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Improvement of Transduction Efficiency of Recombinant Adeno-associated Virus
Vector by Entrapment in Multilamellar Liposomes
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Recombinant adeno-associated virus (AAV) has attracted considerable interest as a potential vec-
tor for human gene therapy, but its transduction efficiency is quite low. The present study demon-
strated AAV vector-associated liposomes to be more effective far vitro gene transfer to human
glioma cells than are liposomes containing plasmid DNA. Using vector-associated liposomes
increased the transduction efficiency more than 10-fold compared to liposomes containing plasmid
DNA and more than 6-fold compared to AAV alone. From these results, AAV vector-associated
liposomes appear to be a good candidate fam vivo gene delivery to human gliomas.
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Adeno-associated virus (AAV) is a defective parvovirus (pVLacZ), which has AAV-ITR sequences, were pro-
with a genome of 4675 bp, requiring co-infection with duced. For preparation of AAlYacZ-associated lipo-
either adenovirus or herpes simplex virus for replicatitn. somes, TMAG, DLPC, and DOPE in a molar ratio of
When no helper virus is available, AAV infection results 1:2:2 (total amount, Jumol) were dissolved in 0.5 ml of
in efficient integration of the AAV genome into host cell chloroform, and the solvent was evaporated. The lipid
genomic DNAZ 9 Viral integration has no apparent effect film was wetted with 0.2 ml of phosphate-buffered saline
on cell growth or morphology. Therefore, recombinant(PBS) containing 10to 10 particles of AAViacZ, and
AAV has emerged as an attractive candidate vector fothen mixed with a vortex agitator for 2 min. The volume
human gene therapy. Recombinant AAV vectors lack cellof the suspension was adjusted to 0.5 ml with PBS. After
and tissue specificity, resulting in ability to transduce for- preparation, unentrapped AAVacZ vector was removed
eign genes into a wide range of cell types but difficulty inby flotation on a Ficoll gradiert.Lipid concentration was
targeting gene transfer. assessed by determination of phosphatidylcholine using a

On the other hand, liposomes are synthetic lipid vesiWWako PC determination kit (Osaka), and concentrations of
cles able to entrap drugs or genes within their aqueoubposomes were adjusted accordingly. Preparation of
compartment and/or lipid bilayer. Like AAV vectors, lipo- pVLacZ-associated liposomes has been described in pre-
somes have been regarded as a useful delivery systemipus paper$.’® We applied the following agents to the
their potential for in vivo gene transfer has been three human glioma cell lines X50° cells/well): empty
reported”® Importantly, cell or tissue specificity can be liposomes (15 nmol of lipids/ml), liposomes containing
conferred on liposomes by conjugation or association wittpVLacZ (15 nmol of lipids and 0.3ug of DNA/mI),
specific proteins or antibodies (immunoliposomes). WeAAV-LacZ (1.5x1¢° particles/ml), a mixture of AAV-
have confirmed efficienin vivo gene delivery by cationic LacZ and empty liposomes in the same amounts as above,
immunoliposomes prepared froNi(a-trimethylammonio- and AAV-LacZ-associated liposomes (¥B¥ particles
acetyl)didodecyb-glutamate chloride (TMAG), dilauroyl and 15 nmol of lipids/ml). The mixtures were incubated
phosphatidylcholine (DLPC), and dioleoyl phosphatidyl- for 2 or 4 days, then the transduction efficiency was eval-
ethanolamine (DOPE). In the present study we investigatedated by measurement pfgalactosidase activity accord-
whether AAV vector-associated liposomes could affording to the protocol provided by Promega Co. (Madison,
more efficientin vitro gene transfer to human glioma cells WI). Protein was measured by a modified Lowry
than liposomes containing plasmid DNA or AAV alone. methodt?

We used three human astrocytoma-glioblastoma cell We first examined the relationship between the amount
lines, U251-SP, U251-MG and SK-MG-1. Recombinant of AAV-LacZ in AAV-LacZ-associated liposomes and the
AAV vector including theLacZ gene derived from the [-galactosidase activity of the transductants. As shown in
CMV promoter (AAVLiacZ) and AAV-plasmid DNA  Fig. 1, theB-galactosidase activity increased with increase
including theLacZ gene derived from the CMV promoter in the amount of AAVkacZ up to 18 particles per micro-
mole of lipid. For subsequent experiments, we prepared
1To whom requests for reprints should be addressed. AAV- LacZ-associated liposomes containing® Jfarticles
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of AAV-LacZ per micromole of lipid. The quantity of

AAV Vector-associated Liposomes and Human Glioma Cells

human glioma dés transduced wh AAV-LacZ-associ-

liposomes added corresponded to 15 nmol of lipid andated liposomes was over 10 times that of cells incubated
15x10° particles/ml, since the liposomes induced toxicity with pVLacZ-associated liposomes. A similar increase
when more than 20 nmol/ml of lipid was added to thewas observed in all glioma cell lines tested. A slight

human glioma cells.

We compared the results of transduction witAVA
LacZ-associated liposomes, with p¥cZ-associated lipo-
somes and with AV-LacZ alone by measurin§-galac-
tosidase activity {able 1). Activity d B-galactosidase in

N [
o o
I I

(mU/mg protein)
)
|

p-Galactosidase activity

o
I

3

10 8 10°

104 105 106 107 10" 10

AAV-LacZ
(particles/1 umol lipids)

increase in activity was also observed whefiVALacZ
mixed with empty liposomes was used, lfiagalactosi-
dase expression remained substantially less than that con-
ferred by AAV-LacZ-associated liposomes. Production of
B-galactosidase cdinued for over 2 mahs, but enzyme
activity had decreasetb about 10 to 20% by 2 months
after transduction.

Recombinant AV vectors are currently viewed as a
promising approach to gene theyapince they are physi-
cally stable and elicit relatively little host immune
response. Howevetheir transduction féciency is quite
low, especiallyin vivo. For example, transductiorffie
ciency was 20% at most when we inggt AAV-LacZ
(1.82x10" particles) into an experimental glioma prepared
in a mouse brain. Therefore, a new delivery system with
much higher transductiorffeiency and teget specificity
is needed. In this report, we have demonstrated that the
transduction #iciency of AAV vectors in human glioma
cells was increased markedly by association with cationic
liposomes. Philipet al. have reported that A/ plasmid
DNA-complexed liposomeshowed levels of expression
several times higher than those produced by complexes
with standard plasmids, and also resulted in long-term
expression X30 days) of the gene in primary T lympho-

Fig. 1 B-Galactosidase activity generated by transduction withcytes and primary and cultured tumor célsZhou et al.
of AAV-LacZ-associated liposomes. We prepared various AAV- combined adenovirus (Adv-5) capsid protein or the fiber

LacZ-associated liposomes @1Qo 1C° particlesfimol lipid)

and added them to human glioma cell lines (U251-SP). Twenty

four hours later, we assayed tfegalactosidase activity and
examined the relationship between the amount of A&
and theB-galactosidase awity.

protein of Adv with liposomes, termed adenosomes (ade-
novirus protein-cabnic liposome complex), and demon-
strated that this complex could carnrAWCMV-LacZ to

endothelial cells and improve théfieiency of gene trans-

Table I. B-Galactosidase Activity in Human Glioma Cells Transfected with Af¢Z-associated Liposomes
B-Galectosidase activity
Culture
dditive® U251-SP U251-MG SK-MG-1
2 days 4 days 2 days 4 days 2 days 4 days
1 >0.1 >0.1 >0.1 >0.1 >0.1 >0.1
2 >0.1 >0.1 >0.1 >0.1 >0.1 >0.1
3 18.2+6.3 20.4t7.7 128+5.3 14.0t6.2 11.4+3.1 15.9+4.8
4 22.9t9.2 28.3t9.3 18.#8.5 23.%7.7 21.48.7 22.1+4.3
5 39.0t8.7 45.3t11.4 74.7#10.3 84.5t9.5 43.46.6 47.8t7.6
6 198.#24.7  203.%21.3 187.1#14.3 189.2+16.6 120.2+23.6  175.%22.4

All values are the mean and SD of four experiments, expressgdjaactosidase (mU/mg protein=4); moi,
multiplicity of infection.

a) 1, control; 2, empty liposomes (15 ahof lipids/ml); 3, liposomes containing d\acZ (15 nmol of lipids and
0.3 ug of DNA/mI); 4, AAV-LacZ (1.5<10° particles/ml; mg=300); 5, AAV-LacZ (15x10° paticlesml;
moi=300) and empty liposomes (15 nmol of lipids/ml); B\\ALacZ-associated liposomes (¥B® particles and
15 nmol of lipids/ml; moF300).
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fer’® However, few reports have dealt with the combina-the liposomes from the endosomes to the cytosol.
tion of AAV vectors and liposomes. Further studies seenmEnhanced expression of the successfully delivered trans-
warranted. gene seems even less likely because the expression unit
AAV vector-associated liposomes exhibited markedlyon AAV vector-associated liposomes and AAV vector
higher transduction efficiency than p¥cZ-associated alone is the same. Most likely, uptake of liposomes is
liposomes or AAV vector alone. In general, liposomalincreased on the basis of enhancement of endocytosis by

gene transduction involves two processes, delivery othe mixture of AAV vector and cationic lipid.

plasmid DNA and transgene expression. Aspects of deliv- Having confirmed a great increase in gene transfer
ery include uptake of liposomes into cells, release of lipowhen we combined the AAV vector with cationic lipo-
somes from endosomes to the cytosol, and entry of theomes, we plan to investigate whether cell or tissue speci-
vector into the nucleus. As the liposomes we used aréicity can be obtained by associating the AAV vector with
multilamellar vesicles, AAV vectors are thought to be liposomes bearing cell or tissue-specific proteins or anti-
entrapped within the multiple layers. Therefore, it seemsbodies (immunoliposomes).

unlikely that the observed increase in transduction effi-
ciency resulted from interaction between AAV surface (Received January 8, 1998/Revised February 16, 1998/Accepted
proteins and cell membranes or from enhanced release &farch 2, 1998)
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