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Abstract

All-trans retinoic acid (ATRA) has been shown to exert anti-cancer activities in a number of types of cancer cells. However, 1t has been
reported that many NSCLC exhibited resistance to ATRA treatment. In the present study, we hypothesized that intracellular delivery of ATRA
would overcome the ATRA resistance in A549 cells. Here, we investigated the induction of apoptosis by ATRA incorporated in cationic liposomes
composed of DOTAP/cholesteroi in A549 human lung cancer cells, which are insensitive (resistant) to the growth inhibitory effects of ATRA. The
zeta potentials of DOQTAP/cholesterol liposomes and DSPCicholesterol liposomes were about +50 and —3 mV. Tn A549 cells, FHJATRA
incorporated in DOTAP liposomes showed increased cellular association compared with PH]JATRA or [PHJATRA incorporated in DSPC!
cholesterol liposomes. ATRA incorporated in DOTAP/cholestero] Tiposomes showed much higher cytotoxic effects and apoptosis-inducing
activity compared with ATRA or ATRA incorporated in DSPC/cholesterol liposomes. The enhanced expression of TIG3 mRNA tumor suppressor
gene by ATRA incorporation juto DOTAP/cholesterol liposomes might partly explain the mechamism of enhanced cytotoxicity and/or apoptosis.
These observations provide valuable information to help in the design of differentiation therapy by ATRA in non-small cell hing carcinormna.

i3 2005 Eisevier B.V. All rights reserved.

Kevwords: Cationic liposomes; All-trans retineic acid; Non-small cell lung carcinoma; Drug delivery system

1. Introduction

Differentiation therapy in oncology is defined as an
approach teo induce malignant reversion |1} that is based on
the concept that cancer cells are normal cells that have been
arrested at an immature or less differentiated stare, lack the
ability to control their own growth, and so multiply at an
abnormally fast rate. Although differentiation therapy does not
kill the cancer cells, it restrains their growth and allows the
application of more conventional therapies (such as chemo-
therapy) to eradicate the malignant cells. Moreover, differen-
tiation agents tend to be less toxic than conventional cancer
treatment.

Several groups have demonstrated that all-rrans retinoic
acid {ATRA) can induce complete remission in a high
proportion of acute promyeloeytic leukemia patients |2,3].

Abbreviations: DOTAP, i,2diolecyl-3-trimethylanunonium  propane;
DSPC. distearaylphosphatidylcholine.
* Corresponding authoz. Tel: +81 75 753 4525 fax: +81 75 753 4575,
Eamnail address: hashidam@pharm kyoto-uw.acfp (M. Hashida).

0168-3659/%
doi: 10,1016/
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ATRA has been shown to exert anti-cancer activities in a
number of types of cancer cells {4--8]. The activity of ATRA is
mediated by regulation of a variety of forms of gene expression
through ATRA-dependent activation of retinoic acid receptors
{RAR) and retinoid X receptors (RXR) on the nuclear
membrane of cancer cells, leading to the growth inhibition,
differentiation, and apoptosis of cancer cells [9]. Response of
non-small cell lung carcinoma (NSCLC) to ATRA is modulat-
ed by additional factors. Recently, a novel retinoid-regulated
gene, tazorotene-induced gene 3 (T1G3), also called retinoic
acid receptor responder, has been cloned and characterized
[10]. Since TIG3 has been identified as a poteatial mmor
suppressor | 10121, TIG3 could be a biomarker for response to
ATRA as well as a mediator of the antitumor effect of ATRA in
NSCLC.

However, it has been repotted that many NSCLC exhibit
resistance to ATRA treatment {[12-15]. In order to achieve
successtul cancer differentiation therapy against NSCLC,
ATRA resistance needs to be overcome. One strategy 1o
overcome ATRA resistance involves the development of an
ATRA delivery cawier to the NSCLC. The lipophilicity of
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ATRA is too high (lopPCoct (the logarithmic n-octanol/water
partition coefficient)= 6.6) for efficient diffusion to the cellular
membrane [16]; thus, it is quite likely that the cellular
concentration for the action of ATRA is limited by its high
lipophilicity. These observations prompted us to investigate
whether the cnhanced cellular uptake of ATRA by a drug
camier could be an efficient strategy to overcome ATRA
resistance in NSCLC.

We have confumed that most ATRA are incorporated in
neutral liposomes due to their highly lipophilicity [17]. ATRA
contain a carboxyl group; thus, ATRA would be more stably
incorporated in cationic liposomes. Cationic liposomes are
selectively accumulated in angiogenic endothelial cells in
tumors {18] and remain largely confined to the tumor site
compared with anionic or neutral liposomes after infravenous
injection [19]. We have demonstrated that 50% of catienic
liposomes composed of DOTAP/cholesterol accumulate in the
lung ! min afler intravenous injection [20]. Cationic liposomes
are internalized by endocytosis in these cells. Taking these
findings into consideration, DOTAP/cholesterol liposomes are
expected to be an effective drug carrier of ATRA for
intracellular-NSCL.C-selective delivery to overcome ATRA
resistance in NSCLC.

In the present study, we investigated the induction of
apoptosis by ATRA incorporated in DOTAP/cholesterol lipo-
somes in A349 human lung cancer cells, which are insensitive
(resistant} to the growth inhibitory effects of ATRA [12,14,15].
After application of ATRA incotporated in DOTAP/cholesterol
liposomes in A549 cells, the cellular uptake mechanism,
cytotoxicity, induction of apoptosis, and TIG3 mRNA expres-
sion were evaluated. Results were compared with free ATRA or
ATRA incorporated in neutral liposomes (DSPC/cholesterol
liposomes).

2. Materials and methods
2.1 Materiols

DOTAP, DSPC, were obtained from Avanti Polar Lipids,
Inc. (Alabaster, AL, USA) and Sigma-Aldrich Co. (St. Louis,
MO, USA). Chol and Clear-Sol I were obtained from Nacalai
Tesque, Inc. (Kyoto, Japan), and Soluene 350 was purchased
from Packard Co., Inc. {Groningeu, The Netherlands). Dulbec-
co’s modified Eagle’s minimum essential medium (DMEM) and
fetal bovine serum (FBS) was obtained from Nissul Pharma-
ceutical Co., Ltd. (Tokyo, Japan) and Biowhittaker (Walkers-
ville, MD, USA). ATRA and [*H]ATRA was purchased from
Wako Pure Chemicals Industry, Lid. (Osaka, Japan) and NEN
Life Science Products, Inc. (Boston, USA). MagExtracior-RNA
kit was obtained from Toyobo Co., Ltd. (Osaka, Japan). SYBR-
Green | was purchased from Takara Bio, Inc. (Shiga, Japan). All
other chemicals were of the highest purity available,

2.2 Cell line

AS549 cells were voutinely grown in DMEM medium
supplemented with 10% FBS, 100 1U/ml peniciflin, 100 pg/

ml streptomycin, and 2 mM L-glutamine (all from Invitrogen
Co., Carlshad, CA, USA) in 5% CO,, humidified air at 37 °C.

2.3. Preparation of liposcines

Liposomes were prepared by the method described previ-
ously [21,22]. Briefly, DOTAP, DSPC and cholesterol were
used to prepare the liposomes. The liposomes, DOTAP/
cholesterol (1:1, molar ratio) and DSPC/cholesterol (3:2, molar
ratio), were prepared with or without ATRA. ATRA was mixed
at the molar ratio of 1:100 of the total lipid content of the
liposomes. In the cellular association experiments, liposomes
were labeled with a tracer amount of ["HJATRA. Briefly, the
mixture, with or without ["HJATRA, was first dissolved in
chloroform. After vacuurn drying and desiceation, pH 7.4
phosphate-buffered saline (~) (PBS (-)) was added for
hydration. The preparation was sonicated and passed through
a .45-um filter for sterilization.

2.4. Characterization of liposomes

The lipid content of the liposomes was determined by a
cholesterol F-test Wako kit (Wako Pure Chemicals Industry,
Ltd.,, Osaka, Japan). The liposomal loading of ATRA was
estimated by absorbance at 340 nm afier dissolving ATRA
incorporated in liposomes in ethanol since the ATRA alone is
soluble in ethanol. The zeta potentials of liposomes were
measured in 150 mM sodium chloride (NaC1) (pH 7.0) with a
laser electrophoresis zeta potential analyzer (LEZA-700,
Otsuka Electronics Co., Ltd., Osaka, Japan). The particte sizes
of the liposomes were measured in 150 mM NaCl using
dynamic light scattering (DLS-7000, Otsuka Electronies Co.,
Ltd., Osaka, Japan).

2.5. Evaluation of ATRA incorporated in liposomes

The methods used to determine the incorporation ratio of
ATRA in liposomes were as described for the liposomal studies
[23,241. Briefly, the [PH]JATRA-incorporated liposomes were
ultrafiltered using a micropartiion system (Sartorion VIVAS-
PIN 2 ml concentrator 5000 MWCO PES; Vivascience AG,
Hannover, Germany) at 1500+=g for 15 min. The concentration
based on the radioactivity in the preparation (C'r) and in the
ultrafiltrate (Cy) was assayed by scintillation counting. The
equation for the incorporation ratio in the liposomes was as
follows:

Incorporation ratio (%) = ((Cr -~ Cw)/Cr} = 100.

2.6. Cellular association study

The cellular association study was performed by the method
described previously [25,261. The A549 cells were plated on a
12-well cluster dish at a density of 5% 10* cells/3.8 cm?,
Twenty-four hows later, the cells were washed with 1.0 ml
PBS () and incubated with 1.0 ml meditun containing
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PHIATRA (1% DMSO) or [PHJATRA incorporated in DSPCY
cholesterol or DOTAP/cholesterol liposomes (1 uM ATRA) at
37 or 4 °C. After incubation, the cells were washed thoroughly
with Hank’s buffered salt solution (HBSS) 5x and solubilized
with 1.0 ml{ 0.3 M NaOH with 0.1% Triton X-100. Aliquots
were taken to determine the radioactivity, using a liquid
scintillation counter (LSA-300, Beckinan Coulter, Inc., Full-
erton, CA, USA), and the protein content. The radioactivity
data were normalized with respect to the protein contents of the
cells.

2.7. Cytotoxicity studv

3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H tetrazolium
bromide (MTT) assay was performed by the method described
previously [25,27]. The A549 cells were plated on a 96-well
cluster dish at a density of 1 x 10% cells/0.28 cm?. Twenty-four
hours later, the medium containing various concentrations of
ATRA, bare liposomes, or ATRA incorporated in liposomes
was added to the plates. After 48 h of incubation, the medium
was removed and 5 mg/ml MTT solution was added to each
well. Cells were incubated for 4 h at 37 °C in 5% CO, and then
10% sodium dodecyl sulfate (SDS) solution was added
followed by incubation ovemight to dissolve formazan
crystals. The absorbance was measured at wavelengths of
570 nm in a microplate photometer (Bio-Rad Model 550, Bio-
Rad Laboratories, Ine., Hercules, CA, USA).

2.8. DNA fragmentation study

The A549 cells were plated on a 6-well cluster dish at a
density of 1 x 10° cells/10.5 em?. Twenty-four hours later, the
medium containing 1.0 pM ATRA (1% DMSO), bare
liposomes, or ATRA incorporated in liposomes was added (o
the plates. After 48 I of incubation, the supematant cells and
adherent cells were collected. After centrifugation, the pellets
were resuspended in 0.2 ml PBS (~). These cells were
incubated with 10 pl proteinase K (10 mg/ml), 66.6 pl RNase
A (1.5 mg/ml) and 10 pt 10% SDS solution for 30 min at 37
*C, and then incubated with 300 pl Nal solation (6 M Nal, 13
mM EDTA, 0.5% sodium-N-lauroylsarcosinate, and 26 mM
Tris—HCY, pH 8.0) for 15 min at 60 “C. This was followed by
the addition of 500 ul isopropanol and centrifugation at
20,000 xg for 30 min to extract the total DNA. Afier agarose
electrophoresis at 100 V for 25 min and labeling with ethidium
bromide, total DNA was visualized by UV.

2.9. Measurement of cell upopiosis

The A549 cells were plated on a 6-well cluster dish ar a
density of 1 x10° cells/10.5 em?, Twenty-four hours later, the
medium containing 1.0 pM ATRA (1% DMSO), bare
liposomes, or ATRA incorporated in liposomes was added to
the plates. After 48 h of incubation, cells were typsonized,
collected and centrifuged. Atter washing in phosphate-buffered

saline, 100 pl HEPES butfer including 10 pl annexin V-

fluorecsein and 10 pl propidium iodide (P1) were added and

cells were resuspended. Labeled cells were counted by flow
cytometry (Becton Dickinson Co., Inc., Franklin lLakes, NJ,
USA). Annexin V-FITC labeling was measured at 518 nm on
the FL1-channel (FITC-detector) and Pl staining at 620 nm on
the FL2-channel (phycoerywin-detector).

2.10. Quantification of T1G3 mRNA

The A549 cells were plated on a 6-well cluster dish at a
density of 1x10° cells/10.5 cm?®. Twenty-four hours later,
medium containing 1.0 uM ATRA (1% DMSO) or ATRA
incorporated in liposomes was added to the plates. After 48
h incubation, total RNA was extracted using a MagExtractor-
RNA kit and MagExtractor System (Toyobo Co., Ltd., Osaka,
Japan). The total RNA was subjected to reverse transcription,
which was performed by reverse wanscription using an RT-
PCR core kit (Takara 8io Inc., Shiga, Japan) according to the
manufacturer’s instructions. Real-time RT-PCR was performed
with a LightCycler® 350S system (Roche Diagnostics GmbH,
Mannheim, Germany) in LightCycler capitlaries using a
cormunercially available master mix containing SYBR-Green 1

2R]. After the addition of the primers (final concentration=0.2
uM) and the template DNA to the master mix, 30 cycles of
denaturation (94 °C for | s), annealing (58 °C for 10 s) and
extension (72 °C for 10 s) were performed. After the completion
of PCR amplification, a melting curve analysis was performed.
Primers were designed by the Nihon Gene Research Laborato-
ries, lnc. (Miyagi, Japan). The sequences for tazarotene-induced
gene 3 (TIG3) primers were as follows: 5~ ACCATGAGTAC-
CAACCACG-3¥ and 5+ CCACACCGACTTCAACCTT -3
The primers produce a PCR fragment of 177 bp. The quality of
RNA and ¢cDNA synthesis was determined by amplification of
the glyceraldehyde phosphate dehydrogenase (GAPDH) gene as
the internal control. The primer sequences for the GAPDH
primers were as follows: 3~ TGAACGGGAAGCTCACTGG-
3 and 5'-TCCACCACCCTGTTGCTGTA-3'. The primers
produced a PCR fragment of 307 bp.

2.11. Statistical analysis

Statigtical comparisons were performed by Student’s -test
for two groups, and onc-way ANOVA for multiple groups.
P <0.05 was counsidered indicative of statistical significance.

3. Results
3.1 Physicochemical properties of liposomes

The zela potentials and the particle sizes of the liposomes
are shown in Table . The zeta potentials of ATRA
incorporated in DOTAP/cholesterol or DSPC/cholesterol lipo-
somes were about +50 and ~3 mV indicating that DOTAP/
cholesterol or DSPC/cholesterol liposomes are cationic and
nevtral liposomes. The particle sizes of ATRA incorporated in
DOTAP/cholesterol or DSPC/cholesterol liposomes were about
125 and 110 nm. The zeta potentials and particle sizes of
DOTAP/cholesterol or DSPC/chalesterol liposomes  without
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Table |
The zeta potential and mean particle size of ATRA incorporated in DSPC/
chalesterol or DOTAP/cholestern) liposomes

Formulations Zeta potential Particle size
(mV}) (nm)

51.2£0.80 1322573

ATRA incorporated in
DOTAP/cholesterol liposomes

ATRA incorporated in
DSPCicholesterol liposomes

-3 11 £0.30 115+40.0

Each value represent the mean®S5.1). of at least three experiments.

ATRA were the same as those of ATRA incorporated in
DOTAP/cholesterol or DSPC/cholesterol liposomes [2(,29].

3.2. ATRA incorporation of Lposomes

The incorporation ratio of ATRA in neutral liposomes and
DOTAP/cholesterol liposomes was 95.6+0.42% (n=3) and
97.5+0.38% (n=3), indicating that most of the ATRA was
tightly incorporated in DSPC/cholestero] liposomes and
DOTAP/cholesterol liposormnes.

3.3, Cyiowxic effects of ATRA or ATRA incorporated in
liposomes

In the present study, DOTAP/cholesterol and ATRA were
mixed at a molar ratio of 100:1. To assess the anti-tumor activity
in terms of A549 cells, the cytotoxic effects were examined by
MTT assay. In a preliminary experiment, the cytotoxicity of
bare DOTAP/cholesterol liposomes was evaluated by varying
the concentration of bare cationic liposomes. Higher cytotoxi-
city was observed in a concentration-dependent manner for
DOTAP/cholesterol liposomes; however, no significant cyto-
toxicity was observed at a concentration of 100 pM bare
DOTAP/cholesterel liposomes (data not shown). In the follow-
ing experiments, therefore, the concentrations of DOTAP/
cholesterol Tiposomes and ATRA for the application to cells
were adjusted to 100 and 1.0 uM, respectively, to minimize the
cytotoxic effects of DOTAP/cholesterol liposomes.

Afier application of free ATRA to A549 cells, cytotoxic
cffects were observed in a concentration-dependent marnner
(Fig. 1A). In order to examine whether the cytotoxic effects
could be enhanced by incorporation into each of the liposomes,
ATRA was incorporated into neuvtral liposomes or DOTAP/
cholesterol liposomes. Although ATRA and ATRA incorpo-
rated in neutral liposomes did not induce cytotoxicity, a
significantly higher cytotoxicity was induced in ATRA
incorporated in DOTAP/cholesterol liposomes at an ATRA
concentration of 1.0 uM (Fig. {8).

3.4. Cellular uptake study of ATRA or ATRA incorporated in
liposomes

At 37 °C, ATRA uptake was enhanced by incorporation into
liposomes, especially in DOTAP/cholesterol liposomes (Fig.
2A). At4 °C, on the other hand, little uptake of ['H] ATRA was
observed and there was no signiticantly difference among these
formulations unul 6 h (Fig. 2B).

wn
—
-

3.5, Quantitutive PCR analysis of TIG3 mRNA of ATRA or
ATRA incorporated in liposomes

Fig. 3 shows the effect of the liposomal formulations on the
induction of TIG3 mRNA at an ATRA concentration of 1.0
uM. After application of free ATRA, ATRA incorporated in
DSPC/cholesterol liposomes, and hare DOTAP/cholesterol
liposomal formulations, TIG3 mRNA did not differ signifi-
cantly from the control (no treatment). However, a significantly
higher expression of TIG3 mRNA was observed when ATRA
was incorporated into DOTAP/cholesterol liposomes.

3.6. dpoprosis induction of ATRA or ATRA incorporated in
liposomes

To study whether 1.0 pM ATRA incorporated in DOTAP/
cholesterol liposomes could induce apoptosis, this was
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Fig. 1. (A) Celt viability afier application of ATRA (8) and ATRA incorporaied
in DOTAP/cholesterel Jiposemes (O) at various concentations for 48 1 in
A549 cells. Each value represents the mean + $.D. of four experiments. (13) Cell
viability after application of 1.0 uM ATRA, ATRA incorporated in DSPC/
cholesterol liposomes, or DOTAP/cholesterol Jiposomes at an ATRA concen-
teation of 1.0 M for 48 h in A549 cells. Cell viability was determined by MTT
assay. Each value represents the mean=8.D. of four experiments. Significant
difference *P <0.05 and **P<0.01 vs. ATRA, P <001 vs. DSPCichalesterol
liposomes.
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Fig. 2. Cellular association time courses of PHIATRA (@), PHIATRA incosporated in DSPC/cholesterol liposomes (4, or DOTAP/cholesterol iposomes (M) atl 4
“CA)Y and 37 °C (B) in AS49 cells. The ATRA conceniration was 1.0 pM. Each value represents ihe mean®S.D. of four experiments. Significand difference

#p<0.01 vs. ATRA, ¥*P<0.01 vs. ATRA incarporated in DSPC/chaolesterol lipesomes.

examined by flow cvtometric analysis and DNA fragment
extraction. H,(, was wreated as a positive control for apoptosis
[30]. Flow cytometric analysis demonstrated that phosphati-
dylcholine-exposing cells was significantly increased by ATRA
incorporated in DOTAP/cholesterol liposomes (27.51:1.80%)
compared with fiee ATRA liposomes (7.6615.14%), and bare
DOTAP/cholesterol liposomal (6.6225.43%) formulations
(Figs. 4 and 3).

Fig. 6 shows the analysis of DNA extracted from AS49
cells after application of free ATRA, ATRA incorporated in
DSPClcholesterol liposomes, ATRA incorporated in DOTAP/
cholesterol liposomes, and bare liposomal formulations. 1t was
found that giant DNA fragments accumulated in the nucleus of
cells treated with ATRA incorporated in cationic lipnsomes.
These results indicate that apoptosis could be efficiently
induced by ATRA incorporated in cationic liposome in A549
cells.
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Fig 3. Quantitative PCR analysis of TIG3 mRNA levels in AS49 cells. Cells
were incubated with 1.0 pM ATRA, bare DOTAP/cholesterol fiposomes, or
ATRA meorporated in DOTAP/cholesterol liposomes for 48 h in AS49 cells.
As a condrol, the cells were incubated with 1% DMSQ. The results are
expressed as arbitrary wnits of the TIG3 level divided by the GAPDH level.
Each valoe represents the mean®S.D. of four experitents. Significani
dilference %P <0.001 vs, (1% DMSO), #P<0.01 vs. ATRA, and P <0.05
v bare DOTAP/cholesterol iposoines.

4. Discussion

The mean particle sizes of ATRA incorporated DOTAP/
cholesterol and DSPC/cholesterol liposomes were about 125
and 110 nm, respectively. On the other hand, the zeta potentials
of ATRA-incorporated DOTAP/cholesterol and DSPC/choles-
terol liposomes were +50 and —3 mV, respectively. Since the
mean particle sizes of these two liposomes were almost
identical, the effect of the liposomal charge on ATRA action
could be analyzed.

To investigate the cellular uptake mechanisms of ATRA in
A549 cells, the cellular association was analyzed at 4 and 37
°C using ["’H] ATRA. At 37 °C, ATRA uptake was enhanced
by incorperation into liposomes, especially in DOTAP/choles-
terol liposomes (Fig. 2A). At 4 °C, ATRA uptake of both
liposomes was significantly lower than at 37 °C (Fig. 2B).
These results suggested that ATRA is efficiently taken up by

120 1
C—— Viable cells
100 1 T 1 emmmm  Apoptosis cells
e==mm - Necrotic cells
801
o
3
SJ 60-
©
R
401
201
0 ;
Control ATRA Bare ATRA/  H,0,
DOTAP/ DOTAP/
cholesterol cholesterol
liposome liposome

Fig. 4. Flow cytometoe analysis of AS49 cells treated with 1.0 uM ATRA,
bare DOTAP/cholestercl liposemes, or ATRA incorporated in DOTAP/
cholesterol lposomnes for 48 h in AS49 cells. Afier treatment, the cells were
stained with ainexin V-fluorescein and P1. As a control, cells were incubated
with 1% DMSO and 400 M H,0O,. Each value represents the mean? S.D.
of four experiments. Significani difference 7 <0.05 ve. conlw] (%
DMSO), #P<0.05 vs. ATRA, and ip<0.05 vs. bare DOTAP/cholestercl
liposomes.
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Fig. S. Typical ow cytomeiric analysis of A549 cells treated without (A) or with 1.0 pM ATRA (B), bare DOTAP/cholesierol liposomes (C), or ATRA incorporated

it DOTAP/cholesterol liposomes (D) for 48 h in AS49 cells.

endocytosis when it is incorporated in DOTAP/cholesterol
liposomes in A349 cells. This uptake mechanism agrees with
the results of the uptake of plasmid DNA complexed with
catienic liposomes {31-33}. The cellular association ditference
between 37 and 4 °C reflects the amount of ATRA internalize

in the A549 cells. As far as the types of liposome formulations
are concerned, the internalized ATRA by ATRA incorporated
in DOTAP/cholesterol liposomes was much higher than that in
DSPCicholesterol liposomes (Fig. 2A and B). Since ATRA

incorporated in DOTAP/cholesterol liposomes bad positive
surface charge (Table 1), they could interact with the cellular
membrane, which possesses a negative charge, through
electrostatic interaction, and be effectively internalized into
the cells.

In order to evaluate whether cytotoxicity was enbanced by
ATRA incorporated in DOTAP/cholesterol liposomes, MTT
assay was performed. Recently, Manna and Aggarwal [15] and
Higuchi et al. {12] reported that no growth inhibitory effect in

Fig. 6. Agazose gel electrophoresis of DNA extracted from A3549 cells incubated with 1.0 pM ATRA, ATRA incorporated in DOTAP/cholesterol or DSPCY
cholesterol liposomes and bare DOTAP/cholesterol or bare DSPC/cholesierol liposomes for 48 h in AS49 cells. Lane 11 DNA marker. Lanes 2 -4: DNA from cells
treated with ATRA at ATRA concentrations of 0.5, 1.0, and 50 pM, respectively. Lanes 5-6: DNA from cells treated with ATRA ticorporated in DOTAP/cholesterol
liposomes at ATRA concentrations of 0.5 and 1.0 pM. Lanes 7-8: DNA from cells treated with DOTAP/cholesterol liposomes at total lipid concentrations of 539 and
117 xM. Lanes 2--10: DNA from cells treated with ATRA incorporated in DSPCicholesterol liposomes ai ATRA concentrations of 0.5 and | uM. Lanes 11 12:
DNA. trom cells treated with DSPCcholestero] liposomes at total lipid coneentrations of 27 and 55 M. DNA was extracted from about 5 x 10° cells and boaded in

eacly well.
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A549 cells was observed at ATRA concentrations of 2.0 and
1.0 uM, although the growth of other ATRA seasitive cell lines
was inhibited at these concentrations. We also obseived a
similar result showing that there was no cytotoxic effect below
10 pM free ATRA (Fig. 1A), indicating that AS49 cells are
ATRA-insensitive (resistant), In the present study, we demon-
strated that when ATRA was Incorporated in cationic liposomes
composed of DOTAP/cholesterol, a potent cytotoxic effect was
exhibited even at 0.1, 0.5, and 1.0 uM (Fig. 1B), indicating that
the cytotoxicity in A549 cells can be efficiently induced by
ATRA incorporated in DOTAP/cholesterol liposomes. These
cytotoxicity results support our hypothesis that intracellular
delivery of ATRA should be able to overcome ATRA
resistance in A549 cells.

To investigate whether ATRA incorporated in DOTAP/
cholesterol liposomes could induce apoptosis, flow cytometric
analysis and extraction of DNA fragments were performed.
The flow cytometric analysis demonstrated that phosphatidyl-
choline-exposing cells were significantly increased by
ATRA incorporated in DOTAP/cholesterol liposomes corn-
pared with free ATRA, and ATRA incorporated in DSPC/
cholesterol liposomes (Figs. 4 and 35). Furthermore, the giant
DNA fragmeats accumulated in the nucleus of cells treated
with ATRA incorporated in cationic liposomes (Fig. 6). These
findings strongly suggest that apoptosis can be induced by
ATRA incorporated DOTAP/cholesterol liposomes in A549
cells.

The TIG3 gene is a retinoic acid inducible class 11 fumor
suppressor gene down-regulated in several human tumors and
malignant cell lines [34]. To explore the mechamism of
cytotoxicity and induction of apoptosis by ATRA incorporated
in DOTAP/cholesterol liposomes, we examined the expression
of mRNA of TIG3. TIG3 mRNA was not induced by free
ATRA in A549 cells at an ATRA concentration of 1.0 uM. This
observation agrees with the results reported by Higuchi et al.
[12]. On the other hand, we showed that the amount of TIG3
mRNA increased in A549 cells treated with ATRA (1.0 pM)
incorporated in DOTAP/cholesterol liposomes in A549 cells. In
addition, the induction of TIG3 mRNA (Fig. 3) is in agreement
with the eytotoxicity (Fig. 1) and apoptosis (Figs. 4--6) results.
These observations provide cvidence that TIG3 induction by
ATRA Incorporated in DOTAP/cholesterol liposomes induces
cytotoxicity and/or apoptosis in A549 cells.

Higuchi et al. also reported that ATRA-induced TIG3
expression takes place through the nuclear retinoid pathway
{12]. As shown in Fig. 2, we demonstrated that ATRA were
efficiently internalized in cells by incorporation into DOTAP/
cholesterol liposomes and rhis phenomenon corresponds to the
expression of TIG3 mRNA (Fig. 3). Therefore, these
observations lead us to believe that ATRA is efficiently
delivered to the mucleus by incorporation into DOTAP/
cholesterol liposomes.

Recently, much effort has been devoted to the development
of cationic liposome-mediated gene delivery systems due to
their favorable characteristics. Since pDNA complexed with
cationic liposomes (i.c. lipoplexes) accumulate in the lung
immediately after intravenous administration [35], they lead to

a high gene expression in that tissue [36-39]. Recently, we
have reported that intravenously injected interferon encoding
plasmid DNA complexed with cationic liposomes prevents
lung metastases in a mouse lung CT26 metastasis model {40].
Since ATRA are incorporated in liposomal lipid membranes,
ATRA are able to be introduced into the cytokine gene therapy
system without the inhibition of the lipoplex formation via
electrostatic interaction. Thus, the combination of cytokine
therapy and differentiation therapy might be used to improve
the treatment of NSCLC in the near future.

In conclusion, we have demonstrated that ATRA incorpo-
rated in cationic liposomes composed of DOTAP/cholesterol
are efficiently intemalized into A549 cells, producing potent
cytotoxic and apoptosis-inducing effects on ATRA-insensitive
(resistant) AS549 cells, The enhanced expression of TIG3
mRNA tumor suppressor gene by ATRA incorporation into
DOTAP/cholesterol liposomes might partly explain the mech-
anism of enhanced cytotoxicity and/or apoptosis in A549 cells.
These observations provide valuable information to help in the
design of differentiation therapy by ATRA in NSCLC.
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ABSTRACT

In this study, we evaluated the effect of blood components
(whole blood and serum) on asialoglycoprotein receptor-medi-
ated in vivo gene transfer. The hepatic transfection activity of
galactosylated lipoplex preincubated with serum was approxi-
mately 10 times higher than that without incubation after intra-
portal injection in mice. However, preincubation with whole
biood significantly reduced hepatic transfection activity. Fluo-
rescent resonance energy transfer analysis and agarose gel
electrophoresis revealed that preincubation with serum re-
duced the degree of destabilization of the galactosylated lipo-
plex in blood, partially supporting enhanced hepatic transfec-
tion activity by preincubation with serum. Inhibition of hepatic
transfection activity by predosing galactosylated bovine serum

albumin indicated that the galactosylated lipoplex exposed to
serum is recognized by asialoglycoprotein-receptors on hepa-
tocytes. Inactivation of serum prior to mixing with galactosy-
fated lipoplex reduced -liver accumulation and completely
abolished enhancemnent of hepatic transfection activity by pre-
incubation with active serum, suggesting that not only the
stability of the lipoplex in blood but also the serum opsonin
activity plays important roles. Alternatively, preincubation with
inactivated serum reduced the lung accumulation and inflam-
matory cytokine production of galactosylated lipoplex. The in-
formation provided by this study will be valuable for the future
use, design, and development of galactosylated lipoplex for in
vivo asialoglycoprotein receptor-mediated gene transfer.

For effective and safe in vivo gene transfer, the develop-
ment of targeted gene delivery systems is a promising ap-
proach. To achieve targeted gene delivery to hepatocytes,
galactose has been shown to be a promising targeting ligand
to hepatocytes (liver parenchymal cells) because these cells
possess a large number of asialoglycoprotein receptors that
recognize the galactose units on the glycoproteins or syn-
thetic galactosylated carriers (Kawakami et al., 2002). Re-
cently, we have developed several types of macromolecular
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and particulate gene carriers for hepatocyte-selective gene
transfection in vive (Kawakami et al., 2000; Fumoto et al.,
2003a, 2004; Morimoto et al., 2003). These include galacto-
sylated cationic liposomes containing Gal-C4-Chol, which
can be efficiently recognized by asialoglycoprotein receptors
in hepatocytes in vivo (Kawakami et al., 2000; Fumoto et al.,
2004). However, a number of possible barriers are associated
with in vivo gene delivery (Yang and Huang, 1997; Li et al.,
1999; Sakurai et al., 2001a; Fumoto et al., 2003b). Detailed
information regarding these barriers is needed to allow the
rational design of effective gene carriers.

When galactosylated liposome/pDNA complex (lipoplex)
was injected into the portal vein of mice, most of it was taken
up by the liver (Kawakami et al., 2000). However, the level of
in vivo gene expression was not as high as that expected from
the in vitro results. Thus, there must be several barriers
associated intrinsically with in vivo situations, such as con-
vective blood flow in the liver, passage through the sinusoids,

ABBREVIATIONS: Gal-C4-Chol, cholesten-5-yloxy-N-(4-((1-imino-2-b-thiogalactosylethyljamino)butyhformamide; pDNA, plasmid DNA; DOTMA,
N-(1-(2,3-dioleyloxy)propyl]-n,n,n-trimethylammonium chloride; Chol, cholesterol; lipoplex, cationic liposome/pDNA complex; Rh-DOPE, 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl); BSA, bovine serum albumin; Gal-BSA, galactosylated BSA,;
AUC, area under the curve; PC, parenchymal cells; NPC, nonparenchymal cells; IFN-+, interferon-+v; MRT, mean residence time; FRET, fluorescent

resonance energy transfer.
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and tissue interactions. To elucidate these barrier processes,
we investigated the hepatic disposition profiles of galactosy-
lated lipoplex in rat liver perfusion experiments (Fumoto et
al., 2003b), which allowed us to determine the uptake char-
acteristics of a range of substances under different experi-
mental conditions with the structure of the liver remaining
intact. In our study, we demonstrated that the penetration of
the galactosylated lipoplex through the hepatic fenestrated
endothelium to the parenchymal cells was greatly restricted
in perfused rat liver (Fumoto et al., 2003b).

It has been reported that lipoplex is able to interact with
various types of biological components (e.g., serum proteins)
because of their strong positive charge (Mclean et al., 1999;
Sakurai et al., 2001b). The presence of serum proteins has
been also thought to be a limiting factor for in vitro transfec-
tion by lipoplex. Understanding the interaction with the
blood cells as well as serum proteins is crucial for the suc-
cessful development of an effective gene delivery vector.
However, the effects of interaction between the galactosy-
lated lipoplex and blood components on asialoglycoprotein
receptor-mediated gene transfer have not been well docu-
mented. Because the galactosylated lipoplex must pass
through the endothelial cell barriers to reach the hepato-
cytes, the interaction between blood components and galac-
tosylated lipoplex needs to be examined in detail.

In this study, we evaluated the effects of blood components
(whole blood and serum) on physicochemical properties, the
in situ and in vivo disposition, and the in vivo transfection
efficiency of galactosylated lipoplex.

Materials and Methods

Materials. N-(4-Aminobutyl)carbamic acid tert-butyl ester and
DOTMA were obtained from Tokyo Chemical Industry Co. Ltd. (To-
kyo, Japan). Chol and Clear-Sol I were obtained from Nacalai Tesque
(Kyoto, Japan), and Soluene 350 was purchased from PerkinElmer
Life and Analytical Sciences (Boston, MA). Cholesteryl chlorofor-
mate and collagenase type IA were obtained from Sigma-Aldrich (St.
Louis, MO). Rh-DOPE was purchased from Avanti Polar Lipids
(Alabaster, AL). [a-*2P]dCTP (3000 Ci/mmol) was obtained from GE
Healthcare (Little Chalfont, Buckinghamshire, UK). Galactosylated
bovine serum albumin (Gal-BSA) as a ligand of asialoglycoprotein
receptors was synthesized as described in our earlier study (Nish-
ikawa et al., 1995). All other chemicals were of the highest purity
available.

Animals. Female 5-week-old ICR mice (2023 g) and male Wistar
rats (170-210 g) were purchased from the Shizuoka Agricultural
Cooperative Association for Laboratory Animals (Shizuoka, Japan).
All animal experiments were carried out in accordance with the
Principles of Laboratory Animal Care as adopted and promulgated
by the National Institutes of Health (Bethesda, MD) and the Guide-
lines for Animal Experiments of Kyoto University.

Construction and Preparation of pDNA. pCMV-luciferase
was constructed by subcloning the HindIIVXbal firefly luciferase
¢DNA fragment from pGL3-control vector (Promega, Madison, WI)
into the polylinker of pcDNA3 vector (Invitrogen, Carlsbad, CA).
pDNA was amplified in the Escherichia colt strain DH5aq, isolated,
and purified using a QIAGEN Endofree Plasmid Giga Kit (QIAGEN
GmbH, Hilden, Germany). Purity was confirmed by 1% agarose gel
electrophoresis followed by ethidium bromide staining, and the
pDNA concentration was measured by UV absorption at 260 nm. The
pDNA for in vivo distribution and in situ liver perfusion experiments
was labeled with [a-®2P]dCTP by nick translation (Sambrook et al.,
1989).
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Synthesis of Gal-C4-Chol. Gal-C4-Chol was synthesized as re-
ported previously (Kawakami et al., 1998). In brief, cholesteryl chlo-
roformate and N-(4-aminobutyl)carbamic acid tert-butyl ester were
reacted in chloroform for 24 h at room temperature. A solution of
trifluoroacetic acid and chloroform was added dropwise, and the
mixture was stirred for 4 h at 4°C. The solvent was evaporated to
obtain N-{4-aminobutyl)-(cholesten-5-yloxyDformamide, which was
then combined with 2-imino-2-methoxyethyl-1-thiogalactoside, and
the mixture was stirred for 24 h at 37°C. After evaporation, the
resultant material was suspended in water, dialyzed against dis-
tilled water for 48 h (12 kDa cut-off dialysis tubing), and then
Iyophilized.

Preparation of Galactosylated Cationic Liposomes. Mix-
tures of DOTMA, Chol, and Gal-C4-Chol were dissolved in chloro-
form at a molar ratio of 2:1:1 for galactosylated liposomes, vacuum-
desiccated, and resuspended in sterile 5% dextrose solution at a
concentration of 4 mg of total lipids/ml. The suspension was soni-
cated for 3 min, and the resulting liposomes were extruded 10 times
through double-stacked 100-nm polycarbonate membrane filters.

Preparation of Galactosylated Lipoplex. Four hundred and
twenty microliters of 286 pg/ml] pDNA in 5% dextrose solution was
mixed with an equal volume of galactosylated cationic liposomes at
1657 pg/ml and incubated for 30 min. The mixing ratio of liposomes
and pDNA was expressed as a (*)-charge ratio, which is the molar
ratio of cationic lipids to pDNA phosphate residues (Yang and
Huang, 1997). A charge ratio of unity was obtained with 2.52 pg of
total lipid/pg pDNA for galactosylated liposomes in this study. As far
as the charge ratio was concerned, we selected a charge ratio of +2.3
for all experiments to obtain the most effective transfection activity
for receptor-mediated gene transfer (Kawakami et al., 2000, 2004)
and to prevent any effect of free liposomes (Eastman et al., 1997,
Sakurai et al., 2001a). The particle size and {-potential of the galac-
tosylated lipoplex were measured using a dynamic light-scattering
spectrophotometer (LS-900; Otsuka Electronics, Osaka, Japan) and
a laser electrophoresis {-potential analyzer (LEZA-500T; Otsuka
Electronics), respectively.

Preparation of Serum and Whole Blood. Mouse or rat serum
was prepared by the method of Sakurai et al. (2001a). In brief, mouse
serum was isolated from fresh whole blood obtained from ICR mice.
Blood was collected from the vena cava under anesthesia without
heparin treatment and allowed to stand for 3 h at 37°C and then
overnight at 4°C. Serum was collected after centrifugation. Inacti-
vated serum was prepared by heating serum for 30 min at 56°C.
Whole blood was collected in a heparinized syringe from ICR mice.
An erythrocyte suspension was prepared as described in a previous
report (Senior et al., 1991) by washing whole blood three times with
phosphate-buffered saline (pH 7.4).

In Vivo Transfection Experiments. Before intraportal injec-
tion, galactosylated lipoplex was incubated with blood components
for 5 min at 37°C. Mice were anesthetized by intraperitoneal admin-
istration of 50 mg/kg pentobarbital sodium. An incision was made in
the abdomen, and the portal vein was exposed. The lipoplex prein-
cubated with blood components was injected into the portal vein at a
volume of 15 ml/kg, and the abdomen was closed with wound clips.
Liver samples were taken 6 h after injection, and each sample was
homogenized with lysis buffer (0.1 M Tris/HCI containing 0.05%
Triton X-100 and 2 mM EDTA, pH 7.8). After three cycles of freezing
and thawing, the homogenates were centrifuged at 10,000g for 10
min at 4°C. Twenty microliters of each supernatant was mixed with
100 pl of luciferase assay solution (Picagene; Toyo Ink Mfg. Co. Ltd.,
Tokyo, Japan), and the light produced was immediately measured
using a luminometer (Lumat LB 9507; Berthold Technologies, Bad
Wildbad, Germany). The protein content of the samples was deter-
mined using a protein quantification kit (Dojindo Molecular Tech-
nologies Inc., Gaithersburg, MD). For evaluation of the intrahepatic
localization of gene expression, the luciferase activities in the liver
parenchymal (PC) and nonparenchymal cells (NPC) were indepen-
dently determined after centrifugal separation of PC and NPC in
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collagenase-digested liver as previously deseribed (Kawakami et al.,
2000). In the inhibition experiments involving hepatic transfection,
mice received intravenous injections of 20 mg/kg Gal-BSA 1 min
before the intraportal injection of the lipoplex.

In Vivo Distribution Study. *>P-Labeled galactosylated lipoplex
preincubated with blood components was injected into the portal
vein of mice at a volume of 15 ml/kg. At each collection time point,
blood was collected from the vena cava and mice were killed at the
end of the experiment. The liver, kidneys, spleen, heart, and lungs
were removed, washed with saline, blotted dry, and weighed. Ten
microliters blood and a small amount of each tissue were digested
with 0.7 ml of Soluene-350 by incubating overnight at 45°C. After
digestion, 0.2 m! of isopropanol, 0.2 ml of 30% hydroperoxide, 0.1 ml
of 5 M HC], and 5.0 ml of Clear-Sol I were added. The samples were
stored overnight, and the radioactivity was measured in a scintilla-
tion counter (LSA-500; Beckman Coulter, Inc., Fullerton, CA).

Calculation of Organ Uptake Clearance. Tissue distribution
data were evaluated using organ uptake clearances as reported
previously (Takakura et al., 1987). In brief, the tissue uptake rate
can be described by the following equation,

dX;
T CLuptake X Ch

g (1)

where X, is the amount of 3?P-labeled galactosylated lipoplex in the
tissue at time ¢, CL, ;4 is the tissue uptake clearance, and C,, is the
blood concentration of 3**P-labeled galactosylated lipoplex. Integra-
tion of eq. 1 gives the following,

X! = CLuptake X AUC(0~H (2)

where area under the curve (AUC)y_, represents the area under the
blood concentration time curve from time 0 to ¢. The CL, 1. value
can be obtained from the initial slope of a plot of X, versus AUC,_,,.

Liver Perfusion Experiments and Pharmacokinetic Analy-
sis. In situ liver perfusion studies were carried out as reported
previously (Nishida et al.,, 1989; Fumoto et al., 2003b). In brief, the
portal vein was catheterized with a polyether nylon catheter (SUR-
FLO i.v. catheter, 16 G'2"; Terumo Co., Tokyo, Japan) and immedi-
ately perfused with Krebs-Ringer-bicarbonate buffer supplemented
with 10 mM glucose {oxygenated with 95% O, and 5% CO,, adjusted
to pH 7.4 at 37°C). The perfusate did not contain serum proteins and
blood cells. The perfusate was circulated using a peristaltic pump
(SJ-1211; Atto Bioscience, Tokyo, Japan) at a flow rate of 13 mV/min.
After a stabilization period of 25 min, 32P-labeled galactosylated
lipoplex preincubated with rat serum or whole blood (30 pg of pPDNA/
300 ul) was administered via the portal vein using a six-position
rotary valve injector (Type 50 Teflon rotary valves; Rheodyne Inc.,
Cotati, CA). After the addition of 5 ml of Clear-Sol I, the radioactivity
of the effluent perfusate was measured in a scintillation counter
(LLSA-500, Beckman Coulter, Inc., CA). The outflow patterns were
analyzed by statistical moment analysis. In brief, the AUC and mean
residence time (MRT) were calculated as follows:

AUC = f Cdt (3)
Q

MRT=j tCdt/AUC (4)
0

where ¢ is the time and C is the concentration of 3*P-labeled galac-
tosylated lipoplex. The moments can be calculated by numerical
integration using a linear trapezoidal formula and extrapolation to
infinite time based on a monoexponential equation (Yamaoka et al.,
1978). The ¢ values were corrected for the lag time of the catheter.
The recovery ratio (F') and extraction ratio (E) were derived from F =
AUC - Q (flow rate) and E = 1 — F, respectively.

The outflow patterns were also analyzed based on a two-compart-

ment dispersion model, where sinusoidal and binding compartments
were considered. The mass balance equations involving the axial
dispersion in the sinusoidal space are as follows:

aCs(t,z)  aCslt, 2)
+u =

92Cs(t, z)
at 8z D

922
— k12 X Cs(t, 2) + ekyy X Cg(t,2) (5)

SCB(t, Z) 1 .
o i kip X Cglt, 2) — kgy X Cglt, 2) — kiny X Cylt,2)  (6)

where Cg(Z, z) and Cg(t, z) are the concentrations of drug in the
sinusoidal space and binding compartment, respectively, D is the
dispersion coefficient, € is the volume ratio of the binding compart-
ment to the sinusoidal space in the liver, %,, and k,, are the forward
and backward partition rate constants between the sinusoidal space
and binding compartment, k;,, is the first-order internalization rate
constant from the binding compartment to the intracellular space, v
is the linear flow velocity of the perfusate, ¢ is time, and z is the axial
coordinate in the liver. The initial and boundary conditions are given
as follows:

Cs(t, 0) = M/Q X fl(t), CS(O) Z) = 07
Cs(t, =) =0, Cy(t, 0) = 0, Cp(0,2) =0 (7)

where M is the amount of drug injected into the liver, @ is the flow
rate of the perfusate, and f;(f) has the dimension of the reciprocal of
time. Taking the Laplace transform with respect to ¢, rearranging,
substituting the length of the sinusoidal space L with z, and intro-
ducing the cross-sectional area of the sinusoidal space A, the follow-
ing image equation is obtained as follows:

M,
Csls) = Q—f}(s); eXp[{ggg

Q>2 1 kyo X kg
B ("Z"DE A7 L ey vy § G B

where Cy(s) and f,(s) denote the Laplace transform of the concentra-
tion in the venous outflow and input function fi(¢), respectively, D is
the corrected dispersion coefficient (D, = D - A?), Vg is the sinusoidal
volume (= L - A), and the flow rate @ is equal to A X v.

Each parameter (D¢, Ryg, ka1, ki, and Vg) was calculated by
curve-fitting of the Laplace-transformed equation to the experimen-
tal venous outflow pattern using a nonlinear least-squares program
with a fast inverse Laplace transform algorithm MULTI (FILT)
(Yano et al., 1989). The damping Gauss-Newton method with no
constraint was used for curve-fitting with the MULTI algorithm.
Herein, f,(¢) was assumed to be a A function, because the lipoplexes
were rapidly injected using a six-rotary valve injector.

For evaluation of the intrahepatic localization of the amounts
taken up, 30 min after injection of 3*P-labeled galactosylated lipoplex
into the isolated perfused liver, the radioactivities in the liver PC and
NPC were separately determined after centrifugal separation of PC
and NPC in collagenase-digested liver as described previously (Fu-
moto et al., 2003h).

Observation of Dissociation of pDNA and Lipids from Li-
poplex Induced by Mixing with Blood. Carboxy-fluorescein la-
beling of pDNA was performed using the Label IT Fluorescein Nu-
cleic Acid Labeling Kit (Mirus Co., Madison, WI). Liposomes were
labeled with Rh-DOPE at 2% (mol/mol) total lipid. Fluorescent-
labeled lipoplex was then prepared by mixing fluorescein-labeled
pDNA with rhodamine-labeled liposomes as described above. To
observe the dissociation of pDNA and lipids from lipoplex induced by
whole blood, fluorescent-labeled lipoplex was mixed with 30% blood
and subsequently centrifuged and the erythrocytes were washed
twice with phosphate-buffered saline. To investigate the effect of
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TABLE 1
Effect of preincubation with serum on the particle size and { potential
of galactosylated lipoplex

Results are expressed as the mean * S.D. of three experiments. Statistical compar-
isons were performed using an unpaired Student’s ¢ test.

Incubation Mean Particle Size ¢ Potential
nm . mV
None (control) 142.1 + 7.20 35.8 + 5.67
With serum 217.56 * 1.08+ -16.2 = 3.20+

*P < 0.01

preincubation with serum, fluorescent-labeled lipoplex was mixed
with 15% serum for 5 min and then mixed with 15% erythrocyte
suspension to adjust the hematocrit. Lipoplex integrity was assessed
by flucrescent resonance energy transfer (FRET) from fluorescein-
pDNA to rhodamine lipids. Precipitates (i.e., lipoplex bound to blood
cells) were mounted on glass slides, covered by slips, and observed by
confocal laser-scanning microscope (MRC 1024; Bio-Rad, Hercules,
CA). On the other hand, galactosylated lipoplex in the supernatant
was measured by spectrofluorophotometry (RF540; Shimadzu Co.,
Kyoto, Japan). The excitation wavelengths were 480 and 550 nm for
fluorescein pDNA and Rh-DOPE.

Agarose Gel Electrophoresis. The pDNA stability of the galac-
tosylated lipoplex in blood was determined by agarose gel electro-
phoresis (Harvie et al., 2000). The galactosylated lipoplex was pre-
incubated with blood components at 37°C. After incubation, pDNA
was extracted from the mixture by phase separation using phenol/
chloroform/isoamyl alcchol (25:24:1) followed by precipitation with
ethanol. Precipitated pDNA was redissolved with Tris borate-EDTA
buffer, pH 8.0, and subjected to agarose gel electrophoresis. Densi-
tometric analysis was performed using a commercially available
computer program [CS analyzer; Atto Bioscience and Rise Corpora-
tion, Sendai, Japan].

Serum IFN-y Concentration Measurement. Blood was col-
lected 6 h after intraportal injection of galactosylated lipoplex, si-
multaneously with the in vivo transfection experiment, and was
subsequently allowed to stand for 3 h at 4°C. Serum was collected
after centrifugation and frozen at —-80°C until measurement. The
serum IFN-y concentration was determined using commercially
available enzyme-linked immunosorbent assay kits (OptEIA mouse
IFN-v set; BD Biosciences, San Jose, CA).

Statistical Analysis. Statistical comparisons were performed by
an unpaired Student’s ¢ test for two groups or Dunnett’s test for
multiple comparisons with a control group. Statistical comparisons
in the transfection experiments and serum IFN-y measurements
were performed by the Mann-Whitney test for two groups or Steel’s
test for multiple comparisons with a control group because of the
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heterogeneity of the variance evaluated by the F test and Bartlett
test, respectively.

Results

Effect of Blood Components on the Physicochemical
Characteristics of Galactosylated Lipoplex. To investi-
gate the effect of serum protein on the physicochemical char-
acteristics of galactosylated lipoplex, the particle size and
{-potential were measured after exposure to mouse serum
because these parameters affect the hepatic disposition of
galactosylated lipoplex (Fumoto et al., 2003b). Mixing with
serum [30% (v/v)] significantly enlarged the particle size of
the lipoplex (Table 1). The {-potential of the galactosylated
lipoplex was significantly reduced by mixing with serum, and
the charge became negative, suggesting that negatively
charged serum proteins covered much of the galactosylated
lipoplex surface. These results are consistent with our previ-
ous report about the conventional lipoplex (Sakurai et al.,
2001a).

After mixing galactosylated lipoplex with erythrocyte sus-
pension, hemagglutination was observed. However, mixing
galactosylated lipoplex with whole blood did not induce any
obvious hemagglutination (data not shown), suggesting that
the presence of serum components prevents hemagglutina-
tion. Recently, Eliyahu et al. (2002) also reported similar
results with the conventional lipoplex. Thus, galactosylated
lipoplex was mixed with whole blood to evaluate the effect of
blood cells on transfection activity.

Transfection Activities of Galactosylated Lipoplex
Preincubated with Blood Components. To study the ef-
fect of blood components on in vivo transfection activity,
galactosylated lipoplex was preincubated with serum or
whole blood before administration and the transfection activ-
ities in the liver were evaluated 6 h after intraportal injection
to mice. When the galactosylated lipoplex was preincubated
with serum, the hepatic transfection activities were en-
hanced approximately 20- to 70-fold (Fig. 1A). However, in-
cubation with whole blood [30% (v/v)] reduced the transfec-
tion activity in the liver by 97% (Fig. 1B). These results show
that the interaction with blood cells markedly inhibits the
hepatic transfection activity of galactosylated lipoplex. In
addition, higher concentration of blood components exhibited

Fig. 1. Effect of preincubation with serum (A) or whole
blood (B) on the hepatic transfection activity of galactosy-
lated lipoplex after intraportal injection in mice. pDNA (30
pg) was complexed with galactosylated liposomes at a
charge ratio of +2.3, Five minutes before injection, the
lipoplexes were mixed with serum or whole blood at the
indicated volume ratio. Luciferase activity was deter-
mined 6 h postinjection of the lipaplex. Each value repre-

HE sents the mean = S.D. of at least three experiments.
Statistical comparisons with the control group were per-
formed by Steel’s test (x, P < 0.05; =+, P < 0.01). RLU,
relative light unit.

30%
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Fig. 8. Typical venous outflow patterns of **P-labeled galactosylated lipoplex with 30% serum (A) and with 30% whole blood (B) in perfused rat liver.
The insets show semilogarithmic plots. The curves simulated by a two-compartment dispersion model are also shown in these figures. Circle symbols
represent control, and inverted triangles represent incubation with serum (A) or whole blood (B).

more marked effect on transfection activity. In in vivo condi- In Vivo Distribution of Galactosylated Lipoplex Pre-
tion, blood volume is larger than the volume of the lipoplex incubated with Serum. To investigate why the transfection
solution. Thus, the result of 30% blood or serum would be activity of galactosylated lipoplex was enhanced by incubation
more close to in vivo condition than the result of 15% blood  with serum, the biodistribution of galactosylated lipoplex pre-
components. Therefore, we applied 30% blood components as  incubated with serum was evaluated using ®2P-labeled galacto-
the experimental condition for further studies. sylated lipoplex (Fig. 2). However, similar distribution patterns

TABLE 2

Effect of incubation with serum or whole blood on the moment parameters for galactosylated lipoplex in the liver perfusion experiments
Results are expressed as the mean = S.D, of three experiments. Statistical comparisons with the no incubation group were performed by Dunnett's test.

Incubation AUC

MRT E
% of dose +s/ml s %
None (control) 62.0 = 5.05 14.9 + 1.03 87.0 + 1.04
With serum 177 = 13.9* 7.96 = 0.56* 65.3 = 1.94*
With whole blood 79.4 + 2.43 18.6 = 2.95 83.2 £ 1.22%*

*P <001 ¥ P < 0.05.

TABLE 3

Effect of incubation with serum or whole blood on the model parameters for galactosylated lipoplex in the liver perfusion experiments
Results are expressed as the mean * 8.D. of three experiments. Statistical comparisons with the no incubation group were performed by Dunnett’s test.

Incubation ki kg1 Ryglkyy Rint
min~! min™!
None (control) 33.9 + 4.33 1.68 * 0.35 20.4 + 231 3.88 = 0.43
With serum 145 + 1.12* 0.27 + 0.04* 53.8 + 2,98* 3.02 =+ 0.06%*
With whole blood 28.8 £ 2.39 3.63 + 0.30* 8.00 + 1.36* 4.22 = 0.35

#P < 0,01 ** P < 0.05.
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