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Effects of cationic liposomes on in vitro and
7 vivo transduction mediated by adenoviral

vectors

ABSTRACT

Adenoviral vectors have been widely used in gene therapy trials because of
their efficiency in gene transfer. However, their application is limited by their
requirement for cancer cells to express appropriate receptors such as coxsackie
adenovirus receptor (CAR) 772 wvifro and by non-specific viral uptake in the
liver. To overcome both Ilimits, in this study adenoviral vectors were
complexed with cationic liposomes, a non-viral gene carrier non-specific to cell
types and then tested in varied cancer cell lines and mice carrying tumor
models. Adenoviral vectors encoding green fluorescence protein (GFP) or
luciferase (Luc) were mixed with O,0'-dimyristyl-glutamyl-lisine (DMKE),
DMKE/cholesterol (Chol), or DMKE/Chol/D-galactosyl-B1-1’ceramide (Gal-Cer)
liposomes to form adenovirus(Ad)-liposome complexes. Cancer cell lines
expressing CAR were effectively infected by adenoviral vectors without
cationic liposomes, which was proved by fluorescence—activated cell sorter
(FACS) analysis of GFP expression. Adenoviral transduction to CAR-deficient
B16BL6 and MCF-7 cancer cells was significantly enhanced by cationic

liposome complexation to adenoviral vectors. Meanwhile, the cationic liposomes



variably affected /7 wvifro adenoviral gene transduction to CAR-expressing
HeLa, HepG2, and SNU739 cells. /7 vivo adenoviral transduction of luciferase

™) In order to evaluate biodistribution

gene was imaged by luminometer (IVIS
of adenoviral vectors, adenovirus or Ad-DMKE liposome complexes were
intravenously administered to C57BL/6 mice bearing CAR-deficient B16BL6
mouse melanoma cells. The adenovirus complexed with the DMKE liposomes
exhibited 200-fold lower hepatic transduction than adenovirus alone. Meanwhile,
gene expression In tumor tissues was insignificantly affected by the cationic
liposomes. The DMKE/Chol and DMKE/Chol/Gal-Cer liposomes were more
effective in reduction of adenoviral hepatotropism than the DMKE liposomes in
the same mouse model. Adenovirus and the Ad-liposome complexes were also
administered to mice carrying CAR-positive tumors. When systemically
administered to BALB/c nu/nu mice carrying CAR-positive HeLa cells,
Ad-vectors were readily accumulated in the mononuclear cell phagocytic
system (MCPS) in the liver and spleen. However, adenovirus complexed with
DMKE/Chol/Gal-Cer liposomes exhibited no transgene expression in the liver
and spleen. This study suggests that the cationic liposomes complexed with
Ad-vectors enhance /7 vitro adenoviral transduction to CAR-deficient cells as

well as reduce hepatotropism of Ad-vectors.

Key word: adenovirus, gene therapy, cationic liposomes, coxsackie adenovirus

receptor (CAR), MCPS (mononuclear cell phagocytic system)
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I. INTRODUCTION

Use of recombinant human adenoviral vectors continues to show increasing
promise as gene therapy vehicles, expecially for cancer gene therapy, due to
several important attributes, such as its excellent gene transfer efficiency to
numerous dividing and non-dividing cell targets. In addition, adenoviral vectors
(Ad-vectors) are rarely linked to any severe diseases in immunocompetent
humans, providing a rationale for further development of these vehicles (1).
Entry of adenoviral vectors into most target cells is mediated by the initial
binding of the adenoviral fiber to the coxsackie adenovirus receptor (CAR) on
the cell membrane (2). CAR expression and efficiency of adenoviral transgene
expression have been correlated in a number of studies, suggesting that
adenoviral binding and entry into target cells is a critical step in achieving
successful adenoviral gene expression (3). However, one of the hurdles
confronting gene transfer by adenoviral vectors is their inefficient transduction
to target cells lacking sufficient expression of CAR; such cells include many
advanced cancer cells, skeletal muscle cells, smooth muscle cells, peripheral
blood cells, hematopoietic stem cells, dendritic cells, and so on (4). A high dose
of vectors i1s required to achieve efficient gene transfer to these cell types.
This in turn increases unwanted side effects, such as vector-associated
immunogenic toxicities (4).

Another hurdle confronting Ad-vector-mediated gene transfer is their
nonspecific distribution in tissues after 77z viwvo gene transfer because of the
relatively broad expression of CAR. This property imposes an increased risk of
toxicity due to vector dissemination to non-targeting cells (4). Also, large
numbers of virus are still removed by the mononuclear cell phagocytic system
(MCPS) of the liver after systemic administration, resulting in reduction of

vector plasma circulation time (5-8). Therefore, after intravenous injection to



mice, adenoviral vectors are involved in accumulation in mouse liver.

Based on a clear understanding of Ad-vector cell recognition, the
development of CAR-independent Ad-vectors has rationally focused on the
fiber protein, the primary determinant of Ad-vector tropism (1). Strategies to
eliminate hepatotropism, based on modification of particular viral capsid
proteins such as fiber and penton base (9) have been reported.

Instead of modification of adenoviral vector, surface modification of
Ad-vectors with non-viral gene-transferring systems has been considered as
another option for reduction of adenoviral hepatotropism. Complexing adenoviral
vectors with cationic liposomes or polymers has been shown to be effective in
increasing adenoviral transgene expression by facilitating adenovirus binding to
the cell surface via rather non-specific charge interaction, expecially on
CAR-deficient cell lines (10-13). Ad-liposome complexes also resulted in
reduced immunogenicity of adenovirus (14).

Numerous studies on non-viral gene transfer utilizing liposomal vectors have
shown that lipid composition is important in determining the efficacy of
liposome-mediated gene transfer (15). This is likely to be due to effects on the
physical stability, intracellular uptake, endosomal release, and nuclear localization
of liposome-plasmid DNA complexes, all of which affect the ultimate transgene
expression (16). The complexes between liposomes and adenoviral vectors are
known to form cationic liposomes coating on the negatively charged surface of
adenovirus particles by electronic interactions similar to those in
liposome-plasmid DNA complexes (16). Therefore, lipid compositions may be
also an important parameter determining transduction efficiency of Ad-liposome
complexes.

Consistent with these considerations, in this study the Ad-liposome
complexes were prepared with DMKE (O,0’-dimyristyl-glutamyl-lisine)-based

liposomes and then utilized to infect various types of cancer cells with varied
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amount of CAR expression. The Ad-liposome complexes were systemically
administered to an animal model to evaluate the effect of cationic liposomes on
biodistribution and /7 v/vo transduction efficacy of Ad-vectors. This study will
provide important information regarding how to resolve the two hurdles,

inefficient transduction to CAR-deficient cells and hepatotropism of Ad-vectors.



. MATERIALS AND METHODS

1. Materials

D-galactosyl-B1-1'-ceramide was purchased from Avanti Polar Lipid
(Alabaster, USA). Cholesterol was purchased from Sigma (St. Louis, USA).
DMKE were chemically synthesized by Dr. Doo-Ok Jang (Department of
Chemistry, Yonsei University, Korea). Accupower® RT premix was purchased
from Bioneer (Daejeon, Korea). C57BL/6 mice and BALB/c nu/nu mice were
obtained from Orient Bio (Sungnam, Korea). The recombinant Ad-CMV-GFP
(replication defective adenovirus type 5) was kindly provided by Dr. Chae-Ok
Yun (Department of Medicine, Yonsei University, Seoul, Korea). The
recombinant Ad-CMV-Luc was kindly provided by Dr. Tae-Sub Lee (Korea
Cancer Center Hospital, Seoul, Korea). The viral stock were kept frozen at -8
0C wuntil use. The plasmid, pEGFP-N1 encoding green fluorescent protein
driven by the CMV promoter was purchased from Clontech Laboratories (Palo

Alto, USA).



2. Cell lines and cell culture

Human hepatocellular carcinoma SNU-739 was purchased from Korean Cell
Line Bank (Seoul, Korea). Human breast adenocarcinoma MCF-7, human
cervical adenocarcinoma HelLa, human hepatocellular carcinoma HepG2 and
mouse melanoma B16BL6 were purchased from the American Type Culture
Collection (Manassas, USA). MCF-7 and HepG2 cells were maintained as
monolayer cultures in DMEM (Gibco, Carlsbad, USA). SNU-739 cells were
cultureed in RPMI 1640, B16BL6 and HeLa cells were cultured in MEM (Gibco,
Carlsbad, USA) medium. The all media were supplemented with 10% fetal
bovine serum, 100 wunits/m¢{ penicillin and 100 pg/ml streptomycin in a

humidified atmosphere of 95% air and 5% CO2 at 37C.

3. Preparation of cationic liposomes

DMKE and cholesterol (Chol) were mixed at a molar ratio of 60:40.
Gal-liposomes consisting of DMKE, Chol and D-galactosyl-B1-1’ ceramide
(Gal-Cer) were mixed at a molar ratio of 60:35:5 (Table 1). The lipids (DMKE,
Chol, and Gal-Cer) were dissolved in chloroform and methanol mixture (2:1,
v/v). The organic solvent was evaporated under a stream of Ns gas. Vacuum
desiccation for 2 hours ensured removal of the residual organic solvent. Then,
dried lipid film formed was hydrated in 1 ml distilled water with vigorous
vortexing. After hydration, the dispersion was sonicated. Each suspension was
extruded through polycarbonate membranes of a 100 nm pore size at 60T
using an extruder (Avanti Polar Lipids, Alabaster, USA). The lipid
concentration was adjusted to 1 mg/ml. All liposomes were stored at 4C until

use.



Table 1. Composition of cationic liposomes

Compositions
DMKE Cholesterol Gal-Cer
Liposomes
DMKE (100 molar ratio) 100% 0% 0%
DMKE/Chol (60:40 molar ratio) 60% 40% 0%
DMKE/Chol/Gal(60:35:5 molar ratio) 60% 35% 5%




4. RT-PCR analysis for CAR expression on the surface

of cancer cells

Total cellular RNA was extracted from cells. The c¢DNA against the
extracted RNA was synthesized with oligo (dT) primers and Accupower® RT
premix (Bioneer, Daejeon, Korea) according to the manufacture’s instructions,
giving a final volume of 50 u¢ of cDNA preparation. The PCR amplification
was carried out with 2 ul of ¢cDNA preparation and a specific primer pair of
CAR (Table 2). GAPDH was used as an internal standard (Table 2). Twenty
ul of a PCR reaction solution was prepared using Accupower® RT premix: 1
w (10 pmole) of each sense and antisense primer, 1.5 x¢ of ¢cDNA sample and
165 ul of distilled water. The mixture was submitted to 25 cycles of
amplification. In each cycle, denaturation was done at 94C for 20 sec,
annealing of primers to target cDNA was carried out 61C for 30 sec, and
extension was done at 72C for 1 min, followed by a final 10 min elongation at
72C. The PCR products were visualized by ultraviolet illumination after

electrophoresis in 1% TBE agarose gel and staining with ethidium bromide.



Table 2. Primers for RT-PCR and their PCR product sizes

Name Type Sequence Product size
Sense 5'-GCCTTCAGGTCGCAGATGTTAC-3’

CAR
Anti-sense |5'~TCGCACCCATTCGACTTAGA-3’ 267 bp
Sense 5'-GTCAACGGATTTGGTCGTATT-3'

GAPDH
Anti-sense |5'-AGTCCTTCTGGGTGGCAGTGAT-3’ 631 bp




5. In vitro adenoviral transduction

The recombinant adenoviral Ad-CMV-GFP was an El and E3-deleted type
5 adenoviral vector (Figure 1). The CMV represents the cytomegalovirus
promoter and arrows show their direction of transcription. The deleted E1l
region had a GFP expression cassette. Adenoviral vectors were propagated in
293 cell lines. The vectors were then diluted to a titer of 24.x10" vp/ml.
Cancer cells were seeded in 24-well culture plates at a density of 5x10"
cells/well and were used when 70-80% confluent.

Complexes of Ad-vectors and cationic liposomes were made by mixing
Ad-CMV-GFP and the prepared liposomes in 100 @ of serum free medium,
followed by incubation for 30 min at room temperature. Cancer cells were
washed with phosphate-buffered saline (PBS) and the prepared Ad-liposome
complexes were then added with 400 u¢ of serum free medium. After 4 h
incubation in a CO- incubator at 37°C, the cells were washed with PBS to
remove the complexes, and 1 m¢ of fresh 109 serum-containing medium was
added to the cells. The transduced cells were then incubated for an additional

48 h before assessing GFP expression.
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Figure 1. Genomic structure of Ad-CMV-GFP (replication defective

adenovirus type 5)
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6. Analysis of in vitro GFP expression

The transduced cells were washed twice with PBS and fixed with 300 .l

of 2% paraformaldehyde for 5 min at 4C. The cells were washed twice with
PBS again, harvested with a trypsin-EDTA solution, and then resuspended in
400 u¢ medium with 100 @ FBS. After centrifugation for 5 min at 1,500 rpm
at 4C, the supernatant was discarded and the fixed cells resuspended in 500
uwl PBS. GFP expression in the suspended cells was directly determined in a
FACS Calibur machine (Beckton Dickinson, San Jose, USA). Ten thousand
fluorescent events per sample were acquired. Expression of GFP in the
transduced cells was also viewed with a fluorescence microscopy and

photographed (magnification: x100).

7. Cytotoxicity assay of cationic liposomes

Cytotoxicity of cationic liposomes complexed to Ad-vectors was determined
by the MTT assay. Cancer cells were plated in 96-well plates (1x10"
cells/well) in 0.1 m{ medium supplemented with 10% FBS and cultured for 24
h. The cells were treated with the various concentrations of cationic
liposomes—-adenovirus complexes and then cultured for 24 h. Fity w0 of
3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide (MTT) (Sigma, St
Louis, USA) solution (1 mg/ml) was added to the cells, which were further
incubated for 4 h. After the media containing MTT were removed, 150 u¢ of
DMSO was added to solubilize the MTT-formazan product in the cells. The
absorbance at 540 nm was measured with a microplates reader (Molecular

Devices, Sunnyvale, USA).
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8. /n vivo gene transduction and analysis of transgene

expression

A HelLa xenograft model was prepared by subcutaneous inoculation of 5x 10°
HeLa cells in 100 ¢ of medium to 5-week-old female nude mice. A B16BL6
xenograft model was also prepared by subcutaneous inoculation of 5x10°
B16BL6 cells in 100 g0 of medium to 5-week-old female C57BL/6 mice. An
individual tumor-bearing mouse in groups was Intravenously injected with
3x10° pfu of Ad-CMV-Luc or Ad-CMV-Luc complexed with -cationic
liposomes (120 wpg of lipids) in a final volume of 150 wl of 2.5% w/v
glucose-saline. At 6 h and 24 h post injection, the mice were anesthetized with
isoflurane. Then, the same mice were intraperitoneally injected with D-luciferin
substrate dissolved in sterile PBS (30 mg/m¢) and imaged with a luminometer.

The animals were placed in a light-tight chamber and a gray-scale reference
image was obtained under the low-level illumination. The florescence and
photons emitted from the mice, transmitting through the tissues, were collected
with a cooled charged-coupled device (CCD) camera (Xenogen, Alameda,
USA). The acquisition time was ranged for 3 min. The results were analyzed
using Living Image® software (Xenogen, Alameda, USA). The body
temperature was maintained throughout imaging using a 37C platform in the
chamber. After administration of luciferin substrate, the mice were imaged for
a period of time ranging from 1 sec to 3 min, depending on signal intensity.
Raw values of luciferase expression were recoded as photons of light emitted
per second.

After photographed, the liver, lungs, spleen, hearts, kidney, intestine, stomach
and tumor tissues were harvested. The harvested organs were washed with
cold saline twice and homogenized in a lysis buffer (0.1 M Tris-HCIl, 2 mM
EDTA, and 0.1% Triton X-100, pH 7.8) using a Heidolph tissue tearor

_12_



(Scientific Support, Hayward, USA). The tissue mixtures were centrifuged at
14,000 rpm for 2 min at 4C. Ten gl of supernatant was subjected to
measurement of luciferase activity in a luminometer with a Iluciferase Kkit
(Propmega Biosciences, San Luis Obispo, USA). To calculate the relative light
unit (RLU), the protein concentration of the sample was also measured with

the DC protein assay kit (Bio—Rad, Hercules, USA).
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M. RESULTS

1. CAR expression on the surface of cancer cells

cDNA was synthesized from total RNA extracted from various cell lines
by reverse transcriptase. cDNA sequences of CAR and GAPDH were amplified
with the designated primer oligonucleotides mentioned earlier (Table 2). The
size of each PCR product was as follow; CAR, 567 bp; GAPDH, 631 bp. The
PCR products were electrophoresed in 1% TBE agarose gel and visualized by
ultraviolet illunmination after staining with ethidium bromide. CAR mRNA level
was high in HeLa, Hep G2 and SNU-739 cell lines (Figure 2). In contrast, the
receptor was not expressed in B16BL6 and MCF-7 (Figure 2). Hence, HelLa
for CAR-expressing cell line and B16BL6 for CAR-deficient cell line were
selected for further sz vifro and iz vivo trasnduction studies with Ad-vector

and Ad-liposome complexes as cancer models.
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Figure 2. Detection of CAR expression in varied cancer cell lines by
RT-PCR. ¢cDNAs of CAR and GAPDH (a control of synthesized RNA quality)
were amplified with their specific primers. PCR products were separated on 1%
agarose gels and stained with ethidium bromide. Lane 1, 100 bp marker; lane

2, HeLa; lane 3, HepG2; lane 4, SNU-739; lane 5, B16BL6; lane 6, MCF-7.
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2. In vitro transduction mediated by adenoviral vector

and adenovirus-Iliposome complexes

In order to compare transduction efficiency of Ad-vectors and Ad-liposome
complexes in CAR-expressing and CAR-deficient cancer cells, HelLa cells and
B16BL6 cells were transduced with the two gene-transferring systems. First of
all, the optimal MOI (multiplicity of infection) of adenoviral vectors was
determined for effective gene transduction. After 4 h transduction and
additional 48 h incubation, GFP expression in the transduced cells was viewed
with a fluorescence microscopy and by the FACS analysis. Addition of the
higher amount of Ad-vectors exhibited the more efficient GFP expression
(Figure 3). According to the result of GFP expression in Hela cells (Figure
3A), nearly all cells were transduced in the presence of the 100 MOI of
Ad-vectors. Meanwhile, CAR-deficient B16BL6 cells were not effectively
transduced with Ad-vectors (Figure 3 B). These results clearly showed that
GFP expression mediated by Ad-vectors was dependent upon expression of
CAR on the cell surface and 100 MOI (5x10° pfu) of Ad-vector was an
optimal titer for transduction to CAR-expressing cancer cells.

Three different types of cationic liposomes were prepared as described in
Table 1: DMKE liposomes, DMKE/Chol liposomes, and DMKE/Chol/Gal-Cer
liposomes. Varied amount of these cationic liposomes were complexed with a
fixed amount of Ad-vector (100 MOI). HelLa cells and B16BL6 cells were
transduced by Ad-vectors and the prepared Ad-liposome complexes to
investigate effects of cationic liposomes on adenoviral gene transduction and to
determine the optimal ratio of liposome and Ad-vectors for efficient 7z vizro
and /77 vivo transduction. Liposome complexation little affected the transduction
efficiency of Ad-vectors in HelLa cells (Figure 4A). According to the FACS

analysis, the GFP expression mediated by Ad-vectors was slightly higher than
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that by Ad-liposome complexes. Among the cationic liposomes, transduction
interference by DMKE/Chol liposomes was slightly higher than those by the
other formulations.

In contrast, adenoviral transduction in CAR-deficient B16BL6 cells was
enhanced by complexation with cationic liposomes. Especially, the adenovirus
complexed with the DMKE liposomes (2 pug lipid/ml) was able to transduce
26-fold higher number of cells than the adenovirus only. The highest GFP
expression was obtained in the presence of 05~2 pg/m¢ of DMKE liposomes.
The highest GFP expression with the DMKE/Chol liposomes and the
DMKE/Chol/Gal-Cer liposomes was seen at 0.5 and 4 lipid pg/ml, respectively.

According to transduction results in both cell lines, the DMKE liposomes
(05~1 pg/ml) insignificantly affect the adenoviral transduction in CAR-positive

cells, but significantly enhanced the transduction in CAR-negative cells.
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Figure 3. GFP expression by Ad-vectors in Hela and Bl6BL6 Cells.
Various MOIs of Ad-vectors were added to HeLa cells (A) and B16BL6 (B),
transduced for 4 h, and incubated for additional 48 h. GFP expression of the
cells was examined under a light microscopy (upper low) and a fluorescence

microscopy (lower low).
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Figure 4. Effects of amount and composition of cationic liposomes
complexed to Ad-vectors on adenoviral transduction in HeLa and
BI6BL6 cells. Numbers of HelLa (A) and B16BL6 (B) cells expressing GFP
were counted by FACS analysis 48 h post transduction with Ad-vectors or

Ad-liposome complexes.
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3. Cytotoxicity of cationic liposomes complexed to

Ad-vectors

B16BL6 cells were incubated in the presence of varied concentrations of
DMKE, DMKE/Chol, and DMKE/Chol/Gal-Cer liposomes to measure their cell
toxicities. As described elsewhere, the cationic liposomes were cytotoxic at the
relatively higher concentration (>20 pg lipid/m¢) (Figure 5). However, at the
range of the optimized lipid concentration for 7z vizro transduction (<2 pg lipid/
m¢), the DMKE liposomes did not severely damage the cultured B16BL6 cells,
exhibiting over 909 cell viability. The DMKE liposomes appeared to be more

cytotoxic than the DMKE/Chol and DMKE/Chol/Gal-Cer liposomes.
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Figure 5. Cytotoxicity of various cationic liposomes complexed with
Ad-vectors. B16BL6 cells seeded in 96-well plates (1x10° cell/well) were
incubated with varied doses of liposomes pre-complexed with 1x 10° pfu

Ad-CMV-GFP for 2 h. Cell viability was measured by the MTT assay.

_22_



4. In vitro transfection by cationic liposomes and

transduction by Ad-liposome complexes

GFP expression mediated by liposome transfection was compared with that by
Ad-liposome complexes. After 4 h transfection or transduction and then
additional 24 h or 48 h incubation, GFP expression in HelLa cells was
measured by FACS analysis. The cells were transfected with 1 pg pDNA
complexed 6 pg of liposomes (1:6 wt ratio) or transduced with 100 MOI of
Ad-vector complexed 1 pg/mé of liposomes.

Generally GFP expression by lipidic transfection was lower than that by
adenoviral transduction (Figure 6). As shown previously (Figure 4), DMKE,
DMKE/Chol or DMKE/Chol/Gal complexation did not affect transduction
efficiency of Ad-vectors in Hela cells (91.0£2.57, 91.5%+1.94, 90.4+0.90, and
93.7£1.68%, respectively) (Figure 6A). However, adenoviral transduction to
B16BL6 cells was significantly elevated by complexation with cationic
liposomes, specially DMKE liposomes (Figure 6B). Addition of cholesterol or
galactosyl ceramide to the DMKE liposomes reduced the transfection efficiency
of the cationic liposomes and transduction efficiency of Ad-liposome complexes.
This result clearly shows that cationic liposomes can help Ad-vectors to

transduce to CAR-deficient cells.
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Figure 6. /n vitro transfection by cationic liposomes and transduction by
Ad-liposome complexes in HelLa and Bl6BL6 cells. One ug of pDNA
complexed to 6 ug of DMKE, DMKE/Chol, or DMKE/Chol/Gal-Cer liposomes
at 1:6 wt ratio, or 5x10° pfu of Ad-vector complexed to 1 pg/mé of DMKE,
DMKE/Chol, or DMKE/Chol/Gal-Cer liposomes were added to HelLa (A) and
B16BL6 cells (B). The cells were incubated for 4 h and additional 24 h for
transfection or 48 h for transduction. GFP expression in the cells was

measured by FACS analysis.
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5. In vitro gene transduction mediated by Ad-liposome

complexes in varied cell lines

Liposome-complexed adenoviral vectors have shown particularly effective in
CAR-deficient cell lines (11, 14). Thus, in this study, effects of cationic
liposome complexation on transduction efficiency of Ad-vectors were
investigated in various cancer cells, CAR-positive or CAR-negative. After
transduction by Ad-liposome complexes, GFP expression in the cells was
measured by FACS analysis. The cells were transduced under an optimized
condition of 5x10° pfu Ad-vector complexed to 1 pg/mé of DMKE, DMKE/Chol
or DMKE/Chol/Gal-Cer cationic liposomes.

In CAR-deficient B16BL6 and MCF-7 cell lines, approximately 3% and 11%
of the respective cells were transduced with Ad-vectors alone (Figure 7).
DMKE or DMKE/Chol/Gal-Cer liposome complexation increased the adenoviral
transduction by 5b.5-fold and 27-fold in MCF-7 and B16BL6, respectively.
Generally DMKE liposomes was the most effective in enhancement of
adenoviral transduction in CAR-deficient cells among the prepared -cationic
liposomes.

On the whole, Ad-vectors were able to transduce the GFP gene to
CAR-expressing cells more effectively than CAR-deficient cells. Under the
same transduction condition, the percentages of cells transduced by Ad-vectors
alone were approximately 25%, 44%, and 91% in HepG2, SNU-739, and HelLa
cells. As shown previously (Figure 4), -cationic lipid complexation to
Ad-vectors little affected the adenoviral transduction to HelLa cells, but
negatively affected the transduction to HepG2 cells. Interestingly, the same
formulation enhanced the transduction to SNU-739 cell, one of CAR-positive
cells. Complexation with the DMKE liposomes exhibited approximately 21%,
92%, and 96% of transduction in HepG2, HelLa, and SNU-739 cells,
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respectively. Under the same experimental conditions, the DMEKE/Chol
liposomes and DMKE/Chol/Gal-Cer liposomes also exhibited the similar effect
with the DMKE liposomes.

These results indicate that cationic liposome complexation generally enhances
adenoviral gene transfer to CAR-deficient cells and affect adenoviral gene
transfer to CAR-expressing cells positively or negatively, depending on cell

types.
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were added to various types of cancer cells. The cells were incubated for 4 h
and then additional 48 h. GFP expression in the cells was measured by FACS

analysis.
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6. /n vivo transduction by Ad-vectors and Ad-liposome

complexes

In order to verify effect of cationic liposome complexation on 7 v/vo gene
transduction activities of adenoviral vectors, Ad-liposome complexes were
intravenously administered into B16BL6 tumor-bearing C57BL/6 mice and HelLa
tumor-bearing BALB/c nc/nc nude mice via tail vain. The major organs of
the mononuclear cell phagocytic system (MCPS) including the liver and spleen
were examined for luciferase transgene expression following tail vain injection
of Ad-liposome complexes or Ad-vectors. The transduced mice were
intraperitoneally injected with D-luciferin substrate dissolved in sterile PBS 6 h
and 24 h post injection, and then imaged with a luminometer. The fluorescence
and photons emitted from the mice, transmitting through the tissues, were
collected with a cooled charge-coupled device (CCD) camera (Xenogen,
Alameda, USA)

As a result, in C57BL/6 mice carrying B16BL6 tumors, the adenoviral
vectors were predominantly localized in liver tissues (Figure 8). Meanwhile, the
mice treated with three different types of Ad-liposomes complexes (DMKE,
DMKE/Chol, and DMKE/Chol/Gal-Cer liposomes) exhibited significantly lower
luciferase expression levels in the liver and spleen than the ones treated with
Ad-vectors alone (Figure 8). The reduction of hepatic and splenic gene
expression by cationic liposome complexation were not directly related with
enhancement of transduction in the other organs. Only tumor tissues exhibited
a slightly enhanced transgene expression by the Ad-DMKE liposome
complexes (Figure 9). The DMKE/Chol and DMKE/Chol/Gal-Cer liposomes not
only significantly removed hepatictropism of the adenoviral vectors, but also
reduced transduction to tumor tissues (Figure 9).

In Hela tumor-bearing nc/nc nude mice, the adenoviral vectors were also
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predominantly localized in liver tissues 6 h, but the transgene expression faded
away in 24 h post injection (Figure 10). The reduction of transgene expression
by cationic liposome complexation did not yield enhanced transduction to any
other organs including tumors.

The treated mice were sacrificed 24 h post injection and luciferase gene
expression in the major organs was viewed with a luminometer. Generally
Ad-vectors exhibited higher luciferase expression in internal organs including
the liver and spleen (Figure 11). The DMKE/Chol/Gal-Cer liposomes lowered
the hepatic transduction and transduction to other organs as well. These
results indicate that hepatic transduction by Ad-vectors can be reduced by
cationic liposome complexation, but the current formulation of the complexes is
not good enough to redistribute the residual viral complexes to other organs,

specially to tumor tissues.
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Figure 8. /n wvivo transduction by Ad-CMV-Luc and Ad-CMV-Luc
complexed with cationic liposomes in a BI6BL6 mouse model.
Ad-CMV-Luc (3x10° pfu) (A) and Ad-CMV-Luc complexed with DMKE
liposomes (mouse 1, mouse 4), DMKE/Chol liposomes (mouse 2, mouse 5), or
DMKE/Chol/Gal-Cer (mouse 3, mouse 6) (120 g lipid : 3x10° pfu) (B) were
intravenously injected into B16BL6 tumor-bearing C57BL/6 mice via tail vein.
The mice were intraperitoneally injected with D-luciferin (3 mg/mouse) 6 h
and 24 h post injection. Six minute later, the treated mice were imaged by a

CCD vIs™ system.
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tumor-bearing C57BL/6 mice via tail vein. Major organs were collected 24 h
post injection and the luciferase expression in the organs was calculated to

RLU of luciferase per milligram of protein.
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Figure 10. /n wvivo transduction by Ad-CMV-Luc and Ad-CMV-Luc
complexed with cationic liposomes in a HelLa mouse model.

Ad-CMV-Luc (3x10° pfu) (mouse 1, mouse 3) or DMKE/Chol/Gal-Cer
liposomes complexed with Ad-CMV-Luc (120 ug lipid : 3x10° pfu) (mouse 2,
mouse 4) were intravenously injected into HelLa tumor-bearing BALB/c nc/nc
nude mice via tail vein. The mice were Intraperitoneally injected with
D-luciferin (3 mg/mouse) 6 h and 24 h post injection. Six minute later, the

treated mice were imaged by a CCD wis™ system.
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Figure 11. /n wvivo transgene expression by Ad-CMV-Luc and
DMKE/Chol/Gal-Cer liposomes complexed with Ad-CMV-Luc in major
organs of mice carrying HeLa tumors. Ad-CMV-Luc (3x10° pfu) (A) or
Ad-CMV-Luc with DMKE/Chol/Gal-Cer liposomes (120 ug lipid : 3x10° pfu)
(B) were intravenously injected into HeLa tumor-bearing BALB/c nu/nu nude
mice via tail vein. The mice were intraperitoneally injected with D-luciferin (3
mg/mouse) 24 h post injection. Six minute later, the treated mice were imaged

by a CCD vis™ system.
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IV. DISCUSSION

Despite a variety of extensive efforts to improve human adenovirus
serotype 5 as a therapeutic agent, this vector exhibits innate drawbacks of
CAR dependency and hepatotropism. Of particular concern is that many
clinically important tissues, including several cancer types, are refractory to
Ad5 infection due to low CAR expression. Indeed, down-regulation of CAR has
been reported for several tumor types, including glioma, ovarian cancer, lung
cancer, breast cancer and others (17-19). As a consequence of limiting CAR
levels in many clinically relevant target cells, a high Ad-vector dosage is often
required for sz wviwo efficacy. Since over 95% of systemically administered
adenoviral particles are sequestered in the liver via hepatic macrophage
(Kupffer cells) (20) and hepatocyte (21) wuptake, therapeutically relevant
adenoviral doses often results in vector-related liver toxicity (22-26). Thus,
Ad-vectors exhibiting CAR-independency with low hepatotropism will be
helpful for maximal transduction of low—-CAR targets at the lowest possible
vector dose.

In this study, Ad-vectors were complexed with cationic liposomes, resulting
in efficient CAR-independent /7 vizro transduction and low-hepatotropism when
systemically applied. According to the sz wvitro data with CAR-deficient
B16BL6 cells, complexation with the DMKE-based cationic liposomes ablated
CAR-dependent transduction capability of Ad-vectors. Ad-vectors compelxed
with the cationic liposome exhibited significantly elevated transgene expression
in CAR-deficient B16BL6 cells. This clearly shows that the DMKE-based
cationic liposomes are able to enhance /7 vizro infectivity of Ad-vectors to
CAR-deficient cancer cells. These results suggest that -cationic liposome
complexation provides CAR-independent tropism for Ad-vectors.

In contrast, in CAR-expressing cells, cationic liposome complexation
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exhibited a variety of outcomes, little effect on transduction to HeLa cells,
inhibitory effect on transduction to HepG2 cells as described elsewhere(16), and
positive effect on transduction to SNU-739 cells. This may imply that initial
interaction modes of the lipid-coated surface of Ad particles with the
CAR-expressing surface of cancer cells are varied depending on the nature of
cancer cell surface, such as CAR density, electronegativity, and so on. The
different initial interaction modes may result in varied efficiency of
internalization of adenoviral particles into cytoplasm.

The amount and composition of cationic liposomes were major parameters
governing transduction efficiency of Ad-vectors complexed with -cationic
liposomes. The concentrations of cationic liposomes affected the level of
adenoviral transduction efficiency. In CAR-expressing Hela cells, while
addition of the DMKE liposomes upto 4 pg/m¢ had no effect on adenoviral
transduction, DMKE/Chol and DMKE/Chol/Gal-Cer liposomes exhibited sudden
reduction at the same concentration. In CAR-deficient B16BL6 cells, the DMKE
liposomes enhanced adenoviral transduction stably from 05 to 2 wg/mé of lipid
concentration. Meanwhile, the DMKE/Chol and DMKE/Chol/Gal-Cer liposomes
showed maximal enhancement of adenoviral transduction at 05 and 4 gg/ml,
respectively. According to these results, the DMKE-liposomes were the most
effective in mediating adenoviral transduction in all cell lines tested. The
optimized concentration of liposomes was 1 pg/ml of liposomes for 5x10° pfu of
adenovirus.

Intravenous administration of Ad-vectors results in accumulation in the liver,
spleen, heart, lung and kidneys of mice, although theses tissues may not
necessarily be the highest in CAR expression (27-29). Instead, anatomic
barriers, the structure of the vasculature and the degree of blood flow in each
organ probably contribute to their biodistribution, in addition to non-specific

viral particle uptake by macrophages. This is true with regard to the liver in
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particular, which sequesters the majority of systemically administered
adenoviral particle via hepatic macrophage uptake (20) as well as hepatocyte
transduction (21). This process leads to cytokine release, inflammation and liver
toxicity (22, 24, and 30). Thus, the nature of adenovirus-cell interactions
dictating the fate of systemically applied Ad-vector has to be elucidated in
detail and indesirable interactions should be avoided or eliminated to enhance
transduction to desired target cells.

To this end, attempts to reduce the hepatotropism of Ad5 vectors have been
based on the assumption that CAR-based interactions are required for liver
uptake /7 wvivo. Complexation with cationic liposome has been attempted to
inhibit hepatocyte and/or liver Kupffer cell uptake using Ad5 vectors. Recent
studies focused on Adenoviral vector biodistribution have demonstrated that
Kupffer cell and hepatocyte uptake sz wv/wvo are largely CAR-independent (26,
31).

In this regard, three different cationic liposomes complexed to adenoviral
vectors were systemically administered in B16BL6 tumor-bearing C57BL/6
mice. The mice administered with adenoviral vectors alone exhibited a
relatively higher luciferase expression in the liver and other organs as well. As
previously reported, this may be resulted from Kupffer cell and hepatocyte
uptake in the liver. Meanwhile, complexation with DMKE-based cationic
liposomes vyielded remarkably different biodistribution patterns. The hepatic
transduction of adenoviral vectors was greatly reduced by addition of the
DMKE cationic liposomes. Unfortunately, the reduction of hepatic transduction
was not compensated in any other organs including tumors. In fact, the
complexation with the DMKE liposomes showed 200-fold lower transgene
expression in the liver while only slightly higher expression in tumors. It is
conceivable that the different surface nature of Ad-liposomes complexes may

provide a different biodistribution pattern. The adenoviral particles are
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electronegatively charged while the Ad-liposomes complexed are
electropositively charged. Therefore, their opsonization in blood will be different
from each other, which will result in different patterns of circulation in the
body. At least, the 7 wviwo data in this study clearly also show that
complexation with the DMKE-based cationic liposomes can reduce the
hepatotropism.

A number of studies have reported that Ad-liposome complexes can increase
transduction efficiency in cell lines that are resistant to adenoviral infection
(32-34). To my knowledge, this is the first study to look at s wvwo
transduction by Ad-liposome complexes. The DMKE-based Iliposomes
complexed to Ad-vectors were able to reduce 7 wv/wvo hepatotropism of
Ad-vectors. In addition, complexation with the cationic liposomes also
displayed CAR-independent transduction by Ad-vectors in the tested cancer
cells resistant to adenoviral infection. This implied that the DMKE-based
cationic liposomal membranes coating adenoviral particles may provide more
effective interactions with host cells. However, at this moment the liposomal
formulation prepared for this study is not appropriate for systemic delivery of
Ad-vectors to any intended organs or tissues, such as tumors. In order to
develop an Ad-liposome complex system for target-specific transduction, the
liposomal system has to be further optimized in terms of lipid composition,
surface charge, and particle size. Conjugation of targeting ligands, cell-specific
antibodies and peptides, will be also helpful to delivery adenoviral particles to

target cells.
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