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For successful cancer gene therapy via intravenous administration, it is essential to optimize the stability of carriers
in the systemic circulation and the cellular association after the accumulation of the carrier in tumor tissue. However, a
dilemma exists regarding the use of poly (ethylene glycol) (PEG), which is useful for conferring stability in the systemic
circulation, but is undesirable for the cellular uptake and subsequent processes. We report the development of a PEG-
peptide-lipid ternary conjugate (PPD). In this strategy, PEG is removed from the carriers via cleavage by a matrix
metalloproteinase (MMP), which is specifically expressed in tumor tissues. An in vitro study revealed that the PPD-mo-
dified gene carrier (multifunctional envelope-type nano device, MEND) exhibited pDNA expression activity that was
dependent on the MMP expression level in the host cells. In vivo studies further revealed that the PPD was potent in
stabilizing MEND in the systemic circulation and facilitating tumor accumulation. Moreover, the intravenous adminis-
tration of PPD or PEG/PPD dually modified MEND resulted in the stimulation of pDNA expression in tumor tissue, as
compared with a conventional PEG-modified MEND. Thus MEND modified with PPD is a promising device with the
potential to make in vivo cancer gene therapy achievable.
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Fig. 1. Schematic Representation of MEND

MEND nparticles consist of condensed DNA and a lipid envelope con-
taining functional devices including a protein transduction domain peptide
that increases intracellular availability, and fusogenic lipids that enhance en-
dosomal escape and facilitate delivery of DNA to the nucleus, and PEG-
lipids that improve stability in the systemic circulation.
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Fig. 2. PEG Dilemma

The surface modification of gene carriers with PEG enhances stability in
systemic circulation and accumulation in tumor tissue via EPR effect. In con-
trast, once the carriers are taken up by the tumor tissue, the PEG inhibits in-
teractions between the carriers and the tumor cells, which results in a sig-
nificant loss in transfection activity.

ZIT, DAZENELEXRZ S —FARIZBNT
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AT DI EICK D pH I RSN PEG JE % M4
LTW5,. 12 Wagner 5i%, RUIZFL>A13IE&
PEG OficE RV UG afAL, X7 bRk
ERTFEENELEZDNT > RERIURT L v 7 21
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ERROICERENTTHEL TWAY RN w7 A XS0
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HUMZ Zn?t 2R D@ BEEEHTHD, a5 —F >
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(extracellular matrix; ECM) #pkER 5125 L T4
fRIEEZ2H T 5. DADOEREPEBITIE, AR
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N5 OW|ERIC MMP 5L TWa Z &N 57
EBHSOTND. 1O ZDXDIT, DAREEESFHD
% MMP O3 fRiEEZ2FIH L T, Db EE
FLRRICRE LU= MEND 205 PEG 2B FZICY) D
BELTLEBS & A2 (Fig. 3).' @%, PEG
SIREAEARE LT, IREHSNYRY —LDIFE
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5. PPD MDA/ & MMP (C & 2 Y1
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g & 78 k PPD O &Rk %17 > 7z. PPD O & Akl
Fig. 4(a) IZ/R T A F—LIZHEV, PEG KD g
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DL, RTF RO C K& 1,2-dioleoyl-sn-
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Fig. 3. A Schematic Diagram Illustrating the Strategy Used
to Resolve the Dilemma Aassociated with the Use of PEG

i) By modifying the gene carrier with PPD, the systemic circulation is
prolonged, and the accumulation in tumor is increased by the EPR effect. ii)
After extravasation from capillaries in the tumor tissue, the PPD is cleaved
by an extracellular MMP secreted from tumor cells. iii) PEG dissociates
from the gene carrier, and the naked carrier can then associate efficiently with
the tumor cell surface.

7= (Fig. 4(b)).

Z ® PPD Z# MMP-2 |2 &> T T % & PEG
HED D TFENBDT S & 2EL~E (MMP-2
LFE R @ M,=3953, MMP-2 JILFE#% : M,=1980).
F-HERIEE & U TDOPE Z WU Ry — AT
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% DOPE [3BUKEMBKT LD BREVNLE NS HE
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Fig. 4. PPD Synthesis and Cleavage Assay

Incubation time (h)

(a) Synthetic route to PPD i) Et;N (2 eq.), DMSO, 3 h, Y. 95%;ii)) NHS(2 eq.), DCC (2 eq.), Et;N (2 eq.), CHCl;,24 h, Y. 40%. (b) '"H NMR spectrum of
the purified PPD. The liposomes were modified with 10 mol% PPD (c) and conventional PEG-lipid (d). PPD-liposomes and PEG-liposomes were treated with
MMP-2 or BSA (56 nm) at 37°C, and the diameters were measured at 3, 6 and 24 h by dynamic light scattering (DLS) measurement.
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6. In vitro |C& T3 PPD-MEND O#8E:E(

MEND ®a713, V> 7xo—tE&2a2—-K9 5
plasmid DNA 2704 2 X Db E 5 2
EIZEKD 100nm DL FTHBHRODDZFHEL /-
F BRI F A > MHEIEE TH S 1,2-dioleoyl-3-
trimethylammonium-propane (DOTAP) & DOPE,
Cholesterol (EJ)LtE3:4:3) oL, PEG-
DSPE # L < 1% PPD % 5mol % f&#fi L 7=. MEND
& PEG ®° PPD Z&fid 5 2 LICk> T, KT
71100-200 nm & 720 (Table 1), H/-& T M
WEORBEDOIN—T 1 VIV &35 Z ENHERI N
(Fig. 5(a).'” MMP JEA DB A 75 b b RRE 2R A IE
i3k HT1080 #fl i~ PPD-MEND % ji& {r 73 A 9
5 &, kD PEG-MEND IZHXRB &) T o

Table 1. Physical Properties of MEND, PEG-MEND, PPD-
MEND

PEG-MEND PPD-MEND

MEND
5% 15% 5% 15%
Diameter (nm) 281 156 137 162 141
{-Poteintioal (mV) 48 13 7.6 19 12

Polydispersity index 0.27 0.16 0.14 0.20 0.17

Z— Y OFBIEENH 40 5 LR L= (Fig. 5(b)).
—7, MMP £ D DIzt b BN Rk
HEK293 flifld TI3FH DO EFIZIF E AL EH S NRH
o/, ULoL, BEipic MMP-2 2509 % &
HEK293 iZHWTHHBAEED LRAAA SN
(Fig.5(b)). ZdDZ &Nn5, PPD-MEND i3 in
vitro 15 #& i il T MMP % /v L /= PEG DY) ic &
0, BRTHEEEEZ LRI 225 MEL
7z,

7. In vivo ([C35(+ 5 PPD-MEND #4451

feE % *H 12k D I X)L L 7= PPD-MEND %
RUZARBHIRE DG LZ05, MmAEEZ2EEL
7= (Fig. 6 (a)). PPD-MEND o Ifil {1 j& i # % 13
PEG-MEND (2134 % D ®, PEG &£f{&#fi MEND
BT HZEERICH W &5, PPD & f
MEND [ ifi i E itz H 925 2 EnensEizo
7z. HTI1080 Z&E iz FICBHE L /AT AT T A
PPD-MEND % # 5.% 24 BRI BT 2 EBEADB
TREFMLUZEZ A, MR EEENRBITN
H®manz=Z NG, PPD-MEND & EPR #3812
IO THEEABITLTVWS ZENRB I N~ (Fig.
6(b)).

/-, #HMNAY ™ AN PPD-MEND ## 5L,
48 B DS IC BT DI > 7 25—V HRE
= E ML 7=, 5% &8 PEG-MEND & 15 % & ffi
PPD-MEND T3, MEHEN\OBITENFTFRET
HoIZHBEH 5T, PPD-MEND OB THIRE

b
. HT1080 (+MMP) HEK293 (-MMP)
2 100% |---
Q
©
Q
g 10%
- S 10% |-
MEN &
(4]
3
g -
®
)
©
0%
PEG- PPD- PEG- PPD- PPD-
MEND yEND MEND END END MEND MEND

IMMP-2

Fig. 5. The Freeze-fracture Electron Micrographs and the /n vitro Transfection Activities of PPD- or a Conventional PEG-lipid Mo-
dified MEND
(a) The MEND and PEG-MEND were separated from the empty vesicles by discontinuous sucrose density gradient, and then was visualized by freeze-fracture
electron microscopy. The bars indicate 200 nm. (b) Luciferase activities of MEND, PEG-MEND and PPD-MEND in HT1080 cells and in HEK293 cells were eval-
uated at 48 h after transfection. Transgene expression in HEK293 cells was evaluated after addition of MMP-2 protein in the culture medium at an equal concentra-
tion to HT1080, represented as PPD-MEND/MMP-2. Relative luciferase activities are expressed as % relative light units (RLU) per mg of protein compared to
MEND. Each bar represents the mean+S.D., n=3.
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Q.

Specific activity of the particles
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=
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Stability in Systemic Circulation, the Tumor Distribution and Transfection Activities of MEND In vivo

(a) Blood concentrations of [*H] CHE-labeled MEND were evaluated at 1, 6 and 24 h after i.v. injection. Data represent as the %ID per ml of blood. (b)
Tumor distribution of MEND at 24 h in tumor-bearing mice, expressed as the %ID per g tumor. (c¢) Luciferase activity of MEND at 48 h after i.v. administration of
MEND at a dose of 25 ug pPDNA/mouse, expressed as RLU per g tumor. (d) Specific activity of the MEND in the tumor. Each bar represents the mean+S.D., n=

3. *p<0.01. N.D. represents ‘‘not detected”’.

& PEG-MEND & g U TR SS fif LA L Tz
(Fig. 6 (¢)). ¥hEETHRBEZBITECRL
o, BITEMZ0 ORBUEEZFEMT 5 &, 15%
PPD-MEND i3 15%PEG-MEND X D & & W il & 7=~
L7 (Fig.6(d). ko &m,m5, PPD-MEND
WS RERIC, MMP XD PEG 239X /=
R, B TREEES LR T2 2 AR I Nz

8. EARZRBEMHDOMLE

PLED#E SN S, PPD %&£ L 7z MEND |3
IR FE 585 1T RS AR ICREL, MMP 24+ L /-
PEG DY)l & FEEMED M I L. L,
PEG &3 %5 &, PPD DIl AL EE A D
BITENS D E3EDRN. 2O &, FvU
7 DREZEADT UINY — Wi &£ 725 51T &
DMABIGETEERIIBWT, ELARTNUL RS
WEEESE A D, bhlbNIZINETIZ, MEND
&R % PEG O3 X T% PPD IZ{& =z T
fizfr> C&E/. =T, Mg X PEG
&, BETREEERICERNZPPD 2IEA T2 &

IR0, RNENRE & R OB T FEBE M O
fbzil Az, /bbb, ¥ PEGEBHMEEZ S, 15,
20mol% & L, PEG & PPD % 1:1 T MEND IZ
&4 L 7= PEG/PPD-MEND O & £ T3 BIIE 1% % 31
ffiL 7=. PEG-MEND T3fEBE&TE, B THEH
BIIEBITISX THRATH>DITH LT, PEG/
PPD-MEND Tli3 20% THR A TH o /= (Fig. 7
(@). FFXFAEREHEBITEERL ZEME20%
T, B TFRBEEIZOMBERES EATEHZE
MNREIN/z (Fig. 7(b)). ZDZ &iF, KRNERE &
AN DOE D IAB D VL E I NHERTH S &
EzoN5.

DlEDZ &L, invivo [BEZENELAMP
B GRGBRTF v ) 7 OBEHTIE, i H R o
BNOBITE WS TeARNEIREZ VT Tr <, JEE%E
% DM NERE D [l 2 4G 8 I HIE 2 BB D
5T EERBLTNDS,

9. ¥BHYIC

ODNHONIIER THEFEB L TWS MMP IZX
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Further Evaluation of the Transfection Activities of MENDs in the I/n vivo Tumor

The MEND was modified with PEG and PPD (1 : 1 mole ratio) at 5, 15 and 20% total PEG densities. (a) Tumor distribution of MENDs at 24 h in tumor-
bearing mice, represented as the % ID per g tumor. (b) Luciferase activity of MENDs at 48 h, expressed as RLU per g tumor. Each bar represents the mean+S.D., n

=3. *p<0.01.

% PEG OYIWIIC K D BLET XV Y —DREBUEM %
MEI®2ZEITRNLE. UL, EBOEKIC
ST 27201213, B DFEHHNRO EFHNRD S
Ns. 5%, FEEEOM EE2BELZHIEETTS
TWLBIZIE, BT 1 I8 —Y%=00RBES%EE
HIZEAIELIENNETHS. bNbIUIHE
INBRERIE, ZDOH THRICEED R OB AN S
T ZED, BENDUAINANT H =TT %
NI Z —ZR[IEL, BETFIRE OB O
N, MATBEEICERLL 720,

#iFF PEGIBREZAEBAROAKICUEZD, A
RIS LR TIRERTEE T U 2SR
WERFENTTE > & — - Bl ReA GRS
BRI E S >y — 8%, KA Hkd (H
B#) WCEESELE L B ET. k-ETHEMES
HORSIZBEL, ThhlEWZ R eAE (Bl
RFFEIMEHIGRE F B2, A PEEEE (FB)
2 T, B L EFET

REFERENCES

1) The Journal of Gene Medicine, Clinical Trial
sites (http://www.wiley.co.uk/genetherapy/
clinical/)

2) Lehrman S., Nature, 401, 517-518 (1999).

3) Marshall E., Science, 299, 320 (2003).

4) Kogure K., Moriguchi R., Sasaki K., Ueno

M., Futaki S., Harashima H., J. Control.

5)

6)

7)

8)

9)

10)

11)

12)

13)

14)

15)

16)

17)

Release, 98, 317-323 (2004) .

Futaki S., Ohashi W., Suzuki T., Niwa M.,
Tanaka S., Ueda K., Harashima H., Sugiura
Y., Bioconjug. Chem., 12, 1005-1011 (2001) .
Khalil I. A., Kogure K., Futaki S., Harashima
H., J. Biol. Chem., 281, 3544-3551 (2006) .
Khalil I. A., Kogure K., Akita H., Harashima
H., Pharmacol. Rev., 58, 32-45 (2006) .
Klibanov A. L., Maruyama K., Torchilin V.
P., Huang L., FEBS Lett., 268, 235-237
(1990) .

Matsumura Y., Maeda H., Cancer Res., 46,
6387-3692 (1986) .

Lv H., Zhang S., Wang B., Cui S., Yan J., J.
Control. Release, 114, 100-109 (2006) .

Shin J., Shum P., Thompson D. H., J. Con-
trol. Release, 91, 187-200 (2003) .

Guo X., Szoka F. C., Bioconjug. Chem., 12,
291-300 (2001).

Walker C. F., Fella C., Pelisek J., Fahrmeir
J., Boeckle S., Ogris M., Wagner E., Mol.
Ther., 11, 418-425 (2005) .

Zalipsky S., Qazen M., Walker II J. A., Mul-
lah N., Quinn M. Y., Huang S. K., Bioconjug.
Chem., 10, 703-707 (1999).

Zhang J. X., Zalipsky S., Mullah N., Pechar
M., Allen T. M., Pharmacol. Res., 49, 185—
198 (2004).

Coussens L. M., Fingleton B., Matrisian L.
M., Science, 295, 2387-2392 (2002) .
Hatakeyama H., Akita H., Kogure K., Oishi



1556 Vol. 127 (2007)

M., Nagasaki Y., Kihira Y., Ueno M., L. C., Nat. Biotechnol., 19, 661-667 (2001).
Kobayashi H., Kikuchi H., Harashima H., 19) Holland J. W., Cullis P. R., Madden T. D.,
Gene Ther., 14, 68-77 (2007). Biochemistry, 35, 2610-2617 (1996) .

18) Turk B. E., Huang L. L., Piro P. B., Cantley



