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Gaélle Vandermeulen, Liévin Daugimont, and Véronique Préat

Unité de Pharmacie Galénigue , Université Catholique de Louvarn,
Avenue Emmanuel Mounier, 73 UCL, Brussels, Belgium

INTRODUCTION

The skin represents an attractive site for the delivery of nucleic-acid-based drugs for
the treatment of topical or systemic diseases and immunization. However, attempts
at therapeutic cutaneous gene delivery have been hindered by several factors. Usu-
ally, except for viral vectors, gene expression is transient and typically disappears
with one to two weeks due to the continuous renewal of the epidermis. Moreover,
DNA penetration is limited by the barrier properties of the skin, rendering topical
application rather inefficient. ' '

Therapeutic Use of DNA in the Skin ' :
The potential use of DN A-based drugs in the skin are (1) gene replacement by in-
troducing a defective or missing gene for the treatment of genodermatosis, (2) gene
therapy by delivering a with a specific pharmacological effect or a suicidal gene, (3)
wound healing, (4) immunotherapy with DNA encoding cytokines, and (5) DNA
vaccine. The gene encoding the protein of interest can be inserted in a viral vector
or a plasmid that carries this gene under the control of an appropriate eukaryotic
promoter (e.g., the CMV promoter in most cases).

For gene therapy of inherited skin diseases, knowledge of the genome and iden-
tification of a mutation causing different hereditary diseases make it possible to con-
sider a transfer of normal copies of the affected gene in the cells of the patient. Three
types of pathologies have been particularly studied: epidermolysis bullosa (a group
of blistering skin conditions), ichthyosis (a family of skin diseases causing a scaling
of the skin), and xeroderma pigmentosum (a recessively inherited genodermatosis
prone to UV-induced skin basal and squamous cell carcinomas) (1). Suitable animals
models have demonstrated proof of concept for treating human genodermatosis (2).

In theory, secretion of therapeutic proteins for systemic therapy could be an
application of gene transfer to the skin. However, due to the usually short-term
expression of the gene when a nonviral method is used, other organs, in particular
the muscle, are more appropriate for long-term expression of serum proteins. Wolff
et al. showed that direct gene transfer into mouse muscle in vivo was possible and
gave protein expression over several months (3).

Due to the little benefit of growth factors in the form of protein, gene trans-
fer has been envisaged for the treatment of wound healing (4,5). Moreover, wound
healing requires a transient increase in specific growth factors until the wound clo-
sure is achieved. This transient character makes local and transient gene therapy of
particular interest. Recombinant growth factors are also much more expensive to
produce compared with plasmid DNA. Delivery of plasmid DNA encoding, for ex-
ample, keratinocyte growth factor-1 can improve cutaneous wound healing. How-
ever, gene delivery in this environment poses a particular challenge (5).
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Another application of gene delivery in the skin is the transfer of gene en-

‘coding cytokines or cytokine inhibitors playing different roles in autoimmune and

inflammatory diseases (6,7).

The skin is a target organ for vaccination. It acts as a physical barrier to pre.
vent entrance of pathogens and is also an immunological barrier. Langerhans cejig
and dendritic cells are able to internalize allergens and infectious agents and stimpy.
late innate and acquired immune responses. The rationale for DNA vaccine is easy
to understand. DNA vaccine contains a gene that encodes an antigen. Foﬂowmg
administration, the transfected cells express the antigen that can induce humorg]
and/or cellular immune response. In 1992, Tang et al. reported that an immune re.
sponse could also be elicited by introducing the gene encoding a protein directly
into mouse skin (8). After this proof-of-concept study, preclinical and clinical stud-
ies further confirmed the feasibility of cutaneous DNA vaccination 9).

Methods to Enhance DNA Delivery to the Skin

Effective gene therapy requires that a gene encoding a therapeutic protein muygt
be administered and delivered to target cells, migrate to the cell nucleus, and be
expressed to a gene product. DNA delivery is limited by (1) DNA degradation by
tissues or blood nucleases, (2) low diffusion at the site of administration, (3) poor
targeting to cells, (4) inability to cross membranes, (5) low cellular uptake, and (6)
intracellular trafficking to the nucleus. Several approaches have been developed to
overcome these barriers.

Local delivery reduces the risk of degradation by blood nucleases and pro-
vides a “passive” targeting of the skin, but the efficacy of naked DNA delivery is
poor. The stratum corneum constitutes an impermeable barrier to hydrophilic or
high molecular weight drugs. Hence, topical DNA delivery into the skin can only
be achieved if the barrier function of the stratum corneum is broken by any method.
The selection of the appropriate vector or method to promote the penetration of
DNA through and/or into the skin has been shown to be paramount.

The continuous renewal and the compartmentalization of the skin are two
challenges for efficient long-term gene therapy. The recent inability to sustain phe-
notypic correction of human genetic skin diseases due to loss of therapeutic gene
expression in regenerated epidermal tissue has highlighted this limitation. Long-
term expression would become possible only if transfer to stem cells was successful.
However, besides immune response against the encoded proteins, gene inactiva-
tion, selective growth disadvantage for transduced stem cells, and gradual loss of
these cells have been reported (2,10).

Epidermal gene transfer has been achieved with ex vivo approaches. Genes
of interest have been introduced, mainly with viral vectors, in keratinocytes or fi-
broblasts and then grafted on nude mice or patients. Permanent expression can be
achieved by this genetic manipulation of keratinocytes ex vivo followed by trans-
plantation or local injection of viral vectors. In vivo approaches, which are more
patient-friendly, less invasive, less time consuming, and less expensive, are more
attractive and will gradually replace the ex vivo gene transfer protocols (2).

The methods developed for gene transfer into the skin are based on the meth-
ods developed for gene transfection in vitro and in other tissues in vivo and on
methods developed to enhance transdermal drug delivery. They include (1) topical
delivery, (2) intradermal injection, (3) mechanical methods, (4) physical methods
and (5) biological methods. These methods will be described, and their potential for




DNA Transfer in the Skin

intradermal Mechanical Physical methods

rTopica} delivery injection methods

|

FIGURE 1 Nonviral methods to transfer DNA to the skin. (A) Topical delivery of naked DNA: (B)
liposomes; (C) interdermal injection; (D) microneedies; (E) gene gun; (F) electrotransfer; (G) laser;

and (H) ultrasound.

gene transfer into the skin will be illustrated (Fig. 1) and discussed. The rationale,
pros, and cons of each method are summarized (Table 1).

TOPICAL DELIVERY

Topical application of naked plasmid DNA to the skin is particularly attractive to
provide a simple approach to deliver genes to large areas of the skin. However, the
low permeability of the skin to high-molecular-weight hydrophilic molecules limits
the use of this approach. Gene expression after topical delivery of an aqueous solu-
tion of DNA on intact skin has been reported to induce gene expression (11), but
the expression is rather low. Higher expressions are induced if stratum corneum
permeability is increased by mechanical methods, e.g., microabrasion, brushing or
tape stripping (11). Formulation of the DNA plasmid can also improve DNA trans-

fection after topical application.

1
£

Topical Application of Plasmid Solution

 When naked plasmid DNA containing a reporter gene was topically applied to

mouse skin submitted to brushing, gene expression was detected in the skin sam-

ples as early as four hours after DNA application, reached a plateau after-16 to

72 hours post application, and decreased significantly by seven days post applica-

tion (11). This expression was confined to the superficial layers of the epidermis and -
to hair follicles. Topical application of DNA following shaving and brushing was as

efficient as intradermal injection.

Quantitative polymerase chain reaction demonstrated that topically applied
DNA was capable of penetrating human skin in vitro and keratinocyte layer. In
vivo, the levels of plasmid DNA in the serum of mice peaked at four hours. After
24 hours, topically applied DNA existed at higher levels than intravenously admin-
istered DNA in almost all tissues and induced a 22-fold higher DNA expression in
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DINA Transfer in the Skin 541

the skin and a sustained expression of the plasmid in the regional lymph node over
five days (12).

Topical application of plasmid vectors expressing f-galactosidase (Bgal) and
hepatitis B surface antigen to intact skin induced antigen-specific immune responses
that displayed Th2 features. Topical gene transfer was dependent on the presence
of normal hair follicles. In the case of hepatitis B surface antigen, these immune
responses approached the magnitude of those produced by the intramuscular injec-
tion of the commercially available recombinant polypeptide vaccine (13).

Further studies are required to determine the clinical potential of this simple
noninvasive method to transfect large areas of the skin. However, due to the low

permeability of the skin to high-molecular-weight hydrophilic molecules, increas-
_ ing plasmid permeation by using formulations of the DNA plasmid or by enhanc-
. ing skin permeability must be used for efficient transfection.

- Topical Application of Lipid-Based DNA Formulations

Cationic liposomes were described for the first time as gene carriers in 1987 by
Felgner et al. (14). Since then, it has been reported that conventional cationic k-

- posomes, nonionic lipesomes, transferosomes, and other lipid formulations could

be used as gene delivery systems to the skin. In 1995, Alexander et al. reported

early gene expression in the epidermis, dermis, and hair follicles after application

of plasmid DNA complexed with DOTAP (15). Expression persisted at high levels
for 48 hours post treatment but lowered by seven days after application. Bgal ex-
pression was also observed in hair follicles of mice three days after topical admin-

_ istration of the lacZ gene entrapped in liposomes (PC:Cho:PE 5:3:2), suggesting the
 feasibility of targeting hair matrix and possibly follicle stem cells (16).

The composition of the lipid-based DNA formulation strongly influences the

_ efficacy of gene expression in the skin. Whereas most studies report an increase in
i gene expression after the topical application of lipid-based DNA formulations, the
| benefit from the lipid is not always straightforward. Yu et al. showed that, when

the DNA/lipid ratio (ug DNA/nmol lipid) was greater than 1:1, the expression lev-
| els observed after topical application of-cationic lipids were comparable with those
- produced by the application of DNA alone (11). With increasing lipid concentra-
. tons, reporter gene expression decreased. After topical application of liposomes
- containing the hemagglutining virus of Japan, a five times lower transfer efficiency
~ Wwas reported than after naked DNA injection (17). Nonionic liposomes were the
- most efficient vehicle followed by noniohic/cationic and pegylated liposomes,
~ whereas protective interactive noncondensing polymers were relatively inefficient
i (18). Application (once daily for three consecutive days) of plasmid DNA in various

liposomal spray formulations yielded limited gene expression (19). Topical admin-

- istration of plasmids in biphasic lipid vesicles resulted in gene expression in the
~ lymph node and a Th2 response. However, with intradermal Injection, antigen ex-

pression was found in the skin and resulted in a Th1 response (20).

Confocal microscopy studies showed that intact liposomes were not able to
penetrate into the granular layers of the epidermis (21). This drawback led to the
development of highly deformable liposomes (22). In contrast to conventional lipo-

somes, deformable liposomes have been reported to penetrate intact skin. After topi-
. cal application of a formulation of deformable liposomes (DOTAP-sodium cholate
i oregg-phosphatidylcholine) loaded with plasmid DNA encoding green fluorescent
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protein (GFP), the gene was absorbed and transported in several organs in vivg
(23,24).

Topical application of DNA encapsulated in liposomes can induce short-term
gene expression in the skin. The formulation of the lipid-based complex is a Critical
factor, which needs to be optimized to enhance gene expression by protecting and
condensing the DNA and/or enhancing its cellular penetration.

Topical Application of Other Microsized and Nanosized Formulations
Microcarrier and nanocarrier formulations of plasmid have been shown to enhance
DNA penetration and gene expression in the skin. When a water-in-oil nanoemzy].
sion (32 nm) of plasmid was applied to mouse skin, the deposition of the plasmid
DNA was primarily in follicular keratinocytes. After a single application of 10 ug in
non-hairless mice, expression peaked at 24 hours and was 10 times higher than after
aqueous DNA application (25).

Plasmid incorporated in an ethanol-in-fluorocarbon microemulsion also en-
hanced luciferase expression as well as antibody and Thl immune response (26).
Topical immunization with a topical perfluorocarbon-based microemulsion con-
taining an anthrax protective antigen encoding plasmid led to a significant antibody
response (9).

Transcutaneous delivery of a DNA plasmid-dimethylsulfoxide mixture to the
untreated skin of chicken resulted in a wide distribution of the plasmid in the body.
It induced mucosal and systemic immune response and protection from challenge
with the viruses tested. The plasmid persisted until at least 15 weeks post primary
vaccination (27).

No general conclusion can be drawn from these studies. In particular, the
mechanism(s) by which gene expression is enhanced should be known before a
rational design of the formulation can be established.

Topical Application of Hydrogel
Topical delivery of hydrogel containing plasmid could be useful for the treatment of

wound healing. Hydrogels can prolong the contact of skin with the plasmid encod-
ing for a growth factor, and they can have a positive effect on wound. Thermosensi-
tive hydrogel made of triblock copolymer PEG-PLGA~PEG containing transforming
growth factor-betal encoding plasmid significantly increased reepithealization, cell
proliferation, and the presence of organized collagen in wound healing in diabetic
mice. Maximal gene expression was at 24 hours in the skin wound and dropped by

90% 72 hours later (28,29).

INTRADERMAL INJECTION

One of the simplest ways of gene delivery is injecting naked DNA encoding the
therapeutic protein. In 1990, Wolff et al. observed an expression for several months
after injection of naked DNA into the muscle (3). Expression following the direct
injection of naked plasmid DNA has been established for the skin (30,31). The epi-
dermis and the dermis can take up and transiently express plasmid DNA following
direct injection into animal skin.

When pig or human skin (grafted or organ culture) was injected intradermally
with naked DNA, the DNA was taken up and expressed in the epidermis. In con-
trast, DNA injected into mouse skin was expressed in the epidermis, dermis, and
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underlying tissue (31). Direct local injection of plasmid encoding reporter genes in
wounded skin induces gene expression for up to two weeks in fibroblasts, macro-
phages, and adipocytes in the dermal and subdermal layers. High level of granu-
locyte-colony-stimulating factor was detected in wounded mouse skin after local
delivery of granulocyte-colony-stimulating factor plasmid (32). IL-10 released from
transduced keratinocytes can enter the bloodstream and cause biological effects at
distant areas of the skin, suggesting that it may be possible to treat systemic disease
using naked DNA injection into the skin (33). After intracutaneous injection of a

. very high dose (2 mg) of naked plasmid DNA, most organs transiently contained
the plasmid for several days whereas integration was not detected (34).

Jet injection of DNA in a solution can also be used to transfer DNA into tis-
sues of living animals. A jet of 100 to 300 L of a DNA solution has sufficient force to
travel into and through tissues of adult and juvenile animals. The introduced DNA
is found in cells surrounding the path of the jet (35). Jet injection of the naked DNA
exhibited a much higher activity than needle injection in human keratinocytes in

 vivo (36). Cutaneous DNA immunization can be achieved (37).

To prolong gene expression, hydrogel-containing ‘plasmid was investigated.

. Intradermal injection of agarose hydrogel containing 25 vg plasmid compacted
 with polylysine was reported to prolong gene expression for aqueous DNA solu-
' tion from five to seven days to 35 days (38). ‘

- MECHANICAL METHODS
 Microseeding and Puncture
~ Mechanical perforation of the skin, e. g., brushing (11), microseeding (39), and punc-
- ture (40), can also be used to deliver DNA into the skin. In microseeding, DNA
- 1s delivered directly to target cells by multiple perforations with oscillating solid
- Wicroneedles. Expression of plasmid encoding Bgal or human epidermal growth

factor in microseeded skin peaked two days after transfection and was higher than

. after gene transfer by intradermal injection or gene gun. Bgal expressing cells were
- detected in the epidermis and the dermis. The Bgal activity corresponded to the
~ localization of the charcoal marker deposits in the epidermis and subepidermal tis-
- sue. Pigs microseeded with hemagglutinin encoding plasmid were protected from
© infection by influenza virus (39). High-frequency puncturing of the skin with fine

short needles used for tattooing human skin allowed transfer of reporter genes as

well as expression of a transgene leading to the induction of cytolytic T lympho-

Cytes. Expression lasted for at least seven days (40).

| Gene Gun

Particle bombardment or biolistic technology provides a useful means for transfer-

- Ting foreign genes into a variety of cells in culture and Hssues in vivo. Gene gun

Consists in accelerating and propelling particles coated with DNA using different
kinds of gene devices. It accelerates particles at a sufficient velocity to penetrate into
the target cells. Particles are usually composed of gold or tungsten, with a diameter
Smaller than the target cells (usually between 1 and 5 um). Devices are based on volt-

i 2ge discharge, helium discharge, or other techniques. Originally, particle-mediated
i Bene transfer was developed to deliver genes to plant cells (41).

In the early 1990s, this approach was extended to mammaelian cells and tis-
Sues of living animals, including skin. Yang et al. demonstrated a transient expres-

§ sion of marker genes in mouse skin after bombardment with DNA-coated gold
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microparticles (42). When skin was bombarded with 2-5 um tungsten or gold Dar-
ticles coated with a plasmid coding luciferase and controlled by a B-actin PTOmS’cer,
ten to twenty percent of the cells in the epidermis expressed the foreign gene. Fy.
pression of luciferase in mouse ear was detectable at high level (4000-fold over back-
ground) and persisted for up to 10 days. Microprojectiles, which penetrated in the
skin, retained the DNA in the tissue and did not induce extensive cell damage or
inflammation (43).

Gene gun is usually applied for gene transfer to external tissues. The applica-
tion of this technology to other tissues has had limited success. Dileo et al. devel-
oped a new design that used helium discharge to propel DNA-coated gold beads
that were suspended in liquid, allowing delivery of DNA to deeper tissues, includ.
ing subcutaneous tumors (44). ‘ v

The major application of particle bombardment for gene transfer is DN
immunization. In 1992, Tang et al. detected antibody responses to human growth
hormone after genetic inoculation with microprojectiles coated with a plasmid cod-
ing human growth hormone gene (8). These initial studies were extended for im.-
munization against various diseases (e.g., influenza, hepatitis B, or HIV). Fynan et
al. demonstrated a highly efficient immunization against influenza virus with +wo
to three orders of magnitude less DNA than injection in saline. This could resul
from the combination of efficient transfection with efficient antigen presentation
and recognition (45). Both humoral and cellular immune responses are elicited vig
gene-gun-mediated nucleic acid immunization. Gene gun vaccination offers the ad-
vantages of requiring minimal amounts of DNA and providing a simple means of
delivering DNA intracellularly to the epidermis (46). Another application of gene
gun is the acceleration of wound healing. Transfer of a human epidermal growth
factor by this technique enhanced epidermal repair (47).

Several clinical trials using gene gun have been carried out. Besides immu-
nization, treatment of melanoma with various cytokines or antigens was invest-

gated (48).

Microneedles .
The most direct permeation enhancement relies on physical/mechanical disruption

of the stratum corneum. Recently, the ability of microneedles to disrupt the stra-
- tum corneum and create microchannels (10 to 20 pym diameter) has been reported
(49-53). Microneedles have been widely used to deliver conventional drugs, but
only proof of principle of DNA delivery has been reported (49,54). Arrays of mi-
cron scale silicon projection (microenhancer arrays) that were dipped into a solu-
tion of naked plasmid DNA and scraped across the skin of mice enabled topical
gene transfer, resulting in reporter gene activity of up to 2800-fold above topical
controls and topical immunization inducing stronger and less variable immune re-
sponses than via needle-based injections. In a human clinical study, these devices
effectively breached the skin barrier, allowing direct access to the epidermis with
minimal associated discomfort and skin irritation (54). Preliminary gene expression
studies confirmed that naked DNA plasmid can be locally expressed in excised hu-
man skin following disruption of the stratum corneum barrier with longer silicon
microneedles (49,55). ‘

In contrast to solid microneedles, hollow microneedles offer the possibility of
transporting drugs by diffusion or by pressure-driven flow. A variety of hollow mi-
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croneedles have been fabricated, but onty limited work has been published on their
~ possible use to deliver nucleic acids into the skin.

PHYSICAL METHODS

Physical methods such as electroporation or sonophoresis developed to enhance
transdermal and topical delivery of conventional drugs and to extend their field
of application have been reported to enhance DNA transfer into the skin and into

cutaneous cells.

Electrotransfer
Electrotransfer has been widely used to introduce DNA into various types of cells
in vitro and is one of the most efficient nonviral methods to enhance gene transfer
in various tissues in vivo. Electrotransfer involves plasmid injection in the target tis-
sue and application of short high-voltage electric pulses by electrodes. The intensity
and the duration of pulses and the more appropriate type of electrodes must be
evaluated for each tissue (56). The electric field plays a double part in DNA trans-
fection. Finally, it transiently disturbs membranes and increases cells permeability.
Secondly, it promotes electrophoresis of negatively charged DNA (57).

Neumann et al. published the first demonstration of this physical method of
gene transfer in 1982. They discovered the possibility to transfer linear or circular
DNA plasmid in vitro into cells in suspension by the use of high electric field and
showed the simplicity, the easy applicability, and the high efficiency of this tech-
nique (58). The confirmation of this result appeared two years later (59).

The earliest published work that used in vivo electrotransfer to deliver genes
was conducted by Titomirov et al. (60). A plasmid DNA coding neomycin resistance
gene was introduced subcutaneously into newborn mice followed by high-voltage
pulses applied to the skin. After electrotransfer, the skin was harvested and skin
cells were placed into a selective culture medium. It was demonstrated that plasmid
DNA persisted in the cells for at least 30 generations without selection. During the
1990s, electrotransfer using long pulses has been also used for the transfection of
other tissues: liver (61), tumors (62), and skeletal muscle (57,63,64).

Electrotransfer may be used to increase transgene expression 10- to 100-fold
more than the injection of naked DNA into the skin (65-67). Heller et al. demon-
strated that local delivery combined with electrotransfer could result in a signifi-
cant increase of serum concentrations of a specific protein (68). Neither long-term
inflammation nor necroses are generally observed (67,69,70).

After direct intradermal injection of plasmid, the transfected cells are typi-
cally restricted to the epidermis and dermis. However, when high-voltage pulses
were applied after this intradermal injection, other cells, including adipocytes, fibro-
blasts, and numerous dendritic-like cells within the dermis and subdermal layers,
were transfected (66). After topical application of plasmid on tape-stripped rat skin
followed by electrotransfer, GFP expression was also reported but was low and re-
stricted to the epidermis (69).

Duration of expression after electrotransfer depends on the targeted tissue. In
Contrast to the skeletal muscle where expression lasts for several months, gene ex-

ression is limited to only a few weeks into the skin. For example, after intradermal
electrotransfer of plasmid coding erythropoietin, the expression persisted for seven
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weeks at the DNA injection site, and hematocrit levels were increased for 11 weekg
(71). With reporter gene, a shorter expression was reported (66,67).

Several authors have tried to increase the effectiveness of the electrotransfer
into the skin. By coinjecting the nuclease inhibitor aurintricarboxylic acid with DN A
before applying electric pulses, transfection expression was significantly increased
(66). The use of a particulate adjuvant (gold particles) enhanced the effectivenesg
of DNA vaccination by electrotransfer (72). For the skin, combination of one high-
voltage pulse and one low-voltage pulse delivered by plate electrodes has been
proven to be efficient and well tolerated (67). The design of electrodes can also be
optimized (73).

Electrotransfer has no detrimental effect on wound healing and can thys
be used in the gene therapy of this pathology (74). A single injection of a plasmid
coding keratinocyte growth factor coupled with electrotransfer improved and ac-
celerated wound closure in a wound-healing diabetic mouse model (75). This was
recently confirmed in a study in a septic rat model (76).

Vaccination is another interesting application of electrotransfer into the skip,
Topical electrotransfer enhances DNA vaccine delivery to the skin and both hy-
moral and cellular immune responses. Hence, it could be developed as a potential
alternative for DNA vaccine delivery without inducing any irreversible changes
(65,67,77,78). Electrotransfer of DNA in melanoma is currently under investigation

in clinical trials.

Sonoporation
Sonoporation is the ultrasound-mediated enhancing of cell permeability. Ultra-

sound frequencies are in the range of KHz to MHz. Biological effects are mainly due
to two mechanisms, cavitation and heating. Acoustic cavitation is the nonthermal
interaction between a propagating pressure wave and a gaseous inclusion in aque-
ous media responsible for mechanical perturbation, collapse, and implosion of gas
bubbles (79). The importance of this phenomenon depends on ultrasound intensity
and frequency. It might lead to a release of a sufficient energy to permeabilize cell
membranes and to enhance drug or gene delivery into cells and tissue. Ultrasound
could also generate heat. When a beam is focused down to a small size in target
tissue, the thermal energy per area is high. This energy can be absorbed by the tis-
sue, resulting in increased temperature which might perturb biological systems.
Thermal effect varies with the exposure time and ultrasound intensity. It has only a
minor role in the ultrasound-induced increase in permeability.

The first result of sonoporation gene transfer was obtained in vitro in the mid-
1990s (80). Since then, this technique has been used in wide variety of tissues such as
muscle (81), tumor, and recently living skin equivalents consisting of keratinocytes
seeded upon a fibroblast-populated type I collagen gel and transplanted onto nude
mice after the ultrasound-mediated gene transfer (82).

The use of ultrasound contrast microbubbles may improve transfection. These
microscopic (1-3 um) microbubbles contain air or an inert gas with a shell com-
posed of proteins, lipids, or polymers. An example of microbubble that has been
proven very effective in sonoporation research is Optison® (perfluoropropane en-
capsulated in a human albumin sphere, GE Healthcare, Buckinghamshire, UX.).
Gene vectors mixed with microbubbles can be injected locally or systemically before
the application of ultrasound on the target area. It is also possible to use polymer-
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coated microbubbles that can bind and protect the DNA or microbubbles encapsu-
lating DNA (83).

Microchannels
Transient microconduits can be created in human skin by arrays of radiofrequency

microelectrodes without impinging underlying blood vessels and nerve endings
(84). The transient microconduits of approximately 30 pum diameter and 70 um
depth allow topical DNA delivery and result in gene expression (Bgal for example)
within the viable epidermal cells surrounding the microchannels. This staining was
higher when ViaDerm™ (the radiofrequency-microchannel generator, Taro Phar-
maceuticals, Inc., Canada) was applied both prior to and immediately following the
topical application of the DNA formulation (50 ug/50 ul) (85).

Laser Irradiation
Laser irradiation is another method to transfer DNA into cells either in vitro or

in vivo. The beam is emitted by a laser source, for example, neodymium yttrium-—
aluminium-garnet or argon ion laser and is focused by a lens. The exact mecha-
nism remains unknown, but the permeability of the cellular membrane is increased,
probably by a thermal effect, sufficiently to permit the entry of DNA into the cell.
Direct transfer of the neomycin gene by yttrium-aluminium-garnet laser was re-
ported for the first time in 1987 in vitro (86). Laser irradiation was used in vivo to
transfer genetic material into the muscle (87) and into the skin (88). Ogura et al.
reported levels of luciferase activities after laser irradiation two orders of magni-
tude higher than those after injection of naked DNA into the skin. No major side
effects were observed. Luciferase activity levels were sustained five days after gene
transfer. The development of laser gene transfer is limited by the high cost and the

size of the laser.

VIRAL METHODS

Historically, viral vectors were the first routes explored to deliver genes into cells.
Viruses are obligate intracellular parasites able to deliver genetic material into the
infected cell. This innate ability to transfer DNA appeared very useful for gene ther-
apy. The first step of viral vector design is to delete genes allowing replication, as-
sembling, or infection. This step permits to decrease pathogenicity and expression
of immunogenic viral antigens. These deleted genes can be replaced by an expres-
sion cassette containing promoter and therapeutic gene (the maximal size of the
expression cassette depends on the virus considered). This recombinant virus can
be replicated only in a cell line which supplies the deleted functions. Production of
populations of keratinocytes in which all cells contain the desired therapeutic gene
may be important in future genetic therapies. For gene therapy, introduction of a
desired gene into keratinocyte stem cells could overcome the problem of achieving
persistent gene expression in a significant percentage of keratinocytes.

Transgene can be introduced into fibroblasts or keratinocytes ex vivo and can
lead to the expression of gene products with local or systemic effects. The keratino-
Cyte is an attractive target for the purpose of an ex vivo gene therapy. The epidermis
can be biopsied to provide the source of keratinocytes, which can be expanded in
culture before transfection ex vivo and reimplantation in vivo.
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The theoretical advantages of ex vivo therapy, relatively easy delivery and
stable integration of the gene, are outbalanced by the expensive, long-lasting proce-
dure and by the risk associated with the procedure. Moreover, the use of viral vec.
tors for gene therapy is limited by immune responses and safety concern. Viruseg
can cause immunologic reactions and could induce mutagenic or oncogenic effects.
These concerns hinder genetic correction of severe inherited skin diseases (10).

Retroviruses
Retroviral vectors to transduce skin cells were initiated in the mid-1990s. Partial and

full-thickness wounds made in vitro in a human living skin equivalent were placed
in contact with a transduced cell line producing a replication-defective retrovirug
containing the fgal gene. Expression of Bgal was uniformly present at the wound
edge and alonc the base of the entire pamal thickness wound (89)

Human kera’cmocytes transduced with a retroviral vector for Bgal (with 99%
efficiency) were grafted onto immunodeficient mice to generate human epidermis,
Although integrated vector sequences persisted unchanged in epidermis at 10 weeks
post grafting, retroviral long terminal repeat region promoter (LTR)-driven Bgal ex-
pression ceased in vivo after approximately four weeks (90). While expected in non-
integrating viral vectors such as adenovirus, in the case of retrovirus, this loss of gene
expression occurred in spite of the retention of vector sequences for several turnover
periods. In contrast, LTR defective internal promoter vectors displayed consistently
strong levels of sustained marker protein expressions for up to 10 to 12 weeks (90).

Keratinocytes transduced by a retroviral vector have been shown to express
the human clotting factor IX, but low levels of human factor were detected for less
than a week in the plasma of mice grafted with these cells (91). Factor IX in plasma
was twofold to threefold higher with Human Papillomavirus 16 and human keratin
5 elements as promoters than with vector containing the CMV promoter alone (91).
Kolodka et al. (92) also showed long-term engraftment and persistence of transgene
expression in retrovirus-transduced keratinocytes that could be keratinocyte stem
cells. The combined capabilities for efficient retroviral gene transfer and effective
pharmacologic selection allow production of entirely engineered populations of hu-
man keratinocytes for the use in future efforts to achieve effective cutaneous gene
delivery (93). High-level secretion of growth hormone by retrovirally transduced
primary human keratinocytes was achieved (94). Retroviral vectors expressing a
mutated collagen for gene therapy of recessive dystrophic epidermolysis bullosa
in dogs corrected in primary keratinocytes the defect caused by the disease (95).
Successful engraftment of retrovirally transduced keratinocytes in pig was demon-
strated by the immunohistochemistry of biopsies, showing transgene expression
in 40-50% of grafted keratinocytes. After four weeks, keratinocytes expressing a

- foreign marker gene were lost (96).

Adenoviruses
Gene transfer to the skin using adenovirus has also been demonstrated both ex vivo

and in vivo. When murine keratinocytes infected with replication-deficient adeno-
virus coding for human ol antitrypsin (halAT) were transplanted in mice, halAT
was detected in the serum for at least 14 days. When Respiratory Syncytial Virus

gal or al AT adenovirus were administered subcutaneously to mice, expression
of Bgal was detected after four days in the epidermis and dermis and human c1AT
was detectable in the serum for at least 14 days (97). Lu et al. (98,99) showed that
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the subcutaneous administration of an adenoviral vector containing the luciferase
reporter gene induced a strong expression of the transgene in dermal cells, but only
a small portion of epidermal cells were transduced.

After topical application of adenovirus CMVlacZ, the entire surface of the
treated skin exhibited Bgal staining which persisted for seven days, with little or no
expression at 10 days. Quantitative analysis showed that the viral-vector-mediated

> gene transfers were superior to gene gun delivery of plasmid DNA. Epidermal gene

transter by either a gene gun delivery or viral vectors was transient, likely due to the
episomal localization of adenoviral vectors as well as terminal differentiation and
elimination. Four days after having topically applied an adenoviral vector contain-
ing a human TGF-o expression unit, hyperkeratosis and acanthosis were developed
by the murine epidermis (99).

Using adenoviruses in which a growth factor inducible element controls the
expression of the reporter gene, GFP expression was specifically detected in wound
margin keratinocytes from two to 10 days but not in intact skin (100).

After the pioneering studies, adenoviruses have been evaluated for several
potential applications. The recombinant adenoviral vector platform is being con-
sidered as a cancer vaccine platform because it efficiently induces response to tu-
mor antigen by intradermal immunization (101). Adenoviral vectors carrying the
xeroderma pigmentosum complementation group A gene were used to treat xe-
roderma pigmentosum mutant mice. Subcutaneous injection led to the expression
of the xeroderma pigmentosum complementation group A protein in basal kerati-
nocytes and prevented deleterious effect in the skin, including late development
of squamous cell carcinoma (102). Tissue-specific expression using the tyrosinase
promoter fused to two human tyrosinase enhancers for melanoma-specific expres-
sion of genes delivered by adenoviral vectors has been achieved (103).

However, note that first-generation adenoviral vectors are attenuated but not
defective viruses that still express several proteins that can lead to immunogenic
response, especially in the skin. Consequently, a loss of efficiency of these vectors
was observed. Preclinical and clinical studies have demonstrated immunological
responses directed toward the adenoviral vectors and inflammation in the target
tissues (104). Despite the advantages of adenoviruses over other viral vectors, safety
concerns have been raised in clinical trials.

Adeno-Associated Viruses and Lentiviruses

Adeno-associated viruses (AAV) are nonpathogenic, integrating DNA vectors capa-
ble of transducing dividing and nondividing cells with the potential of long-term ex-
pression. AAV vectors have been transfected successfully in the skin. They function
as an autonomous parvovirus in the skin. Following in vivo injection, Bgal expres-
sion was observed for more than four weeks in keratinocytes as well as hair follicle
epithelial cells and exocrine sweat glands. Expression upon readministration was
limited (105). AAV expressing vascular endothelial growth factor A administered
in wound display tropism for the panniculus carnosus (a part of the subcutaneous
tissue) and induce a sustained expression resulting in new vessels formation and re-
duction of healing time (106,107). In human keloid specimens injected with an AAV
vector for four weeks, gene expression was demonstrated by reverse transcriptase
polymerase chain reaction and X-gal staining (108). Implantation in nude mice of
HelLa keratinocytes transduced by AAV harboring the erythropoietin cDNA induced
a high level and long-term (>1 month) increase in hematocrit (109). Injection in the
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dermis of lentiviral vectors induces transduction of dividing basal and nondividing
suprabasal keratinocytes. Ex vivo grafting seemed more efficient (110).

CONCLUSIONS

The delivery of DNA into the skin has many potential applications: treatment of ge-
netic skin diseases but also wound healing, immunotherapy, and vaccination. Hoy-
-ever, the barrier properties of the skin and the low penetration of the DNA in the
skin cells require the development of mechanical, physical, or biological methods to
improve gene transfer. Topical delivery of naked DNA to the skin induces a weak
expression. Thus, different pretreatments of the skin, like brushing and tape strip-
ping, were designed and proved to be ;more efficient. DNA formulations enhance
expression after topical application, but this expression is often localized to superfi-
cial layers of the skin and hair follicles.

Intradermal injection of DNA leads to expression levels higher than those ob-
tained with topical delivery but allows reaching deeper skin structures and so of-
fering the possibility to have a systemic effect through the release of the transgene
product to the bloodstream. ‘

Sophisticated methods based on mechanical or physical principles have been
developed to improve gene expression with more or less success. Gene gun offers
the advantages of a painless, noninvasive delivery at low DNA dose. Therefore, sev-
eral applications of the gene gun have reached the clinical trials. Solid microneedles
have been used to deliver DNA to the skin, particularly for DNA immunization. In
vivo electrotransfer is well tolerated and very efficient compared with infradermal
injection. This promising technique offers many potential applications into the skin.
Sonoporation and microchannels are new methods based on waves of various fre-
quencies to transfer DNA in vivo. The preliminary preclinical data need to be con-
firmed. Laser irradiation gives also interesting results but the development of this
technique is limited by the size and the cost of the laser source.

Comparison of different viral vectors for optimal transduction of primary hu-
man keratinocytes indicates that (1) human adenoviral vectors achieve a highly ef-
ficient but transient expression; (2) both retroviral and lentiviral can permanently
transduce up to 100% cells, but the lentiviral vectors are the most suitable for ex vivo
gene therapy because of their ability to transduce clonogenic keratinocytes; and (3)
AAV are less suitable (111).

All these technologies offer a large panel of DNA delivery methods into the
skin, each with its advantages and disadvantages (Table 1). However, the compari-
son of techniques is difficult because the DNA doses, the reporter genes, and the
expression evaluation methods used are different for each technique and sometimes
even for each author. The choice of one technique must take several parameters
into consideration, like the therapeutic application, the duration, localization, and
intensity of gene expression required, the cost, the accessibility of the material, and

the patient comfort.
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