cta

Biochimica

Pnlonica

Vol. 43 No. 2/1996
293-300

QUARTERLY

Lecture presented at the Symposium on “Progress in Tumor Biology” held in Gliwice (Poland) on 13-15 October, 1995

Minireview

On the strategy of using nonviral carriers in cancer gene therapy

Aleksander Sochanik and Stanistaw Szala

Institute of Oncology, Department of Tumor Biology,
Wybrzeze Armii Krajowej 15, 44-100 Gliwice, Poland

Key words: gene therapy, nonviral carriers, liposomes

Effectiveness and mode of therapeutic gene delivery in vivo as well as biological
safety of such transfer must be improved before widespread application of gene
therapy in the clinic becomes possible. Most research has so far focused on
recombinant viral delivery systems. Clinical future seems to belong, however, to
nonviral delivery systems. Such systems feature DNA complexed to lipid, protein,
peptide or polymeric carriers with ligands allowing in vivo tissue targeting by the
complex and nuclear translocation of the exogene. Nonviral gene carrier systems are
discussed together with strategies of destroying cancer cells.

Transfer of therapeutic material in cancer
gene therapy is accomplished with both viral
and nonviral carriers (see [1, 2] for review).

Recombinant viral vectors mainly adeno- and
retroviruses are highly efficient in terms of
transtection; however, they are not “safe” biol-
ogically. Due to recombination of replication-
defective forms inside transfected cells, various
forms may arise that are replication-competent.
Also, insertional mutations may in theory
cause, for instance, oncogene activation. Viral
vectors are mainly used in ex vivo experiments
where cells taken from tumors are used for in
vitro transfection and subsequently returned to
the individual in order to trigger immunologi-
cal response. Viral carriers, mainly adeno-
viruses, used in vivo are applied directly at the
tumor site [3]. Poor targeting by viral vectors
makes them unsuitable for systemic adminis-
tration.

Nonviral carriers (liposomes [4] and molecu-
lar conjugates [5-8)) are biologically “safer” but
their efficiency of transfection is, so far, inferior
to that of viral vectors. Currently used nonviral
carriers need to be improved: they are not suf-
ficiently stable for systemic administration and
they cannot be efficiently targeted to specific
tissues. Present nonviral carriers do not func-
tion yet as efficient endosome membrane-de-
stabilizing complexes which makes them
ineffective in preventing destruction of endo-
some-encapsulated therapeutic material which
they carry [9]. They do not assure long-term
expression yet. These deficiencies remain un-
solved. However, potential advantage of non-
viral delivery systems lies in the fact that some
of these carriers may be administered systemi-
cally and, owing to inherent modularity of their
design they can incorporate useful molecular
features of both viruses and nonviral systems.

*This work was supported by a grant from the State Committee for Scientific Research 4 PO5A. 028.08.

Abbreviations: ASOR, asialoorosomucoproteid; DC-Chol, 3BIN-(N’,N"-dimethylaminoethano)-carbamoyl]-
cholesterol; DDAB, dimethyldioctadecylammonium bromide; DOPC, dioleoyl phosphatidylcholine;
DOPE, dioleoyl phosphatidylethanolamine; DOTMA, N-[1-(2,3-dioleoyloxy)propyl]N,N,N-trimethylam-
monium chloride; PC, phosphatidylcholine; PEG, polyethylene glycol; RES, reticuloendothelial system.
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Such advantage could prove crucial for de-
stroying metastatic cells.

This review aims at presenting basic informa-
tion on nonviral gene carriers used in cancer
gene therapy. Simplicity of their use suggests
that gene therapy based on nonviral carriers
may in the future approach chemotherapeutic
modalities [10].

Genetic material is administered to the indi-
vidual as a DNA-carrier complex, either sys-
temically or locally. Provided that the complex
avoids capture and destruction by the reticu-
loendothelial system (RES) its further fate con-
sists of cellular internalization and release from
endosomes into the cytoplasm or degradation
in the endosomal pathway [4, 9, 10]. In the
former case the complex subsequently translo-
cates into the nucleus where expression of ther-
apeutic material takes place.

Responsible for cellular internalization of the
complex is, most likely, the process of endocy-
tosis. Initial binding by the cells may result
either from electrostatic interaction between
the complex and unspecific cell or, alternative-
ly, from selective interaction between ligand
(linked with DNA-carrier complex) and spe-
cific cellular receptor. In other situations car-
rier-linked antibody may be used to induce
interaction with appropriate antigen expressed
by targeted cells.

Stability of endosomal membrane is among
factors limiting transfection efficiency since it
does not allow escape of therapeutic material
from endosomes into the cytoplasm [9]. Only a
minor fraction of endosomes undergo desta-
bilization resulting in escape of their released
contents from degradation by lytic enzymes. In
cases where low gene expression is sufficient,
e.g. to trigger immune response, the level of
gene delivery may be satisfactory. Otherwise
compounds which are endosomolytic agents
should be included in the design of novel non-
viral gene therapy carriers [9, 11]. The fate of
therapeutic sequence-carrier complexes which
escaped the endosomolytic pathway is not exact-
ly known. However, complexes that include car-
rier associated with proteins possessing a nuclear
localization signal (histones, replication-defec-
tive viruses) can translocate into the nucleus
owing to a specific receptor directing such com-
plexes to nuclear pores [9, 11].

From the foregoing description of the fate of
gene-carrier complexes in vivo, both outside

and within cells, it should be clear that the
design of novel carriers for cancer gene therapy
ought to combine, in a modular manner, useful
properties of both types of carriers, that is pri-
marily transfection efficiency of viruses and
biological “safety” of nonviral systems [6, 11].
Such design should also depend on strategies
used for destroying primary tumors, metastatic
cells and residual disease, the strategy of ad-
ministering therapeutic complexes either intra-
tumorally or systemically and, finally, the
strategy of directing the drug to neoplastic cells
in order to increase the “therapeutic window”.

Figure 1 shows strategies of destroying vari-
ous kinds of cancer cells with the help of non-
viral gene carriers. They had been divided into
three arbitrary classes or “generations”. Such
classification stresses functional features of car-
riers rather than their structure.

First-generation nonviral carriers are not di-
rectly targetable or injectable. They are rapidly
cleared from circulation if injected systemically.
For this reason, as complexes with therapeutic
material, they are used to destroy primary tu-
mors only. They are applied directly at the
tumor site. The therapeutic material carried
may be a “suicide” gene which destroys the
tumor by radio- or chemosensitizing it (Szala,
S., Missol, E. & Sochanik, A., in preparation).
Use of tissue-specific transcription promoters
prevents exogene expression in incidentally
transfected normal cells and confers to those
carriers a certain degree of specificity in de-
stroying tumor cells (transcriptional targeting).

In order to destroy metastatic cells circulating
in blood or lymph and to treat established
metastases, systemically injected long-lived
carriers of second or third generation are
needed.

Second-generation carriers represent an ad-
vance since they are not easily destroyed upon
injection into the bloodstream and subsequent
contact with the reticuloendothelial system
(RES). Such carriers are sterically stabilized
[12-14]. However, only transcriptional target-
ing is achievable with carriers of the second
generation.

Third-generation cancer gene therapy carriers
are not only sterically stabilized and thus inject-
able; they are additionally targetable ie., ca-
pable of recognizing and delivering thera-
peutic material to specific cells (transductional
targeting) [15]. Long-lived third-generation
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Fig. 1. Strategies of destroying cancer cells with the help of gene therapy using nonviral carriers of therapeutic

material.,

'Suicide genes are bacterial or viral genes coding for enzymes converting a nontoxic substrate (prodrug) into a toxic
product (drug). Mammalian cells transfected with suicide enzymes are selectively killed upon co-administration of the
prodrug. Examples of such genes include E. coli c}rr.cx-;u're deaminase [38], E. coli nitroreductase [39], thymidine kinase
from herpes simplex virus [40], E. coli DeoD gene [41]. E‘xampliﬂ of immunomodulatory genes include MHCI, MHCIL,

B7 or interleukin genes (see for review: [4245]).

carriers thus promote selective expression of
introduced gene. With these carriers both tran-
scriptional and transductional targeting may
be achieved simultaneously.

Examples of nonviral carriers used in cancer
gene therapy trials and which representall three
generations discussed are listed in Table 1.

First-generation nonviral carriers. This
group is made up of various so-called “ca-
tionic” liposomes [4, 16, 17]. Their distinguish-
ing feature isa positively charged lipid allowing
them to interact electrostatically with polyan-
ions, e.g. upon mixing with DNA, RNA, oligo-
nucleotides and also with negatively charged
residues in cell membrane. The interaction re-
sults in complex formation between negatively
charged phosphate groups from polynucleotide
and positively charged headgroups of cationic
lipids. Besides a charged lipid cationic lipo-
somes contain an electrically neutral co-lipid,
usually dioleoyl phosphatidylethanolamine
(DOPE) or dioleoyl phosphatidylcholine
(DOPC) [18]. The presence of a co-lipid is re-
quired because of its stabilizing effect on ca-
tionic liposome structure and, in the case of
DOPE, also because of its fusogenic properties.
Also, transfection activity of cationic liposomes
depends on the co-lipid. Cationic lipids alone

are much less active transfectionally than lipo-
somes containing DOPE [18].

Cationic lipids cause DNA to be bound to the
liposome surface, Association of DNA with li-
posome surface rather than its encapsulation
distinguishes these cationic liposomes from
“classical” ones. The former are also more effi-
cient transfectionally.

Cationic liposome carriers are not cell-spe-
cific; they may penetrate both normal and
cancer cells. Their usefulness as gene therapy
carriers in vivo is limited for in situ administra-
tion, for example intratumoral (Szala, S., Mis-
sol, E. & Sochanik, A., in preparation) [19, 20]
intratracheal [21] or intraarterial [17, 22]. This
is because the formation of cationic liposome-
DNA complexes is impeded by the presence of
blood serum. Cationic liposomes with bound
plasma proteins are rapidly removed from cir-
culation in vive by a very efficient reticuloendo-
thelial system (RES) whereas liposome degra-
dation in vive is retarded by in sifu administra-
tion. Cationic liposomes are well suited to in
vitro transfection where serum concentration in
culture media can be manipulated.

Due to nondestructive nature of complex for-
mation between DNA and cationic lipids the
latter might also find use in designs of modular
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Table1

Synthetic nonviral carriers used in gene therapy trials

Carriers Properties

___Examples

First-generation

residues on cell surface; do not
specific cell surface receptors;

Nonspecific; short life-time in blood;
cationic amphiphiles binding to DNA
and coating it with a cationic layer
which in turn interacts with anionic

Lipufectin [23] (DOTMA. /DOPE - BRL)
TransfectACE [25] (DDAB/DOPE-BRL)
DC-Chol/DOPE [24]

DMRIE/ DOPE [15]

require | nOTAP[11]

sterically stabilized; either true

Skl gematalion material or DNA-compacting

MNonspecific; longer life-time in blood;
liposomes encapsulating transported | DPPE-lysine/PC/cholesterol [27];

polycationic amphiphiles; do not [30]
require specific cell surface receptors;

AminoPEG-PE/PC/cholesterol [14]

lipopolyamine w /o ligands (DOSPA)

Third-generation  |liposomes; synthetic virus-like

specific receptors or antigen;

Specific; long life-time in blood; Lipopolyamine-condensed DNA
receptor-targeted sterically stabilized  |particles presenting ligands (transferrin

conjugates; require tumor cell surface  |[8];

Sterically stabilized liposomes
conjugated to ligand via PEG [12-14];

[34], insulin [35], folate [36], galactose
Poly-L-lysine/ galactose [28];

Immunoliposomes (encapsulated
liposomes with Fab') [46, 47]

transfection systems overcoming present defi-
ciencies. Three types of such lipids can present-
ly be distinguished: a) DOTMA-type cationic
lipids (DOTMA [23] is N-[1-(2,3-dioleoyloxy)
propylIN,N . N-trimethylammonium chloride)
with a structural motif including dialkylglyce-
rol “backbone” substituted with two identical
alkyl chains, a “spacer” part with ester or ether
internal bonds and a quartenary ammonium
moiety with substituents of varying hydropho-
bicity; DOTMA-type cationic lipids which in-
crease transfection efficiency of liposomes
possess dimiristyl hydrophobic residues, “spa-
cers” with ester bond and hydroxyethyl substi-
tuents in the quartenary ammonium group
[18]; b) cationic lipids containing cholesterol
which is minimally toxic to the cells and whose
presence stabilizes lipid bilayers; an example of
such a compound is DC-Chol [24], 3B[N-(N",N'-
dimethylaminoethano)-carbamoyl]cholesterol.
The presence of metabolizable carbamoyl bond
facilitates final degradation of lipid by cellular
esterases and thus diminishes toxicity; trans-
fection efficiencies of liposome preparations
containing DC-Chol (with DOPE) appear bet-
ter than those obtained with Lipofectin [24]; ¢)
quartenary ammonium detergents; an example

is DDAB [25] (dimethyldioctadecylammonium
bromide); reasonable efficiency of transfection
and cytotoxicity in vitro of liposomes containing
DDAB in combination with true lipid DOPE
has encouraged trials of in vivo gene therapy of
solid tumors in laboratory animals [26].

Second-generation nonviral carriers. These
are sterically stabilized true liposomes charac-
terized by prolonged circulation time in blood
[12-14]. Most of them are synthesized with
polyethylene glycol (PEG) derivatives e.g.
methoxyPEG, aminoPEG or hydrazidoPEG.

Removal of liposomes from circulation by
RES depends, among other things, on chemical
composition of their lipid bilayers. Interaction
between negative charge-bearing blood com-
ponents and sterically stabilized liposomes
with PEG phospholipid derivatives in the
membrane is diminished by shielding of posi-
tive charges from PE (phosphatidylethanol-
amine) part of liposome by terminal amino
groups introduced with PEG. These, being
protonated at the physiological pH, cause effec-
tive polarization of liposome surface charge.
The resulting shielding significantly decreases
fagocytic removal of sterically stabilized lipo-
somes [13].
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All liposomes based on such modified lipids,
irrespective of polymer terminal group, show a
much greater resistance to the action of serum
proteins than liposomes containing a neutral
polymer.

Also, the addition of dipalmitoyl phosphati-
dylethanolamine complexed with lysine to a
standard liposome formulation containing
cholesterol and PC allows forming liposomes
that are much more stable in serum and culture
medium than “classical” ones [27].

Another strategy of designing gene therapy
carriers with increased life-time in blood relies
upon the use of polycationic amphiphiles pos-
sessing a DNA-compacting headgroup [28].
The simplest polyamines spermine and sper-
midine form the so-called “double-sided sticky
tape” aggregates able to compact DNA. The
formation of such aggregates does depend on
ionic strength of reaction mixtures [11]. Under
physiological conditions it does not occur.
However, lipid derivatives of polyamines,
called lipopolyamines exhibit not only self-ag-
gregation feature but are able to permanently
condense DNA forming a lipid-coated DNA
particle; examples of such compounds include
DOGS [29] (dioctadecylamidoglycylspermine)
or DOSPA [30] (2,3-dioleyloxy-N-2[(spermine-
carboxamido)ethyl]-N,N-dimethylpropami-
nium trifluoroacetate). The net charge of the
cationic headgroup of DOSPA is +5 at the
physiological pH.

Polycationic carrier complexes appear in vitro
more effective transfectionally than monoca-
tionic liposomes, e.g. DOTMA. Transfection ef-
ficiency of lipopolyamines is most likely a
combined result of their three features: first, the
ability to compact DNA; second, increased
charge density in their NH* group compared
to N(CHg)** group of monocationic carriers (in
the latter charge is delocalized what causes
weaker interaction with residues of com-
pounds forming membranes); third, the least
basic secondary amines (for example in DOGS)
have pK < 6 and may buffer lysosomal acidity
and thus indirectly protect DN A from degrada-
tion [11].

Third-generation nonviral gene carriers. They
represent state-of-the-art of proposed gene
therapy carriers. They are designed as sterically
stabilized (and thus injectable) to extend their
stay in the extracellular environment; func-
tional groups included allow delivery of thera-

peutic material to a desired destination in vivo,
making such carriers targetable. They should
also be capable of condensing DNA to interna-
lizable size, enhancing DN A release from endo-
somal compartment and promoting DNA
transfer into the nucleus [6, 8, 11, 28]. Future
carriers will also tackle the problem of long-
term therapeutic gene maintenance either in
extrachromosomal or in chromosome-inte-
grated form.

Targeted gene transfer can be accomplished
via interaction of cellular receptors with their
ligands coupled to the carrier of therapeutic
DNA, or, alternatively, via interaction of ex-
pressed antigen with antibody coupled to the
carrier. Since it is chemically feasible to coval-
ently bind ligands or antibodies to various gene
carriers this strategy appears additionally jus-
tified owing to the increased density of various
receptors on the surface of cancer cells.

Currently tried carriers of third generation
include:

—a) positively charged polypeptides [28] coval-
ently joined to ligands or antibodies. Their
use is illustrated by interaction of polylysine/
DNA-coupled ligand with asialoorosomuco-
proteid (ASOR) hepatocyte receptor [31, 32]
or interaction of histone H1-linked galactose
with asialoglycoprotein receptor [33]. The
presence of histone molecule in such a system
allows both DNA condensation and its trans-
fer to cell nucleus. However, the immunoge-
nicity of carriers containing protein compo-
nents does not speak in favor of pursuing
such strategy. Transferrin receptor presents
another opportunity for targeted gene de-
livery to dividing cells [6]. The usefulness of
polylysine-based constructs for intravenous
delivery in vivo [28] seems to be limited by its
strong affinity to cells despite the inclusion of
cell-specific ligands;

~b) novel liposomes incorporating modular
constructs such as distearoylphosphatidyl-
ethanolamine-polyethylene glycol-folate
(DSPE-PEG-folate) in the lipid bilayer [12—
14]; preparation of such construct is inde-
pendent from formation of liposomes them-
selves; similar strategies widen the possi-
bilities of modular nonviral gene carrier
design;

~c) polycationic lipopolyamines equipped
with additional capacity to direct therapeutic
genes to defined tissues in vivo; they appear at
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present as the most promising carriers of the

third generation. These carriers might have as

ligands transferrin [34], insulin [35], folic acid

[36], galactose and other sugars [7], surfactant

protein A [37], ASOR or other moieties [5].

Cell receptors for insulin [35], folate [36] or

surfactant protein A [37] might be used to

specifically direct therapeutic sequences to
desired cell targets.

To summarize the progress in cancer gene
therapy with nonviral carriers of therapeutic
polynucleotides: new developments will most
likely continue the trend towards synthetic,
modular carriers that will be blood-injectable
and targetable. The future of gene therapy in
general probably depends on construction of
such carriers.

In any case the following features of gene
therapy carriers of the future should certainly
be desired in every design:

—high efficiency of transfection; of degree com-
parable to viruses;

- safety of use, i.e. lack of genetic complications
from the host; of degree comparable to lipo-
somes;

—ability to target neoplastic cells, i.e. to recog-
nize them and selectively deliver therapeutic
materials;

—simplicity of manufacture on larger scale;

—economy of application in the clinical setting.

REFERENCES

1. Mulligan, R.C. (1993} The basic science of gene
therapy. Science 260, 926-932.

2. Hodgson, C.P. (1995) The vector void in gene
therapy. Biotechnol. 13, 222-225.

3. Hirschowitz, E.A., Ohwada, A., Pascal, W.R.,
Russi, T.J. & Crystal, R.G. (1995) In vive
adenovirus-mediated gene transfer of the
Escherichia coli cytosine deaminase gene to
human colon carcinoma-derived tumors

induces chemosensitivity to 5-fluorocytosine.
Hum. Gene Ther. 6, 1055-1063.

4. Singhal, A. & Huang, L. (1994) Gene transfer in
mammalian cells using liposomes as carriers; in
Gene Therapeutics: Methods and Applications of
Direct Gene Transfer (Wolff, A].,ed.) pp. 118-142,
Birkhiuser, Boston.

5. Frese, ], Jr., Wu, C.H. & Wu, G.Y. (1994)
Targeting of genes to the liver with glycoprotein
carriers. Adv. Drug Deliv. Rev. 14, 137-152.

6. Wagner, E., Curiel, D. & Cotten, M. (1994) Deli-
very of drugs, proteins and genes into cells
using transferrin as a ligand for receptor-
-mediated endocytosis. Adv. Drug Deliv. Rev. 14,
113-135.

7. Monsigny, M. & Roche, A.C. (1994) Glyco-
conjugates as carriers for specific delivery of
therapeutic drugs and genes. Adv. Drug Deliv.
Rev. 14, 1-24.

8. Remy, ].S., Kichler, A., Mordvinov, V., Schuber,
F. & Behr, |.P. (1995) Targeted gene transfer into
hepatoma cells with lipopolyamine-condensed
DNA particles presenting galactose ligands: A
stage toward artificial viruses. Proc. Natl. Acad.
Sci. LLS.A. 92, 1744-1748.

9. Michael, 5.I. & Curiel, D.T. (1994) Strategies to
achieve targeted gene delivery via the receptor-
-mediated endocytosis pathway. Gene Ther. 1,
223-232.

10. Ledley, ED. (1995) Nonviral gene therapy: The
promise of genes as pharmaceutical products.
Hum. Gene Ther. 6, 1129-1144.

11. Behr, |.P. (1994) Gene transfer with synthetic
cationic amphiphiles: prospects for gene thera-
PY- Bioconjugate Chem. 5, 382-389.

12. Oku, N. & Namba, Y. (1994) Long-circulating
liposomes. Crit. Rev. Ther. Drug Carrier Syst. 11,
231-270.

13. Woodle, M. (1995) Sterically stabilized liposome
therapeutics. Adv. Drug Deliv. Rev. 16, 249-265.

14. Zalipsky, S. (1995) Functionalized poly(ethylene
glycol) for preparation of biclogically relevant
conjugates. Bioconjugate Chem. 6, 150-165.

15. Batra, R.K.,, Wang-Johanning, F, Wagner, E.,
Garver, BRI, Jr. & Curiel, D. (1994) Receptor-
-mediated gene delivery employing lectin-
-binding specificity. Gene Ther. 1, 255-260.

16. Farhood, H., Gao, X,, Son, K., Yang, Y.-Y,, Lazo,
JS. & Huang, L. (1994) Cationic liposomes for
direct gene transfer in therapy of cancer and
other diseases. Ann. N.Y. Acad. 5ci. 716, 23-35.

17. Plautz, G.E., Nabel, E.G,, Fox, B., Yang, Z.-Y,,
Jaffe, M., Gordon, D., Chang, A. & Nabel, G.J.
(1994) Direct gene transfer for the under-
standing and treatment of human disease. Ann.
N.Y. Acad. 5ci. 716, 144-153.

18. Felgner, ].H., Kumar, R., Sridhar, C.N., Wheeler,
C.J., Tsai, Y., Border, R., Ramsey, P, Martin, M.
& Felgner, P.L. (1994) Enhanced gene delivery
and mechanism studies with a novel series of
cationic lipid formulations. . Biol. Chem. 269,
2550-2561.

19, Plautz, G.E.,, Yang, Z.Y., Wu, B.Y.,, Gao, X.,
Huang, L. & Nabel, G.J. (1993) Immunotherapy
of malignancy by in vivo gene transfer into



Vol. 43

21.

22,

24,

26.

27.

Nonviral carriers in cancer gene therapy

299

. Nabel, G.J., Nabel, EG., Yang, Z.Y,, Fox, B.A.

tumors. Proc. Natl. Acad. Sci. LI.5.A. 90, 4645
4649

'

Plautz, G.E., Gao, X, Huang, L., Shu, 5., Gordon,
D. & Chang, A.E. (1993) Direct gene transfer
with DNA-liposome complexes in melanoma:
Expression, biologic activity, and lack of toxicity
in humans. Proc. Natl. Acad. Sci. U.5.A. 90,
11307-11311.

Stribling, R., Brunette, E., Liggitt, D., Gaensler,
K. & Debs, R. (1992) Aerosol gene delivery in
vivo. Proc. Natl. Acad. Sci. LLS.A. 89, 11277-11281.

Plautz, G.E., Nabel, E.G. & Nabel, GJ. (1994)
Direct gene transfer and catheter based gene
delivery systems: Applications to cardio-
vascular diseases and malignancy; in Gene
Therapeutics: Methods and Applications of Direct
Gene Transfer (Wolff, |.A., ed.) pp. 303-319,
Birkhauser, Boston.

. Felgner, P.L., Gadek, T.R., Holm, M., Roman, E.,

Chan, H.W., Wenz, M., Northrop, ].P, Ringold,
G.M. & Danielsen, M. (1987) Lipofection: A
highly efficient, lipid-mediated DNA-transfec-
tion procedure. Proc. Natl. Acad. Sci. LL.S.A. 84,
7413-7417.

Gao, X. & Huang, L. (1991) A novel cationic
liposome reagent for efficient transfection of
mammalian cells. Biochem. Biophys. Res. Com-
miunt. 179, 280-285.

Rose, |., Buonocore, L. & Whitt, MLA. (1991) A
new cationic liposome reagent mediating nearly
quantitative transfection of animal cells. Bio-
technigues 10, 520-525.

Missol, E., Sochanik, A. & S5zala, 5. (1995)
Introduction of murine [I-4 gene into B16(F10)
melanoma tumors by direct gene transfer with
DNA-liposome complexes. Cancer Lett. 97,
189-193.

Puyal, C., Milhaud, P., Bienvenue, A. &
Philippot, J.R. (1995) A new cationic liposome
encapsulaling genetic material. A potential
delivery system for polynucleotides Eur. J.
Biochem. 228, 697-703.

. Perales, ].C., Ferkol, T., Beegen, H., Ratnoft, O.D.

& Hanson, RW. (1994) Gene transfer in vivo:
Sustained expression and regulation of genes
introduced into the liver by receptor-targeted
uptake. Proc. Natl. Acad. Sci. U.S.A. 91, 4086
4090.

. Behr, ].-P, Demeneix, B., Loeffler, ].P. & Mutul,

J.P. (1989) Efficient gene transfer into
mammalian primary endocrine cells with
lipopolyamine-coated DNA. Proc. Nat. Acad.
Sci. LL5.A, 86, 6982—6£986.

30.

31

Hawley-Nelson, P, Ciccarone, V., Gebeyehu, G.
& Jesse, ]. (1993) Lipofect AMINE ™ reagent: A
new, higher efficiency polycationic liposome
transfection reagent. Focus 15, 73-78.

Wu, G.Y. & Wu, C.H. (1967) Receptor-mediated
in vitro gene transformation by a soluble DNA
carrier system. [. Biol. Chem. 262, 4429-4432.

32. Wu, G.Y. & Wu, C.H. (1987) Receptor-mediated

33.

gene delivery and expression in vivo. J. Biol.
Chem. 263, 14621-14624.

Chen, J., Stickles, R.J. & Daichendt, K.A. (1994)
Galactosylated histone-mediated gene transfer
and expression. Hum. Gene Ther. 5, 429-435.

34. Wagner, E., Zenke, M., Cotten, M., Beug, H. &

35.

36.

37.

41.

Birnstiel, M.L. (1990) Transferrin-polycation
conjugates as carriers for DNA uptake into cells.
Proc. Natl. Acad. 5ci, L1.5.A. 87, 3410-3414.

Rosenkranz, A.A., Yachmenev, 5.V, Jans, D.A.,
Serebryakova, N.V., Murav'ev, VI, Peters, B. &
Sobolev, A. (1992) Receptor-mediated endo-
cytosis and nuclear transport of a transfecting
DNA construct. Exp. Cell Res. 199, 323-329.

Lee, R.J. & Low, PS. (1994) Delivery of liposomes
into cultured KB cells via folate receptor-

-mediated endocytosis. J. Biol. Chem. 269,
3198-3204.

Ross, G.F, Morris, R.E., Ciraolo, G., Huelsman,
K., Bruno, M., Whitselt, ].A., Baatz, J.E. &
Korfhagen, T.R. (1995) Surfactant protein
A-polylysine conjugates for delivery of DNA to
airway cells in culture. Hum. Gene Ther. 6, 31-40.

« Mullen, C.A., Kilstrup, M. & Blaese, R M. {1992)

Transfer of the bacterial gene for cytosine
deaminase to mammalian cells confers lethal
sensitivity to 5-fluorocytosine: A negative
selection system. Proc. Nail. Acad. Sci. U.5.A. 89,
33-37.

. Bridgewater, J.A., Springer, CJ., Knox, R]. &

Collins, M.K.L. (1995) VDEPT using a novel
prodrug enzyme system demonstrates
cytotoxicity to murine and human cell lines in
vitro. 3rd Symposium on Gene Therapy. P 9,
Berlin-Buch, Germany.

. Moolten, F. (1986) Tumor chemosensitivity

conferred by inserted herpes thymidine kinase
genes: Paradigm for a prospective cancer
control strategy. Cancer Res. 46, 5276-5281.

Sorscher, E.J., Peng, S., Bebok, Z., Allan, PW,
Bennett, L.B., Jr. & Parker, W.B. (1994) Tumor cell
bystander killing in colonic carcinoma utilizing
the Escherichia coli DeoD gene to generate toxic
purines. Gene Ther. 1, 233-238.

42. Lanzavechchia, A. (1993) Identifying strategies

for immune intervention. Science 260, 937-944,



300

A. Sochanik and S. Szala

1996

43, Colombao. MUP. & Forni. s, (19941 U vtokine gene

46.

47,

transfer in tumor inhibition and tumor therapy:
Where are we now? Immunol. Today 15, 45-51.

. Bruyns, C., Gerard, C. & Velu, T. (1994) Cancer

escape from immune surveillance: How can it
be overcome by gene transfer? Eur. J. Cancer
30A, 1176-1181.

. Blankenstein, T. (1994) Increasing tumor immu-

nogenicity by genetic modification. Eur. J.
Cancer 30A, 11582-1187.

Trubetskoy, V.S., Torchilin, V.P,, Kennel, S. &
Huang, L. (1992) Cationic liposomes enhance
targeted delivery and expression of exogenous
DNA mediated by N-terminal modified poly-
(L-lysine)-antibody conjugate in mouse lung
endothelial cells. Biochim. Biophys. Acta 1131,
311-313.

Nassander, UK., Steerenberg, P.A., De Jong,
W.H., Van Overveld, W.O.W.M., Boekhorst,
CM.E., Poels, L.G., Jap, PHK. & Storm, G.
(1995) Design of immunoliposomes directed
against human ovarian carcinoma. Biochim.
Biophys. Acta 1235, 126-139.



