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3. Agitate the mixture rapidly by pumping it up and down twice in the pipette tip.
4. Allow to stand for 30 min at room temperature.

3.4 Evaluation of Transgene Expression in the Mouse

1. Administer 300l of lipoplexes containing appropriate amounts of DNA into a
mouse via the appropriate route.

2. Six hours later, kill the mouse by cervical dislocation or perfusion with saline
through the portal vein.

3. Excise the organs (spleen, liver, kidney, heart and lung) and wash them twice with
ice-cold saline.

4. Weigh the excised organs and add an appropriate volume (5pl/mg for liver and
4pl/mg for other organs) of lysis buffer.

5. Homogenize the organs using a homogenizer.

6. Transfer 400l of homogenate into a microtube and perform three cycles of freez-
ing (liquid N, for 3min) and thawing (37°C for 3min).

7. Centrifuge the homogenate at 10,000 X g for 10 min at 4°C.

8. Analyze the luciferase activity in 20 ul supernatant using a luminometer.

9. Determine the protein concentration of lysate using a Protein Quantification Kit.

3.5 Cellular Localization of Luciferase Activity in Liver

In order to reduce unexpected side effects, tissue- or site-specific targeted delivery of
the exogenous therapeutic gene using a gene carrier is necessary for gene therapy. For
this reason, many researchers select liver for the target tissue, because asialoglyco-
protein and mannose receptors are specifically expressed on the surface of hepato-
cytes (liver parenchymal cell) and macrophages, such as Kupffer’s cells (liver
non-parenchymal cell), respectively. Therefore, it is important to evaluate whether the
sugar modified gene carrier system is working correctly. In the following, a method
to evaluate the hepatic cellular localization of luciferase activity by separating
parenchymal and non-parenchymal cells is described.

3.5.1 Separation of Parenchymal and Noh_—parenchymal Cells from Liver

1. Anesthetize a mouse with an intraperitoneal injection of pentobarbital sodium
(50 mg/kg) 6h after the administration of lipoplexes.

2. Perfuse the liver with Ca®, Mg*-free perfusion buffer for 10min at a perfu-
sion rate of 3-4ml/min. As soon as perfusion is started, cut the vena cava and
aorta. '

3. Perfuse the liver with perfusion buffer supplemented with Ca* and type |
collagenase for a further 10 min. Again, a perfusion rate of 3-4ml/min should be
maintained.

4, Excise the liver and remove its capsular membrane.

5. Disperse the liver cells into ice-cold Hank’s-HEPES buffer containing 0.1% BSA
by gentle stirring.

6. Centrifuge the cell suspension at 50 X g for 1 min. _

7. Wash the pellet, containing parenchymal cells (PC), with Hank’s-HEPES buffer
~ twice by centrifuging at 50 X g for 1 min.
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g. Centrifuge the supernatant, containing non-parenchymal cells (NPC), twice at
50 x g for 1 min.
9. Centrifuge the resultant supernatant twice at 200 X g for 2 min.
10. Resuspend PC and NPC into 2ml of ice-cold Hank’s-HEPES buffer separately.
11. Determine the cell number and cell viability using the Trypan blue exclusion
method.
12. Continue with step 5 of Sect. 3.4.

3.6 Comments

DOTMA/Chol (1:1) liposome was prepared and mixed with 50 1g pCMV-Luc to form
lipoplexes (see Sects. 3.2 and 3.3). It has been reported that mixing complexes at low
jonic strength prevents aggregation, although large complexes resulting from aggre-
gation showed high transfection efficiency in vitro in the case of DNA/transferrin-PEI
complexes (Ogris et al. 1998). Based on this report, the complexes in this study were
prepared with 5% dextrose solution. After administering the lipoplexes by intravenous
injection of the tail vein, the in vivo transfection ability of DOTMA/Chol liposomes
was evaluated (See Sect. 3.4) (Kawakami et al. 2000a). The results showed that
DOTMA/Chol liposome had high transfection ability in the lungs (Fig. 1). Similar
results were reported with 1,2-bis(oleoyloxy)-3-(trimethylammonio) propane
(DOTAP)/protamine/DNA complexes (Li and Huang 1997). The authors of that study
named this phenomenon “first-passage effect” because the lung is the first capillary
bed that the lipoplexes encounter after intravenous injection.

In our laboratory, novel galactosylated and mannosylated cholesterol derivatives
(Gal-C4-Chol and Man-C4-Chol) were synthesized (Fig. 2; see Sect. 3.1) and two
liposome formulations containing these sugar-modified cholesterol derivatives,
DOTMA/Chol/Gal-C4-Chol (1:0.5:0.5) for hepatocyte targeting and Man-C4-
Chol/DOPE (6:4) for macrophage targeting, were prepared for receptor-mediated
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venous injection in mice. Plasmid DNA
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F1G.2. Structures of novel galacto-
sylated and mannosylated chol-

Gal-C4-Chol esterol derivatives, cholesten-5-
yloxy-N-(4-((1-imino-2-$-p-
o OH o thiogalactosyl-ethyl)amino)butyl)
o g\/\/\ Iy formamide (Gal-C4-chol) and
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FiG. 3. Intrahepatic gene expression of liposome/
DNA complexes after intraportal injection in mice.
Plasmid DNA (pCMV-Lug, 50 ug) was complexed with
DOTMA/Chol (1:1) and DOTMA/Chol/Gal-C4-chol
(1:0.5:0.5) at a charge ratio of 2.3. Luciferase activity
was measured 6 h post-injection in parenchymal cells
(PC) and non-parenchymal cells (NPC). Statistical
DOTMlA/Chol DOTMA/Gho! analysis was performed by analysis of variance (**P

(1:1) /Gal-C4-Chol < 0.01). N.S. Not significant. Each value represents the

(1:0.5:0.5) mean £ S.D. (n = 3)
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gene delivery to the liver. After formation of the DNA complexes as DOTMA/Chol/Gal-
C4-Chol and Man-C4-Chol/DOPE liposomes, these liposome formulations were
administrated into mice by intraportal and intravenous injection, respectively. Six
hours later, PC and NPC were separated from the liver (see Sect. 3.5), and the hepatic
cellular localization of luciferase activity was subsequently evaluated (Kawakami
et al. 2000a, b). In the case of DOTMA/Chol/Gal-C4-Chol liposomes, a 10-fold higher
luciferase activity was observed in PC than in NPC, while the control liposome,
DOTMA/Chol (1:1), showed no significant difference in luciferase activity between
PC and NPC (Fig. 3). By contrast, injection of Man-C4-Chol/DOPE liposome yielded
significantly higher transgene expression in NPC than in PC, whereas gene expres-
sion using the control liposomes, DC-Chol/DOPE (6:4), was slightly higher in NPC
(Fig. 4). In addition, galactosylated and mannosylated BSA effectively inhibited gene
expressioni from, respectively, DOTMA/Chol/Gal-C4-Chol and Man-C4-Chol/DOPE
liposomes. These results suggesting that hepatic cellular targeting can be achieved 1?}’
incorporating Gal-C4-Chol or Man-C4-Chol into liposomes at the appropriate ratio

of lipids.
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FiG. 4. Intrahepatic gene expression of liposome/ 105+

DNA complexes after intravenous injection in [Arc NPCIPC
mice. Plasmid DNA (pCMV-Luc, 501g) was com- B neC =25.2
lexed with DC-Chol/DOPE (6:4) and Man-C4- 105

chol/DOPE (6:4) at a ratio of 1:7.0 (ug/nmol). )

Luciferase activity was measured 6h post-injection i‘ig/ pC

in PC and NPC. Each value represents the mean + 104

sD.(n=3) -
103_

Luciferase activity (RLU/108 celis)

102

DC-Chol/DOPE Man-C4-Chol/DOPE
(6:4) (6:4)

In summary, the luciferase reporter gene assay described in this chapter is a simple
and convenient method for monitoring in vivo transgene expression. This system can
also be used to evaluate the in vivo transfection ability of other types of gene carrier
candidates as well as transgene expression in tumor-bearing animal models.
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7
Liposomal In vivo Gene Delivery

Shigeru Kawakami, deiyoshi Yamashita, and Mitsuru Hashida

Abstract

The goals of a gene delivery system are
many-fold, and include: 1) controlled
transfection efficacy; 2) controlled cell-spec-
ificity of transfected cells; and 3) controlled
duration of transgene expression after in-
travenous administration (Fig. 7.1). Re-
cently, not only plasmid DNA (pDNA) but
also oligonucleotides (i.e., siRNA) have be-
come therapeutic candidates. In any case,
however, gene therapies have some signifi-
cant problems because they are polyanion-
ic DNA molecules. These gene therapies
are not effective after systemic administra-
tion of naked pDNA or oligonucleotide,
because of the latters’ susceptibility to deg-
radation by nucleases and/or low mem-
brane permeability [1-3]. During the early
1990s, it was shown that sustained and ef-
ficient gene transfection could be achieved
after local administration of naked pDNA
[4]. To date, several methods involving lo-
cal administration (i.e., intramuscular and
intratumoral) of naked pDNA have been
studied for the application of gene therapy
[5-8]. Moreover, electroporation — the ap-
plication of a controlled electric field to fa-
cilitate cell permeabilization — has been
shown to enhance the transfection activity
of administered pDNA [9, 10]. However,
compared with these local applications of

Modern Biopharmaceuticals. Edited by J. Kniblein

naked pDNA, systemic application by vas-
cular routes is able to transfect the gene to
a large number of cells throughout the en-
tire tissue. Thus, an in vivo gene delivery
system via the intravascular route should
be developed. Various transfection charac-
teristics are important when highly effi-
cient gene therapy is required to treat a
variety of refractory diseases (see also Part
I, Chapter 7 and Part VI, Chapters 1, 3,
and 6). Non-viral vectors should circum-
vent some of the problems occurring with
viral vectors, such as endogenous virus re-
combination, oncogenic effects, and unex-
pected side effects [11, 12]. These non-viral
vectors can be divided into two general
groups: cationic liposomes, and polymers.
Among various types of non-viral vectors,
cationic liposome-mediated gene transfec-
tion is one of the most promising
approaches due to the high transfection
efficiency, notably in the lung after intra-
venous administration (see Table 7.1).
Moreover, recent advances in gene delivery
technologies now enable us to deliver the
pDNA into liver, heart (see Part I, Chapter
6), macrophages, and cancer cells via up-
take by cell-specific receptors (Table 7.1).
This chapter focuses on the progress of re-
search into cationic liposome-mediated in
vivo gene transfer.

Copyright © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 7.1 Liposomal in vivo gene transfer approaches

Target {receptor) Gene Carrier (lipid composition) Reference
Lung p-CAT DOTMA/DOPE 14
p-CAT DOTMA/DOPE (Lipofectin®), 15
DDAB/DOPE (Lipofect ACE®)
p-CAT DOTIM/Chol 16
p-CAT GAP-DLRIE/DOPE 17
p-Luc DOTAP/Chol-protamine (LPD) 18
p-CAT DGOTIM/Chol 19
p-Luc DOTMA/Chol, DOTAP/Chol, 20
DOTMA, DOTAP
p-Luc DOTMA/Tween 80 21
p-CAT DOTMA, DOLCE, MMCE, EDOPC, 23
EPMPC
p-Luc DOTMA/Chol 25
pIL-2 or 12 DOTAP/Chol 27
p-mIFNS DOTMA/Chol 28
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Table 7.1 {continued)

Abbreviations

Target (receptor) Gene Carrier (lipid composition) Reference
Hepatocytes (asialoglycoprotein receptor)
p-CAT Palmitoyl asialofetuin/PC/TMAG 42
with EDTA
p-Luc Gal-C4-Chol/DOTMA/Chol 45
p-Luc Gal-C4-Chol/DOTMA/Chol 45
Macrophages (mannose receptor)
p-luc Man-C4-Chol/DOPE 50
p-Luc Man-C4-Chol/DOTMA/Chol 51
p-Luc Man-C4-Chol/DOPE 52
p-Luc Man-C4-Chol/DOPE 53
p-OVA Man-C4-Chol/DOPE 62
Tumor (folate receptor)
p-Luc Folate-PEG-Chol/DOPE/RPR209120 64
p-Luc Folate-PEG-Chol/DOPE/RPR209120 68
Antisense DNA Folate-PEG-DSPE/Chol/eggPC 69
Brain (transferrin receptor)
p-fGal Transferrin mAb-PEG-DSPE 78
[DDAB/POPC
p-BGal Transferrin/Insulin mAb-PEG-DSPE 79
/DDAB/POPC
p-siRNA(EGFR) Transferrin/Insulin mAb-PEG-DSPE 80

/DDAB/POPC

246

Abbreviations EDOPC ethyl dioleoyl phosphatidyl-
choline
-APC antigen-presenting cell EDTA ethylen-diamin-tetra-acid
BSA bovine serum albumin EGFR epithelial growth factor
CAT chloramphenicol acetyl- receptor
transferase ' ELISA enzyme-linked immunosor-
CMV cytomegalovirus : bent assay
DC dendritic cell EPMPC ethyl palmitoyl myristyl
DDAB didodecyldimethylammo- phosphatidylcholine
nium bromide pGal p-galactosidase
DEAE dimethylaminoethyl Gal-C4-Chol  Cholesten-5-yloxy-N-(4-({1-
DOLCE oleyl oleoyl 1-carnitine ester imino-2-D-thiogalactosyl-
DOPE dioleoylphosphatidylethano- ethyl)amino)alkyl)forma-
lamine mide
DOTAP 1,2-bis (oleyloxy)-3-(triethyl- ~ GAP-DLRIE  (+)-N-(3-aminopropyl)-N,N-
ammonium)propane dimethyl-2,3-bis(dodecyl-
DOTMA N-[1-(2,3-dioleyloxy)propyl}- oxy)-1-propanaminium
N,N,N-trimethylammonium bromide
chloride GFAP glial fibrillary acidic protein
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hEGFR human epithelial growth
factor receptor

HIR human insulin receptor

HIV human immunodeficieny
virus

ICR Crlj:CD1

IFN interferon

IL interleukin

KB cell name

Luc luciferase

mAb monoclonal antibody

Man-C4-Chol cholesten-5-yloxy-N-(4-((1-
imino-2-p-thiomannosyl-
ethyl)amino)alkyl)forma-
mide

MMCE myristyl myristoyl carnitine
ester

NK natural killer cells

NPC non-parenchymal cells

OVA ovalbumine

00X antibody name

PC parenchymal cells

pDNA plasmid DNA

PEG polyethyleneglycol

POPC 1-palmitoyl-2-oleoyl-sn-gly-

cerol-3-phosphocholine

RES reticuloendothelial system

RME receptor-mediated
endocytosis

siRNA small interfering RNA

TMAG N-(a-trimethylammonium-
acetyl)-didodecyl-D-gluta-
mate chloride

TNF-a tumor necrosis factor-alpha

7.1

Cationic Charge-mediated In vivo Gene
Transfer to the Lung

Cationic liposome-mediated in vitro gene
transfection was first reported by Felgner
et al. in 1987 [13]. In this approach, pDNA
is mixed with preformed small cationic ve-
hicles to form pDNA/lipid complexes
based on electrostatic interaction; these
complexes can then interact with target
cells and be taken up by them. During the
late 1990s, several studies showed that in-
travenous administration of pDNA/cationi¢
liposome complexes (i.e., lipoplex) leads to
systemic gene expression. After intrave-

Liver H
aney[
Spleen }—1
Heart J——l
1 I‘lllllq TImp UTTHny T vy o v vy v T
101 102 103 104 103 108 107

Luciferase activity (RLU/mg protein)

Fig. 7.2 Transgene expression in various tissues
after intravenous administration of pCMV-lucifer-
ase (Luc) (30 pg) complexed with cationic lipo-
somes {DOTMA/Chol liposomes) in female ICR

mice. Lipoplex were prepared at a charge ratio {~
:+) of 1.0:3.1 in 5% dextrose. Each value repre-
sents the mean + SD of at least three experi-
ments.
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nous administration of lipoplex, the lung
shows the highest amount of gene expres-
sion among the major organs, and the
lung endothelial cells are the main contri-
butor to transgene expression [14-23]. We
and others have confirmed that the gene
expression level in the lung is 100- to
10000-fold higher than that in the liver
and spleen (Fig. 7.2).

In order to establish a strategy for effi-
cient, safe non-viral gene delivery systems,
a thorough understanding of the in vivo
disposition characteristics of the lipoplex is
necessary. As for the distribution of the li-
poplex, Mahato et al. have described the
disposition characteristics of [*>P] pDNA/
cationic liposome complexes after intrave-
nous injection in mice [24]. Rapid clear-
ance of lipoplex from the circulation was
observed, followed by extensive accumula-
tion in the lungs and liver. With regard to
the type of liver cells involved, the lipoplex
was predominantly taken up by non-paren-
chymal cells after intravenous injection. A
high degree accumulation of lipoplex
would explain the high gene expression
level in the lung. Some studies have sug-
gested that the lipoplex aggregates in the
blood compartments due to its strong posi-
tive charge and becomes entrapped in the
lung capillaries; thus, interaction with ery-
throcytes could be an important factor for
the lung accumulation of lipoplex [25, 26].

Taking these factors into consideration,
the intravenous administration of lipoplex
may represent a promising gene delivery
method to treat pulmonary diseases. Simple
gene delivery can be an effective approach
for the treatment of lung diseases, includ-
ing pulmonary metastasis of tumor cells.
Indeed, the intravenous administration of
interferon (IFN)-f- and interleukin (IL)-12-
encoding pDNA has been shown to provide
effective treatment in a murine pulmonary
cancer metastasis model [27, 28].

However, it has been also reported that
proinflammatory cytokines trigger damage
and apoptosis of vascular endothelial cells
after intravenous administration (of lipo-
plex) [29]. Large amounts of proinflamma-
tory cytokines are produced in the blood
after intravenous injection, since bacte-
rially derived pDNA is recognized as for-
eign material by vertebrate cells [30, 31).
Unmethylated CpG sequences in pDNA,
occurring at a higher frequency in bacteri-
al DNA, have been reported to have strong
stimulatory effects on lymphocytes, natural
killer (NK) cells, dendritic cells, and
macrophages to induce production of large
quantities of proinflammatory cytokines,
such as tumor necrosis factor (INF)-q,
[FN-y, and IL-12 {32, 33]. Li et al. [29] re--
ported that, after intravenous administra-
tion of lipoplex, these proinflammatory cy-
tokines are not only toxic to experimental
animals but also cause gene inactivation,
including a short duration of gene expres-
sion and resistance to repeated dosing at
frequent intervals. Freidmark et al. [34] re-
ported that intratracheal administration of
lipoplex to the lungs induces the produc-
tion of proinflammatory cytokines [34]. We
have shown previously that pretreatment

‘with gadolinium chloride (GdCls), which

is known transiently to deplete liver Kupf-
fer cells and spleen macrophages [35], dra-
matically reduces the serum levels of these
proinflaimmatory cytokines and the liver
accumulation of lipoplex, suggesting that
tissue macrophages involving liver Kupffer
cells and spleen macrophages are closely
involved in proinflammatory cytokine pro-
duction following intravenous administra-
tion of lipoplex [36]. Whilst -these proin-
flammatory cytokine responses represent
an important factor in the development of
safe and effective non-viral gene therapies
to treat pulmonary diseases, little detailed
information is available and therefore
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further research is warranted before clini-
cal application is possible.

7.2
Asialoglycoprotein Receptor-mediated
In vivo Gene Transfer to Hepatocytes

For cell-specific delivery, the receptor-
mediated endocytosis (RME) systems pos-

_sessed by various cell types would be use-

ful, and a number of gene delivery sys-
tems have been developed to introduce for-
eign DNA into specific cells using this the
RME approach [37, 38]. Hepatocytes exclu-
sively express large numbers of high-affini-
ty cell-surface receptors that can bind asia-

5 @ Ligand

pDNA Galacfééylated
cationic liposomes

—

¢ Electrostatic
interaction

Receptor-mediated
endocytosis

Hepatocytes

Fig. 7.3 Scheme for hepatocyte-selective gene de-
livery by complexation with galactosylated carrier
via asialoglycoprotein receptor-mediated endocyto-
sis.

loglycoproteins and subsequently interna-
lize them to the cell interior.

During the late 1980s, Wu et al. demon-
strated successful in vivo gene transfer to
the liver using poly-L-lysine linked with
asialoorosomucoid {39, 40]. Successful in
vivo gene expression after intravenous in-
jection has been also reported for glycosy-
lated poly-L-lysine [41]. However, its trans-
fection efficacy appears to be low and,
therefore, this needs to be improved for
gene therapy. In general, the transfection
efficacy of cationic liposome is higher than
that of cationic polymers; therefore,. this
mechanism would be an effective way of
achieving hepatocyte targeting using galac-
tosylated cationic liposomes. The galactosy-
lation of liposomes can be achieved by
coating with either glycoproteins or galac-
tose-conjugated synthetic lipids (Fig. 7.3).

With regard to targeted gene delivery by
liposomes, Hara et al. [42] reported that
asialofetuin-labeled liposomes encapsulat-
ing pDNA were taken up by asialoglycopro-
tein RME using cultured hepatocytes, and
showed the highest hepatic gene expression
to be achieved after intraportal injection
with a preload of EDTA [42]. The introduc-

tion of asialoglycoproteins to liposomes is

complicated however, and several problems
are associated with the carriers, including
reproducibility and immunogenicity. The'
in vivo application of EDTA is also limited.
Thus, the low molecular-weight glycolipids
appear to be more promising due to their
low immunogenicity and high reproducibil-
ity. Remy et al. [43] reported the feasibility
of using galactose-presenting lipopolya-
mine vectors for targeted gene transfer into
hepatoma cells under in vitro conditions.
The inclusion of galactose residues in the
electrically neutral complex increased trans-
gene expression which approached the level
obtained with a large excess of cationic lipo-
somes alone. For in vivo hepatocyte-selective
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gene transfection using by low molecular-
weight glycolipids, we designed a novel ga-
lactosylated cationic cholesterol derivative,
cholesten-5-yloxy-N-(4-((1-imino-2-D-thiogal-
actosylethyl)amino)alkyl)fformamide  (Gal-
C4-Chol), for preparation of the galactosy-
lated lipoplex [44—46]. Gal-C4-Chol is a spe-
cially designed galactosylated lipid for the
modification of cationic lipids because the
galactose moieties are stably fixed to the lipo-
somal membrane under in vivo conditions.
In fact, 75% of a dose of Gal-C4-Chol-
containing liposome/[**P] pDNA complex
was found in the liver at only 1 minute
after intraportal administration [45]. The
hepatic gene expression of pDNA com-
plexed with Gal-C4-Chol liposomes was
more than 10-fold greater than that of
pDNA complexed with conventional cat-
ionic liposomes. When gene expression
was examined by determining intrahepatic
cellular levels, that of liver parenchymal
cells (PC) of pDNA complexed with Gal-
C4-Chol-containing liposomes was signifi-
cantly higher than that of liver non-paren-
chymal cells (NPC). In contrast, there was
little difference in the gene expression of
PC and NPC of conventional cationic lipo-
somes. In addition, when an excess of ga-
lactosylated bovine serum albumin (BSA)
was injected intravenously 5 minutes be-
fore injection of galactosylated lipoplex,
gene expression in the liver was signifi-
cantly reduced, which suggested that up-
take occurred via asialoglycoprotein RME.
The level of in vivo gene expression by
galactosylated lipoplex was less than would
be expected based on in vitro results, how-
ever. Hence, several barriers must be asso-
ciated intrinsically with in vivo situations,
such as convective blood flow in the liver,
passage through the sinusoids, and tissue
interactions. To investigate these Dbarrier
processes, we studied the hepatic disposi-
tion profiles of galactosylated lipoplex

using rat liver perfusion techniques [47].
This allowed us to determine the uptake
characteristics of various substances under
different experimental conditions, with the
structure of the liver remaining intact. In
these studies, penetration of the galactosy-
lated lipoplex through the hepatic fene-
strated endothelium to the parenchymal
cells was shown to be greatly restricted in
perfused rat liver, in spite of the small size
of the galactosylated lipoplex (ca. 120 nm),
with regard to crossing the fenestrae. It
has been reported that, following intrave-
nous administration, the lipoplex interacts
with erythrocytes [25, 26], which suggests
that the galactosylated lipoplex aggregates
by non-specific interaction with erythro-
cytes. In order to enhance the transfection
activity in hepatocytes, these non-specific in-
teractions between blood components and
galactosylated lipoplex must be controlled.

7.3.
Mannose Receptor-mediated In vivo Gene
Transfer to Macrophages

Macrophages are important targets for the

‘gene therapy of a number of diseases, in-

cluding Gaucher’s disease and human im-
munodeficiency virus (HIV) infection,
although the process of gene transfection
in such cases is not easy (see Part II,
Chapter 7). The use of non-viral vectors is
attractive for in vivo gene delivery because
it is simpler than using viral systems, and
is free from some of the risks inherent in
the latter. The use of DEAE-dextran repre-
sents one approach for gene delivery to
macrophages in vitro [48], but the method
is generally not suitable for in vivo use due
to problems associated with cellular toxici-
ty, low efficiency, or non-specific biodistri-
bution. Erbacher et al. [49] investigated the
suitability of various glycosylated poly(L-ly-
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sine) derivatives for the introduction of
pDNA into human monocyte-derived
macrophages, and found that mannosy-
lated poly(L-lysine) exhibited high transfec-
tion activity. However, these authors also
reported that the transfection activity was
markedly enhanced in the presence of
chloroquine due to the prevention of endo-
somal andjor lysosomal degradation of
pDNA after mannose RME; for this rea-
son, their in vivo use remains limited.
Hence, a cationic, liposome-based tar-
geted gene delivery system is a Dbetter
method under in vivo conditions. Recently,
we synthesized a novel mannosylated cho-
lesterol derivative, cholesten-5-yloxy-N-(4-
((1-imino-2-D-thiomannosylethyl) amino)-
alkyl)formamide (Man-C4-Chol), for man-
nose receptor-mediated gene transfection
to macrophages [50-53], which are known
to express large numbers of mannose re-
ceptors on their surface. In primary cul-
tured mouse peritoneal macrophages,
pDNA, when complexed with Man-C4-

Chol liposomes, showed higher transfec-
tion activity than that complexed with con-
ventional cationic liposomes [50]. The pres-
ence of 20 mM mannose significantly in-
hibited the transfection efficiency of pDNA
complexed with Man-C4-Chol liposomes,
suggesting that the mannosylated lipoplex
is recognized and taken up by the man-
nose receptors on macrophages.

After intravenous administration, the
highest gene expression was observed in
the liver after intravenous injection of
mannosylated lipoplex in mice (Fig. 7.4).
In addition, gene expression with manno-
sylated lipoplex in the liver was observed
preferentially in the liver NPC, and was
significantly reduced by predosing with
mannosylated BSA. These results suggest
that mannosylated lipoplex exhibits ‘high
transfection activity in NPC due to recog-
nition by mannose receptors. Unlike the
case of the Gal-C4-Chol-containing lipo-
some/pDNA complex, cell-selective gene
transfection can be achieved by the intra-

Lung
Liver
Kidney - }——*
Spleen F—*
Heart 1 }——*
T T T T T T T T
10! 102 108 104

105

Luciferase activity (RLU/mg protein)

Fig. 7.4 Transgene expression in various tissues
after intravenous administration of pCMV-Luc
(50 ng) complexed with mannosylated liposomes
{Man-C4-Chol/DOPE liposomes) in female ICR

mice. Mannosylated lipoplex were prepared at a
charge ratio (—:+) of 1.0:2.3 in 5% dextrose. Fach
value represents the mean + SD of at {east three
experiments.
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venous administration of the Man-C4-
Chol-containing liposome/pDNA complex
[52]. This phenomenon could be explained
by the fact that, in the liver and spleen,
macrophages are present around endothe-
lial cells; they are in contact with — but do
not pass through — the sinusoids (100-
200 nm). Hence, mannosylated lipoplex is
effective in an NPC-selective gene transfec-
tion system, even when administered in-
travenously.

DNA vaccination — the administration of
DNA-encoding antigen gene into the body
— is of great interest in gene therapy for
the immunotherapy of cancer and infec-
tious diseases. Animal studies have shown
that DNA immunization induces not only
an antibody response but ‘also a potent
cell-mediated immune response against
the encoding antigen [54-56] (see also Part
I, Chapter 7 and Part VI, Chapter 3). This
cellmediated immune response plays a
crucial role in the immune response
against cancer and infectious diseases [57].
To date, many attempts have been made to
use naked pDNA-based immunization, ad-
ministered either intramuscularly or sub-
cutaneously, to produce humoral and cel-
lular immunity and to demonstrate its po-
tency in non-human primates. Immuno-
logical studies have shown that gene
transfection and subsequent activation of
dendritic cells are key events in the devel-
opment of immunity following DNA vacci-
nation [58]. However, recent clinical trials
have shown that the immune response fol-
lowing topical injection of naked pDNA
solution is insufficient [59, 60}, indicating
that further improvements in the transfec-

tion efficiency involving some pharmaceu- -

tical modification are needed for DNA vac-
cine therapy.

Perrie et al. [61] reported that cationic
liposomes enhance gene expression in
draining lymph nodes, which contain

many antigen-presenting cell (APC) popu-
lations, after intramuscular administration,
as well as increasing the antigen-specific
antibody response [61]. Although the adju-
vant effect of cationic liposomes is widely
accepted, the lack of cell-specificity of cat-
ionic liposomes after in vivo application is
regarded as limiting their transfection effi-
ciency to APCs and the resulting adjuvant
efficiency. For efficient gene therapy, non-
viral vectors offer the major advantages of

“sustained effect, high-level transgene ex-

pression with minimal toxicity, and few
immunological side effects. It is well
known that APCs express high levels of
mannose receptors, which have a high ca-
pacity for the uptake of antigens that have
mannose residues. Therefore, one promis-
ing approach for efficient gene delivery to
APCs is the attachment of mannose resi-
dues to cationic liposomes for cell-selective
gene transfection. The mannosylated lipo-
some formulation allows the development
of a DNA vaccine with suitable pharma-
ceutical properties for APC targeting un-
der in vivo conditions; therefore, this car-
rier system is expected to improve the im-
mune response of this novel DNA vaccine.
Recently, we showed that the targeted
delivery of DNA vaccine by Man-C4-Chol li-
posomes is a potent method of DNA vaccine
therapy [62] (Table 7.2). Although further
improvements in transfection efficacy are
required, targeted delivery of DNA vaccine
to dendritic cells (DCs) could improve fu-
ture in vivo DNA vaccine therapies.

7.4 ,
Folate Receptor-mediated In vivo Gene
Transfer to Cancer Cells

In recent years, over 50% of all clinical
gene therapy trials, including immune
gene therapy and gene-directed enzyme
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Table 7.2 Antigen (OVA)-specific proliferation response of spleen
cells and IFN-y secretion from mice immunized with naked
pCMV-OVA and that complexed with DC-Chol or Man-C4-Chol

liposomes.
Group Proliferation index I‘FN-y release [pg mL™']
[OVA(+)/OVA ()]

OVA(-) OVA(+)
No treatment 1.183 3433 130.0
Naked pCMV-OVA 1.208 248.2 904.1
DC-Chol/DOPE complex 1.565 503.9 2430.7
Man-C4-Chol/DOPE complex 1.733 879.2 3795.7

After immunization by intravenous administration, spleen cells
were cultured and stimulated with 100 ug OVA. Proliferation of
spleen cells was evaluated by AlamarBlue™. [FN-y in the culture
medium was evaluated by ELISA. Each value represents the
mean of five assays using a single pool of spleen cell suspension

from five mice in each group.

prodrug therapy, have been targeted at the
treatment of cancer [63). The most impor-
tant factor for gene therapy is an efficient
in vivo gene transfection methodology. Fo-
late receptors are known to be overex-
pressed in a large fraction of human tu-
mors, but they are only minimally distrib-
uted in normal tissues; therefore, folate re-
ceptors have also been used as tumor-
targeting ligands for several drug delivery
systems. To achieve tumor-selective gene
delivery, Hofland et al. synthesized folate-
polyethyleneglycol (PEG)-lipid derivatives
to prepare folate-modified cationic lipo-
somes [64]. PEG is introduced into the
spacer part of folate-modified lipids to
avoid reticuloendothelial system (RES) up-
take and prolong the circulation time of
conventional liposomes [65-67]. After in-
travenous administration of folate-PEG lip-
id-liposome complexed with pDNA, lung
accumulation and gene expression was re-
duced in proportion to the quantity of lipid
used. In contrast, gene expression in tu-
mor tissue remained constant in lipo-
somes containing up to 3 mol% of folate-
PEG lipid. Even at 3 mol% of folate-PEG

263

lipid-containing liposomes complex, gene
expression levels in the lung and tumor
were almost identical; thus, further im-
provements are required for tumor-selec-
tive gene delivery after intravenous admin-
istration. ,

After intraperitoneal injection into a
murine disseminated peritoneal tumor
model, however, folate lipoplex formula-
tions produced an approximately 10-fold
increase in tumor-associated géhe expres-
sion, compared with conventional complex
[68]. When gene expression was measured
in tumors and various peritoneal organs
after intraperitoneal administration, the
highest gene expression was observed in
tumor cell ascites, followed by solid tu-
mors. Thus, intraperitoneal administration
of the folate-PEG-lipid-containing liposome
complex may be more suitable for perito-
neal dissemination.

More recently, the same group attempted
to deliver an antisense oligonucleotide com-
plexed with folate liposomes in a series of in
vitro and in vivo experiments [69]. Although
oligonucleotide-loaded folate liposomes
were effectively associated with KB cells



(which express folate receptors on their cell
surface), no improvement was observed
after intravenous administration to mice in-
oculated with KB cells. These authors con-
cluded that folate liposomes can effectively
deliver oligonucleotides into folate recep-
tor-bearing cells in vitro, but additional bar-
riers exist in vivo that prevent or reduce ef-
fective tumor uptake and retention.

7.5
Transferrin Receptor-mediated In vivo Gene

Transfer to Brain

The transferrins are a structurally related
class of metal-binding glycoproteins of ap-
proximately 80kDa in size, the primary
function of which is the binding and
transportation of non-heme iron [70-73].
High levels of transferrin receptor expres-
sion have been demonstrated in the brain
capillary endothelium [74], cancer cells
[75-77], liver, and spleen [78]. Recently,
Pardridge et al. [78] described brain-specif
ic gene delivery systems using monoclonal
antibody (mAb)-modified pegylated lipo-
somes via transferrin receptors on the
brain capillary endothelium. First, the
murine OX 26 mAb to the rat transferrin
receptor was used to target the pegylated
immunoliposome carrying the pSV-f-galac-
tosidase plasmid to tissues in vivo [78]. In
addition, gene expression of the exogenous
gene in brain, liver, and spleen was dem-
onstrated by p-galactosidase histochemis-
try, which showed persistent gene expres-
sion for at least 6 days after intravenous
administration. The persistent gene ex-
pression was confirmed by Southern blot
analysis. In order to obtain brain-specific
gene expression, these authors selected the
human glial fibrillary acidic protein
(GFAP) promoter encoding pDNA [79].
After intravenous administration of GFAP/

7.6 Conclusions

[-galactosidase pDNA immunoliposomes,
the exogenous gene was expressed in the
brain. In contrast, there was no expression
of the transgene in mouse spleen, liver,
heart, and lung. These results indicated
that brain-specific gene expression is pos-
sible after intravenous administration of
transferrin receptor mAb-modified pegy-
lated liposomes encapsulated in GFAP
promoter encoding pDNA.

More recently, it was shown that, follow-
ing intravenous administration, transferrin
receptor mAb-modified pegylated lipo-
somes/siRNA encoding pDNA complex
could block the human epithelial growth
factor receptor (hEGFR) expression by
RNA interference [80]. In this new targeting
system, two different receptors are targeted:
one is the rat 8D3 mAD to the mouse trans-
ferrin receptor, which enables transport of
the lipoplex across the mouse blood-brain
barrier forming the microvasculature of in-
tracranial cancer; the other mAb targets the
human insulin receptor (HIR) that is ex-
pressed on the plasma membrane of hu-
man brain cancer. A short hairpin RNA is
directed at a specific sequence in the hu-
man EGFR mRNA, and this siRNA encod-
ing pDNA can be encapsulated in these
double mAb-modified immunoliposomes.
After weekly intravenous administration to
mice with intracranial human brain cancer,
RNA interference gene therapy reduced the
tumor expression of immunoreactive
EGFR, resulting in an 88% increase in sur-
vival time of mice with advanced intracra-
nial brain cancer.

7.6
Conclusions

Successful in vivo gene therapy requires
the development of a rational gene delivery
technology that satisfies various require-
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ments for each target disease. The develop-
ment of cell-specific, non-viral gene deliv-
ery carriers is required to achieve effective
in vivo gene therapy. Further basic and
clinical studies should allow successful in
vivo gene therapy in the near future, and
pave the way to successful modern bio-

pharmaceuticals.
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Abstract

The present study investigated the potency of the mannosylated cationic liposomes (Man liposomes) that we have developed in
novel DNA vaccine carrier. Ovalbumin (OVA) was selected as a model antigen for vaccination; accordingly, OVA-encoding pDNA
(pCMV-OVA) was constructed to evaluate DNA vaccination. The potency of the Man liposome/pCMV-OVA complex was
compared with naked pCMV-OVA and that complexed with DC-Chol liposomes. In cultured mouse peritoneal macrophages, MHC
class I-restricted antigen presentation of the Man liposome/pCMV-OVA complex was significantly higher than that of naked
pCMV-OVA and that complexed with DC-Chol liposomes. After intravenous administration, OVA mRNA expression and MHC
class I-restricted antigen presentation on CD1l1ct cells and inflammatory cytokines, such as TNF-o, IL-12, and IFN-y, that can
enhance the Thl response of the Man liposome/pCMV-OVA complex were higher than that of naked pCMV-OVA and that
complexed with DC-Chol liposomes. Also, the spleen cells from mice immunized by intravenous administration of the Man lipo-
some/pCMV-OVA complex showed the highest proliferation response and IFN-y secretion. These findings suggest that the targeted

delivery of DNA vaccine by Man liposomes is a potent vaccination method for DNA vaccine therapy.

© 2004 Elsevier Inc. All rights reserved.
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DNA vaccination, the administration of DNA-en-
coding antigen gene into the body, is of great interest in
gene therapy as a means of immunotherapy against
cancer and infectious diseases. Animal studies have
shown that DNA immunization induces not only an
antibody response but also a potent cell-mediated im-
mune response against the encoding antigen [1-3]. This
cell-mediated immune response plays a crucial role in
the immune response against cancer and infectious
diseases [4]. Recent immunological studies have dem-
onstrated that gene transfection and subsequent acti-
vation of dendritic cells are key events in the
development of immunity following DNA vaccination
[5]. Antigen-presenting cells (APCs), especially dendritic
cells (DCs), process peptide epitopes in the expressed

* Corresponding author. Fax: +81-75-753-4575.
E-mail address: hashidam@pharm.kyoto-u.ac.jp (M. Hashida).

0006-291X/$ - see front matter © 2004 Elsevier Inc. All rights reserved.
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antigen in the context of both class I and class I MHC
molecules resulting in the induction of cytotoxic T
lymphocytes (CTL) with the help of CD4* T cells [6,7].
Consequently, high transfection efficiency into DCs is
essential for efficient DNA vaccination. In the early
1990s, Wolff et al. [8] demonstrated that sustained and
efficient gene transfection could be achieved following
the intramuscular administration of naked plasmid
DNA (pDNA). Therefore, many attempts have been
made to use naked pDNA-based immunization to
produce humoral and cellular immunity and demon-
strate its potency in non-human primates. However,
recent clinical trials have shown that the immune re-
sponse following topical injection of naked pDNA so-
lution is insufficient [9,10], indicating that further
improvements in the transfection efficiency involving
some pharmaceutical modification are needed for DNA
vaccine therapy.
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So far, many kinds of vectors, both viral and non-
viral, have been developed to enhance transfection ac-
tivity to various cells [11-15]. Although virus-based
vectors are known to exhibit high transfection efficiency
to DCs, their immunogenicity and toxicity restricts their
application to ex vivo DC therapy. Non-viral vectors,
such as cationic polymers and cationic liposomes, have
seen a great advance clinically due to their low toxicity,
low immunogenicity, and ease of preparation.

Perrie et al. [16] reported that cationic liposomes
enhance gene expression in the draining lymph node,
which contains many APC populations, after intra-
muscular administration as well as enhancing the anti-
gen-specific antibody response. Furthermore, other
investigators have also demonstrated that cationic
liposomes enhance the CTL response to antigens, such
as hepatitis C virus, human immunodeficiency virus, and
influenza antigen [17-19]. Although the adjuvant effect
of cationic liposomes has been widely accepted, the lack
of cell-specificity of cationic liposomes after in vivo
application is regarded as limiting their transfection ef-
ficiency to APCs and the resulting adjuvant efficiency.
For efficient gene therapy, non-viral vectors offer the
major advantages of sustained effect, high-level trans-
gene expression with minimal toxicity, and immuno-
logical side effects. It is well known that APCs express
high levels of mannose receptors having a high capacity
for the uptake of antigens that have mannose residues.
Therefore, one promising approach for efficient gene
delivery to APCs is attachment of mannose residues to
cationic liposomes for cell-selective gene transfection.

Recently, we synthesized a novel mannosylated cat-
ionic cholesterol derivative{(cholesten-5-yloxy-N-(4-((1-
imino-2-p-thiomannosyl-ethyl)amino)butyl)formamide)
{(Man-C4-Chol)} for the preparation of mannosylated
liposomes (Man liposomes) {20,21]. Man-C4-Chol ex-
hibits bi-functional properties, i.e., an imino group for
binding to pDNA via electrostatic interaction and a
mannose residue for the cell surface receptors in APCs.
Therefore, a high density of mannose residues can be
provided on the liposome surface without affecting the
binding ability of the cationic liposomes to DNA in
these mannosylated cholesterol derivatives. In fact, we
have reported that Man-C4-Chol mixed with dioleoyl-
phosphatidylethanolamine (DOPE), which is a pH-sen-
sitive lipid that accelerates the endosomal escape of
pDNA [22], results in liposomes that can deliver firefly
luciferase-encoding pDNA (pCMV-Luc), a conven-
tional model gene for evaluating gene transfection. This
delivery is selective for APCs via mannose receptor-
mediated endocytosis after intravenous or intraportal
injection into mice [20,23].

The Man liposome formulation allows development
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immune response of this novel DNA vaccine. We selected
ovalbumin (OVA) as a model antigen for DNA vaccina-
tion; accordingly, OVA encoding pDNA (pCMV-OVA)
was constructed for the evaluation of DNA vaccination.
The potency of the Man liposome/pCMV-OVA complex

- was compared with that of naked pCMV-OVA and that

of a DNA vaccine with suitable pharmaceutical proper- -

ties for APC targeting under in vivo conditions; there-
fore, this carrier system is expected to improve the

258

complexed with 3B [N-(N'-N'-dimethylaminoethane)- - -
carbamoyljcholesterol (DC-Chol) liposomes [24].

Materials and methods

Materials. Cholesteryl chloroformate, Hepes, and OVA were ob-
tained from Sigma Chemicals (St. Louis, MO, USA). Diphosphati-
dylethanolamine (DOPE) was purchased from Avanti Polar Lipids
(Alabaster, AL, USA). N-(4-aminobutyl)carbamic acid rers-butyl
ester was obtained from Tokyo Chemical Industry (Tokyo, Japan).
Interlenkin (IL)-2, IL-12, interferon (IFN)-y, and tumor necrosis fac-
tor (TNF)-a ELISA kits were purchased from Genzyme Techne
(Minneapolis, MN, USA). pVAX 1, fetal bovine serum (FBS), and
Opti-MEM 1 were obtained from Invitrogen (Carlsbad, CA, USA).
Anti-CD1lc monoclonal antibody (N418)-labeled magnetic beads
were purchased from Miltenyi Biotec (Auburn, CA, USA). Alamar- -
Blue was purchased from TRECK Diagnostic Systems (West Sussex,
UK). RPMI 1640 and thioglycollate medium were purchased from
Nissui Pharmaceutical (Tokyo, Japan). Nucleic Acid Purification Kit
MagExtractor-RNA- was purchased from TOYOBO (Osaka, Japan).
1st strand cDNA synthesis kit for RT-PCR(AMYV), Lightcycler fast-
start DNA master hybridization probes, and Lightcycler-Primer/
Probes set for mouse B-actin were purchased from Roche diagnostics
(Indianapolis, IN, USA). Primers/Probes for OVA were purchased
from NIHON Gene Research Lab’s (Sendai, Japan). All other chem-
icals were of the highest purity available.

Mice and cell line. Female ICR mice (45 weeks) and female
C57BL/6 mice (6-8 weeks old) were purchased from the Shizuoka
Agricultural Cooperative Association for Laboratory Animals (Shi-
zuoka, Japan). All animal experiments were carried out in accordance
with the Principles of Laboratory Animal Care as adopted and pro-
mulgated by US National Institutes of Health and the Guideline for
Animal Experiments of Kyoto University. CD8OVA1.3 (kindly pro-
vided by Dr. C.V. Harding, Case Western Reserve University, Cleve-
land, OH, USA) [25] is a T cell hybridoma cell, which is specific for
OVA (257-264)-kb.

Synthesis of Man-C4-Chol. Man-C4-Chol was synthesized as de-
scribed previously [21]. In brief, N-(4-aminobutyl)-(cholesten-5-yl-
oxyl)formamide (C4-Chol) [26] was synthesized from cholesteryl
chloroformate and N-(4-aminobutyl)carbamic acid fers-butyl ester.
The C4-Chol was reacted with 5 equivalents of 2-imino-2-methoxy-
ethyl-1-thiomannoside [27] in pyridine containing 1.1 equivalents of
triethylamine for 24h. After evaporation of the reaction mixture in.
vacuo, the resultant material was suspended in water and dialyzed
against water for 48 h and then lyophilized.

Construction and preparation of pCMV-OVA. pCMV-OVA was
constructed by subcloning the EcoR1I chicken egg albumin (ovalbumin)
cDNA fragment from pAc-neo-OVA, which was kindly provided by
Dr. M.J. Bevan (University of Washington, Seattle, WA, USA) into
the polylinker of pVAX 1. pPCMV-OVA was amplified in the Esche-
richia coli strain, DH5a, then isolated, and purified using a Qiagen
Plasmid Giga Kit (Qiagen GmbH, Hilden, Germany). For immuni-
zation experiments, the endotoxin in pCMV-OVA solution was
removed by the Triton X-114 method.

Preparation of DC-Chol and Man liposomes. Man-C4-Chol or DC-
Chotl was mixed with DOPE in chloroform at a molar ratio of 3:2 and
the mixture was dried, vacuum desiccated, and resuspended in sterile
20mM Hepes buffer (pH 7.8) or 5% dextrose solution in a sterile test
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