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ABSTRACT Lipoproteins are emulsion particles that
consist of lipids and apolipoproteins. Their natural function
is to transport lipids andyor cholesterol to different tissues.
We have taken advantage of the hydrophobic interior of these
natural emulsions to solubilize DNA. Negatively charged DNA
was first complexed with cationic lipids containing a quater-
nary amine head group. The resulting hydrophobic complex
was extracted by chloroform and then incorporated into
reconstituted chylomicron remnant particles ('100 nm in
diameter) with an efficiency '65%. When injected into the
portal vein of mice, there were '5 ng of a transgene product
(luciferase) produced per mg of liver protein per 100 mg
injected DNA. This level of transgene expression was '100-
fold higher than that of mice injected with naked DNA.
However, such a high expression was not found after tail vein
injection. Histochemical examination revealed that a large
number of parenchymal cells and other types of cells in the
liver expressed the transgene. Gene expression in the liver
increased with increasing injected dose, and was nearly sat-
urated with 50 mg DNA. At this dose, the expression was kept
at high level in the liver for 2 days and then gradually reduced
and almost disappeared by 7 days. However, by additional
injection at day 7, gene expression in the liver was completely
restored. By injection of plasmid DNA encoding human a1-
antitrypsin, significant concentrations of hAAT were detected
in the serum of injected animals. This is the first nonviral
vector that resembles a natural lipoprotein carrier.

The liver is an important target organ for gene therapy,
because this organ plays a central role in the metabolism and
production of serum proteins. There are many lethal metabolic
diseases resulting from the defect or deficiency of hepatocyte-
derived gene products (1–5). Acquired diseases such as hep-
atoma and viral hepatitis are also likely to be a target of hepatic
gene therapy. Advancements in hepatic gene therapy depend
to a large degree on the development of a delivery system
capable of efficiently introducing genes into the hepatocytes.

Although a variety of techniques have been developed to
introduce genetic materials into the liver, each has its distinct
problem. Since retroviral vectors have no infectivity to quies-
cent cells (6), they have been used mainly for ex vivo gene
therapy, i.e., transduction of cultured hepatocytes and their
subsequent reimplantation into the host liver (7, 8). Direct
introduction requires enhanced proliferation activity of the
hepatocytes by means of a partial hepatectomy (9, 10). Injec-
tion of adenoviral vectors into the portal vein or systemic
circulation leads to high levels of foreign gene expression (11,
12). However, the expression is usually transient and repetitive
injection is unsuccessible because of high immunogenicity of
the vector (13, 14). Nonviral gene transfer methods, including

injection of plasmid DNA alone (15, 16) or plasmid DNA
complexed with polylysine (17, 18) or liposomes (19–21), have
also been developed, but the level of gene expression is usually
not high enough for therapeutic purposes.

Lipoproteins are naturally occurring biological emulsions and
serve as carriers of cholesterol and other lipids in the systemic
circulation (22). Dietary lipids absorbed by the intestine are
packed into triglyceride-rich lipoproteins termed chylomicrons
(23). In the blood circulation, chylomicrons are remodeled to
chylomicron remnants by hydrolysis of the core triglycerides by
lipoprotein lipase and by accepting apolipoproteins (24). Finally,
the remnants are taken up by liver parenchymal cells via apoli-
poprotein-specific receptors (25). Recently, reconstituted chylo-
micron remnants (RCR) were established using commercially
available lipids and shown to be taken up by hepatocytes follow-
ing intravenous injection (26). If the therapeutic DNA can be
incorporated into the RCR, the resulting nonviral particles could
be an efficient vector for hepatic gene therapy.

We report here the incorporation of DNA into RCR by means
of the formation of a hydrophobic DNA complex with a quater-
nary ammonium derivative of cholesterol. Intraportal injection of
the resulting particles leads to highly efficient expression of
foreign genes in the livers of mice. The therapeutic potential of
the novel vector is demonstrated using human a1-antitrypsin
(hAAT) gene and its production in the liver.

MATERIALS AND METHODS
Materials. Cholesterol (Chol), cholesteryl oleate, L-a-

lysophosphatidylcholine, olive oil, and dimethyldioctade-
cylammonium bromide were obtained from Sigma. L-a-
phosphatidylcholine were from Avanti Polar Lipid, luciferase
from Calbiochem and 5-bromo-4-chloro-3-indoyl-b-D-
galactoside (X-Gal) from GIBCOyBRL. Luciferase assay sys-
tem and Coomassie Plus Protein Assay Reagent were from
Promega and Pierce, respectively. Calibrator 4 as a standard
for hAAT and goat anti-hAAT were purchased from Incstar
(Stillwater, MN) and Vectastain ABC kit were from Vector.

Plasmids. Plasmid pCMVL and pCMVLacZ contain a fire
fly luciferase gene and a bacterial b-galactosidase (b-gal) gene,
respectively, and both of them are driven by a human cyto-
megalovirus (CMV) immediate early promoter. pRSVhAAT
(27) contains a hAAT gene driven by a Raus sarcoma virus
(RSV) promoter. pAAVCMVhAAT was reconstructed from
pAAVlac.26 (28) and pRSVhAAT. Briefly, pAAVlac.26 was
digested with XbaI followed by ligation with double-stranded
oligodeoxynucleotide (59-CTAGACTCGAGT-39) to insert a
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XhoI site. After digestion of both plasmids by HindIII and
XhoI, the 4,510-bp fragment from pAAVlac.26 and the
1680-bp fragment from pRSVhAAT were isolated and ligated
together. The resulting pAAVCMVhAAT contains two AAV
inverted terminal repeat sequences flanking hAAT gene
driven by the CMV promoter. These plasmids were amplified
in DH5a strain of Escherichia coli, isolated by alkaline lysis and
purified by cesium chloride gradient centrifugation (29).

Synthesis of Cationic Derivatives of Cholesterol. 3-b-[N-
(N9,N9-dimethylethane)-carbamoyl]cholesterol (DC-Chol), a ter-
tiary ammonium derivative of Chol, was synthesized as described
(30). 3-b-[N-(N9,N9,N9-trimethylethane)carbamoyl]cholesterol
(TC-Chol), a quaternary ammonium derivative of Chol, was
synthesized by methylation of DC-Chol by iodomethane.

Formation of Hydrophobic DNAyCationic Lipid Complex.
Formation of hydrophobic complex of DNA and cationic lipids
was carried out according to the method of Reimer et al. (31).
Plasmid DNA (4 mg) containing trace amount of 125I-labeled
DNA was incubated with various amount of cationic lipids in 410
ml of Bligh and Dyer monophase (chloroform:methanol:water 5
1:2.1:1) at room temperature for 30 min. Subsequently, the
monophase was partitioned into a two-phase system by the
addition of 100 ml each of chloroform and water. The sample was
mixed by vortexing, and the separation of the upper aqueous and
lower organic phases was facilitated by centrifugation at 2,000 3
g for 10 min at room temperature. Two hundred microliters of the
aqueous phase and 100 ml of the organic phase were collected
separately and their radioactivities were measured using a gam-
ma-counter (Gamma 5500B, Beckman). Radioactivity in the
interface was calculated by subtracting the radioactivities of
aqueous and organic phases from the total radioactivity.

Incorporation of Hydrophobic DNAyTC-Chol Complex into
RCR. Hydrophobic DNAyTC-Chol complexes was incorporated
into RCR composed of olive oil:L-a-phosphatidylcholine:L-a-
lysophosphatidyl choline:cholesteryl oleate: Chol (70:22.7:
2.3:3.0:2.0, weight ratio), as follows. The complex prepared from
400 mg of DNA and 1.25 mg of TC-Chol in 4.1 ml of the
monophase was extracted in 2 ml of chloroform The complex was
mixed with 40 mg of lipids dissolved in chloroform and evaporated
under a stream of nitrogen. Following vacuum desiccation for 1 h,
1.6 ml of water was added and left at room temperature for 1 h.
The hydrated mixture of DNAyTC-Chol complex and lipids was
emulsified by vortexing for 2 min and homogenization by a Tissue
Tearor (Model 985-370, Biospec Products, Bartlesville, OH) for 30
sec at 65°C. Under this condition, no degradation of the plasmid
DNA was found by agarose gel electrophoresis. Finally, the
emulsion were extruded 20 times through a polycarbonate mem-
brane filter with 100 nm pore size (Nuclepore).

Incorporation of DNA into the RCR was determined by its
flotation on centrifugation in the absence or presence of a density
gradient. After extrusion, a half ml of the emulsion was mixed
with 4 ml of water and then centrifuged at 16,000 3 g for 20 min
at room temperature using a SW50.1 rotor (Beckman). In the
case of the density gradient centrifugation, the emulsion (0.5 ml)
was mixed with 2-fold volume of NaCl solution with a density of
1.346 and discontinuous gradient was then formed using 1 ml
each of NaCl solution with a density of 1.065, 1.020 and 1.006 (32).
Fractions of a half ml each were collected from the top to the
bottom of the centrifuge tube and the radioactivity of 125I-DNA
in each fraction was measured in a gamma counter.

Incorporation of DNA into RCR was also tested as protec-
tion of DNA from DNase I digestion. Empty RCR was
prepared in the same concentration as RCR containing DNA.
40 ng plasmid DNA was simply mixed with 10 ml empty RCR
with or without TC-Chol or 10 ml of the emulsion was mixed
with 0.1U DNase I and incubated at 37°C for 10 min. After
enzyme digestion, samples were incubated at 65°C for 10 min
with or without addition of 1 ml 10% SDS. The samples were
then run on a 0.8% agarose gel in TAE buffer and DNA was
visualized by ethidium bromide staining.

Intraportal Injection. Six weeks old female CD1 mice were
anesthetized with intramuscular injection of ketamine hydro-
chloride (1 mgy20 g of body weight). After the liver was
exposed through a ventral midline incision, various amounts of
DNAyTC-Chol complex-incorporated RCR (DNAyTC-Chol-
RCR), which was dispersed in 1 ml of 5.2% (isotonic) man-
nitol, were injected into the portal vein using a 1y2-inch
30-gauge needle and 1 ml syringe.

Measurement of Luciferase Activity. At indicated days after
injection, mice were sacrificed and liver, spleen, lung, kidney,
and heart were collected. The organs were homogenized with
lysis buffer (0.05% Triton X-100, 2 mM EDTA, 0.1 M Tris, pH
7.8) using a Tissue Tearor for 1 min. After 2 cycles of freeze
in liquid nitrogen and thaw at 37°C, the homogenates were
centrifuged at 14,000 3 g for 10 min at 4°C. Supernatant (20
ml) was mixed with 100 ml of Luciferase assay system and
relative light unit was measured with a luminometer (AutoLu-
mant LB 953, EG & G, Salem, MA) for 20 sec. Conversion
from relative light unit to luciferase protein mass was calcu-
lated from a standard curve (1 to 10,000 pg; pg luciferase 5
25.0 1 8.3 3 1023 3 relative light unit, r2 5 0.99) based on
purified luciferase protein as a standard. Protein concentration
of the supernatant was also determined by a Coomassies
Protein Assay Reagent, using BSA as a standard.

X-Gal Staining. Forty-eight hours after injection, the liver was
perfused in situ with 5 ml of 1.25 mM EGTA in PBS (pH 7.5) to
remove the blood. The liver was dissected, cut into small blocks
and frozen in OCT embedding compound (Miles Scientific).
Cryosections of 10 mm in thickness were sampled and placed on
polylysine-coated glass slides. Following fixation with 2% glutar-
aldehyde in PBS containing 0.04% Nonidet P-40, the liver
sections were incubated in a staining solution (0.08% X-Gal), 5
mM each of K3Fe(CN)6 and K4Fe(CN)6, and 2 mM MgCl2 in
PBS) at 37°C for 24 h. The sections were then rinsed three times
with PBS and lightly counter stained with hematoxylin.

ELISA for hAAT. ELISA method for measuring blood level
of hAAT was modified from a published procedure (33),
except that an ABC kit containing avidin and biotinylated
peroxidase was used.

RESULTS
Preparation of Hydrophobic DNAyTC-Chol Complex. Since

RCR is an emulsion containing no aqueous phase in its
interior, native DNA cannot be incorporated into RCR be-
cause of its high degree of hydrophilicity. It has been reported
that cationic lipids form a hydrophobic complex with DNA by
an electrostatic interaction (34, 35). We have previously
described the complex of DNA and cationic liposomes con-
taining DC-Chol, which transfects a variety of cultured cell
lines with high efficiency (36, 37). We attempted to make a
hydrophobic complex of DNA with DC-Chol, but the DC-Chol
did not increase the solubility of DNA in the organic phase
(Fig. 1A). Cationic charge of DC-Chol does not seem strong
enough to form a hydrophobic complex with DNA, probably
due to incomplete ionization of DC-Chol in the monophase.
Although DC-Chol hydrochloride, a salt form of DC-Chol,
drastically decreased the solubility of DNA in the aqueous
phase, the resulting hydrophobic complex was not soluble in
the organic phase (Fig. 1B) and collected from the interface
(Fig. 1C). TC-Chol, a quaternary ammonium derivative of
DC-Chol, formed a hydrophobic complex with DNA that was
extractable with chloroform (Fig. 1B). At lower concentrations
of TC-Chol, the amount of hydrophobic complex in the
interface increased and reached the maximum level at 10 nmol
of TC-Chol at which the ratio of cationic charge of TC-Chol
to anionic charge of DNA was '1 (Fig. 1C). After that, the
complex in the interface (Fig. 1C) was quantitatively trans-
ferred to the organic phase (Fig. 1B). The results with TC-Chol
were almost the same as that obtained with dimethyldiocta-
decylammonium bromide, a cationic lipid having a quaternary
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amine head group (38). In the preparation of DNAyTC-Chol
complex for in vivo study, the concentration of both DNA and
TC-Chol was almost 303 higher than the above condition.
However percentile collection of the complex was not changed.

Incorporation of Hydrophobic DNAyTC-Chol Complex into
RCR. The hydrophobic DNAyTC-Chol complex extracted with
chloroform was emulsified together with commercially available
lipids by homogenization, and incorporation of DNA into RCR
was confirmed by means of its flotation by centrifugation. More
than 65% of DNA added as the complex floated up with the
emulsions into the top three fractions (Fig. 2A), whereas no
flotation of DNA was observed when free DNA was used (Fig.
2B). This means that more than two-thirds of DNAyTC-Chol
complexes were incorporated into the RCR. It has been reported
that hydrophobic complexes of DNA and cationic lipids reversibly
dissociate depending on the concentration of inorganic salt in the
solvent (35). DNAyTC-Chol-RCR was mixed with NaCl solution
and then density gradient centrifugation was carried out. About
32% of DNA was recovered from the upper emulsion fractions
(Fig. 2C). When free DNA was mixed with empty RCR contain-
ing TC-Chol in its lipid composition, majority of DNA associated
with the RCR, resulting in flotation after the centrifugation in the
water (data not shown). However, no flotation of DNA was
observed after the NaCl density gradient centrifugation (Fig. 2D).
Moreover, most DNA incorporated into RCR is protected from
DNase I digestion (Fig. 2E, lanes 3, 4), while simple mixture of
free DNA and empty RCR with or without TC-Chol has no or
weaker protection against DNase I (Fig. 2E, lanes 5–8). One
percent SDS can partially break down RCR and more DNA can
migrate into the gel (Fig. 2E, lanes 3s and 4s). This result
confirmed that most DNA in RCR is completely neutralized by
TC-Chol and stays in the wells of the agarose gel (lanes 3, 4), while
small amount of DNA that runs as free plasmid is not protected
and is probably attached on the outer surface of RCR. Based on
these two methods, it is estimated that at least 60–80% of DNA
incorporated into RCR is likely to localize in the internal oil space

of RCR. Resulting DNAyTC-Chol-RCR has a homogeneous
particle distribution with a mean diameter of 107 6 16 nm
(average 6 SD, n 5 3) measured by light scattering using a
submicron particle analyzer (N4 Plus, Coulter). A proposed
structure of the DNAyTC-Chol-RCR is given in Fig. 3.

In Vivo Gene Expression in Mice. Recently, it was reported that
naked DNA delivered intraportally efficiently expressed the gene
in hepatocytes (39). We injected our new formulation by the same
manner and compared their gene expression efficiency with that
of naked DNA two days after injection. As shown in Fig. 4, a high
amount of luciferase protein was produced in the liver of mice
injected with 100 mg DNA of pCMVL DNAyTC-Chol-RCR. The
level was almost 100-fold higher than that of naked DNA-injected
mice (isotonic). Although the level of gene expression in the liver
by naked DNA was significantly increased when a hypertonic
solution (15% mannitol, 0.9% NaCl) was used for injection
(hypertonic) as reported (39), the level was still 10-fold lower than
that of the DNAyTC-Chol-RCR. Luciferase protein was also
produced in the spleen, lung, and heart by intraportal injection of

FIG. 1. Effect of cationic lipids on the partition of DNA into
organic phase. 125I-DNA (4 mg) was incubated with indicated amounts
of cationic lipids in the Bligh and Dyer monophase (410 ml) at room
temperature for 30 min. The monophase was separated into two phases
by the addition of chloroform and water (100 ml each). Partition of
DNA into the aqueous phase (A) and organic phase (B) were
determined by measuring their radioactivities. Partition of DNA into
the interface (C) was determined by subtracting the amount of DNA
in the aqueous and organic phases from total DNA added. Each point
presents the mean from three experiments 6 SD.

FIG. 2. (A–D) Determination of DNA-incorporation into RCR by
centrifugation. DNAyTC-Chol complex (A, C) or free DNA (B, D)
supplemented with a trace amount of 125I-DNA was incorporated into
RCR (A–C) or mixed with empty RCR containing TC-Chol (D). The
samples (0.5 ml) were centrifuged in 4.5 ml (final) of water (A, B) or NaCl
density gradient (C, D). Fractions (0.5 ml) were collected from the top to
the bottom of centrifuge tubes and the radioactivities were measured. (E)
Determination of DNA incorporation into RCR by DNase I digestion
assay. DNA-TC-Chol complex was incorporated into RCR (lanes 3, 4, 3s,
4s) or free DNA was mixed with empty RCR without (lanes 5, 6, 5s, 6s)
or with (lanes 7, 8, 7s, 8s) TC-Chol. Lane 1 and 2 are DNA only. 0.1 unit
DNase I was added to each even numbered sample and incubated at 37°C
for 10 min. The samples were incubated at 65°C for 10 min after treatment
with (lanes 3s–8s) or without (lanes 1–8) 1% SDS and then run on a 0.8%
agarose gel. M is l DNA HindIII fragments. The brightly stained lower
band in lanes 3s to 8s is due to SDS solubilized lipids.

FIG. 3. A proposed structure of the DNAyTC-Chol-RCR.
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pCMVL DNAyTC-Chol-RCR, but the levels were 25- to 800-fold
lower than that in the liver. The particle size of the DNAyTC-
Chol-RCR was important for an efficient gene delivery into
hepatocytes. Injection of DNAyTC-Chol-RCR without extrusion
(DNAyTC-Chol-RCR, nonextrusion), which had a mean diam-
eter of 352 6 135 nm, resulted in a low level of the luciferase
protein production in the liver, spleen, lung, and heart. We also
examined the necessity of DNA incorporation into the interior of
RCR. First, we prepared empty RCRs with or without TC-Chol,
and then mixed with 100 mg of pCMVL DNA and injected. The
RCR containing TC-Chol formed aggregations immediately af-
ter the addition of DNA (TC-Chol-RCR, DNA), and showed no
gene expression in any organs. In the case of the mixture of DNA
and empty RCR without TC-Chol (RCR, DNA), gene expression
in each organ was almost same as that of the mice injected with
only naked DNA (isotonic). These results indicate that high level
of gene expression requires the location of DNA in the interior
of RCR.

Distribution and strength of gene expression after tail vein
injection were also examined in mice (Fig. 5). Two days after
injection of 100 mg DNA of pCMVL DNA-TC-Chol-RCR,
gene expression was detected, being the highest in the liver and
also in the lung and heart. The level of gene expression in the
liver was significantly higher as compared with naked DNA,
but was almost 100-fold lower than that of the mice injected
intraportally (Fig. 4).

The effect of injected dose on the gene expression in mice
following intraportal injection was examined (Fig. 6). Even by
injection of 10 mg of DNA, DNAyTC-Chol-RCR induced a
measurable level of gene expression in the liver. The level of gene
expression in each organ increased with increasing injected dose.
In the liver, the gene expression jumped up between 25 and 50 mg
of DNA and was almost saturated with 100 mg of DNA.

To reveal whether the gene expression in the liver results from
uptake of DNAyTC-Chol-RCR particles themselves or not, the
effect of empty RCR preinjection on the gene expression was
investigated (Fig. 7). Gene expression in the liver by injection of
50 mg DNA of DNAyTC-Chol-RCR was reduced to about
one-third by preinjection of empty RCR at the dose correspond-
ing to 100 mg DNA in DNAyTC-Chol-RCR. However, the effect
on the spleen and lung was opposite to that on the liver, i.e., 3-fold
increase in the spleen and 2-fold increase in the lung. No effect
was observed in the kidney and heart.

Fig. 8 shows the time course of gene expression at the dose of
50 mg of pCMVL DNA. High level of gene expression was
observed at day 1 and day 2 in the liver, but there was a significant
reduction at day 3 (Fig. 8). After that, gene expression in the liver
gradually decreased and almost disappeared by day 7. Other
organs except the kidney showed similar time course of change in
gene expression. The kidney retained a constant level of gene
expression from day 2 to day 6. Fig. 8 also shows the possibility
of repetitive injection of DNAyTC-Chol-RCR. Two days after
the second injection at day 7, comparable gene expression to that
obtained after the first injection was observed in the liver.

Histochemical Analysis of Gene Expression in the Liver. To
elucidate the population and localization of cells in the liver that
are transfected by intraportal injection of DNAyTC-Chol-RCR,
pCMVLacZ DNA was complexed with TC-Chol, incorporated
into RCR (pCMVLacZ DNAyTC-Chol-RCR) and injected into
a mouse. Liver cells expressing b-gal activity were visualized by
X-Gal staining (Fig. 9). Liver sections from a control (isotonic
mannitol-injected) mouse or mouse injected with naked DNA did
not show any change in color, while the color of liver sections
from a mouse injected with DNAyTC-Chol-RCR turned to blue.
By microscope examination, in the liver cryosections from a
control mouse injected with empty RCR, no b-gal positive cell
was observed (A). However, '10% of the cell population in the

FIG. 4. Gene expression in organs of mice following intraportal
injection. CD1 mice were intraportally injected with 100 mg of plasmid
pCMVL DNA in the various formulations. Two days after injection,
mice were sacrificed and luciferase activity and protein concentration
of tissue extracts were analyzed. Each column presents the mean from
three animals 6 SD.

FIG. 5. Gene expression in organs of mice following intravenous
injection. Mice were injected from the tail vein with naked pCMVL
DNA or pCMVL DNAyTC-Chol-RCR at the dose of 100 mg of DNA.
Two days after injection, mice were sacrificed and luciferase activity
in the various organ extracts was measured. Each column presents the
mean from three animals 6 SD.

FIG. 6. Dose dependence of gene expression by intraportal injec-
tion of DNAyTC-Chol-RCR. Various amounts of pCMVLyTC-Chol-
RCR were intraportally injected into mice. Luciferase activity in the
extracts from various organs was measured on day 2. Each column
presents the mean from three animals 6 SD.

FIG. 7. Effect of preinjection of empty RCR on gene delivery by
DNAyTC-Chol-RCR. Fifteen minutes after intraportal injection of 0.6
ml of isotonic mannitol with or without empty RCR (5.0 mg of total
lipids), mice were intraportally injected with 50 mg DNA of pCMVLy
TC-Chol-RCR dispersed in 0.6 ml of isotonic mannitol. Two days after
injection, mice were sacrificed and luciferase activity in the various
organ extracts was measured. Each column presents the mean from
three animals 6 SD.
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sections from the DNAyTC-Chol-RCR injected mouse was
stained by X-Gal and these blue cells were found all over the
section (B). It appeared at higher magnification that these cells
were not only hepatocytes, which have a polygonal shape and
round nuclei, but also nonparenchymal cells (photo not shown).

Secretion of Therapeutic Protein into the Blood Circulation.
Secretion of gene products into the blood circulation and its
time course were examined using two different plasmids
containing therapeutic hAAT gene driven by different pro-
moters (Fig. 10). In both cases, significant amount of hAAT
was produced and secreted into the blood circulation.
pAAVCMVhAAT, however, produced the highest serum level
(6 mgyml) of hAAT at day 2, which was 17-fold higher than the
highest serum hAAT level achieved at day 1 after injection of
the same dose of pRSVhAAT. Moreover, although the serum
level of hAAT rapidly decreased by 7 days after injection of
both DNA, detectable concentration of hAAT was constantly
observed until 60 days after injection of pAAVCMVhAAT.

DISCUSSION
One of the most promising nonviral gene delivery systems is
cationic liposomes (37, 38, 40–46). In a variety of cationic lipids
synthesized, DC-Chol (37), N-[1-(2, 3-dimyristyloxy)propyl]-N,
N-dimethyl-N-(2-hydroxyethyl)ammonium bromide (46) and
N,N,N-trimethyl-2-bis[(1-oxo-9-octadecenyl)oxy]-(Z, Z)-1-
propanaminium methyl sulfate (47) have been used in human
clinical trials by local injection. However, the DNAyliposome

complex is inactive or less effective in the presence of serum
probably due to dissociation of DNA from the complex or
formation of large aggregates. Our novel formulation seems to
offer serum resistance that is critical for in vivo systemic appli-
cation. DNAyTC-Chol complex becomes hydrophobic when the
net charge of the complex is neutralized, and a portion of those
complexes is apparently solubilized into the oil core of RCR as
shown in Fig. 3. This is supported by the fact that more than half
of DNA in DNAyTC-Chol-RCR were not dissociated by the
addition of high concentration of NaCl (Fig. 2C) that could
readily dissociate DNA from its cationic lipid complex in a
monophase even at low concentrations (31). It is also supported
by the fact that most DNA in RCR was protected from DNase I
digestion (Fig. 2E). Therefore, it is unlikely to form aggregates in
the presence of serum proteins and DNA could be protected from
digestion by serum nucleases by the lipid in the RCR.

One of the major obstacles to using particulate carriers for
systemic gene delivery is a limited extravasation of the particles
through the vascular wall. The liver is a favorable target organ
for this kind of carriers because the sinusoidal wall of the liver
lacks a basement membrane and possesses a fenestrated ('100
nm) endothelium (48). Therefore, the size of the particle is an
important factor for efficient delivery (49). By extrusion
through polycarbonate membranes, our formulation became
small enough to pass through the fenestrae and get into the
space of Disse that is in direct contact with the hepatocytes.
This was clearly shown by the result that gene expression in the
liver by injection of extruded DNAyTC-Chol-RCR was almost
500-fold higher than that of unextruded one (Fig. 4). After
extravasation of the particles with the help of high injection
pressure, the particles could be retained in the space of Disse
and directly taken up by the hepatocytes, or free DNA could
be taken up following its release from the particles. The former
is more likely to occur, because gene expression in the liver was
almost saturated with a high dose (Fig. 6) and was inhibited
competitively by preinjection of empty RCR (Fig. 7).

Intraportal injection seems to be less invasive than reimplan-
tation of hepatocytes or partial hepatectomy, but intravenous
injection is more applicable for not only liver but also other organs
or tissues. DNAyTC-Chol-RCR led to a certain level of gene
expression in the liver by single intravenous injection (Fig. 5).
However, the level was significantly lower as compared with the
intraportal injection (Fig. 4) and the expression was not limited
in the liver. This is likely because we did not incorporate any
apolipoproteins into the surface of the RCR in this work.
Protein-free emulsions can pick up appropriate apolipoproteins
in the systemic circulation (32) and still have the possibility to
target to the receptor-bearing cells. However, their colloidal
stability may not be as good as the ones containing apolipopro-
teins. By the addition of apolipoprotein E, RCR should be
stabilized and its efficiency and targetability could be further
increased because chylomicron remnants are efficiently taken up
by hepatocytes via specific recognition of apolipoprotein E (24,

FIG. 9. X-Gal staining of the liver sections from a mouse injected
with pCMVLacZyTC-Chol-RCR. A mouse was intraportally injected
with empty RCR (A) or 100 mg DNA of pCMVLacZyTC-Chol-RCR
(B). Two days after injection, liver cryosections of 10 mm in thickness
from the mouse were stained with X-Gal for 24 h. After counter
staining, the sections were examined under a light microscopy (Dia-
phot, Nikon) at an original magnification of 3100.

FIG. 10. Delivery and expression of hAAT gene by DNAyTC-
Chol-RCR. Mice were intraportally injected with 50 mg DNA of
pRSVhAATyTC-Chol-RCR or pAAVCMVhAATyTC-Chol-RCR.
At the indicated days after injection, the blood was collected from the
tail vein of mice and serum concentration of hAAT was determined
by ELISA. Each point presents the mean from three animals 6 SD.

FIG. 8. Time course of gene expression after the first and second
injection. Mice were intraportally injected with 50 mg DNA of
pCMVLyTC-Chol-RCR and sacrificed on the indicated day after
injection. Some of them were injected again at day 7 by the same
method as the first injection and were sacrificed 2 days after the second
injection. Luciferase activity in the various organ extracts were mea-
sured. Each column presents the mean from three animals 6 SD.
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25). Moreover, chylomicron is only one type of lipoprotein that
transports lipids and cholesterol. Other lipoproteins that have
been reconstituted for drug delivery include low density lipopro-
tein (50) and high density lipoprotein (51). It is conceivable that
they could also be used for gene delivery to cells that express a
specific receptor. The low density lipoprotein receptor is wide
spread; many cell types contain high levels of receptors including
cancer cells, hepatocytes, fibroblasts, endothelial cells, etc. It may
also be possible to prepare emulsions with conjugated glycopro-
teins, antibodies and other ligands. Thus, gene delivery system
using emulsions should not be limited to the liver.

It has been reported that multiple direct injection of plasmid
DNA into liver led to a significant gene expression, but only for
cells surrounding the injection site and not for more distant tissue
(52). As apparent by the X-Gal staining (Fig. 9), '10% of the
liver cells were transfected by intraportal injection of DNAyTC-
Chol-RCR. While the transfected cells were not only hepatocytes
(Fig. 9), the total amount of transgene products produced in the
liver exceeded 800 ng per liver (Fig. 4).

Long-term expression is usually required for successful gene
therapy of hereditary diseases. In this regard, retroviral vectors
exceed all other vectors, but their application for hepatic gene
therapy is obliged to use an invasive method such as reim-
plantation or partial hepatectomy. Adenoviral vectors, that
offer an excellent transfection efficiency to the liver in vivo,
usually result in no significant gene expression after the second
injection (14, 53). Recently, new types of adenoviral vector
(54) and oral tolerization (55) have been developed to reduce
the immunogenicity. Our novel vector also led to only a
transient gene expression (Figs. 8 and 10) but are probably able
to be injected repetitively because it contains neither protein
nor peptide that acts as an antigen. Recovery of gene expres-
sion in the liver was achieved following the second injection of
DNAyTC-Chol-RCR (Fig. 7). It might be possible to maintain
a high level of gene expression by repetitive injection of RCR
formulation by using a catheter method that has been estab-
lished for multiple portal vein infusion (53).

The strength and extension of gene expression can also be
controlled by using transcriptional regulatory elements. The
transcriptional activity of CMV promoter was significantly higher
than that of RSV promoter, whereas the serum level of hAAT
was still subtherapeutic at 0.5% of normal at its peak expression
time (20, 52). It has been reported that AAV inverted terminal
repeat, that is necessary for the site specific integration of AAV
to the host genome, seems to allow long-term persistence of
foreign DNA (28, 56, 57). As shown in Fig. 8, integration of the
hAAT gene into the mouse hepatocyte genome probably did not
occur because the serum hAAT concentration rapidly decreased
and became ,1% of the maximum concentration within a week.
The integration of gene through inverted terminal repeat may
require another factors. Another possible way to prolong gene
expression is to use immunosuppressive reagents. It has been
reported that gene expression by naked DNA injection was
increased andyor prolonged by coinjection of cyclosporine A or
dexamethasone (39). The only vector that can achieve high
enough serum hAAT concentration is an adenoviral vector (27).
However, the same adenoviral vector used by another investigator
produced serum hAAT levels similar to what is reported here
(58). Although the efficiency of transgene expression should
depend on the structure of the plasmid DNA including the
selection of promoter andyor enhancer, a relatively high gene
transfer activity of our novel vector is likely to find therapeutic
uses in treating diseases such as hepatoma, viral hepatitis and
many other liver disorders.
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