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Chapter 33 .

Effective In Vitro and In Vivo Gene Delivery 2
by the Gombination of Liposomal Bubbles 3
(Bubble Liposomes) and Ultrasound Exposure 4
Ryo Suzuki and Kazuo Maruyama 5

Abstract

Genc delivery wmh a phy31cal mechamsm usmg ultrasound (US) and nagoy/micr ubblcs is expected as

coupled with US exposure, BLs could deliver plasmid DX

§ %Xanous types of cells in vitro and in
vivo. The transfection cﬁiacncy w1th BLs and US wagshig :

that w1t'_h conventional hpofectlon 13

@ dchvcry system. o 15
g ey
Key words: Liposomes, Nanobubbles, gﬁ@%&ﬁi’ery, Ultrasound, Noninvasive, Nonviral vector 16

1. Introduction

trasound (US) has been utilized as a useful tool for in vivo 18
‘imaging, destruction of renal calculus and treatment for fibroid of 19
the uterus. It was reported that US was proved to increase 20
permeability of the plasma membrane and reduce the thickness of 21
the unstirred layer of the cell surface, which encourages the DNA 2
entry into cells (1, 2). The first studies applying ultrasound for 23
gene delivery used frequencies in the range of 20-50 kHz (1, 3). 2
However, these frequencies, along with cavitation, are also 25
known to induce tissue damage if not properly controlled (4-6). 2
To improve this problem, many studies using therapeutic =
ultrasound for gene delivery, which operates at frequencies of 28

Volkmar Weissig (ed.), Liposomes, Methods in Molecular Biology, vol. 605,
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29 1-3 MHz, intensities of 0.5-2.5 W/cm?, and pulse-mode have

30 emerged (7-9). In addition, it was reported that the combination
31 of therapeutic US and microbubble echo contrast agents could
32 enhance gene transfection efficiency (10-14). In the sonoporation
33 with microbubbles, it was reported that estimates of pore size
34 based on the physical diameter of maker compounds were most
35 commonly in the range of 30-100 nm, and estimates of membrane
36 recovery time ranged from a few seconds to a few minutes (15).
a7 Therefore, it is thought that plasmid DNA is effectively and
38 directly transferred into the cytosol via these pores. Conventional
39 microbubbles including US contrast agents based on protein
40 microspheres and sugar microbubbles are commercially available,
a1 the size of these bubbles being about 1-6 um (16). For example,
a2 although the mean diameter of Optison microbubbles is about
43 2.0-4.5 um, and they contain bubbles of up n in diameter.
44 Tsunoda et al. reported that some mice %médiately after
45 the i.v. injection of Optison without ul xposure due to
46 lethal embolisms in vital organs (17 ne problem has not
47 been reported in humans, but there is the possibility that Optison
48 can not pass through capillary Is. Therefore, microbubbles

49 should generally be smaller than®red blood cells. From this
50 stand point of view, it is y to develop novel bubbles which

51 are smaller than con Y al’ microbubbles. Using liposome
@ 52 technology, we novel liposomal bubbles containing
53 perfluoropropa called these bubbles “Bubble liposomes

naller than Optison (18-21). In addition,
deliver plasmid DNA by the combination

54
55
56

57 2. Materials

ss 2.1, Preparation - 1. 1,2-distearoyl-sn-glycero-phosphatidylcholone (DSPC) and
o 0ofBLs(18) 1,2-distearoyl-sn-glycero-3-phosphatidyl-ethanolamine-

5

60 methoxypolyethyleneglycol (DSPE-PEG(2 k)-OMe) (NOF
61 corporation, Tokyo, Japan).

62 2. Chloroform.

63 3. Diisopropyl ether.

64 4. Phosphate buffered saline (pH 7.4) (PBS): 137 mM NaCl,
65 8.10 mM Na,HPO,, 2.68 mM KCl, 1.47 mM KH,PO,
66 (Wako Pure Chemical Industries).

67 5. Perfluoropropane (Takachiho Chemical Industries, Tokyo,
68 Japan).

69 6. Rotary evaporator (TOKYO RIKAKIKAI, Co. Ltd. (EYELA),
70 Tokyo, Japan).
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7. Extruding apparatus (Northern Lipids Inc., Vancouver, BC). 7
8. Bath-type sonicator (42 kHz, 100 W) (Branson Ultrasonics 72

Co., Danbury, CT). 73

9. Liposome sizing filters (pore sizes: 100 and 200 nm) 7

(Nuclepore Track-Etch Membrane, Whatman plc, UK). 75

10. 0.45 pm pore size filter (MILLEX HYV filter unit, Durapore 7

PVDF membrane) (Millipore Corporation, MA). 7

11. Dynamic light scattering (ELS-800) (Otsuka Electronics 78

Co., Ltd., Osaka, Japan): 79

12. Phospholipid C-test wako (Wako Pure Chemical Industries). o

2.2, Transmission 1. Sodium alginate (500-600cP). 81
Electron Microscopy 2. Calcium chloride. 82
of BLs (20) 3. Glutaraldehyde. 83
4. Cacodylate buffer. 84

5. Osmiumtetroxide. 85

6. Ethanol. 86

7. Epan812. 87

8. Uranyl acetate. 88

® 9. 89
2.3. In Vitro 1. 90
Ultrasonography L 91
with BLs (19) 2.9 &hﬁéﬁf probe (9 MHz, Fukuda Denshi Co. Ltd.) 92

s OS 7 cells (the African green monkey kidney fibroblast o3
sine), S-180 cells (mouse sarcoma), Meth-A fibrosarcoma
Iis (mouse fibrosarcoma), Jurkat cells (human T cell line), o5
Colon 26 cells (mouse colon adenocarcinoma), B16BL6 cells 96
(mouse meranoma), Human umbilical vein endothelial cells o7
(HUVEC) (Kurabo Industries, Osaka, Japan). 98

2. Culture media: Dulbecco’s modified Eagle’s medium o
(DMEM), RPMI-1640, Eagle’s medium (MEM) and 100
medium 199 (Sigma Chemical Co., St. Louis, MO), 101
Supplements: Fetal bovine serum (FBS, GIBCO, Invitrogen 102
Co., Carlsbad, CA), HEPES and heparin (Wako Pure 103
Chemical Industries), endothelial cell growth supplement 104
(ECGS) (Sigma Chemical Co.), Antibiotics: Penicillin and 105
Streptomycin (Wako Pure Chemical Industries). 106

3. COS-7 cells and S-180 cells were cultured in DMEM supple- 107
mented with 10% heat-inactivated FBS. Meth-A fibrosar- 108
coma cells and Jurkat cells were cultured with RPMI-1640 109
supplemented with 10% heat inactivated FBS. Colon 26 cells 110

2.4. Gene Delivery with
BLs and US In Vitro
and In Vivo
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111 were cultured with RPMI-1640 supplemented with 10%
12 heat-inactivated FBS and 2.5% HEPES. B16BL6 cells were
113 cultured with MEM supplemented with 10% heat-inactivated
114 FBS. HUVECs were cultured in a DMEM and medium 199
115 mixture with 15% heat-inactivated FBS, heparin (3.25 U/
116 mL) and ECGS. All culture media contained 100 U/ml peni-
117 cillin and 100 pg/ml streptomycin.

118 4. Animals: ddY mice (4-6 weeks age, male), Anesthetic agent:
119 NEMBUTAL (Dainippon Sumitomo Pharma Co., Ltd.,
120 Osaka, Japan), Adhesive agent (Aron Alpha) (Daiichi Sankyo
121 Co., Ltd., Tokyo, Japan).

122 5. Ultrasound equipments and probes for gene delivery —
123 Ultrasound equipments: Sonopore 3000 and Sonopore 4000
124 (NEPAGENE Co. Ltd.), Probe: KP-T6 eter: 6 mm)
125 and KP-T8 (diameter: 8 mm), KP- T2 eter: 20 mm)
126 (NEPAGENE Co., Ltd.)

127 6. Assessment of cytotoxicity:

128 2-yl)-2,5-diphenyl  tetr

129 Kumamoto, Japan), Sodiu

130 Pure Chemical Industr%s%%l\/hc yplate reader (POWERSCAN
131 HT; Daxmppon Phar ﬁ;;cal Osaka, Japan).

132 7.
@ 133

134

135

136 8.

137
138

and In vivo lucxferase 1mag1ng system (IVIS)
fe Sciences, MA).

13s 3. Methods

10  3.1. Preparation 1. DSPC and DSPE-PEG(2 k)-OMe were dissolved in 8 mL of

11 ofBLs (18) 1:1 (v/v) chloroform/diisopropyl ether.
142 2. Four milliliter of PBS (pH 7.4) was added into the lipid solu-
143 tion. The mixture was sonicated to make suspension, and
144 evaporated at 65° (water bath) to remove solvent.
145 3. After evaporation, liposome suspension was passed through
148 sizing filters (pore sizes: 100 and 200 nm) using an extruding
147 apparatus. And the size of liposomes was adjusted to less than
148 200 nm.
149 4. The liposomes suspension was sterilized by passing them
150 through a 0.45 pum pore size filter. (see Fig. 1a)
151 5. Finally, size of the sterilized liposomes was measured with
152 dynamic light scattering (ELS-800). The average diameter of
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@ that they became to BLs (b). Optxson (c) and BLs (d) eré. b ggﬁ with microscope using the darklite |llum|nator
(NEPAGENE, Co., Ltd). (e): Transmission electron microséof BLs. (f): Scheme of structure of BLs

thes@l%g%gﬁmes were about 150-200 nm. In addition, lipid 153
on was measured with the Phospholipid C-test wako. 154

bx}iﬁpld concentration of liposomes suspension was adjusted 155
*¥mg,/mL with PBS. 156

wo milliliter of the liposomes suspension (lipid conc. 1 mg/ 157

.~ mL) was entered into sterilized vial (vial size: 5 mL). 158

8. The vial was filled with perfluoropropane, capped and then 15

supercharged with 7.5 mL of perfluoropropane. 160

9. The vial was placed in a bath-type sonicator (42 kHz, 100 W) 161

for 5 min to form BLs (see Fig. 1 and Note 1). 162

3.2, Transmission 1. BLs were suspended into sodium alginate (500-600cP) solu- 163
Electron Microscopy tion (0.2% (w/v) in PBS). 164
of BLs (20) 2. This suspension was dropped into calcium chloride solution 165

(100 mM in PBS) to hold BLs within calcium alginate gel. 166

3. The beads of calcium alginate gel containing BLs were prefixed 167
with 2% glutaraldehyde solution in 0.1 M Cacodylate buffer. 168
The beads were postfixed with 2% OsO,, dehydrated with an 160
ethanol series, and then embedded in Epan812 (polymerized 170
at 60°). 171

-

0001095075.INDD 5 @ 10/3/2009 12:42:08 PM




172
173

174

175
176

177
178

179
180

181
182

183

184
185
186

187
188

189
190
191

BookID 152219_ChapID 33_Proof# 1 - 03/10/2 J

Suzuki and Maruyama

5. Ultrathin sections were made with an ultramicrotome at a
thickness of 60-80 nm.

6. Ultrathin sections were mounted on 200 mesh copper grids.

7. They were stained with 2% uranyl acetate for 5 min and Pb
for 5 min.

8. The samples were observed with JEOL JEM12000EX at
100 kV (see Fig. le; Notes 2 and 3).

3.3.In Vitro 1. BLs were placed into latex tube filled with degassed PBS
Ultrasonography (10 mL) in a water bath.
with BLs (19) 2. The probe (9 MHz) of an ultrasound imaging equipment was

positioned under the water bath.

3.4. In Vitro Gene 1. Plasmid DNA, cells and BLs werg=suspended in culture

Delivery with BLs medium with 10% FBS (final volume; 500 uL) in 2 mL poly-
and US propylene tubes. ﬁ%v s,
3.4.1. Transfection 2. The er)be (KP-T6) (n M?i%é%ﬁiarﬁgtcr: 6 mm) of US was
of Plasmid DNA into Cells placed into the suspension. =%,
with BLs and US (21) 3. US was exposed to ! @(gnsions with Sonopore 3000 or

4000 under the c sof various US parameters (Duty,

Intensity, Exposdreit me, Burst rate) (see Fig. 2¢).

AaN ®

Fig. 2. In vitro Ultrasonography with BLs. The Method of ultrasonography for observation of BLs was shown in (a). BLs
were injected into PBS filled latex tube in the water bath. Then, the samples were observed with ultrasonography (b).
To confirm the disruption of BLs by US exposure using Sonopore 4000 (c), BLs were observed with naked image (d, f)
and ultrasonography (e, g) before (d, e) and after (f, g) US exposure (2 MHz, 2.5 W/cm?, 10 s). Circlein (c, e, g) shows
US probe
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4. After US exposure, the cells were washed twice with PBS and 192

then resuspended in fresh culture medium. 193

5. The cells were cultured in culture plate or wells. 194

6. After 2 days culture of cells, the expression of transgene was 195

measured (see Fig. 3; Notes 4 and 5). 196

3.4.2. Assessment 1. Cells (1x10%) and BLs were suspended in culture medium with  1e7
of Cytotoxicity 10% FBS (final volume; 500 pL) in 2 mL polypropylene tubes. 198
by the Treatment of BLs 2. US was exposed to cells using Sonopore 3000 or 4000 witha 19
and US to Cells (18) probe (KP-T6) (2 MHz, diameter: 6 mm). 200

3. After US exposure, the cells were washed twice with PBS and 201
then resuspended in fresh culture medium 202

were cultured 203
204

sscribed by Mosmann, 205

MTT (5 mg/mL, 206
Ils were incubated at 207
37°C for 4 h. The formazan ct Was dlssolved in 100 pL. 208
of 10% SDS containing ’I* 209
i ; 210
211

4. One hundred microliter of the cells suspen
in 96 well plates for 24 h.

5. Cell viability was assayed using MTT.
with minor modifications (

@ 3.5. In Vivo Gene 1.
Delivery with BLs
and US

212

213
214
215
216

3.5.1. Gene Delivery

for Femoral Artery (18)
2

W/cm?, time: 2 min) was transdermally exposed to 218
nstream of injection site using Sonopore 3000 or 4000 219
>with a probe (KP-T8) (diameter: 8 mm). 220

. After 2 days of injection, the mice were sacrificed and the femoral 221
artery of US exposure area was collected. Then, gene expression 222

pir4
e

[AU1}

in the artery was measured (see Fig. 4; Notes 6 and 7). 223
3.5.2. Gene Delivery 1. S-180 cells (1x108 cells) were i.p. injected into ddY mice 224
for Ascites Tumor (20) (4 weeks age, male) on day 0. 225

2. When S-180 cells grew as the ascites tumor in mice after 8 days 226
ofthe injection, the mice were anaesthetized with NEMBUTAL 27
Injection (50 mg/kg), then injected with 510 pL of plasmid 228
DNA and BLs (500 pg) in PBS. 229

3. US (frequency: 1 MHz, duty: 50%, intensity: 1 W/cm?, time: 230
1 min) was transdermally exposed to the abdominal area using 231
Sonopore 300 or 4000 with a probe (KP-$20) (diameter: 23
20 mm). 233
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d
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£ 1101 g2 .
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S E1X10% SE 8
g g’ o 85 6t
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E Pad
. x
1X10° ™5 1 5 10 0

US exposure time (sec)

1x107

D BL (), US
- BL (+), US

1x108
1x10°

1 x104

Luciferase activity (RLU/mg protein) @

Fig. 3. Property of gene delivery with BLs and US exposure (a) Schema of transfection mechanism by BLs and US.
The mechanical effect based on the disruption of BLs by US exposure, which resuits in generation of some pores on
plasma membrane, is associated with direct delivery of extraceliular plasmid DNA into cytosol. (b} Luciferase expression
in C0OS-7 cells transfected by BLs and US. COS-7 cells (1 x 10° cells/500 pl/tube) were mixed with pCMV-Luc (5 pg)
and BLs (60 p.g). The cell mixture was exposed with US (Frequency: 2 MHz, Duty: 50%, Burst rate: 2 Hz, intensity: 2.5 W/
cm?, Time: 10 s). The cells were washed and cuitured for 2 days. After that, luciferase activity was measured. (¢) Effect
of US condition on transfection efficiency with BLs. COS-7 cells were exposed with US (Frequency: 2 MHz, Duty: 50%,
Burst rate: 2 Hz, Intensity: 2.5 W/cm?, Time: 0, 1, 5, 10 s) in the presence of pCMV-Luc (0.25 pg) and BLs (60 pg).
Luciferase activity was measured as above. (d) Effect of serum on transfection efficiency of BLs. COS-7 cells in the
medium containing FBS (0, 10, 30, 50% (v/v)) were treated with US (Frequency: 2 MHz, Duty: 50%, Burst rate: 2 Hz,
intensity: 2.5 W/cm?, Time: 10 s), pCMV-Luc (0.25 ug) and BLs (60 pg) or transfected with lipoplex of pCMV-Luc
(0.25 ng) and lipofectin (1.25 pg). (e) In vitro gene delivery to various types of cell using BLs and US. The method of
gene delivery was same as above. S-180: mouse sarcoma cells, Colon26: mouse colon adenocarcinoma cells, B16BL6:
mouse melanoma cells, Jurkat: human T cell line, HUVEC: human umbilical endothelial cells. Luciferase activity
was measured as above. * <103RLU/mg protein, # <10°RLU/mg protein Each data represents the mean £8.D. (n=3).
L: PEG-liposomes, LF: Lipofectin
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1X107

*k

1 X 108

1X10°

1X10*

1X10°8

Luciferase activity (RLU/mg protein)

# # # r—L_]
1 X102

plasmid DNA + +
BLs — —
us — +

|+ +
+
—
&
N
]
(=]
S}

th Bubble liposomes.
days, the mice were

Fig 4, In vivo gene delivery into mouse ascites tumgi

BEie p
(500 pg) in PBS Ultrasound (frequency: M %50%; intensity: 1.0 W/cm?, time:
1 min) was transdermally applied to.the abdé

@ **P<0.01 compared o, up treated with plasmid DNA, Bubble Ilposomes
ultrasound exposure o??lpofeatren with Lipofectin or Lipofectamine 2000. LF, Lipofectin.
LF2000, Llpofectaming;

234
m the abdomen of the mice. Then, the gene expression in 235
recovered cells was measured (see Fig. 5). 236

. S-180 cells (1 x 108 cells) were inoculated into the left footpad 237
of ddY mice (5 weeks age, male). 238

2. At day 4, when the thickness of the footpad was over 3.5 mm 239
(normal thickness was about 2 mm), the left femoral artery 240

for Solid Tumor (20)

was exposed by operation. 241
3. BLs (100 pg) and plasmid DNA suspension (100 pL) were 242
injected into the femoral artery using 30-gauge needle. 243

4. In the same time, US (frequency: 0.7 MHz, duty: 50%, inten- 244
sity: 1.2 W/cm?, time: 2 min) was transdermally exposed to 25
the tumor tissue using Sonopore 3000 or 4000 with a probe 246

(KP-T8) (diameter: 8 mm). 247
5. The needle hole was then closed with an adhesive agent and 248
skin was put in a suture. 249
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plasmid DNA + + + + +
BLs — - + + LF2000
us — + - + — +

NA 10 ug was injected
dntensity, 1 W/cm?; time
femoral artery of the ultrasound
cribed in Materials and Methods.
o {tisiferase imaging at 2 days after
und exposure. The photon counts are

Fig. 5. Gene delivery to femoral artery with Bubble liposomes Each sample containing plasmi
into femoral artery. At the same time, ultrasound (frequency, 1 MHz; duty, 50%; burst -
2 min) was exposed to the downstream area of injection site. (a) Luciferase expression i
exposure area at 2 days after fransfection, Luciferase expression was determined
Data are shown as means +S.D. (7=5). (LF2000: Lipofectamine 2000) ”7
transfection in the mouse treated with plasmid DNA, Bubble liposomes and
indicated by the pseudocolor scales <

1X 107
1X 108§
1X 105§

1X 104}

Luciferase activity (RLU/mg protein)

(zwor08s/uoioyd 01 X) SIUNOD UoloUd

L

+ +
LF 2000  +
+ + — +

Fig. 6. In vivo gene delivery info mouse solid tumor with Bubble liposomes. S-180 cells (1 x 108 cells) were inoculated into
left footpad of ddY mice. After 4 days, the mice were anaesthetized, then injected with 100 ul. of pCMV-Luc (10 pg) in
absence or presence of Bubble liposomes (100 pg) in PBS. Ultrasound (frequency: 0.7 MHz, duty: 50%; intensity: 1.2 W/
cm?, time: 1 min) was transdermally exposed to tumor tissue. In another experiment, pCMV-Luc (10 pg) — Lipofectamine
2000 (25 pg) complex was suspended in PBS (100 L) and injected into the left femoral artery. After 2 days, tumor tissue
was recovered from the mice. Luciferase activity was determined as described in Materials and Methods. (a) Luciferase
activity in solid tumor. Each bar represents the mean =S.D. for five mice/group. **P<0.01 compared to the group treated
with plasmid DNA, ultrasound exposure or Lipofectamine 2000. (b) In vivo luciferase imaging in the solid tumor bearing
mice. The photon counts are indicated by the pseudocolor scales. LF 2000, Lipofectamine 2000

250 6. After 2 days of US exposure, the mice were sacrificed and the
251 tumor tissues were collected. Then, the gene expression of
252 the tumor tissue was measured (see Fig. 6 and Note 8).
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3.6. Measurement 1. The lysis buffer (0.1 M Tris-HCI (pH 7.8), 0.1% Triton 253
of Reporter Gene X-100, 2 mM EDTA) was added to the sample cells in vitro 254
Expression or tissues in vivo. In the case of the tissues in vivo, they were 255

homogenized before next step. 256

3.6.1. Luciferase Assay . . . .
2. The cells or the homogenized tissues in lysis buffer were 257

repeatedly frozen and thawed three times to completely 28
disrupt the cell membranes. 269

3. After that, the lysate of the cells or tissues was centrifuged and 20
the supernatant was collected in other tube. 261

4. Luciferase activity in the supernatant was measured using a 22
luciferase assay system and a luminometer. The activity is 263
reported in relative light units (RLU) per mg protein of cells 264

or tissue. 265
3.6.2. In Vivo Luciferase 1. The mice were anaesthetized with Es "i.p. injected 266
Imaging with D-luciferin (150 mg/kg). 267

served with in vivo 268
269

2. After 10 mm luc1ferase expressi

270

4. Notes

271
ifig the liposome suspension is completcly 272
ed Wi perﬂuoropropane. After that, it needs to be a3

arged in the vial with perfluoropropane. And the vial is 274
@d with a bath-type sonicator (42 KHz, 100 W) 25
SONIC 2510 J-DTH, Branson Ultrasonics). In this s
sonication power and the vial position in the bath are 217
very important. Because we have experimented that BLs were 28
" not prepared using other type of bath sonicator (UC-1 29
(38 KHz, 80 W), IKEDA RIKA, Japan) with low intensity of 280
ultrasound exposure. In addition, BLs were not prepared 2s1
using other gas such as air, nitrogen gas or carbonic dioxide 22
gas. Therefore, it thought that it is important for the prepara- 283
tion of BL to use hydrophobic gas such as perfluoropropane. 284

2. To fix BLs as a sample for transmission electron microscope, 25
BLs were held within calcium alginate gel. The handling of 2ss
BLs was improved by holding within the gel. The advantage 287
for using this gel is to make the gel even at low temperature. 28
Because BLs became unstable according to increasing tem- 20
perature. Therefore, it is thought that the gel, such as aga- 200
rose, which has gel point at high temperature is inappropriate 291
for this purpose. 292

3. It was thought that liposomes were reconstituted by sonication 203
under the condition of supercharge with perfluoropropane. 204
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295 Then, perfluoropropane was entrapped within lipids like
296 micelles. In addition, the lipid nanobubbles were encapsu-
297 lated within liposomes. To confirm the structure of BLs, we
298 observed BLs with transmission electron microscope.
299 Interestingly, BLs had nanobubbles into lipid bilayer.
300 Therefore, we called this “Bubble liposome” because of this
301 structure. This structure of BLs was different from that of
302 conventional microbubbles and nanobubbles which had lipid
303 monolayer.

304 4. This protocol can be adapted for many other types of cell. In
305 the gene transfection for adherent cells, the transfection effi-
306 ciency in the condition of suspension was higher than that in
307 the condition of adhesion on the culture plate. Although this
308 result is unclear, it is thought that the di

309 and cells is important. Because BLs en

310 flow and result in getting away fro
311 the plate.

312 5. In in vitro gene delivery, i
313 tion of it, in ordcr to redu
314

e experimental error of each
e delivery was not affected

315 i rum. Moreover, the gene expression
316 e condition of US exposure for
317 s it was suggested that this system could

319 . In in vivo.gene delivery, echo jelly is necessary for US expo-
320 ne expression was observed in the arrested
321 )
322
323
324

b’é%based on the disruption of BLs by US exposure
“in generation of some pores on plasma membrane of
lls in the area of US exposure.

his system is thought that there is not a serious damage for
. the cells in blood such as red blood cells by the disruption of
BLs in blood stream by US exposure.

326
326
327

8. The transfection efficiency with the gene delivery system by

328

329 sonoporation mechanism using BLs and US was higher
330 than conventional lipofection method with Lipofectin and
331 Lipofectamine 2000. Therefore, it is expected that this sys-
332 tem might be an effective nonviral gene delivery system.
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Tight junction modulator and
drug delivery

Koji Matsuhisa, Masuo Kondoh®, Azusa Takahashi & Kiyohito Yagi
Osaka University, Graduate School of Pharmaceutical Sciences, Department of Bio-Functional
Molecular Chemistry, Osaka, Japan

Recent progress in pharmaceutical technology based on genomic and
proteomic research has provided many drug candidates, including not only
chemicals but peptides, antibodies and nucleic acids. These candidates do
not show pharmaceutical activity without their absorption into systemic
flow and movement from the systemic flow into the target tissue. Epithelial
and endothelial cell sheets play a pivotal role in the barrier between internal
and external body and tissues. Tight junctions (TJs) between adjacent epithelial
cells limit the movement of molecules through the.intercellular space in
epithelial and endothelial cell sheets. Thus, a prémising strategy for drug
delivery is the modulation of TJ component aIlow molecules to pass
through the T)-based cellular barriers “this revxaw, we dlSC s recent

Keywords: absorption enhancer, ¢l . n, drug degyé’rgg occlud;n

(2009) 6(5): %??5 %
%@% ‘

Drugcandidatessins h mlc%;,s} f;eptides, protei ucleic acids and their
derivatives, ¢ §%:ae effi egﬁy 1cLéhtLﬁed by a combination of high-throughput
: échnol%gﬁn genoﬁie%ase&amé? iscovery. However, two steps are required for
e clinical ap, l;c%uim \og,’chegg«zﬁug candidatési-movement of the molecules into the
ady and us{%‘é th{o“%;,& cplthehal and‘en othelial cell sheets. These cell sheets
:@%F:\e m ve;ﬁega\‘of solutes n tissues within the body as well as between
utside and inside of the bgdy.
Routgs for passing of rough the epithelial and endothelial cell sheets are
classified into transcelldlar and paracellular routes (Figure 1). In the transcellular
route, drug glivered by simple diffusion into the cell membranes and active
transport via a receptor or transporter on the cell membrane [1,2]. Various trans-
porters involved in the influx and efflux of peptides, organic anions and cations have
been identified, and transcellular delivery systems using the transporters have
been widely investigated [2.6]. Transporter-mediated drug delivery is tissue-specific
and has low toxicity; however, the drugs must be modified for interaction with
the transporter without loss of pharmaceutical activity. Thus, the transcellular route
is not suitable for high-throughput production of drug candidates. The other
route for drug delivery is the paracellular route. Tight junctions (TJs) seal the
paracellular route and prevent the free movement of molecules in the paracellular
space; therefore, a strategy for the paracellular delivery of drugs is the opening of
TJs (7.8. Compared with the transcellular route, the paracellular route has the
advantages that drug modification is not needed and that one method can be
applied for various drugs. Drug delivery systems through the paracellular route have
been investigated as absorption enhancers since the 1980s. However, only sodium
caprate is currently used as an absorption enhancer in pharmaceutical therapy.
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Figure 1. Schematic illustration of transport routes in
epithelia.

It had been unclear how TJs regulated movement of solutes
and what TJs were. In 1993, Furuse and colleagues determined
that occludin, a protein with four transmembrane domains,
is a component of TJs and that TJs consist of protein [].
In 1998, Furuse and co-workers also identified another T]
protein, claudin-1 and -2 (101. Claudins, a multigene family
of at least 24 members, are key molecules of the T] barrier [111.
Schematic biochemical machinery of TJs is shown in Figure 1,
and modulation of the TJ] components to allow drugs to
pass through the paracellular route has been investigated as
a novel strategy for drug delivery since the first report of T]
component-based drug delivery using an occludin peptide
corresponding to part of the extracellular loop [12].

In this review, we examine recent topics in TJ-based drug
delivery systems that use both approaches — TJ component/T]
modulator and TJ barrier — and discuss the future direction
of such systems.

2. TJ components and TJ modulators

Tn the first section, we reviewed recent progress in T] modulators
over the past 2 years with respect to T] components and
modulators of T barrier.

2.1 Claudin

Claudin is a four-transmembrane TJ protein with a molecular
mass of around 23 kDa, and comprises a family of at least
24 members [10]. Expression of each claudin member varies
among cell types and tissues (13,14]. Claudins are thought to
polymerize and form TJ strands in a homomeric and het-
eromeric manner, and the combination and mixing ratios
of different claudin species determine the barrier properties
of TJs, depending on the tissues [111. For instance, deletion of
claudin-1 causes dysfunction of the epidermal barrier (13},
and deletion of claudin-5 causes dysfunction of the blood-
brain barrier 16, These findings indicate that a specific
claudin modulator would be useful for tissue-specific drug
delivery through the paracellular route. The C-terminal
receptor binding region of Clostridium perfringens entero-
toxin (C-CPE) is the only known modulator of claudin-4 (17).
Cells treated with C-CPE have decreased intracellular levels
of claudin-4 as well as disrupred TJ barriers in epithelial
cell sheets 1171, We previously found that the jejunal absorp-
tion-enhancing effect of C-CPE was 400-fold more potent
than thar of sodium caprate, the only clinically used absorp-
tion enhancer [18l. The development of other claudin
modulators by using C-CPE as a prototype is a promising
strategy. Deletion assays and site-directed mutagenesis assays
indicate that the C-terminal 16 amino acids of C-CPE are
involved in its modulation of claudin-4 and that Tyr resi-
dues at positions 306, 310 and 312 are critical for C-CPE
activities (19,201, Van Irallie and colleagues revealed that the
structure of C-CPE is a nine-strand B sandwich and that
the C-terminal 16-amino acid fragment is locared in the
loop region between the B8 and B9 strands, indicating that
the claudin-4 binding site is on a large surface loop between
strands B8 and B9 or on a domain containing these strands {21].
These findings indicate that peptides containing the loop
structure formed by the $8 and B9 strands are likely to be
novel claudin modulators. Considering the antigenicity of
the claudin-4 modulator, smaller peptides are useful. Recently,
the 12-mer peptide binders of claudin-4 were successfully
identified using a random 12-mer peptide phage-display
library 1221. The common claudin-binding motif <XX(Y/W)
X3 o SYXLMXX> was also detected. The 12-mer
peptide was bound to claudin with nanomolar affinity, but
it did not modulate the claudin barrier. A 27-mer amino
acid peptide corresponding to the extracellular loop region
of claudin-1 modulated epithelial barrier through its inter-
action with claudin-3 [23). Distinct species of claudins can
interact within and between tight junctions [241. Thus, a
short peptide corresponding to the extracellular loop region
of the heterotypically interacting claudin is also a candidate
of claudin modulator.

2.2 Occludin

Occludin, a 65-kDa protein containing four transmembrane
domains, was the first TJ-associated integral protein to be
identified (91. The initial strategy for T] component-based

510 Expert Opin. Drug Deliv. (2009) 6(5)



drug delivery was to use a synthetic peptide corresponding
to the extracellular loop region of occludin in witre (121, The
testes are rich in receptors for follicle-stimulating hormone,
The effects of follicle-stimulating hormone-fused occludin
peptide on the iz vivo blood-testis barrier were investigated.
The fusion protein modulated the blood—testis barrier,
resulting in delivery of inulin into the testis [25]. Astrovirus
infection causes diarthea {26. Moser and co-workers found
that the astrovirus capsid disrupted occludin and increased the
permeability of the T} barrier without cytotoxicity in human
intestinal cells [27. A pro-inflammatory cytokine, IL-1f
causes a functional opening of the intestinal TJ barrier without
induction of apoptosis (28,29]. The IL-1B-induced enhance-
ment of T] permeability was mediated by downregulation of
occludin through an increase in the myosin light chain
kinase 29,30].

Thus, occludin peprides containing the ligand-targeting
motifs and novel types of occludin modulators, such as the
component capsid and the activator of myosin light chain
kinase, may provide novel methods to deliver drugs into
target tissues across endothelial cell sheets.

2.3 Ephrin

Ephrin-A2, a family of receptor tyrosine kinases, directly
phosphorylates claudin-4 in epithelial cells, leading to the
disruption of the epithelial barrier function [31]. Intravenous
administration of ephrin-A2 ligand causes vascular permea-
bility in the lungs, resulting in the leakage of albumin into
the lungs of rats (32). The ephrin-A2 ligand is altered in the
disruption of the TJ barrier in the lungs of rats and in
cultured lung vascular endothelial cells 21, High levels of
ephrin-A2 mRNA are also expressed in the intestine [33].
A modulator of the ephrin-A2 system will be a novel type of
pulmonary and intestinal absorption enhancer.

2.4 Zonula occludens toxin

Zonula occludens toxin (Zot) is a 44.8-kDa envelope protein
of Vibrio cholera, and zonulin is the intestinal Zot analogue
that governs the permeability of intercellular TJs [34-36). Zot
and Zot derivatives are reversible T] openers that enhance
the delivery of drugs through the paracellular route with-
out toxicity (3540]. The Zots bind to a putative receptor on
the apical surface of enterocytes, leading to protein kinase
C-mediated polymerization of soluble G-actin and the
subsequent loosening of TJs (3841, Zot enhanced the
absorption of insulin in diabetic rats, and the bioavail-
ability of oral insulin was sufficient to lower the serum
glucose concentrations to an extent that was comparable to
the parenteral injection of the hormone 35]. In 2001, an
active fragment of Zot, AG with a molecular mass of
12 kDa, was identified [42). In 2008, a hexapeptide derived
from Zot, AT1002, was found to enhance absorption [43).
AT1002 increased permeabilicy in human epithelial cell
sheets without cytotoxicity and enhanced duodenal absorption
of ciclosporin A.

Matsuhisa, Kondoh, Takahashi & Yagi

2.5 Chitosan

Chitosan is derived from chitin, a polysaccharide found in
the exoskeletons of insects, arachnids, and crustaceans.
Chitosan is a nontoxic, biocompatible and mucoadhesive
polymer that is a safe and efficient intestinal permeation
enhancer for the absorption of drugs [44-46}. The chitosan-
mediated activation of protein kinase Cat is followed by the
redistribution of ZO-1 and an increase in T] permeability,
suggesting that the protein kinase Co-dependent signal
transduction pathway affects T] integrity (471, The oral
administration of recently developed chitosan-coated nano-
particles containing insulin dramatically decreased blood
glucose levels in diabetic rats (48].

2.6 HA, HAstV-1

Hemagglutinin (HA), a non-toxic component of the large
16S of the botulinum neurotoxin 49}, and the human astro-
virus serotype 1 (HAstV-1) capsid 1271 may be a novel
absorption enhancer via the paracellular route. The HA
protein affected distribution of occludin, ZO-1, E-cadherin
and B-catenin, and increased T] permeability in human
intestinal epithelial cells without cytotoxicity 49). When
HAstV-1 infected a Caco-2 cell monolayer from the apical
side, the paracellular permeability was increased. UV-inactivated
HAstV-1 also increased the permeability and distupted
occludin, indicating that the enhancement of the permea-
bility was not dependent on viral replication [27). Further
analysis of the mode of action of these toxin- and virus-
derived enhancers will lead to the development of novel
intestinal absorption enhancers.

3. Physiological barriers modulated by TJ
modulators

In the second section, we overviewed recent progress in T}]
modulators with respect to the batrier separating different
body compartments.

3.1 Blood-brain barrier

The blood-brain barrier, which comprises endothelial cell
sheets with extremely tight junctions, limits the diffusion of
hydrophilic molecules between the bloodstream and brain.
Many pharmaceutical chemicals developed for the treatment
of brain disorders cannot be applied in clinical therapy
because they do not pass through the blood-brain barrier.
Methods to open or reversibly regulate the blood—brain barrier
have been investigated. Blood-brain barrier modulation based
on the infection mechanisms of HIV has been proposed.
Disruption of TJs occurs in the brains of HIV-infected
patients (50-52), and tat protein, which is released from HIV-
infected cells, decreases ZO-1 levels at the cell—cell borders in
brain microvascular endothelial cells (53. Tat treatment
reduced expression of occludin, ZO-1, and ZO-2 in human
brain microvascular endothelial cells via caveolin-1 and Ras
signaling, Other HIV-1-derived proteins, gp120 and Nef,
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Table 1. Candidates of absorption enhancer.

Target barrier Candidates

intestinal barrier C-CPE
AT1002
Ephrin

Chitosan and its derivatives
Haemagglutinin

HAstV-1 capsid

Spermine

HIV-1 tat

Sodium caprate

Blood-brain barrier

Nitric oxide

AT1002

Sperminated gelatin
FDFWITP

C-type natriuretic peptide

Nasal barrier

Blood-testis barrier
domain | of laminin B3

C-CPE: C-terminal of Clostridium perfringens enterotoxin; HAstv-1: Human
astirovirus serotype 1; HIV: Human immunodeficiency virus.

can change the expression of T] proteins in vitro (54l
Cocaine (55-56], sodium caprate (57] and nitric oxide (58 also
modulate the blood~brain barrier.

3.2 Blood-testis barrier :

Disruption of the blood—testis barrier affects spermatogenesis;
thus, junctional proteins, such as occludin, ZO-1, and
N-cadherin, could be the primary targets for testicular toxi-
cants [59]. Monophthalates (mono-»-butyl phthalate and mono-
2-ethylhexyl phthalate) were recently shown to disrupt the
inter-Sertoli TJs in rat {eol. Phthalates are used as plasticizing
and suspension agents in personal care products, plastics,
paints, and pesticides. Monophthalates reduced the TJ barrier
in Sertoli cells and induced the disappearance of ZO-1 and
F-actin from around the cell periphery. The expression of occlu-
din mRNA was also suppressed in a dose-dependent manner.
C-type natriuretic peptide is a novel regulator of blood—testis
barrier dynamics (61). C-type nariuretic peptide regulates blood
pressure, blood volume, fat metabolism, bone growth, and ste-
roidogenesis in the testis and also reduces the expression of
N-cadherin, occludin, and JAM-A 6263]. Laminin fragments can
also modulate the blood-testis barrier [64}. Treatment of primary
Sertoli cells with domain I of laminin B3 caused a dose-dependent
reduction in Bl-integrin, occludin and ZO-1 and a decrease in
the blood—testds barrier. Domain IV of laminin ¥3 also reduced
the expression of Bl-integrin, occludin and JAM-A.

3.3 Epithelial barrier
Intranasal delivery is a convenient, reliable, rapid, and
noninvasive delivery approach for low-molecular-weight

compounds, and intranasal absorption enhancers have been
developed for improvement of the nasal absorption of
therapeutic macromolecules. AT1002, a polypeptide derived
from Zot, enhanced not only intestinal absorption, but also
nasal absorption of hydrophilic markers, PEG4000 and
inulin (65]. Sperminated gelatin is a nasal absorption enhancer
of insulin; when intranasally delivered, it decreases the plasma
glucose level (66 Aminated gelatin enhanced absorption of
protein drugs through mucosal membranes with negligible
mucosal damage (671.

Phage display technology is a powerful method for the
selection of peptide ligands (6869]. Recently, novel T] modulators
were isolated by using a phage-display library (70}. TJ-bound
peptides were screened by using confluent monolayer cell
sheets that were treated with a calcium chelator, EGTA. The
polypeptide FDFWITP was isolated as a T] binder. FDFWITP
and its derivative peptides modulated TJ barriers without
cytotoxicity, and these TJ-modulating activities were reversible.
Thus, the phage-display system is a promising and powerful
tool for developing TJ] modulators.

4. Expert opinion

Many TJ-associated integral proteins, including occludin,
claudin, tricellulin, ZO-1, ZO-2 and ZO-3, have been
identified. These proteins play pivotal roles in the regulation
of solute movement via the paracellular route, indicating
that T] modulators can be promising methods to deliver
drugs. Studies of claudin-deficient mice initially indicated
the possibility of TJ component-based drug delivery.
Claudin-1-deficient mice lose their epidermal barrier func-
tion against a tracer with a molecular weight of around
600 Da, ns), indicating that claudin-1 modulators can
enhance the transdermal absorption of drugs. The trans-
dermal route is an easy, painless, and noninvasive method for
drug administration, and the claudin-1 modularors have been
the subject of pharmaceutical research. Claudin-5-deficient
mice lose their blood—brain barrier (16}, and small molecules
(< 800 Da) selectively passed across the blood-brain barrier.
The claudin-5 modulator will be a candidate for the phar-
maceutical therapy of brain diseases. We found that the
intestinal absorption-enhancing effects of a claudin-4 modulator
were 400-fold more potent than those of a clinically used
absorption enhancer (18], Disruption of occludin or tricellulin
increases TJ permeability 112.2571). These findings strongly
indicate that modulation of TJ is a promising method for
drug delivery. Because TJ proteins are poor in antigenicity, it
is difficult to develop antibodies against the extracellular
domain, resulting in a severe delay in the development of T]
modulators. At this point, there have been two breakthroughs
in the development of T] modulators. The first breakthrough is
the determination of the structure of the only known claudin
modulator, C-CPE 211. The second breakthrough is the estab-
lishment of an efficient phage-display method to isolate a
novel peptide to bind T] components 221, We believe that the
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development of a claudin modulator by using C-CPE as a
prototype will be successful, and that a peptide type of TJ
modulator will be prepared in the near future, We are also
optimistic about the production of a novel TJ modulator based
on fragments of toxins, viruses and natural products. These
fragments appear to use a novel mechanism to modulate the T]
barrier, and further analysis of this novel type of T] modulator
may lead to the next generation of T] modulators (Table 1).

Very recently, Lee and colleagues proposed the lipid-protein
hybrid model for TJ that the TJ proteins by themselves, and
in combination with the lipids, serve, in addition, essential
roles in barrier function, indicating that a lipid modulator can

Matsuhisa, Kondoh, Takahashi & Yagi

be a TJ modulator 72. Glycosylated sphingosine, oxidized
lipids and ether lipids were identified as TJ modulators, and
the displacement of claudins and occludin from lipid raft was
involved in the absorption-enhancing effect of sodium
caprate [73,74]. Future investigation of the lipid-protein hybrid
model for T] may be the third breakthrough in the development
of TJ modulators.
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