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Recent Developments in Delivery of Nucleic Acid-Based Antiviral Agents
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Abstract: Rapid advances in viral genomics, gene function and regulation, as well as in rational drug design, have led to
the development of gene-based drugs that can induce protective antiviral immunity, interfere with viral replication, sup-
press viral gene expression or cleave viral mRNAs. Several such drug candidates have been developed in recent years
against various viruses including HIV. Although gene-based agents show promise as anti-viral agents their therapeutic ef-
ficacy may be restricted by limited delivery to intracellular sites of viral replication and in vivo nuclease degradation. En-
hancement of the efficacy of gene-based drugs by encapsulation within liposomes or insertion within viral vectors has
been evaluated. This review will highlight recent developments in delivery systems used to target nucleic acid-based
drugs into sites of viral replication, therefore avoiding potential drug toxicity in non-viral infected organs. Liposome-
encapsulation and insertion of nucleic acid-based drugs within viral vectors can significantly enhance antiviral efficacies.
Viral vector-mediated therapy usually results in greater expression of the gene-based drug than with liposome delivery,
however significant safety concerns have been raised in regards to viral vector therapies. Research is ongoing to increase

drug delivery to the desired target cells while eliminating adverse side effects.
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INTRODUCTION

Rapid advances in viral genomics and gene-based drug
design demonstrate that antisense oligonucleotides, siRNAs,
ribozymes and DNAzymes are versatile in their mechanisms
of action, can inhibit viral replication at the molecular level
in the early phase of infection, and can be custom designed
to match antigenic shifts, mutations or recombination in the
virus. The delivery of these gene-based drugs to the desired
cell type is one of the most important challenges facing
gene-targeted therapy [1, 2]. Introduction of free nucleic acid
into cells is particularly difficult due to the many endo- and
exonucleases present in the cellular milieu. Carriers for nu-
cleic acids should protect the nucleic acid from degradation
before delivery and enable intracellular delivery to the
appropriate cellular compartment at concentrations that op-
timally inhibit the target gene without causing adverse side
effects [2-4]. The choice of delivery system is determined by
the nature of the disease to be treated, the need for long-term
vs. transient, and low vs. high expression of the gene of in-
terest. The timing of delivery of the molecular agent is
critical in that the agent must be present in the time period
window that the target molecule is sensitive to inhibition.

A broad range of research is currently being conducted
on nonviral and viral delivery systems in order to maximize
the therapeutic effectiveness of gene-based drugs [2].
Nonviral vector systems involve “naked” DNA or DNA
prepared with different amphipathic complexing agents.
Cellular uptake of naked DNA is inefficient, requiring
administration of large amounts of DNA. Utilization of
liposomes, peptide carriers, polymers and polycations such
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as polylysines, polyarginines, spermine, spermidine,
dendrimers, and polyethyleneimine to form complexes with
DNA can increase the uptake, and hence effectiveness, of
DNA [2, 3, 5]. Liposome encapsulation of nucleic acid has
been shown to be safe and non-immunogenic in clinical
trials, however, in some studies in vivo activity is lower than
that of viral vector systems [4, 6, 7]. Viral vectors represent a
powerful molecular tool for delivering genes into somatic .
cells however immunogenicity, vector inactivation, develop-
ment of replication-competent virions, the need for a
relatively large-scale infrastructure for their production, and
the potential for insertional mutagenesis are obstacles that
must be overcome for clinical use. At present, viral delivery
systems predominate in clinical trials for gene therapy, but
cationic liposomes have been evaluated in clinical trials for
treatment of cystic fibrosis, cancer and cardiovascular dis-
ease [4].

This review will examine various drug delivery systems
for the targeting of gene-based drugs to the intracellular sites
of viral replication. '

LIPOSOMES

Liposomes are derived from amphiphilic lipids, usually
phospholipids, in which acyl chains form the hydrophobic
region and polar groups face the aqueous.phase. Liposomes
may be uni- or multilamellar and range in size from 30 nm to
several um [8, 9]. The ability to entrap water-soluble and
lipid-soluble solutes in the aqueous and lipid phase, respec-
tively, has led to the use of liposomes as a carrier system for
therapeutics, although extensive optimization is required for
efficient incorporation of solutes into liposomes. The lipid
composition of the liposome affects structural characteristics
such as vesicle size, surface charge, bilayer fluidity, with
some formulations being suitable for intravenous, intraperi-
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toneal, subcutaneous or mucosal (intranasal) administration
[8-13].

Liposomes have been used as transfer vectors for nucleic
acid because they can transfer DNA of essentially unlimited
size, are simple and easy to produce in large scale, are nonin-
fectious and nonimmunogenic {5, 6, 14, 15]. Liposomes con-
structed with cationic lipids are able to drive the formation of
DNA-lipid complexes or lipoplexes through electrostatic
interactions between the nucleic acid and ‘the lipid, com-
plexing the nucleic acid on the surface of the llposome
thereby reducing nuclease susceptibility and increasing
cellular uptake of the plasmid or oligonucleotide [5, 14].
Cationic liposomes usually include neutral helper lipids such
as dioleoy! phosphatidylethanolamine (DOPE) or cholesterol
with the molar ratio of cationic lipid to helper lipid affecting
the liquid-crystalline phase transition temperature and there-
fore membrane fluidity [4, 7-9]. Slgmﬁcamly higher gene
expressmn and nucleic acid delivery is observed with in-
creases in membrane fluidity [16] and molar ratios of cati-
onic lipid to helper llpld (at a charge ratio of 3:1 (+/-)) above
1:1 [14]. These result in increased plasmid uptake, opsoniza-
tion, intracellular deposmon and trafficking. DOPE-
containing liposomes effectively deliver their contents to the
cytoplasm through a direct interaction of DOPE with cellular
membranes [17]. ,

The lipid .composition and the (+/) charge ratio of a
liposome determines whether the therapeutic agent will be
entrapped within the aqueous layer, intercalated within the

- lipid bilayer, adsorbed on or covalently coupled to the vesi-
cle surface [8-9]. Liposomes prepared from lipids with no, or
relatively'low, net surface charge encapsulate gene-based
therapeutics- in the aqueous compartment. A comparative

study examining lipoplexes composed of various cationic °

lipids and either DOPE or cholesterol as a helper lipid dem-
onstrate that complexes with a 0.5:1 (+/-) charge ratio con-
tain ~25-30% free or loosely bound DNA whereas plasmid
DNA is tightly complexed to the lipoplex when the charge
ratio is 3:1 (+/-) [14]. Interaction of DNA with preformed
cationic liposomes made of egg phosphatidylcholine (PC)/
DOPE/1, 2-dioleoyl-3-(trimethylammonium) propane
(DOTAP) (16:8:1 molar ratio) or DOPE/DOTAP (1:1 molar
ratio, ESCORT Transfection Reagent), leads to the forma-
tion of large complexes with externally bound DNA which
can be dissociated by competing anionic molecules. How-
ever, dehydration and subsequent rehydration of the DNA-
liposome complex, generates submicron size liposomes in
which the DNA cannot be displaced through anion competi-
tion, suggesting that the DNA is entrapped within the aque-
ous compartment between the lipid bilayers and, presuma-

bly, bound to the cationic charges [18]. Liposomes with high .

or low (+/-) charge ratios are small in size with net positive
or negative charges, respectively. Electrostatic repulsive
forces prevent extensive aggregation and fusion of liposomes
that exhibit an excess of either positive or negative charges,

leading to the formation of smaller liposome complexes [15].

Addition of DNA to cationic liposomes decreases the zeta
potential and increases the mean diameter of the resulting
lipoplex. The latter is due to extensive fusion among the
lipoplex particles resulting in the appearance of large ho-
mogenous lipid-encapsulated DNA particles [15].
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Cationic lipids have been shown to be useful as adju-
vants, enhancing the T helper (Th) 2 antigen-specific re-
sponse of cationic lipoplexes [19], however they have been
shown to cause strong inflammatory responses at the site of
administration and, when administered systemlcal]y, are
cleared rapidly from the circulation, depositing in the lung,
liver and spleen, often with toxic responses [14, 20-23].
Helper lipids augment the immune response generated by
cationic lipoplex DNA vaccines with DOPE or phosphati-
dylethanolamine (PE) containing lipoplexes having signifi-
cantly hlgher 1gG responses than lipoplexes in which DOPE
or PE is omitted [24]. Several cationic lipid “transfection
reagents” such as DOTAP™, Lipofectin™, Lipofectamine™,

- are commercially available and have become an indispensa-

ble tool in gene expression studies [24-29].

Improved cytoplasmic delivery of therapeutic agents can
be achieved through the use of sterically stabilized or pH-
sensitive liposomes. Sterically stabilized liposome formula-
tions contain polyethylene glycol (PEG)-lipid conjugates that
act to prevent opsonization of the liposome, thus extending
their circulatory lifespan through avoidance of clearance by
the reticuloendothelial system [30-34]. Increased circulatory
lifespan allows passive targeting and accumulation of the
entrapped drug at sites of infection or inflammation due to a
multiple pass' effect. Liposomes designed to release their
contents in responSe to the acidic pH within the endosomal
system while remaining stable in plasma are termed pH-
sensitive. pH-sensitive liposomes composed of DOPE/chol-

esteryl hemisuccinate (CHEMS) or egg PC/CHEMS/oley!

alcohol/Tween-80 have increased cellular uptake [35-37] and
are stable in the presence of 10% serum [37]. Peptides such
as CTP epitope from Hantaan nucleocapsid protein (M6),
human papilloma virus E7 [38] or transferrin [39] have been
conjugated to pH-sensitive liposomes to further increase
transfection efficiency and to induce antigen specific cyto-
toxic T lymphocyte (CTL) responses including secretion of
Thl type cytokines such as interleukin-2 (IL-2) and inter-
feron gamma (IFN-y) [38].

i) Stability

Liposome stabllnty is primarily dependent on the degree
of unsaturation of the fatty acid tail of the component lipids.
Unsaturated lipids can be oxidized to free fatty acids and
lysophospholipids which, if less than 1% of the total lipids,
will remain within the liposomal bilayer. At concentrations
above 1%, the lysophospholipids tend to leave the bilayer
and can perturb other liposomal membranes. Storage of lip-
ids and liposomal preparations under nitrogen serves to
minimize the production of lysophospholipids. The size of
the liposome also affects liposome' stability since small
liposomes (< 50 nm) tend to fuse with other small liposomes
in order to attain a more stable size. If the therapeutic agent
is anchored within the lipid layer, there tends to be very little
loss of the therapeutic agent however, if the therapeutic
agent is contained within the aqueous region of the liposome,
fusion tends to lead to its loss [8].

Lipid/DNA complexes aggregate readily in liquid for-.

mulations {6]. Freeze-dried formulations can be stored at

room temperature and easily rehydrated when needed how-

ever, stabilizers such as disaocharides are required to inhibit
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membrane fusion and leakage during acute freeze-drying
stress. Lipoplexes lyophilized in 0.5 M sucrose or trehalose
possess transfection rates similar to those of fresh prepara-
tions [6] however large increases in lipoplex diameter (320
to 10, 000 nm) have been observed. Although lipoplex size
does not correlate directly with transfection rates, mainte-
nance of full transfection activity upon rehydration is ob-
served only in samples possessing lipoplex diameters com-
parable to those of fresh preparations [6].

ii) Aerosolization

Aerosol delivery of gene-based therapeutics would be
ideal for the treatment of pulmonary diseases, especially
those involving the epithelium, as aerosols are easily admin-
istered and can facilitate delivery of the gene-based thera-
peutic agent to the desired target site. Aerosol delivery of
nucleic acid using cationic lipids is currently limited by the
ability to generate highly concentrated formulations of cati-
onic lipoplexes that are stable, are not damaged during and
that retain their activity following aerosolization. Pulmonary
surfactant inhibits transfection with cationic lipoplexes in
vitro and may represent a barrier to gene transfer in the lung
[4, 40, 41]. Surfactant lines the surface of the respiratory
epithelium acting to lower the surface tension at the air-
liquid interface and to maintain lung volume at the end of
expiration. Pulmonary surfactant is a mixture of phosphol-
ipids, primarily saturated PC (a zwitterionic lipid) and satu-
rated phosphatidylglycerol (PG, an anionic lipid), and pro-
teins (SP-A, SP-B, SP-C and SP-D) that are synthesized and
secreted primarily by type II alveolar epithelial, cells. Sur-
factant proteins are also expressed in nonciliated respiratory
epithelial cells and in cells of tracheal and bronchial glands.
The inhibition of transfection by pulmonary surfactant is
primarily due to the lipid component since surfactant pro-
teins only inhibit transfection at concentrations significantly
above those observed in vivo [40, 41]. Detailed analysis of a
synthetic surfactant demonstrated that PC was responsible
for inhibition of intracellular events following uptake of
cationic lipoplexes but had no effect on uptake of naked
DNA [41]. As would be expected type II alveolar epithelial
cells, which synthesize the pulmonary surfactant, have very
low in vitro cationic liposome-mediated gene transfer activ-

ity [41].

Nebulizer-induced shearing of nucleic acids is a signifi-
cant factor when cationic lipoplexes are aerosolized. Steri-
cally stabilized liposomes containing small amounts of a
PEG-containing lipid are better able to resist shearing while
maintaining full biological activity of plasmid DNA both in
vitro and in vivo [42]. In a jet nebulizer maximal aerosol
transfer efficiency of cationic lipoplexes requires the pres-
ence of at least 25 mM NaCL as an excipient in order to
maintain the charge on the lipoplex and to retain the original
lipid to plasmid DNA ratio during nebulization. /n vitro
aerosolization experiments with tissue culture cells demon-
strated that a ratio of 0.75:1 (mol:mol) cationic lipid:DNA
protected DNA from shear degradation during nebulization
and produced a respirable aerosol droplet size of 1-3 pm.
Dose-dependent transfection of mouse lungs is observed
following exposure of mice to an aerosol -administered in a
whole body exposure chamber [43] however, this model is
not applicable for human use as the aerosol is delivered in a
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continuous flow, and the consumption rate of the material in
the nebulizer and delivery times are very slow [44]. The Pari
LC Jet Plus nebulizer, in an intermittent mode to mimic
breath actuation, has a consumption rate of approximately
0.6 mL/min of cationic lipoplex, with plasmid DNA re-
maining intact and functionally active throughout the nebuli-
zation period delivering a dose of approximately 22 pmol
(7.2 mg) of DNA for each 8 mL of cationic lipoplex aero-
solized to the lungs of a human patient [44]. No adverse ef-
fects of lung function have been observed following aerosol
delivery of cationic lipoplexes to cystic fibrosis patients,
although further optimization of the cationic lipid systems
with regard to lipoplex internalization by pulmonary cells is
required [4, 16, 40]. ‘

iii) Transfection Efficiency

Transfection efficiency of cationic lipoplexes can be
maximized through the appropriate selection of lipids,
optimization of the DNA-to-lipid ratio and the state of
proliferation of the cell type to be transfected [5, 16, 45]. The
optimal DNA-to-lipid ratio affects lipoplex charge and is
dependent on the cell type and cationic lipids used. Lipoplex
structure, amount and type of helper lipid (DOPE,
cholesterol), size, cell concentration and incubation time also
affect transfection efficiency, albeit to a lesser extent [5, 6,
16, 46]. Incorporation of a PEG layer enhances lipoplex-to-
cell adhesion in cases where the interactions are repulsive
and suppresses adhesion when the interactions are attractive;
therefore electrostatic interactions may be designed to target
drug deliveiy by lipoplexes to specific cell populations [45].

Stationary / quiescent cells have lower transfection effici-
encies and require higher DNA-to-lipid ratios and lipoplex

. concentrations than proliferating cells. A higher DNA-to-

lipid ratio is required with increasing cell density, possibly
due to a decrease in proliferation rate mediated by cell-to-
cell contact inhibition [5]. When high concentrations of
lipoplexes are required, free liposomes that do not complex
DNA will also be present. These free cationic lipids may
integrate into cellular membranes and either destabilize them
or stimulate pore formation. Although this destabilization of
cellular membranes enhances transfection efficiency through
increased uptake of DNA into cells, release of lipoplexes
from endosomes and facilitation of nucleic acid transport
into the nucleus, it also increases cell toxicity [5].

Cationic lipoplexes are quickly cleared from the blood-
stream when injected intravenously with the DNA being
rapidly subjected to degradation. Lipoplexes usually accu-
mulate in the lung and liver and to a lesser extent in the
spleen, heart, kidneys and lymph nodes, although organ dis-
tribution can be modulated by varying the DNA-to-lipid ratio
and the size of the lipoplex [4]. At high lipoplex concentra-
tions free cationic lipids in solution act to increase the
circulatory lifespan and to overcome the inhibiting effect of
serum [5].

In vitro transfection activity is not necessarily predictive
of functional activity of a cationic lipoplex ir vivo. Cationic
lipoplexes may be very effective in vitro but work poorly in
vivo and vice versa [5, 47]. This may be a reflection of the
proliferation status of cells used in vitro (proliferating) ver-
sus the cells in intact tissues (quiescent).-Use of stationary
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cell cultures in vitro simulates more realistically the in vivo
situation [5]. It is also necessary to optimize the liposome

composition to the medical problem being addressed, the -

type of cells being transfected and the proposed route of
administration [5].

iv) Mechanism of Internalization

Naked oligonucleotides are taken into the cell by
pinocytosis, cationic lipoplexes smaller than 100 nm are
taken up by endocytosis, and larger lipoplexes are taken up
either by phagocytosis or through plasma membrane
destabilization [5, 6, 15, 33, 48]. Following endocytosis the
nucleic acid is released from the lipoplex through the
collapse of the transliposomal pH gradient in the acidic
environment of the lysosome [33]. Once in the cytoplasm,
transfected DNA has no active mechanism to pass from the
cytoplasm through the nuclear membrane to the nucleus. In
proliferating cells transfected DNA enters the nucleus during
cell division [5].

Lipoplex fusion, occurring primarily at the plasma mem-
brane, is essential for lipoplex internalization. In the pres-
ence of fusion inhibitors, free liposomes, but not lipoplexes,
internalize through the endocytotic pathway In the presence
of endocytosis inhibitors, lipoplexes fuse to the plasma
membrane but do not internalize into the cytoplasm. Thus it
appears that fusion is required for the internalization and
compartmentalization of lipoplex particles within the cyto-
plasm [15, 48]. DOPE-containing liposomes are internalized
primarily by endocytosis [17], however they can lose their
fusogenicity in the presence of serum [37].

Ligand-mediated liposomal targeting systems which use
receptor-mediated endocytosis have been used in attempts to
confer organ and cell selectivity to ‘cationic lipoplexes,
however addition of ligands significantly alters the overall
physiochemical properties of the resulting complexes.
Immunolipoplexes, which utilize monoclonal antibodies or
antibody fragments for targeting specific cell types, have
been used in tumor-targeted drug delivery. Immunolipo-
plexes targeting human insulin receptor [49], epidermal
growth factor receptor [50], transferrin receptor [51, 52] and
CD19 [53] have shown potential, with the effectiveness of
the targeted receptor dependent on the type of tumor.
Coupling of peptides which show affinity for o (v)B(3)
integrin and vascular endothelial growth factor receptor to
sterically stabilized liposomes demonstrate specific binding
to tumor ‘angiogenic epithelium [54]. Reseéarch into ligand-
mediated targeting has also lead to the development of
linking methods that increase the amount of the targeting
molecule on the lipoplex [51, 53].

Incorporation of folate [55] and hemagglutinating virus
of Japan [56] into lipoplexes effectively targets tumors
overexpressing folaté:receptors or renal cells, respectively.
pH-sensitive liposomes are taken up better by cells possess-
ing folate receptors than are non-pH-sensitive liposomes
[37]. Mannosylated cationic lipoplexes have enhanced
uptake by macrophages in vitro and enhanced hepatic uptake
in vivo, however serum proteins can bind to mannosylated
liposomes significantly decreasing their cellular uptake [9,
57-60). Galactosylated and fucosylated cationic liposomes
also have enhanced hepatic delivery in vivo [59].
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Cell-penetrating peptides (CPPs) have been incorporated
into sterically stabilized liposomes in an attempt to improve
drug targeting of liposomes to cancer cells. CPPs, such as
penetratin (DNA binding domain of the Drosophila
melanogaster transcription factor antennapedia), TAT (HIV
trans-activating transcriptional activator) [33] and VP22
(Herpes simplex virus type 1) [61], have been used success-
fully for the intracellular delivery of macromolecules.

v) Toxicity and Immune Response

Cationic lipoplexes, depending on their lipid composition
and route of administration, can trigger an acute
inflammatory reaction characterized by infiltration of T cells,
natural killer (NK) cells, neutrophils and macrophages into
the lungs and by the systemic release of Thl proinflamma-
tory cytokines such as IL-6, IL-12, tumor necrosis factor
alpha (TNF-o) and IFN-Y, occasionally resulting in septic-
like shock [4, 62, 63]. Intravenous injection of cationic lipo-
plexes is often accompanied by a dose-dependent toxicity as
evidenced by lymphopenia, increases in serum levels of he-
patic enzymes, hepatic necrosis and, in mice, piloerection
and lethargy [4]. Apoptosis of pulmonary endothelial cells
and production of reactive oxygen intermediates has also
been observed following intravenous or local lung delivery,
respectively, of cationic lipoplexes [4].

Administration of cationic liposomes or nucleic acid in-
dividually does not result in toxicity, even at doses much
higher than those given for cationic lipoplexes suggesting
that the toxicity is mediated either by the structure of the
cationic lipoplex or lipoplex-associated features. Although
administration of cationic liposomes themselves does not
induce symptoms of toxicity, free cationic liposomes in a
solution of cationic lipoplexes appear to mediate toxic
responses. Removal of these free liposomes from a mixture
reduces toxicity with a concomitant decrease in transfection
efficiency [S5]. With some lipid formulations, preinjection of
free liposomes improves intravenous transfection efficiency
of cationic lipoplexes by as much as 40 times. This im-
provement is correlated with the ability of free liposomes to
inhibit TNF-o, but not IFN-y, production [63]. The produc-
tion of TNF-o and JFN-y following intravenous injection of
cationic lipoplexes can repress viral promoters commonly
used for transgene expression, resulting in a period of ap-
proximately 2 weeks in which the immune system is refrac-
tory to administration of a second dose {4].

NANOPARTICLES

Gene based therapeutics may also be encapsulated-in
submicroscopic colloidal vesicles (nanoparticles) composed
of an oily or an aqueous core surrounded by a thin polymer
membrane [64, 65]. Nucleic acids and drugs adsorb to the
surface of nanoparticles [64, 66], thus stabilizing the thera-
peutic agent and reducing the dosage required for in vivo
administration [64, 65]. Nanoparticles composed of polyal-
kylcyanoacrylate [64], polybutylcyanoacrylate (PBCA) [66]
and poly(D, L-lactic-co-glycolic acid) (PLGA) [67, 68] are
effective at in vivo delivery of drugs, with PLGA being ap-
proved for human use [8]. Liposome and nanoparticle encap-
sulated therapeutics exhibit different tissue distributions. A
comparative study demonstrates significant differences in the
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tissue distribution of an anticancer drug, with liposome en-
capsulation increasing serum, liver and spleen concentrations
and PBCA nanoparticles increasing concentrations in the
heart and spleen [66]. Coating of cationic or anionic
nanoparticles with a lipid bilayer increases cellular uptake 3-
or 4- fold and reduces toxicity relative to that of uncoated
nanoparticles [69].

Nanoparticles are biodegradable [66], can be freeze-
dried, therefore avoiding the need for refrigeration [8, 67]
and can be administered orally [67, 68]. However, as the
preparation of nanoparticles frequently requires the use of
organic solvents and as PLGA itself generates an acidic mi-
croenvironment due to free carboxyl groups, adsorbed mole-
cules may undergo adverse conformational changes with a
subsequent loss of function [8].

IMMUNOPOTENTIATING
INFLUENZA VIROSOMES (IRIVS)

RECONSTITUTED

To improve the efficiency of liposome-mediated DNA
transfer as a tool for gene therapy or vaccinology, im-
munopotentiating reconstituted influenza virosomes (IRIV)
were developed [70]. IRIVs are spherical, unilamellar vesi-
cles composed of 70% egg yolk PC, 20% PE and 10% en-
velope phospholipids, originating from HIN1 influenza virus
(A/Singapore/6/86) {71]. IRIVs have a mean diameter of
~150 nm, are well tolerated and able to directly stimulate B-

cells to produce antibodies. Influenza hemagglutin (HA) and
neuraminidase (NA) are present on IRIVs with HA binding-

to sialic acid residues present on antigen presenting cells
(APCs), thus facilitating receptor mediated endocytosis [71,
72]. HA also functions as a recognition antigen since most
people are primed to HA either through infection or vaccina-
tion [72]. Hepatitis A and B antigens, tetanus and diptheria
toxoids [71], hepatitis C peptide [72] and nucleic acids [71]
have been incorporated into IRIVs. Intranasal administration
of plasmid DNA encoding a mumps protein delivered by
IRIVs, in combination with the mucosal adjuvant Esche-
riagen, was efficient at inducing a mucosal and systemic
immune response in mice [70]. The production of 1gG2a
mumps virus-specific antibodies and the secretion of IL-10
by antigen-specific T cells indicated that Thl and Th2 re-
sponses were induced by this DNA vaccine formulation [70].
Preliminary data, using marker genes, indicates that IRIVs
are at least four orders of magnitude more effective at ac-
complishing gene expression in cultured cells relative to na-
ked nucleic acid [71]. Virosomes prepared by insertion of
vesicular stomatitis virus glycoprotein [73] and Sendai virus
fusion glycoprotein [74] into preformed liposomes enhances
fusogenic activity and tissue specificity.

VIRAL VECTORS

. The development and widespread use of viruses as
genetic vectors stems from the ability of viruses to
efficiently transfer their genes from one host cell to another
[2, 75, 76]. The increasing knowledge of viral pathogenesis
has lead to manipulations that can modify the ability of the
virus to bind to, or replicate in, particular cell types. This
enhances the effectiveness of gene therapy as it enables the
vector to be delivered to the relevant tissue and, once there,
to express the gene product in appropriate quantities [75,
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76]. For safety reasons, viral vectors are usually replication-
defective, however, this limits the efficacy of treatment as it
restricts the number of cells to which the therapeutic gene is
delivered. For some applications, primarily treatment of
tumors, the use of replication-competent viruses has been
proposed since virus replication would lead to amplification
and spread of the therapeutic genes in vivo [76].

A wide range of naturally occurring or genetically
engineered DNA and RNA viruses have been used as viral
vectors and will be discussed below.

i) DNA Virus-Based Vectors
a) Adenovirus-Based Viral Vectors

Adenovirus-based viral vectors have, to date, been the
most extensively used viral vectors as they can infect a wide
variety of cell types and tissues, dividing, non-dividing and
post-mitotic cells, have a wide host range and can replicate
with high efficiency [3, 76-79]. The Adenoviridae family
contains three genera that are further subdivided into species
(or subgroups) A-F. Adenoviruses possess a linear, double-
stranded DNA genome possessing inverted terminal repeats
(ITRs). Most adenoviruses bind to the coxsackie / adenovi-
rus receptor (CARs) through the viral encoded fiber protein,
entering the host cell through clathrin-mediated endocytosis
and eventually entering the nucleus. Not all cells possess and
not all adenovirus subgroups (i.e. subgroup B) recognize

+-4CARs {75]. Most adenovirus vectors are based on Ad2 and

Ad5: subgroups [76, 78, 79] however studies have demon-
strated low levels of Ad2/Ad5 virus binding to alveolar mac-
rophages and well-differentiated airway epithelial, smooth
muscle, hematopoietic stem, and T cells primarily due to the
lack of CARs on these cells [76, 78, 79]. Improved vectors
lacking the genes for viral structural proteins and/or ex-
pressing different or modified fiber proteins has increased
the infectivity of AdS vectors for these cell types [80].

Once in the nucleus transcription, which is accompanied
by a complex series of splicing events, occurs. Transcription
is classified as early or late, occurring before or after viral
DNA replication, respectively. The early transcription ‘cas-
settes’ include El“to E4 and VA RNAs. The latter have a
role in combating*tellular defense mechanisms and are not
translated. Late transcription includes the L1 to L5 tran-
scription cassettes with multiple proteins being translated
from each cassette {75]. These proteins function in viral
propagation and have a broad range of effects on the host
cell, including forcing infected cells into S phase, thus en-
suring efficient viral DNA replication [76].

Adenovirus vector purification and preparation is rela-
tively easy and they can act as both insertion and replace-
ment vectors. Up to ~2 kb of foreign DNA can be incorpo-
rated into the virus genome without significant effects on
viral stability or infectivity. Replacement vectors can incor-
porate much longer sequences of foreign DNA as some, or
most, of the viral genes are removed. The ITR, packaging
sequences, some of the E4 genes (to combat the host T cell
response) and size must be maintained for efficient DNA
packaging. Depending on the sequence(s) deleted from the
vector, a helper virus and / or appropriate complementing
cells may be required for transgene expression.
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Early adenovirus vectors had the El and/or E3 gene cas-
settes removed as'they are dispensable for viral replication in
tissue culture [75]. E1 deletion prevents the viral-mediated
transition of cells from Gy and G, to S phase [76]. Many
cells, however; harbor El-like proteins that allow the E2
genes to function, thus facilitating DNA replication, synthe-
sis of late structural proteins and the production of replica-
tion-competent adenovirus. Transfection of a recombinant
bovine Ad3 adenovirus vector containing the firefly lu-

ciferase gene inserted into the E3 gene determined that ap-

proximately 70-75% of luciferase expression was dependent
on viral DNA replication [81]. These early expression vec-
tors only had transient transgene expression and, signifi-
cantly, they generated an overwhelming immune response

[75, 80, 82]. Second generation vectors had some, or all, of

the E2 genes removed, resulting in viruses that could not
replicate and produce replication-competent adenovirus,
however, the production of a significant host immune re-
sponse was still a major impediment to achieving persistent
transgene expression. More recent vectors have deleted
other, or nearly all, the adenovirus genes and require a helper
virus and cell lines, which provide viral genes in trans. Hy-
brid vectors with Moloney leukemia virus, Epstein-Barr vi-
rus and retroviruses are currently being developed to elimi-
nate some of the adverse effects associated with adenovirus
< vectors [75]. In mice, live recombinant AdS adenovirus
vectors can stimulate long-lived cellular and humoral
"immune responses to expressed antigens, with the location of
immunization being critical in determining the spectrum and
specificity of the immune response. Mice immunized orally,
intranasally and intraperitoneally demonstrate transgene-
specific CTL responses, with intraperitoneally and a
proportion of mice immunized orally also having a humoral
response lasting for more than one year. Adversely, cellular
and humoral responses to adenovirus antigens were also
induced [83].

Replication-deficient adenovirus _vectors,  generated by
-homologous recombination between plasmid DNA and El-
deleted adenovirus in the 293 cell line [84, 85], have
improved safety and containment characteristics and can
limit viral expression in the target cell to the transgene [86].
Cell line 293 is an adenovirus-transformed human embryo-
nic kidney cell line, with the E1 region being expressed from
the copy integrated into the host cell genome [87]. Replica-
tion-deficient recombinant adenoviruses can induce specific
humoral and CTL immune responses in mice [86]. Recombi-
nant replication-deficient adenovirus vectors encoding a
measles virus protein have been shown to provide protection
against measles, through a cell-mediated immune response,
when administer either orally or parenterally [88].

b) Adeno-Associated Virus (AAV) Based Vectors

Recombinant adeno-associated virus (rAAV) are small,
non-pathogenic DNA viruses that infect both proliferating
and resting cells. They are replication deficient due to their
dependence upon a helper virus, usually adenovirus or
herpesvirus, for productive infection. In the absence of
helper virus, AAV establishes a latent infection by integrat-
ing into the host cell chromosome. The AAV genome
contains two open reading frames (ORFs) one of which
encodes four Rep proteins and the other encodes three Cap

proteins. The ORFs are flanked by ITRs, which are the only
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cis-acting elemenjts necessary for AAV replication,
packaging and integration [87]. The Rep proteins of AAV
are harmful to cells, thus it is difficult to obtain stable cell

" lines that express them constitutively [89]. Creation of stable

293 cell lines, in which large Rep expression was induced by
the Cre/loxP switching system may serve as a basis for the
development of an efficient AAV-packaging cell line [89].

Recombinant AAV consist of the gene of interest flanked

by ITRs. Production of rAAV requires infection of a host

cell with two plasmids and a replicating human adenovirus
to provide the necessary helper functions. Infectious rAAV
particles can also be produced by co-infection of HEK293
cells (which express the adenovirus El region from an
integrated copy) with two different baculoviruses harboring
the AAV vector and the. rep expression cassette respectively,
together with a replication-deficient adenovirus expressing
the cap gene [87]. Infection with rAAV can result in efficient
long-term gene transfer due to integration into the host cell
genome [7] in a variety of tissues including pulmonary [90],
bone [91] and retinal [92] tissues and in a variety of species
including rabbits, nonhuman primates [90], dogs [92], rats
[91] and mice [93]. In mice, germline transmission of rAAV
has not been observed [93]. Treatment of cystic fibrosis
patients with rAAV is currently undergoing clinical trials
[90]. Recombinant AAV2 is the most common serotype of
AAV used, however neutralizing anti-AAV2 antibodies are
highly prevalent in human populations, limiting the potential
effectiveness of treatment [94]. Evaluation of other AAV
serotypes (AAV1, 3-8) is ongoing in an attempt to improve
the efficacy of rAAV therapy.

o) Bacilovirus Based Vectors

Baculovirus (4dutographa californica nucleopolyhedro-
virus), is a double-stranded DNA virus which infects insect
cells [95]. Recombinant baculoviruses are easy to construct,
grow to high titers and have a large DNA insert capacity
[87]. Recombinant baculoviruses, generated by homologous
recombination [95], have the capacity to transfer and express
heterologous genes in mammalian cells if a_mammalian
promoter governs the gene of interest. Baculovirus promo-
ters are silent in mammalian. cells therefore they do not
replicate in'mammalian célls [87]. Cytomegalovirus immedi-
ate early (CMV IE) promoters work poorly in baculoviruses,
but composite promoters containing the CMV IE enhancer,
chicken B-actin promoter and rabbit $-globin polyadenyla-

“tion signal exhibit strong expression [95]. Elevated transgene

expression has been observed in a wide variety of cells

. including HepG2 and Huh7 (human hepatocellular carci-

noma), CPK (porcine kidney cell line), COS7 (monkey
kidney cell line), HeLa (human cervix carcinoma), FW-L3
(porcine kidney), and KATO-III (human gastric cancer). In
several cell lines baculovirus transgene expression is higher
with fewer cytopathic effects than with adenovirus-infected
cells, suggesting that baculovirus has lower cytotoxicity than
adenovirus [87, 95]. However the potential of baculovirus as
a gene transfer vector is limited due to its inactivation by
complement [87].

d) Other DNA Virus.Based Vectors

“Herpes simplex virus type 1 (HSV-1), a large neurotropic
virus with a linear double-stranded DNA genome of 152 kb
encoding more than 80 gene products [96], is highly
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cytotoxic for most cell types [77]. It induces both humoral
and cellular immune responses [77] and naturally reactivates
from latency, thus prior exposure does not preclude its use.
Recombinant HSV-1 vectors produced by removal of early
expressed viral genes [7] can transduce post-mitotic cells
[77] and have been used to express transgenes in neurons,
Schwann cells [85], myoblast and myotubes {77]. UV
irradiation of HSV-1 decreases its cytotoxicity and
eliminates long-term transgene expression [77].

Modified vaccinia virus Ankara (MVA) is a highly at-
tenuated strain of vaccinia virus that grows to high titers in
chicken embryo fibroblasts, but has virtually lost its ability
to multiply in mammalian cells due to six major deletions
which eliminate viral receptor binding proteins. Although
MVA growth in human cells is restricted at the stage of
virion formation, DNA replication and both early and late
transcription appear to be normal [97]. Recombinant MVA
has been used to immunize mice {97], rhesus macaques [98]
and humans [99] against immunodeficiency viruses and to
immunize mice against Plasmodium berghei [100]. CTL
response were observed with mice and rhesus macaques [97,
98, 100], however with rhesus macaques this CTL response
did not translate into complete protection against infection as
only one out of three immunized animals was protected [98].

ii) RNA Virus-Based Vectors
a) Retrovirus Based Vectors

Retroviruses have an RNA genome that is reverse
transcribed in the host cell, allowing it to integrate into the
host genome. Replacement of the retroviral gag, pol and env
genes with foreign genes has lead to the development of a
promising viral vector system since retroviral vectors are
efficient at transducing dividing and nondividing cells [101-
103] and the human immune system does not usually react
strongly to them [2]. Lentiviral vectors based on feline
immunodeficiency virus (FIV) and human immunodefi-
ciency virus 1 (HIV-1) and 2 (HIV-2/SIV) [104] have the
potential to be mobilized in vivo by the wild-type virus to
secondary target cells, thus expanding the gene.therapy agent
to previously untransduced cells [102]. Additionally,
lentiviral vector backbones have the ability to block HIV-1
replication through sequestration of regulatory proteins,
competition for packaging into virions and by inhibition of
reverse transcription [102]. Lentiviral vectors have potential
as gene therapy vectors for treatment of hemophilia [103],
hepatic disease [102], central nervous system diseases [101],
cancer [105] and HIV [104]. Moloney murine leukemia virus
(MMLV)-derived retroviral vectors expressing a specific
ribozyme have been used to target HIV-1 infected [106] and
multidrug-resistant human leukemia cells [107] and murine
embryonic stem cell virus-derived retroviral vectors have
been used in siRNA analysis [108].

b)-Positive-Sense RNA Viral Vectors

Semliki Forest virus (SFV), a single-stranded positive-
sense RNA virus has potential as a viral vector as it induces
apoptosis in infected cells, therefore does not persist in
tissues, is non-pathogenic to humans and most people do not
have pre-existing immunity to the virus {109]. SFV repli-
cates in the cytoplasm therefore eliminating the possibility of
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chromosomal integration [109]. Both humoral and CTL
responses, as well as enhanced recovery from infection, have
been shown in mice immunized intramuscularly with a
recombinant SFV expressing influenza virus nucleoprotein
(NP) [110]. In mice, an SFV-HIV vaccine induces T cell
mediated immunity and T cell memory that lasts for at least
six months [109]. This vaccine is currently undergoing
clinical trials in the United Kingdom and in Kenya [109].

Flavivirus Kunjin, a positive-sense RNA virus, replicates
in a noncytopathic manner in the cytoplasm of host cells.
Transfection of cells with plasmid vectors containing the
Kunjin virus genome allows synthesis of replicon RNAs in
vivo and can generate replicating Kunjin viruses [111]. This
process couples the ease of working with plasmid DNA with
the replication ability of a regenerated virus particle to
provide long term expression in vivo. Immunization of mice
with plasmid vectors, in which a transgene replaced Kunjin
virus structural genes, demonstrated transgene expression for
eight weeks after intranasal inoculation and induction of a
humoral response following intramuscular inoculation [111].

A recombinant poliovirus (a single-stranded positive-
sense RNA virus) expressing the influenza NP protein has
been shown to induce humoral responses and enhance
recovery from infection, however CTL responses were not
generated [110]. A replicon vaccine vector composed of an
RNA replicon (self-replicating RNA) derived from an
attenuated Venezuelan equine encephalitis (VEE) virus and a
bipartite helper system for packaging the replicon into
propagation-deficient VEE replicon particles has been used
to effectively immunize mice against the staphylococcal
enterotoxin B [112].

¢) Negative Sense RNA Viral Vectors

Negative sense RNA viruses, such as Newcastle disease
virus, vesicular stomatitis virus and measles virus [77] have
potential as vaccine or targeting vectors because they do not
replicate through DNA intermediates and thus integration of
the viral genome into the host cell genome becomes a remote
possibility [113]. Most negative-sense RNA viruses grow to
high titers, accoirmodate additional genetic material and can
express foreign peptides or proteins at high levels. Strong
humoral and cellular immune responses have also been
observed following immunization with negative-sense RNA
virus vectors [113].

iii) Promoters

Heterologous RNA pblymerase I promoters have often -
been used in place of viral promoters to provide better ex- -

pression and, in some cases, tissue or cell specificity. The
most commonly used promoter is the human CMV IE pro-
moter, which is relatively powerful and expressed constitu-
tively. Rous sarcoma virus promoter {75], the phosphoglyc-
erate kinase gene promoter [75, 106] and the mouse CMV
promoter [75] have also been used. Comparison of various
promoters in an adenovirus vector showed that, in human
and rat alveolar and pulmonary cells, promoter strength
(from strongest to weakest) was mouse CMV, followed by
human CMV, with the adenovirus major late promoter being
the weakest [114]. However, down regulation of CMV pro-
moters has been documented following ir vivo administra-
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tion of a transgene [5] and baculoviruses require a composite
CMYV promoter for strong transgene expression in mamma-
lian cells [95].

Helper viruses, or virus vectors themselves, can
profoundly affect promoter activity, therefore caution must
be taken when attempting to determine cell type-specific
expression of promoters from the various viral vectors [85].
The viral promoters used in most DNA vectors are suscepti-
ble to inhibition by the inflammatory cytokines, TNF-o. and
IFN-y, which exert a direct inhibitory effect on transfection
in vitro at the level of uptake of viral particles and of mRNA
production [4]. Methylation of DNA and use of nonviral
promoters can be useful when immune activation is undesir-
able. RNA polymerase III promoters, which transcribe RNA
molecules that are not dependent on translation (tRNAs,
snRNAs and adenovirus virus associated RNAs), have been
successfully used to express ribozymes and anti-sense
oligonucleotides [115-117]. RNA polymerase III promoters
have therapeutic potential as the resulting transcripts
accumulate to high copy levels in the cell (up to 108
copies/cell) and can be designed to localize within either the
cytoplasm [117] or the nucleus {107].

Uncontrolled expression of transgene expression can
cause severe side effects, limiting the use of viral vectors. A
tetracycline suppressible promoter with expression levels
higher than with CMV promoters can be effectively
downregulated with doxycycline in a variety of ceils [118].

iv) Safety Concerns and Future Prospects

Viral vectors used for gene therapy have significant side
effects including host inflammatory and immune responses,
" recombination with wild-type viruses, activation of latent
infections and incorporation of transgenes into the host
genome, thereby allowing their permanent expression. Viral
vectors, independently.of helper virus replication, can cause
acute injury and inflammation of infected tissue [14, 75, 80].
Adenovirus vectors have been noted to cause a significant
immune response to the vector itself [75, 80]. In rhesus
monkeys, preexisting immunity to adenovirus substantially
reduced subsequent transgene expression from adenovirus
vectors and, significantly, a vector-induced toxicity ‘and a
vector-specific inhibitory effect on erythroid progenitor de-
velopment in the bone marrow was observed [82].
Replication-defective vectors have been developed in
attempts to improved safety and to limit viral expression in
the target cell to the transgene [75-88].

A 1999 investigation by the Recombinant DNA Advisory
Committee (RAC) into the death of a patient being treated
with an adenoviral vector advised gene-therapy researchers
to take additional safety measures, including confirming the
sequence integrity of the vector prior to administration,
monitoring cytokine levels closely before and after initiation
of gene therapy, and to ensure that patients have no
additional viruses present within their system [119].
Recently, retrovirus vectors have been associated with two
cases of leukemia in children with severe combined
immunodeficiency disease [2]. At a February 2003 meeting
of the Food and Drug Administration Biological Response
Modifiers Advisory Committee, preliminary evidence
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indicating that the viral vector was responsible for the
leukemia was presented [120]. This has resulted in the drug
industry scaling back investment and research into
retroviruses and other vectors that integrate themselves into
the genome [120].

Vectors in current use cannot be targeted to specific cell
types in vivo and are immunogenic, properties which limit
their clinical utility [80, 121]. These problems may be allevi-
ated by constructing vectors that improve cellular targeting
[75] however, manipulation of viral cellular tropism can lead
to novel disease manifestations [76]. Minimization of im-
mune responses to both the vector and the transgene [75] is
essential for improving the safety of viral vectors for use in
humans. Research is ongoing to develop new viral vectors
and to modify current viral vectors to create agents that will
efficiently deliver genetic material without triggering
immune attacks or other deadly side effects.

As viral expression vectors usually have low transfection
efficiency, a combination of viral vector and liposomes may
enhance uptake of gene-based therapeutics into host cells.
The hemagglutinating virus of Japan (HVJ), a Sendai virus,
complexed to cationic liposomes and ribozymes enhanced
accumulation of ribozymes in the cytoplasm and accelerated
transport of the ribozyme to the nucleus [48]. Complexing
HVJ to anionic liposomes also increased cellular uptake of
ribozymes, although to a lesser extent than that observed
with cationic liposomes [48], however the liposome-
ribozyme complex was retained in the lysosome, with only a
small amount of nuclear translocation of the ribozyme
occurring after 24 hours. No apparent cytotoxicity was
observed with HVJ complexed liposomes [48], although
immunologic reactions have been reported in rats following
repeated administration [122]. Strategies to enhance the effi-
cacy of a viral vector, thus reducing the number of vira! par-
ticles required to achieve a given level of transgene expres-
sion and concomitantly reducing adverse immune responses,
have also been attempted. Treatment of mouse tracheal
epithelial cells with EGTA dramatically increases adenovi-
rus-mediated transduction [121].

CONCLUSIONS

Viral vectors for gene-therapy, although they have un-
dergone development to improve safety, cellular targeting
and efficacy require further research before they can become
part of routine therapies. Formulation of gene based antiviral
therapeutics by encapsulation or complexation within
liposomes or nanocapsules extends the physiological proper-
ties of these poly nucleic acids by offering increased stabil-
ity, distribution, circulation lifetime and modulating the ex-
tent and type of interaction with the host immune -system.
Further work is still required to mitigate toxicity and to in-
crease uptake of the nucleic acid agent within the liposome
during lipoplex formation.

ABBREVIATIONS

AAV = Adeno-associated virus

APC = Antigen presenting cell

CAR = Coxsackie / adenovirus receptor
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CHEMS = Cholesteryl hemisuccinate

CMV = Cytomegalovirus

CMV IE = Cytomegalovirus immediate early promoter

CPPs = Cell-penetrating peptides

CTL = Cytotoxic T lymphocyte

DOPE = Dioleoyl phosphatidylethanolamine

DOTAP = 1, 2-dicleoyl-3-trimethylammonium pro-
pane/dioleoy! phosphatidylethanolamine

EGTA = Ethylenebis-(oxyethylenenitrilo)tetraacetic acid

FIV = Feline immunodeficiency virus

HA = Hemagglutinin

HIV-1 = Human immunodeficiency virus type 1

HSV-1 = Herpes simplex virus type 1

HVJ = Hemagglutinating virus of Japan

IFN = Interferon

1L = Interleukin

IRIV = Immunopotentiating reconstituted influenza
virus

ITRs = Inverted terminal repeats

MMLV = Moloney murine leukemia virus

MVA = Modified vaccinia virus Ankara -

NA = Neuraminidase

NK = Natural killer cell

NP = Nucleoprotein

ORFs = Open reading frames

PBCA = Polybutylcyanoacrylate

PC = Phosphatidylcholine

PE = Phosphatidylethanolamine

PEG = Polyethylene glycol

PG = Phosphatidylglycerol

PLGA = Poly(D, L-lactic-co-glycolic acid

rAAV = Recombinant adeno-associated virus

RAC = Recombinant DNA advisory committee

SFV = Semliki forest virus

SiRNAs = Small interfering RNAs

Th = T helper

TNF = Tumor necrosis factor

VEE = Venezuelan equine encéphalitis
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