteins were eluted
with imidazole-containing buffer A. This buffer was exchanged
for PBS by using a PD-10 column, and the purified protein solutions
were stored at —80 °C until use. Protein concentrations were quan-
tified with a BCA protein assay kit, using BSA as a standard.

2.8. Biochemical assays

Mice were intravenously injected with 100 pl of C-CPE-fused
PSIF at 0, 5, 10, or 20 pg/kg, or with 100 pl of PSIF at 20 pg/kg.
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Twenty-four hours after the injection, serum levels of alanine ami-
notransferase (ALT), aspartate aminotransferase (AST), and blood
urea nitrogen (BUN) were measured with commercial kits (Trans-
aminase-ClI kit [ALT, AST] and Blood Urea Nitrogen-B Test [BUN];
Wako Pure Chemicals, Osaka, Japan).

2.9. Histological analysis

Livers and kidneys were removed and fixed in 4% (v/v) parafor-
maldehyde. Thin sections were stained with hematoxylin and eo-
sin before histological observation. The extent of injury was
scored as 0, none; 1, very mild; 2, mild; 3, moderate; or 4, high.

3. Results
3.1. Tissue distribution of the CL-3/-4-binding agent C-CPE

The fluorescent dye CF750 was conjugated to the CL-3/-4-bind-
ing agent C-CPE to allow the tissue distribution of C-CPE to be
monitored. FACS analysis revealed that CF750-labeled C-CPE
bound to CL-3- or CL-4-expressing L-cells but not to mock-,
CL-1-, CL-2-, or CL-5-expressing L cells (Fig. 1). Thus, labeling of
C-CPE with CF750 did not affect the binding profile of C-CPE to
CLs. As a control, we also prepared a CF750-labeled C-CPE mutant
protein lacking CL-binding activity; Ala was substituted for the
wild-type Tyr306 and Leu315 in the mutant protein (Talkalashi
et al., 2008). The C-CPE mutant did not bind to the cells (Fig. 1).

C- CPE was evident in the kidney (24.0% of the injected dose),
liver (9.5%), intestine (3.3%), and thyroid (1.2%) 10 min after intra-
venous injection (Fiz. 2). The levels of C-CPE in the liver, intestine,
and thyroid gradually fell thereafter, to 0.4%, 0.7%, and 0.4% of the
injected dose, respectively, at 96 h post-injection. In contrast, the
level of C-CPE in the kidney increased to 46.5% of the injected dose
6 h after injection and only then began to fall, reaching 14.4% of the
injected dose 96 h post-injection. The control C-CPE mutant pro-
tein became distributed in the liver (2.0% of the injected dose),
intestine (1.4%), and thyroid (0.7%) at levels much lower than those
of C-CPE at 10 min post-injection, but the levels of the mutant pro-
tein in the kidney were comparable to those of C-CPE (Fig. 2).
Therefore, the liver may be a major target tissue of CL-3 /-4-binding
protein, whereas accumulation in the kidney may not be associ-
ated with CL-3/-4 targeting.

Ry

3.2. Effects of a CL-3/-4-targeting toxin on the liver and kidney

We previously found that tail vein injection of C-CPE-fused PSIF
at 5 pg/ke every 2 days for 14 days had anti-tumor activity without
hepatotoxicity or nephrotoxicity (Saeki et al., 2010). Here, to evalu-
ate the acute toxicity of a CL-targeting toxin to the liver and kidney,
we intravenously injected mice with C-CPE-fused PSIF, or control
PSIF alone, and measured biochemical markers of liver (ALT and
AST) and kidney (BUN) injury 24-h later. Injection of PSIF alone
(20 pg/kg) did not increase serum ALT, AST, or BUN levels. Injection
of C-CPE-fused PSIF at doses-of 0; 5, 10, and 20 pug/kg increased ser-
um ALT and AST levels in a dose-dependent manner (ALT: 21, 49,
668, and 3053 karmen unit (KU) respectively; AST: 49, 68, 764,
and 3781 KU, respectively) (¥iz. 2A and B). In contrast, injection of
C-CPE-fused PSIF, even at 20 ug/kg, did not increase the serum
BUN level (Fig. 2C). Injection of C-CPE-fused PSIF at 10 or 20 pg/kg,
but not at 5 pg/kg, caused body weight loss and reduced mobility
(data not shown). Histologically, C-CPE-fused PSIF caused hepato-
cellular necrosis and hyaline droplet degeneration (Fig. 4A, B).
Although injection of C-CPE-fused PSIF caused slight hyaline degen-
eration of the tubular epithelium of the kidney, injection of PSIF
alone had a similar effect (Fiz. 5A and B). Therefore, the low-level

kidney injury evident after administration of C-CPE-fused PSIF
may not have been associated with the targeting of CLs.

4. Discussion

CPE was the first CL-3/-4-targeting toxin to be described (Fujita

; 1999), and C-CPE-fused PSIF was the sec-
ond (t bihara et al Saeki et al, 2009). A series of studies
using CPE and C- CPE have provided proof-of-concept that CL tar-
geting is a strategy for cancer therapy (Long et al, 2f ichl
et al, 2001; 2013; Saeld et al., 2009, 2 1
et al, 2005). However, because CL-3 and CL-4 are expressed in var-
ious normal tissues (Maorita etal, 1999: Turksen and Troy, 2011),
risk assessment of CL-targeting molecules is needed when CPE
technology is applied to cancer therapy. Here, we found that sys-
temic injection of a C-CPE-fused toxin resulted in acute hepatic,
but not renal, toxicity 24 h after injection in mice.

After injection, C-CPE accumulates to the greatest extent in the
liver and kidney. The expression profiles of CL-3 and CL-4 differ in
these two tissues. In the liver, CL-3 is locally expressed in the lat-
eral membranes of all lobular hepatocytes (Rahner et 21, 2001); the
liver does not express:CL-4 (Morita et al., 1999). In contrast, CL-3
and CL-4 are 1ocally expressed, in the kxdney, in the lateral mem-
branes of epxthehal ~cell sheets of the loop of Henle, the distal
tubule, and the collecting duct (Balkovetz, 2009). Epithelial cells
of the kidney:form a boundary between the inner and outer re-
gions; and the TJs act as barriers, preventing free movement of sol-
utes across epithelial sheets (Hou et al., 2010; Milatz et al., 2010).
In ‘contrast, hepatocytes do not have a barrier function, thh the
exception of those located in the canaliculi. Therefore, CL-targeting
molecules can access CL-3 in parts of the liver other than the can-
aliculi, but not CL-3 and CL-4 in the renal epithelium. C-CPE-fused
PSIF must be taken up by cells if the drug is to be cytotoxic, because
inhibition of ribosomal elongation factor-2 by the PSIF domain is
the cause of cell death (Ebihara et al, 2006; Kreitman and Pastan,
2006; Ogata et al., 1990).

Here, we found that hepatic accumulation of a toxin fused to
C-CPE could have adverse effects if C-CPE-based cancer therapy
were prescribed. C-CPE binds to both CL-3 and CL-4. Levels of CL-
4 are increased more frequently than those of CL-3 in cancers such
as breast, gastric, intestinal, ovarian, pancreatic, and prostate carci-
nomas (Singh et al,, 2010; Tsukita et al., 2008; Turksen and Troy,
2011). Thus, development of a C-CPE mutant that binds to CL-4
but not to CL-3 may be useful in cancer therapy. We previously
found that modulation of the electrostatic proﬁle of the C-CPE sur-
face can change the CL binding profile (Takahashi et al, 2012), Ves-
hnyakova et al. (2012) showed that the C-CPE re51dues Leu223,
Asp225, and Arg227, were involved in binding to CL-3, whereas
Leu254, Ser256, [1e258, and Asp284 were involved in binding to
CL-4. Manipulation of the electrostatic surface and the C-CPE
residues may allow us to develop a C-CPE mutant that binds specif-
ically to CL-4.
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In this study, we evaluated a baculeviral display system for analysis of viral entry by using a recombi-
nant adenovirus (Ad) carrying a luciferase gene and budded baculovirus (BV) that displays the adenoviral
receptor, coxsackievirus and adenovirus receptor (CAR). CAR-expressing B16 cells (B16-CAR cells) were
infected with luciferase-expressing Ad vector in the presence of BV that expressed or lacked CAR (CAR-BV
and mock-BV, respectively). Treatment with mock-BV even at doses as high as Sug/mL failed to attenuate the
luciferase activity of B16-CAR cells. In contrast, treatment with CAR-BV with doses as low as 0.5 ug/mL sig-
nificantly decreased the luciferase activity of infected cells, which reached 65% reduction at 5ug/mL. These
findings suggest that a receptor-displaying BV system could be used to evaluate viral infection.

Key words baculovirus; virus; infection; receptor

The process of viral infection involves ‘entry of the virus
into the cell, followed by replication of the viral genome and
other viral components in the host cell.” Whereas the molecu-
lar mechanisms underlying viral replication have largely been
elucidated, the key molecules for entry, the viral receptors on
host cells, have never been fully identified. Most host recep-
tors are integral membrane proteins, and it is difficult to pre-
pare their recombinant proteins because of their hydrophobic-
ity. Since recombinant proteins are needed to screen inhibitors
for viral entry and to produce antibodies against host recep-
tors, preparation of inhibitors, such as chemicals, peptides and
antibodies, for viral entry has been delayed.

The baculoviral expression system in insect cells has
been widely used for preparation of recombinant proteins.?
Hamakubo and colleagues found that baculoviral particles
are released from baculovirus-infected cells; the membranes
of these budded baculovirus (BV) display host-cell-derived
membrane proteins.” Interestingly, the activity and topology
of these host-origin proteins remain intact in the baculoviral
membrane.? Moreover, a baculoviral envelope protein gp64
trasngenic mice were generated, and method to generate
monoclonal antibodies against membrane proteins by im-
munization of gp64 transgenic mice with membrane protein-
displayed baculovirus has been established.” These findings
suggest that a baculoviral display system may be useful for
assaying viral entry, leading to creation of monoclonal anti-
bodies against host receptors.

In the present study, we investigated whether a baculoviral
display system work as an assay system for viral entry using
recombinant adenovirus (Ad) vector and a receptor for Ad,
coxsackievirus and adenovirus receptor (CAR).®

MATERIALS AND METHODS
Cell Culture Mouse melanoma B16-CAR cells” were

cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal calf serum (FCS) and 2mg/mL
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e-mail: masuo@phs.osaka-u.ac.jp

G418. 293 cells were cultured in DMEM supplemented with
10% FCS. Sf9 cells (Invitrogen, Gaithersburg, MD, U.S.A)
were cultured in Grace’s insect cell culture medium supple-
mented with 10% FCS.

Preparation of Recombinant Ad Vector An improved
in vitro ligation method® was used to generate a recombinant
type 5 Ad vector that encoded a fusion protein comprising
enhanced green fluorescence protein and firefly luciferase
(EGFPLuc). The recombinant Ad vector (Ad-EGFPLuc) was
purified from transfected cells by using CsCl, gradient cen-
trifugation. Viral titers were determined spectrophotometri-
cally.”

Preparation of Recombinant Baculoviruses Recombi-
nant BVs were prepared by using the Bac-to-Bac Baculovirus
Expression System (Invitrogen) according to the manufac-
turer’s protocol. Sf9 cells were transduced with the CAR-en-
coding bacmid, recombinant CAR-BV were recovered by cen-
trifugation of the conditioned medium,'® and Sf9 cells were
infected with recombinant CAR-BV. At 72h after infection,
the culture supernatant of the infected Sf9 cells was centri-
fuged to pellet recombinant CAR-BV, which were resuspended
in Tris-buffered saline and stored at 4°C until use.

Western Blotting Mock-BV, CAR-BV, and BI16-CAR
cells were lysed in lysis buffer (25mwm Tris—HCI [pH 7.5], 1%
Triton X-100, 0.5% sodium deoxycholate, 150mm NaCl, 5mm
ethylenediaminetetraacetic acid (EDTA)) containing protease
inhibitors (Sigma, St. Louis, MO, U.S.A)). The protein content
of the resulting lysates was measured by using the BCA pro-
tein assay kit (Pierce Chemical, Rockford, IL, U.S.A)), with
bovine serum albumin as the standard. Samples of cellular
lysates (20 ug) and BV lysates (5ug) underwent sodium do-
decyl sulfate—polyacrylamide gel electrophoresis followed by
blotting of proteins to a polyvinylidene difluoride membrane.
The membrane was treated with 5% skim milk to inhibit non-
specific binding, incubated with an anti-goat CAR antibody
(R&D Systems, Minneapolis, MN, U.S.A), and then incu-
bated with a peroxidase-labeled secondary antibody. Immuno-
reactive bands were visualized by using chemiluminescence
reagents (GE Healthcare, Buckinghamshire, U.K.).

Infection Assay Aliquots of Ad-EGFPLuc vector (4X107

© 2013 The Pharmaceutical Society of Japan
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viral particles per mL) were incubated with mock-BV or CAR-
BV (0.5 or 5ug/mL) and an anti-BV gp64 antibody (0.065 or
0.65 ug/mL; AcV1, Santa Cruz Biotechnology, CA, U.S.A)) for
2h at 37°C to prevent non-specific binding of gp64 to cells.
B16-CAR cells were seeded onto 96-well plates (2X10* cells
per well); 50 4L of the mixture of Ad vector and BVs was
added to each well and incubated for 15min, after which the
medium was replaced with fresh growth medium. After an
additional 24 h of culture, the luciferase activity in the lysates
was measured by using a luminometer.

Statistical Analysis The data were analyzed for statistical
significance by Student’s #-test.

RESULTS AND DISCUSSION

First, we prepared CAR-displaying BV. Lysates of CAR-B16
cells, a mouse myeloma line that expresses mouse CAR, yield-
ed two bands, at 40 and 46kDa (Fig. 1). In contrast, lysates of
CAR-BV showed not only the 40-kDa form but also several
bands lower and upper than 40kDa (Fig. 1); these bands likely
represent post-translational modifications. CAR contains two
N-glycosylation sites and two disulfide-bonded loops in the
extracellular domain. The putative molecular sizes of CAR are
40 and 46kDa, in its non-glycosylated form and glycosylated
forms, respectively.? Protein folding and post-translational
processing, particularly N-glycosylation, in insect cells dif-
fers markedly from that in mammal cells."™® For example,
prolactin receptor expressed in insect cells was 29kDa larger
than that expressed in mammalian cells; this difference was
attributed to N-glycosylation and ubiquitination.'?

To investigate whether CAR-BV inhibited adenoviral entry,
B16-CAR cells were infected with Ad vector expressing lu-
ciferase in the presence of mock-BV or CAR-BV. Whereas
treatment with mock-BV at doses as high as 5 4g/mL did not
attenuate the luciferase activity of the infected B16-CAR cells,
treatment with as little as 0.5 ug/mL CAR-BV significantly
decreased their luciferase activity, which reaching 65% reduc-
tion at 5 ug/mL (Fig. 2). These findings indicate that CAR-BV
prevented the infection of cells by Ad vector. In support of
our finding, recombinant prolactin receptor expressed in insect
cells and prolactin receptor purified from rabbit mammary
gland showed similar specificity and affinity to prolactin.'?
Accordingly, the post-translational modification of CAR in
insect cells may not hamper the ability of Ad vector to bind
to its receptor.

Our current findings suggest that a baculoviral display
system may be useful in the analysis of viral infection, which
involves binding of the viral envelope to the viral receptor in
the membrane of the host cell. Baculoviral display systems
have also been used widely to generate monoclonal antibodies
against the extracellular regions of membrane proteins.>”
Future applications of baculoviral display systems might con-
tribute the analysis of the mechanisms underlying the entry of
pathogens into host cells and the generation of inhibitors of
viral entry.
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Fig. 1. Preparation of CAR-Displaying BV

Lysates of mock-BV (5ug, lane 1), CAR-BV (5ug, lanc 2), and CAR-B16 cells
(20 ug, lanc 3) underwent Western blotting by using a polyclonal goat anti-CAR
antibody and a peroxidase-labeled secondary antibody. The arrows indicate the
positions of marker proteins.
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Fig. 2. Effects of CAR-Displaying BV on Ad Vector Infection

Ad vectors (4X107 viral particles per mL) were incubated with mock-BV or
CAR-BV at 0, 0.5, or S5ug/mL for 2h at 37°C. BI6-CAR cells were exposed to
the Ad~BV mixtures, cultured for 24h in fresh medium, lysed, and evaluated for
luciferase activity. Data are given as luciferase activity relative to that of cells not
exposed to BV. Data are shown as mean+S.D. (»=3). *Significant difference com-
pared with mock-BV (p<0.05).
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Gene delivery to periodontal
tissue using Bubble
liposomes and ultrasound
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Jre.2119. © 2013 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd

Background and Objective: Periodontitis is the most common inflammatory dis-
ease caused by oral biofilm infection. For efficient periodontal treatment, it is
important to enhance the outcome of existing regenerative therapies. The physi-
cal action of an ultrasound may be able to deliver a therapeutic gene or drugs
into the local area of the periodontium being treated for periodontal regenera-
tion. Previously, we developed “Bubble liposomes” as a useful carrier for gene
or drug delivery, and reported that delivery efficiency was increased with high-
frequency ultrasound in vitro and in vivo. Hence, the aim of the present study
was to examine the possibility of delivering genes into gingival tissues using
Bubble liposomes and ultrasound.

Material and Methods: We attempted to deliver naked plasmid DNA encoding
luciferase or enhanced green fluorescent protein (EGFP) into the lower labial
gingiva of Wistar rats using Bubble liposomes, with or without ultrasound expo-
sure. Ultrasound parameters were optimized for intensity (0-4.0 W/cm?) and
exposure time (0-120 s) to establish the most efficient conditions for exposure.
The efficacy and duration of gene expression in the gingiva were investigated
using a luciferase assay and fluorescence microscopy.

Results: The strongest relative luciferase activity was observed when rats were
treated under the following ultrasound conditions: 2.0 W/cm? intensity and 30 s
of exposure time. Relative luciferase activity, 1 d after gene delivery, was signifi-
cantly higher in gingiva treated using Bubble liposomes and ultrasound than in
gingiva of the other treatment groups. Histological analysis also showed that
distinct EGFP-expressing cells were observed in transfected gingiva when rats
were treated under optimized conditions.

Conclusion: From these results, the combination of Bubble liposomes and ultra-
sound provides an efficient technique for delivering plasmid DNA into the gin-
giva. This technique can be applied for the delivery of a variety of therapeutic
molecules into target tissue, and may serve as a useful treatment strategy for
periodontitis.

© 2013 John Wiley & Sons A/S.
Published by John Wiley & Sons Ltd
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Periodontitis is the most common oral  odontal bacteria. Dental biofilms,

inflammatory disease. The pathogenic
factor is a biofilm, also called dental
plaque, which is composed of peri-

particularly in deep periodontal pock-
ets, cause inflammatory destruction of
periodontal tissues, resulting in alveo-

lar bone absorption and tooth loss.
Two main strategies for periodontal
therapy exist: infection control and
periodontal regeneration. Periodontitis
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is regarded as a local infection because
it is an inflammatory disease mainly
caused by dental biofilms. Therefore,
the majority of conventional treat-
ments aim to remove the biofilm on
the local periodontium. For example,
a local drug-delivery system is posi-
tioned as an adjunctive therapy in
nonsurgical periodontal management,
and some antibiotics have been orally
administered to combat bacteria
located in periodontal pockets. In order
to maintain an effective concentration
of tetracycline, the controlled release
of tetracycline paste into the deep
pockets of patients with periodontitis
has been reported (1). However, an
efficient periodontal antibiotic-delivery
system that exhibits clinical therapeutic
effectiveness has yet to be established.

On the other hand, periodontal
regenerative therapy is regarded as an
effective method of stimulating and
guiding proliferating periodontal stem
cells in the surrounding periodontal
tissue. A large number of clinical stud-
ies have shown significant bone fill or
clinical attachment level gain when an
enamel matrix derivative, guided tis-
sue-regeneration membranes and/or
bone grafts were used for treatment of
bone defects (2,3). However, there are
also limitations in the indication of
periodontal regenerative therapy and it
is difficult to regenerate lost periodon-
tal tissues. The development of more
efficient periodontal therapy based on
a new concept is needed, and an abso-
lute treatment strategy may be estab-
lished by utilizing a method that
promotes the effects of existing treat-
ments.

The latest developments reported
have shown that gene delivery has the
potential to promote wound healing or
reduce healing complications that pre-
vent regeneration (4,5). If wound heal-
ing in the local periodontium can be
promoted during periodontal regener-
ation, it may lead to rapid recovery.
Gene delivery into periodontal tissues
may contribute to the up-regulation of
neovascularization and cell prolifera-
tion, which are important factors for
sufficient regeneration. However, tech-
nical limitations in in-vivo studies,
including release control, stability,
safety and/or convenience, still need to

be overcome. Recently, the use of
ultrasound (US), as physical energy to
enhance the permeability of mucosa or
skin, has been reported (6,7). In addi-
tion, the effects of US can be applied
to enhance the delivery of therapeutic
molecules, such as genes, drugs or pep-
tides, into target tissues. The mecha-
nism of gene delivery with US
exposure is “cavitation”, which gener-
ates many microbubbles and then
results in their destruction. The effi-
ciency of cavitation is enhanced by
combining US with synthetic micro-
bubbles such as Optison (8,9), Albun-
ex (10) or Sonazoid (11). Previously,
we developed “Bubble liposomes
(BL)” as a novel gene-delivery carrier
and reported that the combination of
BL and high-frequency US was an
effective gene-delivery method in virro
and in vivo (12-14). We postulate that
when BL are exposed to US, they are
destroyed, thereby generating a jet
stream by cavitation, and conse-
quently transient pores appear in the
membranes of cells, through which
extracellular plasmid DNA can enter
the cytosol.

The development of gene delivery
using US technology may contribute
to further advancements in the effi-
ciency and optimization of existing
periodontal treatments. Few studies
have described gene delivery to peri-
odontal tissues, and the development
of periodontal gene therapy may pro-
vide a new treatment strategy in the
future. Therefore, we investigated
whether it was possible to deliver
genes to the gingiva, which is a typi-
cal periodontal tissue and the site of
periodontal inflammation, by our
transfection system using BL and US.

Material and methods

Animals

Seven-week-old male Wistar rats (Tokyo
Laboratory Animals Science, Tokyo,
Japan) were used for all animal experi-
ments. All studies were approved by
the Animal Experiment Committee of
Tokyo University of Pharmacy and
Life Sciences. Rats were given feed and
tap water ad libitum throughout the
experimental period.

Preparation of BL

BL were prepared using a previously
described method (12,13). In brief,
polyethylene glycol liposomes, com-
posed of 1,2-dipalmitoyl-sn-glycero-
3-phosphocholine  (DPPC) (NOF
Corporation, Tokyo, Japan) and
1,2-distearoyl-sn-glycero-3-phosphatidyl-
ethanolamine-polyethyleneglycol (DSPE-
PEG300-OMe) (NOF Corporation), at
a molar ratio of 94 : 6, were prepared
using a reverse-phase evaporation
method. All reagents were dissolved in
chloroform/diisopropyl ether (1 : ;
vol/vol). Phosphate-buffered saline was
added to the lipid solution, and the
mixture was sonicated and then evapo-
rated at 47°C. Then, the organic sol-
vent was completely removed, and the
size of the liposomes was adjusted to
less than 200 nm using extruding
equipment and a sizing filter (pore size
= 200 nm) (Nuclepore Track-Etch
Membrane, Whatman plc, Maidstone,
UK). Lipid concentrations were mea-
sured using the Phospholipids C test
(Wako Pure Chemical Industries Ltd.,
Osaka, Japan), and BL were prepared
from liposomes and perfluoropropane
gas (Takachio Chemical Ind. Co. Ltd,,
Tokyo, Japan). First, 2-mL sterilized
vials containing 0.8 mL of a liposome
suspension (lipid concentration =
1 mg/mL) were filled with perflu-
oropropane gas, capped and then
pressurized with a further 3 mL of per-
fluoropropane gas. The vial was placed
in a bath-type sonicator (42 kHz,
100 W) (BRANSONIC 2510j-DTH;
Branson Ultrasonics Co., Danbury,
CT, USA) for 5 min to form BL.

Plasmid DNA

Two reporter plasmids were used in
this study. The pcDNA3-Luc plasmid,
which is derived from pGL3-basic
(Promega, Madison, WI, USA), is an
expression vector that encodes the fire-
fly luciferase gene under the control of
the cytomegalovirus promoter. The
pCAG-EGFP plasmid (provided by
NEPA GENE, Co. Ltd., Chiba,
Japan) is an expression vector encod-
ing enhanced green fluorescent protein
(EGFP) under the control of the CAG
promoter. The CAG promoter is a



hybrid promoter of cytomegalovirus
enhancer element and chicken beta-
actin promoter, and is frequently used
to drive high levels of gene expression
in mammalian expression vectors.

In-vivo gene delivery using BL and
us

Wistar rats were anesthetized with
40 mg/mL of pentobarbital through-
out each procedure via intra-abdomi-
nal injection. The limbs and head of
each rat were fixed on an original flat
board, and the labial gingiva was
clearly exposed for the gene-transfec-
tion procedure by eversion of the
lower lip. A 10-puL mixture of pDNA
(10 pg) and BL (5 pg) was injected
into the labial gingiva of the incisor in
the lower jaw using a 33-gauge syringe
(HAMILTON COMPANY, Reno,
NV, USA) and US was immediately
applied to the injection site. A Soni-
tron 2000 (NEPA GENE, Co. Ltd)
was used as an ultrasound generator,
which had a US probe of 6 mm in
diameter. US conditions were as fol-
lows: frequency, 1 MHz; duty, 50%,;
intensity, 0—4 W/cmz; time, 0-120 s.

Measurement of luciferase activity

Several days after the injection, the rats
were killed by overdose of anesthesia,
and the gingival tissue in the
US-exposed area was collected and
homogenized with a POLYTRON
(KINEMATICA, INC., New York,
NY, USA). The cell lysate and tissue
homogenates were diluted with lysis
buffer [0.1 M Tris—HCI (pH 7.8), 0.1%
Triton X-100 and 2 mm EDTA]. Lucif-
erase activity was then measured using
a luciferase assay system (Promega)
and a luminometer (LB96V; Belthold
Japan Co. Ltd., Tokyo, Japan). Activ-
ity was indicated as relative light units
per mg of protein.

Histological observation of EGFP
expression and local cell viability

To identify transfected cells, the man-
dible, including the incisors and
surrounding gingival tissues, was dis-
sected 1 d after the gene-delivery pro-
cedure. Dental samples were fixed with

4% paraformaldehyde in phosphate-
buffered saline, decalcified with 10%
EDTA and embedded in optimal cut-
ting temperature compound. Then, 10-
um-thick frozen sections were cut using
a cryostat and EGFP-expressing cells
were observed using a fluorescence
microscope (Axiovert 200M; Carl Ze-
iss, Tokyo, Japan). In parallel, serial
vertical sections in which EGFP
expression was observed were also cut,
and hematoxylin and eosin staining
was carried out. Microscopy (BZ-8100;
KEYENCE, Osaka, Japan) of hema-
toxylin and eosin-stained specimens
was used for morphological observa-
tions and for assessing tissue damage.
Then, the dental samples were stained
with NADH tetrazolium reductase to
assess cytotoxicity of US-mediated
gene delivery. NADH tetrazolium
reductase staining was performed as
described in a previous study (15). In
brief, 8-pum cryosections were prepared
then incubated in a solution of Tris—
HCIl buffer, Nitro blue tetrazolium
(NBT) (Wako Pure Chemical Indus-
tries Ltd.) and B-NADH (Wako) at
37°C for 60 min. The sections were
then immersed in serial acetone solu-
tions at the concentrations 30%, 60%,
90%, 60% and 30%, washed with de-
ionized H,0, then mounted with aque-
ous medium.

Statistical analysis

All data are shown as mean = SD
(n=15). The Mann—Whitney U-test
was used to determine the significance
of any differences. Differences detected
in multiple comparison tests were
assessed using a two-way repeated-
measures ANOVA. Differences associ-
ated with a p < 0.05 were considered
significant.

Results

We first attempted to deliver naked
pDNA into rat gingival tissue using
BL and US under the conditions
described in our previous study, in
which naked pDNA was delivered
into the tongue tissue of mice (16). To
optimize the US conditions for in-vivo
gene delivery into gingival tissue, we
examined the US intensity and US
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exposure time. These US parameters
represent two factors that decide the
eficiency of delivery. US intensity
ranged between 0 and 4.0 W/cm?
Relative luciferase activity was signifi-
cantly higher in groups treated at a
US intensity of 2.0 W/cm? than in the
group not exposed to US (Fig. 1A).
A slight increase in luciferase intensity
was also observed at US intensities of
0.5 and 4.0 W/cm?®. We also examined
the effect of US exposure time on
transfection efficiency. The highest
luciferase activity was observed at a
US exposure time of 30 s. Delivery
efficiency did not increase in a time-
dependent manner, and high activity
was maintained until 120 s (Fig. 1B).

Next, we examined the duration of
gene expression induced after treat-
ment with BL and US exposure. High
luciferase activity was observed 1 d
after gene transfection. Lower lucifer-
ase activity: was observed at subse-
quent time points, and the lowest
luciferase activity was observed 7 d
after gene delivery (Fig. 2).

From these results, we decided that
the optimal US conditions of gene
delivery to the gingiva were US inten-
sity of 2.0 W/em?® and US exposure
time of 30 s. To assess the combined
effect of BL and US, rats were treated
under these optimized -conditions.
Significantly higher gene expression
was confirmed in the group treated
with BL and US exposure than in the
group treated with pDNA alone
(Fig. 3). Relative luciferase activity in
the group treated with pDNA+BL
remained as low as that of the pDNA-
only group. In contrast, luciferase
activity was slightly higher in the
pDNA+US group than in the pDNA-
only or pPDNA+BL groups.

We also attempted to identify
transfected cells by analyzing EGFP
expression using fluorescence micros-
copy. The number of EGFP-express-
ing cells was higher in gingival tissue
treated with BL and US than in the
other treatment groups (data not
shown). The majority of EGFP-
expressing cells were concentrated in
the vicinity of the midline of the
transfected area. Some sporadic cells
expressed EGFP in the connective tis-
sue of the gingiva in the other treat-
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Fig. 1. Characteristics of the ultrasound (US) gene-delivery system using Bubble liposomes (BL). To examine the optimal parameters for
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US exposure time. The other transfection conditions were as follows: pDNA (pCMV-Luciferase), 10 pg; BL, 5 pg; US frequency, | MHz;
duty, 50%. Relative luciferase activity activity [measured as relative light units (RLU)] was determined 1 d after transfection. Data are
shown as mean =+ SD. The BL (-) group was injected with a mixture of pDNA and 5 pl of phosphate-buffered saline instead of with BL.
(A) Variations in the gene-expression levels induced by changes in the US intensity. US intensity was set at 0, 0.5, 2.0 or 4.0 W/cm? US
duration was set at 30 s. *p < 0.05, Mann—~Whitney U-test (n = 5), significantly different from 0 W/cm? (no US exposure). (B) Variations
in the gene-expression levels induced by changes in the US exposure time. US intensity was set at 2.0 W/ecm?® US duration was set at 0,
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Fig. 2. Duration of gene expression in gingival tissue transfected using Bubble liposomes
(BL) and ultrasound (US). Relative luciferase activity [measured as relative light units
(RLU)] was examined 1, 3 and 7 d after gene transfection. Transfection conditions were
as follows: pDNA (pCMV-Luciferase), 10 pg; BL, 5 pg; and US conditions were: fre-
quency, 1 MHz; duty cycle, 50%; intensity, 2.0 W/cm?; and time, 30 s. Data are shown as
mean = SD The BL (—) group was injected with a mixture of pDNA and 5 ul of phos-

phate-buffered saline instead of BL.

ment groups. We further observed the
accumulation of many EGFP-express-
ing cells in both the gingival epithe-
lium layer and the connective tissue
layer when a combination of BL and
US exposure was used (Fig. 4). Macro-
scopic observations of US-exposed
areas revealed that inflammatory signs
such as redness, swelling or hemor-

rhage were not observed. Furthermore,
hematoxylin and eosin-stained samples
showing distinct EGFP expression
exhibited no inflammation or bleeding.
In all delivery areas, including the
gingival epithelium and connective tis-
sue, no signs of cytotoxicity, such as
inflammatory cell infiltration, were
observed (Fig. S1).

Discussion

The prevalence of periodontal disease
is increasing, and morbid conditions
are becoming complicated. While the
onset and progression of periodontitis
is greatly affected by dental biofilms,
periodontal disease is a multifactorial
disease that arises from the relation-
ships among the pathogen (bacterial),
the host and the environment. The
immunity of periodontal tissue is
diminished for genetic effects in some
patients. For example, genetic muta-
tions in cytokines, including interleu-
kin-1 and tumor necrosis factor-
alpha, have been partially associated
with susceptibility to periodontitis
(17,18). Moreover, four kinds of gen-
opathy, namely Papillon-Lefévre syn-
drome, Haim—Munk syndrome, Chédiak—
Higashi syndrome and cyclic neutro-
penia, have exhibited signs of peri-
odontitis as a result of the dysfunction
of a single gene. Therefore, an exten-
sive approach against the individual
processes of development and risk
factors is required for effective peri-
odontal treatment.

Gene delivery is an innovative
approach used to regulate a gene caus-
ing a disease and can consequently
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enhance or suppress the generation of
target proteins. Two main delivery car-
riers of genes — viral and nonviral vec-
tors — are currently being used for this
purpose. While viral vectors are known
to be excellent carriers of genes, they
are associated with immunogenicity
and carcinogenicity (19-21). Therefore,
many researchers have reported physi-
cal or chemical methods independent
of virus. Since Fechheimer et al. (22)
first reported the US-mediated gene-
delivery technique in 1987, therapeutic
US has been used as a convenient
device to deliver genes or drugs into
target tissues. The application of US
provides precise target-directivity, with
the delivery effect being observed in
the US exposure area only. Thus, ther-
apeutic molecules, such as genes,
drugs, peptides or recombinant pro-
teins, can be delivered by local admin-
istration into the target tissue with a
cavitating jet generated by the physical
action of US. Our results showed
intense distinct expression of EGFP in
the US exposure area, especially in the
middle of the injected gingiva. When
US is utilized to deliver genes or drugs,
we can control the depth of focus and
the exposure range by changing the
wavelength or intensity. However,
these parameters need to be optimized
specifically for use in each type of tar-
get tissue, because an infinite combina-

tion of US parameters has been
theoretically suggested.

Recently, transfection efficacy was
shown to be enhanced by combining
US energy with microbubbles (23-26).
Microbubbles are known to serve as
artificial cavitation nuclei and reduce
the threshold of cavitation generated
by US (27). We also developed a
unique carrier, BL, and reported that
the BL-mediated US gene-delivery sys-
tem enhanced transfection efficiency
both in vitro and in vivo (12-14,28-31).
Chen et al. (32) demonstrated gene
delivery into the gingiva of mice using
original nano/microbubbles and US.
They showed that delivery efficiency
increased when mice were administered
a luciferase gene by nano/microbub-
bles and US exposure; however, high
luciferase activity was observed for 1 d
only. Moreover, using histological
observations, they showed that the
transfected cells in gingival tissues were
muscle cells. In our results, expression
peaked 1 d after the gene-delivery pro-
cedure, and relative luciferase activity
decreased after 3 d. A previous report
showed that transfection efficiency was
higher, and gene expression was longer,
with repeated US exposure than with
single US exposure (33). To extend the
duration of the transfection effect
while maintaining treatment efficacy, it
may be necessary to repeat the delivery
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procedure. On the other hand, we pre-
viously reported, using the same deliv-
ery technique, that gene-transfection
efficiency into the tongue tissue of mice
was maintained for about 10 d with a
single treatment (16). Skeletal muscle is
one of the candidate target tissues of
gene therapy, and stability and longev-
ity after gene delivery is useful for the
treatment of diseases. As the character-
istics of the target cell may also affect
the duration of gene expression, we
need to investigate in detail whether
sufficient treatment efficacy can be
acquired in gingival tissue by gene
delivery with BL and US.

As shown in Fig. 4, distinct EGFP-

" expressing cells were observed in both

the gingival epithelium and the connec-
tive tissue layer. As the mixture of BL
and plasmid DNA was almost wholly
diffused in the injected labial gingiva, it
is difficult to distinguish between deliv-
ery to epithelial tissue and to connec-
tive tissue. Although US may localize
the delivery area to a specific part of
the whole body, other devices are
required to distinguish detailed objects,
such as cells. For the delivery of anti-
cancer agents, a study was performed
using a more delicate technique invol-
ving the modification of targeting pep-
tides on the surface of BL before
transfection (34). Modified-BL. may
improve targeting ability at the cellular
level. The type of target tissue and
delivery efficiency may be affected by
exposure to US energy or by the prop-
erties of BL, including size, lipid
composition and encapsulating gas.
Therefore, optimizing conditions in the
BL and for the US-mediated delivery
technique are necessary for specific tis-
sues. In this study, we optimized the
US parameter (2.0 W/cm?, 30s) to
enhance the efficiency of delivery into
gingival tissue. These optimized condi-
tions show the same tendency also in
our previous report (16). The charac-
terization of the target tissue could
have been influenced a delivery effi-
ciency. For example, the alveolar bone
exists just under the gingiva. As the
depth of US propagation is different in
soft tissue and hard tissue, the com-
position of target tissue and adjacent
tissue may affect the biological response.
Moreover, the heat generated by US
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Fig. 4. Localization of enhanced green fluorescent protein (EGFP)-expressing cells. Gingiva
treated with Bubble liposomes (BL) and ultrasound (US)-mediated gene delivery were
inspected to identify the type of cells that expressed EGFP. Intense EGFP fluorescence was
localized in the gingival epithelial layer and the connective tissue layer. No inflammatory cell
infiltration was observed in transfected gingival tissues. (A) The transfection area is shown in
the dotted line circle. (B, E) Hematoxylin and eosin (H&E) staining in the sagittal sections of
rat lower gingiva transfected with BL using US. (C, F) Higher magnifications of B and E
(square). (D) EGFP expression in the gingival epithelium layer at a higher magnification of
C (square). (G) EGFP expression in the connective tissue layer at a higher magnification of F
(square). Blue, DAPI (used for nuclear staining); green, EGFP. Ab, alveolar bone; CT, con-
nective tissue; GE, gingival epithelium. Scale bar: 200 um.

exposure may cause local tissue dam-
age. Therefore, prolonged US exposure
time may lead to decreased transfec-
tion efficiency.

Our study is the first to show gene
expression in gingival epithelial cells
and connective tissue cells, but not in
skeletal muscle cells, using a delivery
technique combining BL and US. A
reporter plasmid was used in this
study to examine whether effective
gene delivery into the gingiva was
achieved when BL and US were used
together. Our technique, using BL

and US to deliver plasmid DNA into
periodontal tissue, is applicable not
only for plasmids, but also for pep-
tides, drugs and small interfering
RNA. As such molecules have lower
molecular mass values than plasmids,
transfection may result in deeper pen-
etration of such molecules into tis-
sues, which suggests that our system
may be a useful local drug-delivery
system for periodontal therapy.

In conclusion, the results of this
study demonstrated that the most effi-
cient conditions for US energy for

gene delivery into rat gingival tissue
using BL and US were US intensity
of 2.0 W/em? and US exposure time
of 30 s. In the future, our gene-deliv-
ery method using BL and US may
become a beneficial treatment for
patients with periodontitis.
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Figure S1. Histological analysis of
local cell viability. Gingival sections
(NADH-TR and H&E staining) at
higher magnification from rats treated
with BL and US-mediated gene deliv-
ery. The gingival tissues were examined
histologically to assess cytotoxicity. (A):
Untreated groups, the gingival epithe-
lium area (a, b) and the connective tis-
sue area (c, d). (B): BL+US groups, the
gingival epithelium area (e, f) and the
connective tissue area (g, h). pDNA
(pCAG-EGFP): 10 ng; BL: 5 ug; US
conditions: Frequency: 1 MHz, Duty
cycle: 50%, Intensity: 2.0 W/em?, Time:
30 s. BL, Bubble liposomes; US, Ultra-
sound. Scale bar: 50 pm.
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Summary. Background: External  low-frequency  ultra-
sound (USD) in combination with microbubbles has been
reported to recanalize thrombotically occluded arteries in
animal models. Objective: The purpose of this study was
to examine the enhancing effect of thrombus-targeted
bubble liposomes (BLs) developed for fresh throm-
bus imaging during ultrasonic thrombolysis. Methods: In
vitro: after the administration of thrombus-targeted BLs
or non-targeted BLs, the clot was exposed to low-fre-
quency (27 kHz) USD for 5 min. In vivo: Rabbit iliofe-
moral arteries were thrombotically occluded, and an
intravenous injection of either targeted BLs (n = 22) or
non-targeted BLs (n = 22) was delivered. External low-
frequency USD (low intensity, 1.4 W cm™2, to 12 arteries,
and high intensity, 4.0 W cm™2, to 10 arteries, for both
the targeted BL group and the non-targeted BL group)
was applied to the thrombotically occluded arteries for
60 min. In another 10 rabbits, recombinant tissue-type
plasminogen activator (rt-PA) was intravenously adminis-
tered. Results: In vitro: the weight reduction rate of the
clot with targeted BLs was significantly higher than that
of the clot with non-targeted BLs. /n vivo: TIMI grade 3
flow was present in a significantly higher number of rab-
bits with USD and targeted BLs than rabbits with USD
and non-targeted BLs, or with rt-PA monotherapy. High-
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intensity USD exposure with targeted BLs achieved arte-
rial recanalization in 90% of arteries, and the time to rep-
erfusion was shorter than with rt-PA treatment (targeted
BLs, 16.7 &+ 5.0 min; rt-PA, 41.3 4+ 14.4 min). Conclu-
sions: Thrombus-targeted BLs developed for USD throm-
bus imaging enhance ultrasonic disruption of thrombus
both in vitro and in vivo.

Keywords: drug targeting, liposomes,
thrombolytic therapy, ultrasound.

RGD peptide,

Introduction

Most life-threatening cardiovascular events, including
acute coronary syndrome and ischemic stroke, are caused
by arterial thrombosis. Acute ST-elevation myocardial
infarction (STEMI) is characterized by atherosclerotic
plaque rupture and occlusive thrombus formation associ-
ated with platelet aggregation [1,2]. Percutaneous coro-
nary intervention (PCI) and fibrinolysis are the standard
therapeutic strategies for recanalizing thrombotically
occluded arteries in patients with STEMI [3]. Primary
PCI is performed in most of the STEMI patients present-
ing to a PCl-capable facility, with a cardiac catheteriza-
tion laboratory, an interventional cardiologist, and the
appropriate specialized staff and equipment to perform
acute PCIL. Enzymatic fibrinolysis for the treatment of
STEMI is less invasive and logistically more convenient;
however, this option gives a lower initial recanalization
rate, and a higher incidence of coronary reocclusion and
life-threatening systemic bleeding, and may result in
worse short-term and long-term clinical outcomes than
direct PCI [4,5]. For ischemic stroke treatment, fibrinoly-
sis is recommended only for selected patients who can be



