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Development of an efficient method of gene introduction to target cells is the key issue in treating genetic
and acquired diseases by in vivo gene therapy. Although various nonviral approaches have been developed, any
method needs to be optimized in terms of the target disease and transgene product. The most important infor-
mation required is (i) target cell-specificity of gene transfer, (ii) efficiency, (iii) duration of transgene expression,
and (iv) the number of transfected cells following in vivo application of a vector. These characteristics are deter-
mined by the properties of the vector used, as well as the route of its administration, biodistribution, interaction
with biological components and the nature of the target cells. Cell-specific gene transfer can be achieved by con-
trolling the tissue disposition of plasmid DNA (pDNA), although the interaction of the pDNA complex with bio-
logical components might limit the specificity. Various approaches have been reported to increase the efficiency of
transgene expression, from cationic lipids/polymers to physical stimuli, but some of those are ineffective under in
vivo conditions. The duration of transgene expression is a complex function involving variables including the cell
type, transfection method, and plasmid construct. Immune response often reduces the level and duration of
transgene expression. In addition, the number of transfected cells is important, especially in cases in which the
therapeutic protein localizes within the target cells. Successful clinical application of nonviral gene delivery
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methods rely on the development of such methods optimized for a particular target disease.

Key words

The in vivo gene transfer profile required for effective gene
therapy depends on the target disease. Possible important fea-
tures include: (i) target cell-specificity of gene transfer, (ii)
the efficiency, (iii) duration of transgene expression, and (iv)
the number of transfected cells, following in vivo application
of a vector (carrier) system (Fig. 1). These features are deter-
mined not only by the properties of the vector used, but also
by the nature of the target cells, route and method of admin-
istration, and the biodistribution of the vector. Therefore, in-
creased in vitro transfection efficiency does not always lead
to improved in vivo gene transfer.

Although nonviral vectors are believed to be less effective
in gene transfer than viral ones, some approaches were asso-
ciated with sufficiently high levels of transgene expression to
allow treatment of certain diseases."” Since nonviral vectors
possess several advantages in that they are less toxic, less im-
munogenic, and easier to prepare, they could be ideal meth-
ods for in vivo gene therapy. So far, a variety of nonviral de-
livery methods have been developed® and some of them are
presently undergoing clinical trials.*> In addition, the impor-
tance of plasmid constructs for transgene expression has
been realized and some disadvantages of nonviral vectors,
such as the short duration of transgene expression, can be
overcome by optimizing the construct structure. Therefore, to
achieve efficient in vivo gene therapy, one should optimize
the overall properties of any gene delivery and transfer ap-
proach and this may include (i) the solute for administration,
(i1) administration route, (iii) design of plasmid construct,
and (iv) selection of target cells. In this review, we discuss all
the factors that are important for determining the efficacy of
in vivo gene transfer in gene replacement therapy for inherent
genetic diseases.
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TRANSGENE EXPRESSION PROFILES REQUIRED FOR
A SPECIFIC DISEASE

For an effective in vivo gene therapy, the major properties
of a vector are persistent and high-level transgene expression
with minimal toxic and immunological side-effects. Al-
though such characteristics are generally required for a vec-
tor system, they depend on the target diseases and transgene
products. Therefore, it is not likely that there will be a single
vector system suitable for all applications.

Localization of transgene products, i.e., inside or outside
transfected cells, is one of the most important factors in any
consideration of these characteristics. Table 1 summarizes
the required characteristics of in vivo gene transfer. If a trans-
gene product is a protein secreted into the circulating blood
where it exhibits biological activity, various cells could be
used as platforms for its synthesis. This is the case for blood
coagulation factors XIII and XI, and erythropoietin. In actual
fact, in the gene therapy approaches for hemophilia, not only
hepatocytes® that produce the coagulation factors in healthy
subjects, but also other cells such as fibroblasts” and muscle
cells®” have been investigated as target cells producing those
factors. Further studies are needed to identify the type of
cells most appropriate for in vivo gene transfer for a specific
disease whose key protein is one that is secreted. The proper-
ties of cells, such as their location, life span, and blood flow
rate, will determine the efficacy of gene transfer.

In the case of secreted proteins, major concerns are the
level and persistence of transgene expression. Although the
number of transfected cells is also considered an important
factor for guaranteeing less inter-individual variation, this is
not so critical. For hemophilia B, only 1—2% of the normal
level of factor IX is believed to be effective for severe hemo-
philiacs to exhibit a substantial improvement in clinical phe-
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Following in vivo administration of a vector, gene transfer (indicated as stars) should occur in many target cells without gene transfer into non-target, immune or germ cells
(upper panel). Optimized delivery will be required. The level of transgene expression in the target cells should be in the therapeutic range of the transgene product, and the expres-

sion should be prolonged in the cells (lower panel).

Table 1. Characteristics Required for in Vivo Gene Transfer

Table 2. Target Cell (Tissue)-Specific in Vivo Gene Transfer Approaches

Target tissue/cell

Localization of transgene product Target Vector Method References
Central (blood) circulation  Intracellular space Skeletal muscle Naked pDNA  Local injection 12
(Extracellular space) Naked pDNA  Intravascular 13—15
injection
Possibly altered to other Strictly restricted Heart muscle Naked pDNA  Local injection 16
tissues/cells Liver (hepatocytes, Naked pDNA  Local injection 17

(Muscle cells, efc.)
Number of transfected ~ Marginally important

cells

As many as possible
(Functional recov-
ery at cellular level)

Dependent on target
disease/protein

Level of transgene
expression

Dependent on target
disease/protein

On the other hand, intracellular proteins, such as dys-
trophin and cystic fibrosis transmembrane conductance regu-
lator protein, need to be synthesized within target cells where
they are needed to maintain cellular functions. In such cases,
in addition to the level and persistence of transgene expres-
sion, the number of transfected cells is important as far as
obtaining therapeutic benefit is concerned. Uniform trans-
gene expression might be required for gene therapy in pa-
tients with dystrophin-deficiency, i.e., Duchenne muscular
dystrophy.'

TARGET CELL-SPECIFIC GENE TRANSFER

Target cell-specific gene transfer is important for various
aspects of in vivo gene therapy. Transgene expression in non-
target cells could lead to side-effects. In particular, the uptake
of pDNA by immune cells is a major obstacle to nonviral
gene therapy approaches, because the uptake sometimes trig-
gers a severe immune reaction which reduces the level and
duration of transgene expression in target cells. To achieve
target cell-specific (selective) gene transfer, a variety of ap-

liver nonparenchymal Naked pDNA  Intraportal injection 18

cells) Glycosylated  Intravenous injection 19—23
polyplex
Glycosylated  Intraportal (or 24,25
lipoplex intravenous)
injection
Brain Naked pDNA  Local injection 26,27
Skin Naked pDNA  Local injection 28
Urological organs Naked pDNA  Local injection 29
Thyroid Naked pDNA  Local injection 30
Tumor Naked pDNA  Local injection 31—33
Transferrin- Local (or systemic) 34
conjugated administration
polyplex
Lung (airway cells) Lipoplex Intratracheal 35,36
administration
Antibody- Intratracheal 37
conjugated administration
polyplex
Lung (vascular Lipoplex Intravenous injection 38—40
endothelial cells)
Antibody- Intravenous injection 41
conjugated
polyplex

proaches have been examined from the selection of the ad-
ministration route of pDNA to the use of tissue-specific pro-
moters (Table 2).

Selection of Administration Route The route of admin-
istration is a key issue for targeted delivery of pharmaceuti-
cals. Pharmacokinetic considerations clearly show that drug
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delivery to a target is always greater with the intraarterial
route than the intravenous one.*” Topical administration of
drug into the skin, muscle, trachea, and oral cavity is some-
times used to obtain local or systemic effects, although it is
difficult to retain the drug around the injection site because
of its absorption into the systemic circulation.

Local Administration Compared with conventional,
low-molecular weight drugs, pDNA is a huge molecule with
a molecular weight of at least 2000 kDa. This greatly restricts
its diffusion within the tissue where pDNA is injected, be-
cause the diffusion as well as the absorption of an injectant
into the circulation is largely governed by its molecular
weight.*) Furthermore, the complex formation of pDNA
with cationic liposomes limits the diffusion within tissues
due to the increased size and net charge.’**¥ Therefore,
pDNA locally injected into tissues, such as muscle and skin,
may only transfect cells around the injection site, which
makes in vivo gene transfer tissue-specific.

In 1990, WoIff et al.'? reported that transgene expression
in skeletal muscle can be achieved by a simple intramuscular
injection of naked pDNA. Since then, other tissues, including
the heart muscle,'® liver,'” brain,**” skin,?® urological or-
gans,” thyroid*” and tumors,*' % have been transfected by
direct injection of pDNA into the interstitial space of the cor-
responding tissue. The disposition of locally injected pDNA
depends on the structure of the tissue injected, the blood flow
rate, and other factors, which are still little understood. The
volume of injectant has been suggested to be one of the fac-
tors that affect gene transfer following local administration.

Local administration into a cavity is another route for tis-
sue-specific gene transfer. For gene transfer into the airway
cells in the lung, the intratracheal route is often attempted
using naked pDNA or pDNA/cationic liposome com-
plexes.>>*® Intestinal epithelial cells are attractive targets be-
cause of their easy accessibility by oral or rectal administra-
tion of pDNA, although gene transfer into these cells is quite
difficult with nonviral vectors.*”

Intravascular Administration Intraarterial administra-
tion of pDNA ensures its initial encounter with a target tis-
sue, which may result in target-selective in vivo gene transfer.
Intravascular delivery of pDNA to target tissues has been re-
ported in various tissues with a range of nonviral vectors. In-
traportal injection of naked pDNA in a large-volume, hyper-
tonic, solution efficiently transfects about 1% of hepatocytes
throughout the entire liver with a few nonparenchymal cells
in mice."” A similar approach has been applied to skeletal
muscle of the mouse,'¥ rat'? and rhesus monkey.'> In these
studies, transfected cells were spread within the target mus-
cle.

pDNA complex with a cell-specific vector can be injected
into vessels leading to the target tissue to ensure cell-specific
delivery. Kawakami et al.>¥ reported that intraportal injection
of pDNA/galactosylated cationic liposome complexes results
in the highest transgene expression in the liver, among the
tissues examined. When injected intravenously, the same
complex showed the highest expression in the lung.

A major barrier to this approach is the transendothelial
transport of pDNA, if the target cells are behind the endothe-
lial cells and basement membranes of capillaries. The struc-
ture of capillary walls varies depending on the tissue in-
volved and can be divided into three general types: continu-
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ous, fenestrated, and discontinuous endothelium.***” pDNA
can only pass through a vascular wall composed of discontin-
uous endothelial cells under normal conditions. Discontinu-
ous endothelium only exists in the liver, spleen and bone
marrow, and has gaps of 30—500 nm between the endothelial
cells, and there is little or no basement membrane. Only a
relatively small pDNA complex can pass through the blood
vessels and directly interact with parenchymal cells. There
are several approaches to improve the transport of molecules
across blood vessels by increasing the vascular permeability.
The continuous-type of endothelial cells in the brain (blood—
brain barrier) severely limits the permeability of water-solu-
ble compounds. Therefore, large-volume, hypertonic solu-
tions are often used in this route of administration to open
the tight junctions of the endothelial cells.*® The alteration of
vascular permeability using a vasodilator has also been ex-
amined.*>? Such modification of vascular permeability is a
requirement for in vivo gene transfer into tissue parenchyma
following intravascular administration of pDNA.

On the other hand, there is no need for pDNA to ex-
travasate if target cells can be accessed by intravascular
pDNA. Intravascular delivery of a pDNA complex mostly re-
sults in transgene expression in endothelial cells.*® The en-
dothelial cells in the lung are easily transfected by an intra-
venous cationic pPDNA complex and, therefore, this approach
is sometimes used as a lung-specific gene transfer method.>
However, the biodistribution of pDNA/cationic liposome
complex is influenced by the composition of the cationic li-
posomes, resulting in large variations in gene transfer in
ViV0.4O’51’52)

Targeted Delivery by Nonviral Vectors The tissue dis-
position of a compound is determined by its interaction with
blood and tissue components, which depends on the physico-
chemical properties of the compound and the anatomical and
physiological characteristics of tissues.™*¥ pDNA itself is a
huge macromolecule with a strong negative charge. The up-
take by Kupffer cells via a scavenger receptor-like mecha-
nism largely determines its biodistribution following in-
travascular administration.>> 7 Therefore, to control the
biodistribution of pDNA, its physicochemical properties also
need to be controlled.

Complex formation with positively charged molecules is
an easy way to reduce the negative charge of pDNA. A net
positive charge on the pDNA complex facilitates the interac-
tion of the complex with cells, resulting in gene transfer into
the cells. Although such cationic charge-mediated gene
transfer could be used for tissue-selective gene transfer into
the lung, cellular uptake of such a cationic pPDNA complex is
a nonspecific process.

In an attempt to improve the cell-specificity of gene trans-
fer, homing devices have been introduced onto vectors. They
include: asialoglycoproteins,'” carbohydrates,?*!>>5%5) trans-
ferrin,***” antibodies,”’*!*" and lung surfactant proteins.®?
These ligands offer increased affinity of the pDNA complex
with target cells, but do not guarantee target cell-specific
gene transfer. Barriers in the biodistribution processes of
pDNA reduce the ratio of transgene expression in target and
non-target cells.” Therefore, control of the overall character-
istics of a pDNA complex is required for selective delivery of
pDNA to target cells. Figure 2 summarizes the steps for in
vivo cell-specific gene transfer encountered by a pDNA com-
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Fig. 2. Fate of Targeted Delivery of a pPDNA/Nonviral Carrier Complex

The complex should be soluble in the injection solution, avoid aggregation, non-specific binding to tissues, embolization, and phagocytosis, extravasate (when target cells are tis-
sue parenchymal cells), be recognized by the specific molecule, be internalized, escape from endosomal/lysosomal degradation, be transported into the nucleus, and be transcribed

and translated.

plex with a homing device following intravascular adminis-
tration.

To achieve cell-specific gene transfer to hepatocytes or
liver nonparenchymal cells, we synthesized glycosylated
poly(L-lysine) (PLL) derivatives and prepared a pDNA com-
plex for targeted delivery to cells possessing carbohydrate re-
ceptors.*'*? Well-designed pDNA/galactosylated PLL (Gal-
PLL) complexes were delivered to the liver in up to 80% of
the injected dose. Separation of the liver cells revealed that
such complexes were preferentially taken up by hepatocytes,
the cells possessing asialoglycoprotein receptors. When the
transfection efficiency of the pDNA/galactosylated polymer
complex was boosted by the use of a fusogenic peptide (an
acid-sensitive peptide designed based on the amino-terminal
of influenza virus hemagglutinin subunit HA-2 or mHA?2),
the amount of transgene product in the hepatocytes ac-
counted for over 95% of the total amount in all the tissues
examined,” indicating the success of this target cell-specific
gene transfer in vivo. Figure 3 summarizes the tissue disposi-
tion of pDNA and transgene expression following intra-
venous injection of pDNA complexed with a hepatocyte-tar-
geted polymeric carrier in mice.*”

Tissue (Cell)-Specific Promoters Use of a tissue-spe-
cific promoter is another strategy for achieving target cell-
specific gene transfer. Some promoters are active only in a
specific type of cells, which offers high specificity of trans-
gene expression following in vivo administration of pDNA.
However, a major drawback of tissue-specific promoters is
the weakness of their transduction efficiency. Therefore, tis-
sue-specific promoters have scarcely been used for nonviral
approaches whose transfection efficiency is generally much
less than that of viral vectors. Herweijer et al.®® have re-
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Fig. 3. (A) Transgene Expression (Luciferase) in Mouse Organs Follow-
ing Intravenous Injection of pDNA/Galactosylated Poly(L-ornithine)-mHA2
Complex

At 6h after injection, mice were killed and the luciferase activity of tissue extracts
was analyzed.

(B) Tissue Distribution of **P-Radioactivity at 30 min Following Intravenous
Injection of 3?P-pDNA/Galactosylated Poly(L-ornithine)-mHA2 Complex in
Mice

Hepatocytes (PC) and liver nonparenchymal cells (NPC), such as Kupffer and en-
dothelial cells, were separated by differential centrifugation. Contribution of each cell
type to the total liver values was calculated based on the activities in both cell types and

their numbers in the liver (1.25%X10® cells/g liver for hepatocytes and 0.65%x10° for
NPC).

ported that a liver-specific albumin promoter is expressed at
much lower levels of transgene product than viral ones, such
as cytomegalovirus (CMV) promoter.
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LEVEL OF TRANSGENE EXPRESSION

The level of transgene expression in target cells is directly
correlated with the efficacy of an in vivo gene transfer ap-
proach for a particular disease, which depends mostly on the
strength of the promoter and the amount of pDNA delivered
into the nucleus of the target cells. Generally, the level of
transgene expression is determined by the number of trans-
fected cells and the number of copies of pDNA taken up into
each cell.*”) In most cases of gene replacement therapy, non-
viral approaches hardly achieve sufficient transgene expres-
sion to obtain any therapeutic effects. Although the level of
transgene products is generally less than that required for
treatment, too high an expression may induce disorders that
result from excessive production. Recently, Zhu et al.*® re-
ported that overexpression of y-sarcoglycan induced severe
muscular dystrophy in normal mice, suggesting that the level
of transgene expression should be carefully controlled in re-
placement gene therapy to ensure safety during human clini-
cal trials.

Intramuscular injection of naked pDNA, one of most thor-
oughly studied nonviral gene transfer methods, results in tar-
get-selective, prolonged, but very weak transgene expression,
even with very powerful viral promoters such as CMV.
Therefore, a major challenge to increase the level of trans-
gene expression relies largely on improving the delivery of
pDNA to the nucleus. Endosomal release, stabilization of
pDNA within the cytoplasm,®*—® and nuclear transport®—""
are the major processes governing the efficiency of gene
transfer.

Increasing the pDNA in the Cytoplasm/Nucleus. Mol-
ecules Altering the Intracellular Disposition of pDNA
After endocytosis, the pDNA complex is largely retained in
perinuclear endosomes/lysosomes, which limits its transport
into the cytoplasm/nucleus and is a major barrier for eventual
transfection. Therefore, endosomal release of pDNA is a tar-
get for efficient gene transfer (Fig. 2).

One of the strategies involves using fusogenic lipids or
peptides to disrupt the endosomal membrane. Dioleoylphos-
phatidylethanolamine (DOPE) is sometimes employed as a
fusogenic helper lipid in pDNA/cationic liposome com-
plexes. When cationic lipids bind to anionic lipids in the cel-
lular membrane, phase separation, which initiates the in-
verted hexagonal phase formation, and membrane destabi-
lization may occur. On the other hand, fusogenic peptides de-
rived from fusion-active viruses can form pores in the lipid
membrane’® but some peptides can only do this at an acidic
pH. They destabilize the endosomal membrane by the reduc-
tion in pH followed by cytoplasmic release of endosomal
pDNA complex. The transfection efficiency into mouse liver
was enhanced by the covalent binding of a fusogenic peptide
to a hepatocyte—specific pPDNA complex.?>

Another approach involves the use of a vector with a high
buffering capacity and the ability to swell when protonated.
Such a system, e.g. polyethyleneimine (PEI),”® reduces the
acidification of the endosome, induces a large inflow of ions
and water, subsequently leading to rupture of the endosomal
membrane. Histidine-"*" or imidazole-’® containing poly-
mers allow efficient release of the pDNA complex from en-
docytotic vesicles into the cytoplasm.

Anionic lipids can displace pDNA in a pDNA/cationic li-
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posome complex.”” It has been hypothesized that anionic
lipids, which are normally found in the endosomal mem-
brane, efficiently dissociate the cationic lipids from the com-
plex and release pDNA into the cytoplasm. Sakurai et
al.™ reported that a highly cationic complex of pDNA and
N-(1-2,3-dioleyloxypropyl)-N,N,N-trimethylammonium
(DOTMA)/DOPE liposomes had difficulty in being released
from endocytotic vesicles compared with a weakly cationic
one, resulting in less transgene expression in cultured cells.

Nuclear localization signal (NLS) peptide has been used in
an attempt to deliver pDNA into the nucleus, via electrostatic
binding of pDNA to cationic NLS-containing molecules.
This active transport of pDNA into the nucleus is important
for the efficiency of gene transfer since pDNA is unstable in
the cytoplasm. Lechardeur et al®® reported that microin-
jected pDNA is rapidly degraded in the cytoplasm with an
apparent half-life of 50—90min. Cytoplasmic nuclease
might be responsible for the degradation.

Physical and Electrical Approaches pDNA can be shot
into target tissues or cells by a gene gun, which uses gold
particles coated with pDNA.” This approach allows pDNA
to directly penetrate through cell membranes into the cyto-
plasm or even nuclei, and to bypass the endosomes/lyso-
somes, thus avoiding enzymatic degradation. Skin, liver and
skeletal muscle have been successfully transfected after sur-
gical exposure of the tissue.” ®) If shallow penetration of
bombarded pDNA into tissues is a problem, jet-injection of
pDNA may be the solution.®*5%

The application of short and intense electrical pulses can
produce reversible permeability of cell membranes.’*%> Ex-
tracellular molecules can enter the cell via the pores created
by the electrical pulses. Electrophoretic and electroosmotic
transport under the influence of an electrical field may also
facilitate the transport of charged molecules, like pDNA,
across the membrane.’® After initial permeation, the pores
close and pDNA is trapped within the cell. Therefore, elec-
troporation following a local injection of pDNA increases the
chance of pDNA uptake by cells adjacent to the injection
site. /n vivo electroporation generally increases transgene ex-
pression up to 1000-fold compared with injection of naked
pDNA without electroporation, in tissues such as skin,®”
liver,®® melanoma,® and muscle.”” The application of ultra-
sound has also been investigated in an attempt to improve in
vivo transgene expression, and this facilitated non-endocy-
totic uptake of pDNA into cells.”"

Pressure produced by a large volume of solution also facil-
itates cellular uptake of pDNA, probably via a non-endocy-
totic process. Liu et al.’® and Zhang et al.*® reported that a
rapid injection of a large volume of naked pDNA solution
(for example, 1.6 ml saline solution for a 20 g mouse, which
is almost equivalent to the total blood volume of the animal)
via the mouse tail vein can induce efficient gene transfer in
internal organs including the lung, spleen, heart, kidney and
liver, with the highest level observed in the liver. The mecha-
nisms of gene transfer by this method are not fully under-
stood, but the hydrostatic pressure seems to force pDNA into
the liver.”” Kobayashi et al.*® showed that not only pDNA
but also proteins and other macromolecules can be delivered
to liver cells by the same procedure, supporting a nonspecific
mechanism for the cellular uptake of pDNA by this ap-
proach. A large-volume injection of naked pDNA has also
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been applied to tissue-selective gene transfer by creating a
closed loop of blood vessels into hepatocytes'® and skeletal
muscle. >

Promoter Strength The level of transgene expression is,
of course, highly dependent on the strength of the promoters.
In most nonviral approaches, strong viral promoters, such as
simian virus 40 (SV40) early or late promoter and CMV im-
mediate early promoter, have been used to compensate for
the weaker potential of nonviral vectors compared with viral
ones as far as transfection activity is concerned. To further
increase the efficiency of transgene expression, transcrip-
tional regulatory elements of pDNA have been examined.’”

DURATION OF TRANSGENE EXPRESSION

Nonviral delivery of pDNA usually does not undergo chro-
mosomal integration, which would be a factor determining
the duration of transgene expression. Therefore, the degrada-
tion of pDNA and/or the transcriptional inactivation of the
promoter are the major causes for such loss. One approach to
prolong transgene expression is to continuously supply
pDNA to the target cells by controlled release of pDNA. Im-
proved stability of pDNA might also prolong the expression.
The plasmid construct needs to be optimized because silenc-
ing promoters and/or the CpG motif-mediated immune reac-
tion would limit transgene expression. In addition, the life
span of cells, especially transfected ones, is another factor
governing the persistence of expression.

Controlled Release and Stabilization of pDNA Con-
trolled release of bioactive pDNA can be achieved by encap-
sulating it into biodegradable matrices. To ensure sustained
release and expression, pDNA should be protected from
degradation before and after its release from matrices. A low
concentration of pDNA continuously released from a formu-
lation could be readily degraded by nucleases. Then the
pDNA needs to find a way to the nucleus of the target cell.

Several controlled gene delivery systems have been devel-
oped using various polymers, such as gelatin,”® atelocolla-
gen,”” polylactic-polyglycolic acid (PLGA) polymers.”>*"
Ochiya et al.’” prepared pDNA in a cylindrical formulation
composed of atelocollagen (Minipellet) and succeeded in ob-
taining prolonged release of active pDNA. When adminis-
tered intramuscularly into mice, pDNA in the pellet formula-
tion exhibited an increasing pharmacological activity up to
60d, which was much longer than that obtained following
administration of naked pDNA. Instead of naked pDNA, its
complex with cationic carriers is sometimes used to enhance
the stability of pDNA during the preparation of formulations
and to protect pDNA from degradation by nucleases.’®

Another factor determining the duration is the loss of
pDNA from the transfected cells since DNA is not stable in
the cytoplasm. Lechardeur et al®® have reported that mi-
croinjected pDNA is rapidly degraded in the cytoplasm with
an apparent half-life of 50—90min. Cytoplasmic nuclease
might be responsible for this degradation so that microinjec-
tion of free pDNA directly into the nucleus bypasses the cy-
toplasmic degradation and results in a much higher level of
gene expression than microinjection of pDNA into the cyto-
plasm. 6667

Plasmid Construct Transcriptional regulatory elements
determine various parameters, such as cell-specificity, effi-
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ciency and duration of transgene expression. So far, pro-
moter/enhancer elements have been most extensively studied
for their effects on gene transfer.®*!'°” For nonviral gene de-
livery approaches, very strong promoter/enhancers have been
widely used to obtain high levels of transgene expression,
such as CMV immediate-early promoter and SV40 early pro-
moter, but these promoters can be easily attenuated. In addi-
tion, differences in the properties of pDNA produced in bac-
teria from mammalian DNA can induce immune reactions,
which often reduce the duration as well as the level of trans-
gene expression.

CpG Motif Compared with DNA of eukaryotic cells
(frequency of ca. 1:64), bacterial genomic DNA contains
a higher frequency of the dinucleotide sequence CpG
(1:16)."Y Prokaryotic DNA is relatively unmethylated com-
pared with the eukaryotic form, in which approximately 80%
of the cytosines are methylated, a modification known to
eliminate immunostimulation. These differences allow the
mammalian immune system to recognize and respond to for-
eign DNA of bacterial origin,'® such as pDNA derived from
bacterial sources. Although such stimulation of the immune
system is desirable for cancer immunotherapy or vaccination,
it can be unfavorable for many gene therapy indications.'”
In addition to the immunostimulatory CpG motifs, neutraliz-
ing CpG sequences that can neutralize the immune activating
properties of the stimulatory motifs has been reported.'*”

The inflammatory response after the injection of naked
pDNA into skeletal muscle is actually related to the CpG mo-
tifs in the pDNA.!" The immune reaction against pDNA is
amplified by the use of cationic liposome and high levels of
cytokines, such as interferon (IFN)-y and tumor necrosis fac-
tor (TNF)-a, have been detected after their intratracheal in-
stillation or intravenous injection.**!**1%” These cytokines
are not only toxic to the treated animals but also inhibit trans-
gene expression. The presence of stimulatory CpG motifs in
pDNA seems to be directly correlated with cytokine produc-
tion.!® Therefore, this property of CpG is a significant ob-
stacle to replacement gene therapy.

Yew et al.'®® eliminated 270 of 526 CpG dinucleotides in
a reporter pDNA, either by eliminating nonessential regions
within the plasmid backbone or by site-directed mutagenesis.
A CpG-reduced pDNA was then found to be significantly
less immunostimulatory than the original pDNA. Tan et
al.'® reported that an intraperitoneal injection of dexametha-
sone suppressed cationic lipid—protamine-pDNA complex-
induced cytokine production and led to significantly higher
and prolonged transgene expression. Recently, a PCR ampli-
fied fragment has been examined with a view to avoiding im-
mune responses against CpG motifs of all nonessential re-
gions within the plasmid backbone.''?

Promoter Inactivation The transcriptional activity of
CMYV promoter is very powerful, but likely to be inactivated
over time in cells such as hepatocytes.®>!°!!) Sych inactiva-
tion of the CMV promoter has also been observed in trans-
genic mice.'!'? Cytokines, such as TNF-c and IFN-y, are in-
volved in the inactivation of viral promoters.''® Yew et al.''¥
reported that a hybrid promoter consisting of CMV enhancer
and human UBB (encoding ubiquitin B) promoter can pro-
long transgene expression up to three months in the lung and
42 d in the liver. Herweijer et al.®® showed that mouse albu-
min promoter prolonged transgene expression in the liver,
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Table 3. Characteristics of Typical Target Cells for in Vivo Gene Transfer
Type of cell Intestinal epithelial Hepatocytes Myotubes
cells
Life span <1 week >5 months Extremely long
Accessibility Easy (Oral) Difficult Easy (Topical)
Blood flow® Abundant Abundant Moderate
(36 ml/h/g tissue) (51 ml/h/g tissue) (3 ml/h/g tissue)

Specific properties  Thick mucus layer  Specific receptors Developed

extracellular matrix

a) Values are calculated based on reported values.''>

compared with viral promoters like CMV.

Lifespan of (Transfected) Cells If gene transfer occurs
in differentiated cells, such as the lung epithelial or endothe-
lial cells, hepatocytes, or skeletal myotubes, which is the
most common for in vivo gene transfer by nonviral methods,
the life-span of transfected cells limits sustained transgene
expression. The lifespan of cells varies greatly depending on
the type of cells: from less than 1 week for intestinal epithe-
lial cells to life-long for nerve cells and skeletal and cardiac
muscle cells. Table 3 compares the characteristics of poten-
tial target cells for in vivo gene transfer: intestinal epithelial
cells, hepatocytes and myotubes.

Transgene expression in muscle cells can persist for sev-
eral months after intramuscular injection,''®!'” indicating
that a considerable fraction of the transfected cells survive
for a long period. However, administration by this procedure
may induce cell death. A large-volume injection of naked
pDNA has resulted in an extremely high, but short, transgene
expression,”® and the procedure induced hepatocellular
damage.®¥ The loss of gene-expressing cells through an
apoptotic process has been reported to occur in the lung fol-
lowing systemic administration of a cationic lipid—prota-
mine-pDNA complex.*

NUMBER OF TRANSFECTED CELLS

As discussed in Table 1, the number of transfected cells is
very important for cases in which transgene products localize
within transfected cells e.g. dystrophin.'? Although an intra-
muscular injection of naked pDNA results in relatively effi-
cient transgene expression, transfected cells localize near the
injection site and the efficiency is approximately 1% that of
muscle fibers.'>!'® The disposition of transfected cells is
limited to the region around the injection site, about 10 mm
in diameter in dog muscle.!'® Direct injection into the liver
also resulted in transgene expression over an area of 5mm
around the injection sites.!” Limited disposition of pDNA in-
jected locally is a major reason for this highly localized gene
transfer (Fig. 4). When complexed with pDNA, cationic lipo-
somes reduced the spread of pDNA in tumors following di-
rect injection into the tissues.*” Although the disposition of
locally injected pDNA can be partially improved by using
polyvinyl pyrrolidone,'!” hyaluronidase,**!*” or electropora-
tion,”*!1?! these effects are limited to areas adjacent to the in-
jection site.

Several approaches have been examined to overcome this
hurdle. Injection of a sucrose solution prior to pDNA injec-
tion has been shown to force the generation of spaces be-
tween muscle fibers, thereby improving the disposition of
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Lecal injection Intravascular injection

Gene
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Gene
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Transgene
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Fig. 4. Disposition and Gene Transfer of Locally or Intravascularly In-
jected pDNA

The disposition of pDNA injected into tissues is normally limited and, therefore,
gene transfer will occur in cells very close to the injection site. On the other hand, in-
travascularly injected pDNA can distribute throughout tissues and have the opportunity
to achieve gene transfer in a large number of cells. Pale lines represent blood vessels
and solid areas represent cells expressing transgene products.

pDNA throughout the muscle.!”? Digestion of extracellular
matrix by proteases, such as collagenase and hyaluronidase,
also increases gene transfer by naked pDNA or AAV vec-
tor,**!29 and so could improve the disposition of those vec-
tors within the muscle tissue injected. Molecules inducing
muscle regeneration, such as bupivacaine, are also effec-
tiVe.123’124)

Another strategy for in vivo gene transfer to a large num-
ber of cells is intravascular delivery of pDNA. Due to the
well-developed vasculature within tissues, such as internal
organs, skeletal muscle and brain, pDNA can be delivered to
the vicinity of a number of parenchymal cells of these tis-
sues. Rapid injection of a large volume of naked pDNA solu-
tion resulted in very high transgene expression in the liver.
Transfected cells were spread throughout the liver and ap-
proximately 40% of them expressed a transgene product.”” A
similar approach to skeletal muscle was also effective in in-
ducing transgene expression in many myotubes in various
species.’* 19 In monkeys, an average of 6.9% of myofibers
were transfected in both leg and arm muscles.

Liu et al.'® succeeded in gene transfer into the diaphragm
muscle of the mdx mouse, a model of Duchenne muscular
dystrophy (DMD). Significant gene transfer was also found
after intravenous injection of naked pDNA followed by a
brief occlusion of blood flow at the vena cava. Approxi-
mately 40% of muscle fibers of the diaphragm were positive
for dystrophin in mdx mice injected with pDNA encoding the
full-length Dmd cDNA.

CONCLUSION

Successful in vivo gene therapy requires the development
of a rational gene transfer approach that fulfills various re-
quirements for each target disease. Development of target
cell-specific delivery and controlled release technologies, the
combined use of a variety of approaches, and the optimiza-
tion of administration methods are needed to achieve effec-
tive in vivo gene therapy. Further basic and clinical studies in
this field should allow in vivo gene therapy to become a real-
istic medical option in the near future.
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