
INTRODUCTION
Gene therapy has been described as a

promising approach for the treatment of
skin diseases and impaired wound heal-
ing (1). Instead of an external applica-
tion of therapeutic proteins, the genes of
the therapeutic protein are brought into
cells by vectors and are either integrated
in the genome or remain episomal (2).
Skin in particular has been described as
an ideal target for in vivo and ex vivo
gene therapy (3). Skin is easily attainable
for an in vivo and ex vivo application
and can be controlled and removed
when side effects occur (4). The intense
vascularization of the skin and the abil-

ity of dermal and epidermal cells to se-
crete proteins in the blood circulation
enable skin therapy for the treatment of
systemic diseases (5). The successful se-
cretion of erythropoietin, transferrin,
apolipoprotein E, and factor IX to treat
metabolic and cardiovascular diseases
after the genetic induction of keratino-
cytes and fibroblasts have been de-
scribed (6-9). Moreover, skin therapy
was beneficial in the local treatment of
xeroderma pigmentosum (10), epider-
molysis bullosa (11), and ichtthyoses
(12). In addition to these applications in
dermatological domains, gene therapy
was of use in the treatment of wounds

(13) caused by decubital, vascular, and
diabetic pathologies (14,15). In particular
the induction of the production of
growth factors, such as PDGF-AA and
IGF-1 (16), was shown to interact with
and improve the molecular processes of
wound healing.

Wound healing impairment and infec-
tion also remains one of the most evident
problems in burn victims. More than
50,000 patients suffering from burn in-
juries are hospitalized each year in the
United States and the mortality is about
5000 per year (17). The increasing inci-
dence of wound infections with mul-
tidrug-resistant microbes on intensive
care units leads to further increasing
morbidity and mortality among these
patients and is of considerable socioeco-
nomic impact (18-21). The current clinical
gold standard of topical treatment of
chronic and burn wounds with synthetic
agents is expensive and ineffective due
to the high production costs and limited
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The adenoviral transfer of therapeutic genes into epidermal and dermal cells is an interesting approach to treat skin diseases
and to promote wound healing. The aim of this study was to assess the in vitro and in vivo transfection efficacy in skin and burn
wounds after adenoviral gene delivery. Primary keratinocytes (HKC), fibroblasts (HFB), and HaCaT cells were transfected using dif-
ferent concentrations of an adenoviral construct (eGFP). Transfection efficiency and cytotoxicity was determined up to 30 days.
Expression was quantified by FACS analysis and fluorimeter. Cytotoxicity was measured using the trypan blue exclusion method.
45 male Sprague Dawley rats received 2 × 108 pfu of Ad5-CMV-LacZ or carrier control intradermally into either superficial partial
thickness scald burn or unburned skin. Animals were euthanized after 48 h, 7 or 14 days posttreatment. Transgene expression was
assessed using immunohistochemistry and bioluminescent assays. The highest transfection rate was observed 48 h posttransfec-
tion: 79% for HKC, 70% for HFB, and 48% for HaCaT. The eGFP expression was detectable in all groups over 30 days (P > 0.05). Cy-
totoxic effects of the adenoviral vector were observed for HFB after 10 days and HaCaT after 30 days. Reporter gene expression
in vivo was significantly higher in burned skin compared with unburned skin (P = 0,004). Gene expression decreases from 2 to 7
days with no significant expression after 14 days. This study demonstrates that effective adenoviral-mediated gene transfer of epi-
dermal primary cells and cell-lines is feasible. Ex vivo gene transfer in epithelial cells might have promise for the use in severely
burned patients who receive autologous keratinocyte sheets. Transient cutaneous gene delivery in burn wounds using adenovi-
ral vectors causes significant concentrations in the wound tissue for at least 1 week. Based on these findings, we hypothesize that
transient cutaneous adenoviral gene delivery of wound healing promoting factors has potential for clinical application.
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biological half-life (19,22-24). New con-
cepts and therapeutic strategies to im-
prove current wound care are needed.
Instead of applying wound healing pro-
moting factors topically, it is an interest-
ing approach to deliver the gene of inter-
est into the wound to utilize the cell
machinery to overexpress wound healing–
promoting factors for a limited time.

Aside from physical and chemical vector
systems, viral vectors were used most fre-
quently in the field of cutaneous gene ther-
apy (25). The process of using viruses as
vectors is based on their ability to transmit
genes in host cells while infecting them.

Infections by adenoviruses are wide-
spread in the population (26). Clinical
symptoms vary from mild conjunctivitis
and pharyngitis up to severe dysenteria
(27). The genome of adenoviruses con-
sists of double-stranded DNA of the
length of 38 kb encapsulated by a hexon-
and penton-based capsid. About 51
serotypes of the adenovirus were identi-
fied which can be divided into 6 sub-
groups (A-F) (28). Among them, mostly
adenoviruses of the C-group, serotypes
2 and 5 were used for gene transfer, as
they have the ability to transfect a wide
range of cells, such as those of the lungs,
liver, brain, blood, and skin (29). After
the uptake via the ubiquitous CAR 
(coxsackie-adenovirus receptor), the ade-
novirus is transmitted into the nucleus of
the host cell, where it remains episomal
and, thus, leads to a transient expression
of the transgenes (30). There are 2 phases
in the expression of adenoviral genes.
The “early genes” subdivide in 4 tran-
scriptional parts (E1 to E4) and code for
regulative proteins, which are responsi-
ble for the lytic growth of the virus in
cell cultures, whereas the “late” tran-
scripts code for structural proteins of the
virus, such as the hexons of the capsid
(29). In particular the E1-region is neces-
sary for the production of the adenovirus
and, thus, responsible for its cytotoxic ef-
fects, such that this part has to be re-
moved to impair its replication in the set-
ting of therapeutic gene transfer (31).

Various studies demonstrated that the
local application of adenoviral constructs

improved wound healing, in particular
in processes of reepithelialization and
vascularization (32). Mainly growth fac-
tors, such as PDGF-BB, VEGF, IGF, and
TGF, were used in these studies to trans-
duce keratinocytes, fibroblasts, and
adipocytes (14,33). All of these studies
used adenoviral constructs, because only
a transient expression of the transgene
products was needed; as the transgene
expression in acute and subacute
processes, for example in impaired
wound healing, is only desirable as long
as the underlying pathology is elimi-
nated and the wound closed (32,34).

The aim of this study was to investi-
gate the in vitro transfection efficacy and
cytotoxicity of a replication-deficient
adenoviral reporter gene construct. In
addition, the aim was to further investi-
gate the feasibility, expression, duration,
and kinetics after cutaneous adenoviral
gene delivery in burn wounds and
healthy skin.

MATERIAL AND METHODS

Isolation of Human Keratinocytes
Freshly received human skin was

placed in sterile petri dishes and the
hypodermis was cut off. The remaining
layers were completely covered with
freshly prepared 0.2% dispase-solution
(4.7 units/mL, Gibco, 17105-041, Paisley,
UK) and incubated overnight at 4°C. The
epidermis was detached and placed in
small pieces in a trypsin/EDTA solution
(0.05%/0.02%, Gibco, 35400-027). The re-
maining dermis was used for the isolation
of fibroblasts. After incubating the epider-
mis for 5 min at 37°C in a gently shaking
water bath (100 to 150 rpm), the cell sus-
pension was vortexed and finally stopped
by adding FBS (10%, Hyclone, Logan,
USA). The suspension was filtered
through a 100-μm cell strainer (Becton
Dickinson, Heidelberg, Germany) and
centrifuged at 400g and 4°C for 5 min.
The cells were resuspended in 5 mL ker-
atinocyte medium (3:1 DMEM [Gibco,
21969-035], Ham´s F12 [Gibco, 21765-029],
10% FBS [Hyclone], 1% penicillin/
streptomycin [ICN, Aurora, USA], 4 mM

L-glutamine [ICN], 24.3 μg/mL adenine
[Calbiochem, Darmstadt, Germany], 
5 μg/mL insulin [Sigma, St. Louis, USA],
0.4 μg/mL hydrocortisone [Calbiochem],
1.36 ng/mL triiodothyronine [Sigma], 
10/–10 M cholera toxin [Sigma], 10 ng/mL
EGF [Sigma]) and counted by CASY-1
(Schärfe-System, Reutlingen, Germany).
They were seeded out into collagen
type 1–precoated culture flasks (Becton
Dickinson Falcon, 354236, Heidelberg,
Germany) and cultivated at 37°C and
5% CO2.

Isolation of Human Fibroblasts
The dermis was placed in sterile petri

dishes. A sterile collagenase-type 2 solu-
tion (Gibco, 17101-015) was prepared in
PBS at 3000 units/mL (3 mL collagenase-
solution/g tissue). The tube was placed
in a rotor oven at 37°C overnight (Becton
Dickinson). After digestion of the tissue,
the cell suspension was filtered through
a 100 μm cell strainer and centrifuged at
400g for 10 min (Heraeus Suprafuge,
Hanau, Germany), and the pellet was re-
suspended in fibroblast culture medium
(DMEM [Gibco 21696-035], 10% FBS
[Hyclone], 1% penicillin/streptomycin
[50 units and 50 μg/mL; ICN]). Cells
were counted by CASY-1, seeded, and
cultured at 37°C and 5% CO2. The me-
dium was changed every second day.

HaCaT Cell Culture
HaCaT cells were cultured in sterile

petri dishes using Dulbecco’s modified
Eagle’s medium (Gibco 21696-035), 10%
FBS (Hyclone), 1% penicillin/strepto-
mycin (50 units and 50 μg/mL; ICN).
Cells were counted by CASY-1, seeded,
and cultured at 37°C and 5% CO2. The
medium was changed every second day.

Adenovirus Propagation
HEK-293 cells were brought to conflu-

ence overnight in a culture of DMEM,
10% FCS, and 1% penicillin/streptomycin.
After changing the medium to DMEM,
2% FCS, 1% penicillin/streptomycin, the
culture was transfected with the virus and
incubated at 37°C for 48 h. After harvest-
ing, cells were pelleted and resuspended
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(20 mM Tris/HCl, pH 8.0, containing
2 mM MgCl2). Three freeze-and-thaw
cycles were performed in liquid nitrogen
and in a waterbath at 37°C. After centrifu-
gation of the lysate at 4°C and 3300g for
10 min, the supernatant was used and
the debris was discarded. Virus was
titered by measuring the optical density
of the supernatant at 260 nm (double-
stranded DNA) by a spectrophotometer
(BioPhotometer, Eppendorf, Hamburg,
Germany). The titration was controlled by
plaque assays with a dilution series of
10–1 to 10–9 of the supernatant. HEK-293
cells were covered with agar, containing
medium and the dilutions, and cultures
were controlled for plaques after 48 h and
5 days. Each plaque was thereby assigned
to 1 infection-competent virus particle.
Cell cultures were transfected with the
sterile but unpurified virus stock at MOIs
of about 10 to 20. The cells were incu-
bated for 45 h at 37°C and 5% CO2, har-
vested, and centrifuged at 250g, 4°C for
5 min. The pellet was resuspended in
20 mM Tris/HCL, pH 8.0, and cells were
lysed by 3 freeze-and-thaw cycles, as de-
scribed above. After centrifugation at
3300g and 4°C for 10 min, the super-
natant, containing the virus, was collected
and purified of proteins and cell debris
by a cesium chloride-gradient (Sigma).
The gradient was centrifuged in a swing-
ing-bucket-rotor of an ultracentrifuge
(Haereus Suprafuge, Hanau, Germany)
for 4 h at 105,000g and 20°C. The purified
virus was harvested with a 5-mL syringe
and collected in a Falcon tube. The prepa-
ration was desalted and fractioned by
a gel filtration with sepharose CL-4B
(Amersham Pharmacia, Buckinghamshire,
UK). The fractions were measured by
photometer, and those fractions which
contained the virus protein were kept.
After concentrating the volume to 1 mL
in a Millipore Centricon concentrator
(Amicon, Billerica, USA), 10% glycerol
was admixed to the virus solution and
frozen at –80°C.

Rat burn model. All procedures ad-
hered to all regulations related to animal
use and other federal statutes. Experiments
were performed to the principles in the

“Guide for the Care and Use of Laboratory
Animals” from German Animal Wel-
fare Act.

Male Sprague-Dawley Rats were ob-
tained from Charles River. Animals ar-
rived 2 weeks prior to investigation and
were maintained in a 12-h night/day
rhythm in groups of 5 animals per cage
under constant access to water and food.
Rats were weighed (220 to 260 g per rat
was presumed). Three groups of 15 ani-
mals were randomized and investigated:
group 1 served as unburned skin group
(positive control); group 2 received burn
injuries on both flanks as described
below; and group 3 served as unburned/
burned negative control. Animals were
clipped and depilated on the back and
both flanks under intraperitoneally deliv-
ered anesthesia with 100 mg/kg ketamine
(Ratiopharm, Ulm, Germany), xylazine 
20 mg/kg (Bayer, Leverkusen, Germany),
and were single-caged at this time. On
day 2, 1 area per flank (which corre-
sponds to 20% of the total body surface
area) was marked and fitted into an spe-
cially prepared insulation mold. Rats
were immersed for 20 s in 60°C hot water
bath under anesthesia named above plus
0.04 mL Temgesic (buprenorphinhy-
drochloride, Essex Pharma, Munich, Ger-
many) 30 min prior to operation. Burned
areas were dried and disinfected using
Softasept (Braun, Melsungen, Germany).
Then wounds were dressed by Tegaderm
(3M Healthcare, Borken, Germany) and
received occlusive dressing with Peha-
Haft (Hartmann, Heidenheim, Germany),
fixed with 2 clips (Visistat, Weck Closure
Systems, USA) on both sides. Animals
were treated with postburn pain control
of 0.04 mL Temgesic every 12 h. Rats were
inspected daily to ensure adequate feed-
ing and mobility and to repair dressing as
needed.

Immunohistochemistry. Skin sections
were stained using immunohistochemistry
to detect β-galactosidase. Samples were
fixed in 4% paraformaldehyde and embed-
ded in paraffin. Immunohistochemistry was
performed on 4 µm sections with a poly-
clonal anti–β-galactosidase antibody (DPC
Biermann, Bad Nauheim, Germany) at a

dilution of 1:800 and incubation for 30 min
at room temperature. Slides were then incu-
bated for 30 min with a corresponding bi-
otinylated antibody (anti-rabbit in goat, 10 μL
in 1 mL PBST and 15 μL normal horse
serum), followed by 30 min of incubation
with ABC Elite reagent (Vector, Burlingame,
USA) and 2 to 15 min in DAB peroxidase
solution (Vector SK 4100) and counter-
stained with hematoxylin. Slides were de-
hydrated and covered with Entellan
mounting medium (Zeiss, Jena, Germany).
Results were analyzed by light microscopy
(Axioskop 2 plus, Zeiss). Pictures were
taken with a connected AxioCam HRC
(Zeiss) at a 200× magnification.

In vitro transfection. Overnight, the
cells were brought to confluence in 12-well
plates. The corresponding seeding den-
sity of cells was about 90,000 cells/cm2

for fibroblasts, 130,000/well for ker-
atinocytes, 150,000 cells/well for HaCaT-
cells, and 175,000/well for HEK-293-
cells. The adenovirus was diluted in a
medium with 2% FBS and cells were
transfected with MOIs of 0.1, 1, 10, and
100. The plates were incubated in a hu-
midified atmosphere at 37°C and 5% CO2

and gently shaken every 30 min during 
4 h to guarantee the homogeneous distri-
bution of the virus in the culture. Then
the virus-containing medium was re-
placed by fresh medium, the plates
were further incubated and medium
was changed every second day.

In vivo transfection. At 48 h postburn,
a square of 1.5 by 1.5 cm per area was
transfected with 2 × 108 infectious units
(IU) Ad5-CMV-LacZ solved in 300 µL
PBS (PAA Laboratories, Linz, Austria).
The vector was applied by a single injec-
tion partial subcutaneously (150 μL) and
partial intradermally (150 μL). After
transfection, the wound was dressed as
mentioned above. Animals were eutha-
nized 2, 7, and 14 days after administra-
tion. Skin was excised, and samples for
quantitative analysis of β-galactosidase
activity were weighed and immediately
stored in liquid nitrogen. Tissue was
homogenized in lysis buffer (23 mM
KH2PO4, 0.2% Triton X-100, 1 mM dithio-
threitol, pH 7.8), using a rotor-stator
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homogenizer (Polytron PT3100,
Kinematika, Luzern, Switzerland).

Quantification of the Reporter-Gene
Expression and Measuring of
Cytotoxicity

The transfection efficacy was deter-
mined at 12, 24, and 48 h and 3, 10, 20,
and 30 days after transfection for in
vitro experiments. The expression of
eGFP was quantified in a microplate
fluorescence reader (Bio-Teck, Flx-800,
Winooski, USA) and, after trypsination
of cell cultures, by a FACS cell counting
system (Becton Dickinson, Heidelberg,
Germany). The cytotoxicity was deter-
mined by trypan blue method. Total
protein amount of homogenated and
lysed skin samples were measured
using a BCA Protein Assay Reagent Kit
(Pierce, Rockford, USA) in a microplate
reader (Bio-Teck, ELx-808) at 562 nm.
β-Galactosidase activity was deter-
mined in a luminometer using Galacto-
Light-Plus (Tropix, Lincoln, USA) with a
microplate luminometer (Berthold De-
tection Systems, Orion, Pforzheim, Ger-
many). All samples were measured in
triplicate. Luminometric results have
been adjusted to BCA-analysis by deter-
mining relative light units per mg total
protein as well as pg β-galactosidase per
mg total protein.

Statistical Analysis
Data was analyzed using analysis of

variance (ANOVA) and t test (StatView,
Abacus Concepts/SAS Institute, Cary,
USA). Results are presented as means ±
standard error of the mean. Outcomes
were considered significant with a value
of P < 0.05. Statistical analysis was per-
formed using SPSS 1.0 (SPSS, Chicago,
USA). Results were considered to be sig-
nificant at P < 0.05.

RESULTS

Quantification of Gene Expression by
FACS Cell Counting System

Measured by FACS, the transduction
rate was given as a percentage of the
transfected cells of the total cell count.

For HFB, HKC, and HaCaT-cells, the in-
creasing MOI resulted in an increase in
the EGFP expression (Figure 1). The
maximal transfection rate at an MOI of
100 after 48 h was 79% ± 1.55 for HKC,
70% ± 1.59 for HFB, and 48% ± 3.42 for
HaCaT cells. Thus the transfection effica-
cies of both the primary cell types were

comparable, whereas the transfection ef-
ficacy of the immortalized cell line was
significantly (P = 0.05) lower.

Quantification of Gene Expression by
Fluorimeter

The quantitative determination of
gene expression by fluorimeter was
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Figure 1. Transgene expression at 12, 24, and 48 h and MOIs of 0.1 to 100 in HaCaT cells
(A), human fibroblasts (B), and human keratinocytes (C), measured by FACS. Significance
(P = 0.05): #, MOI compared with negative control; +, MOI compared with 0.1; *, MOI
compared with 1; ‘, MOI compared with 10.



given as relative light units (35) per mg
total protein. As in the measurements
by FACS, the expression rates increased
according to raising MOIs (Figure 2).
The maximal rates at an MOI of 100
after 48 h was 655 ± 19.54 RLU/mg for
HFB, 530 ± 17.83 RLU/mg for HKC,
and 330 ± 5.25 for HaCaT cells. Compa-
rable to the results received by the FACS

cell counting system, the transfection
rates of the primary cell types were
again in the same range, whereas that of
the HaCaT cell line was significantly
lower. The transfection of HEK-293 cells
served as positive control and increased
to a maximum of 4052 ± 849 RLU/mg,
followed by a rapid decrease to 27 ± 880
RLU/ mg after 48 h.

Duration of In Vitro Transgene
Expression

Long-term measurements after 3, 10,
20, and 30 days were performed with
HaCaT cells and HFB cells at an MOI of
100. Determined by FACS cell counting
system, results demonstrated an increase
in expression with a peak for the HaCaT
cell line of 76% ± 1.093% at day 10, fol-
lowed by a decrease up to the day 30
(Figure 3a). These results were confirmed
by measurements in the fluorimeter, also
showing a peak of eGFP expression on
the day 10 of 1577 ± 236 RLU/mg (Fig-
ure 3b) and a subsequent decrease up to
day 30. For HFB a peak of 79% ± 0.88%
was observable at day 10, as measured
by FACS, and of 2700 ± 162 RLU/mg in
the measurements by fluorimeter at day
20 (Figure 3).

Cytotoxicity of Adenoviral Vector
Quantification of the viral cytotoxicity

was determined using the trypan blue
method. Figure 4 shows dead cells as a
percentage of the absolute cell count, as
well as the results of the untransfected
negative control. For HaCaT cells, no sig-
nificant difference between transfected
cells and negative control was visible up
to day 30 (Figure 4a). However, signifi-
cantly (P = 0.05) more cytopathic effects
were detected for primary cells at days
10, 20, and 30 (Figure 4b). HEK-293 cells
served as positive control, showing a
continuous increase in cytopathic effects,
which was significantly different from
negative control as of the 24-h mark
(data not shown).

Rat Burn Model
No macroscopic differences between

transfected and untransfected areas
could be detected. No signs of inflam-
mation and bacterial contamination
occurred.

Immunohistochemistry. Immuno-
histochemical analysis showed 
β-galactosidase–expressing cells in
the unburned area mainly within the
epidermis and the hair bulbs. Express-
ing cells are detectable in the basal layer
of the epidermis (Figure 5A) as well as
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Figure 2. EGFP expression at 12, 24, and 48 h and MOIs of 0.1 to 100 in HaCaT cells (A),
human fibroblasts (B), and human keratinocytes (C), measured by fluorimeter. Signifi-
cance (P = 0.05): #, MOI compared with negative control; +, MOI compared with 0.1; *,
MOI compared with 1; ‘, MOI compared with 10.



in the dermis and deeper skin append-
ages and are focused on dermal fibro-
blasts, keratinocytes, and hair follicles
(Figure 5B). In the burned sections,
transgene expression is localized more
diffusely and only few expressing cells
are detectable in the superficial epider-
mis, which is visibly affected by the
trauma. However, high expressing cells
were detected in the dermal reticular
layer where expressing fibroblasts are re-
organized in typical islands to rebuild a
functional epidermis (Figure 5C and D).

In vivo gene transfer in burned and
unburned rat skin. Unburned and burned
areas were transfected with 2 × 108 IU Ad5

CMV LacZ and were followed for 48 h
and 7 and 14 days. The results after
48 h determined that an efficient expres-
sion was established in both groups:
Quantitative analysis showed 482 pg
β-galactosidase/mg of total protein for
unburned and 2563 pg β-galactosidase/mg
of total protein amount for burned areas.
Thus, the expression in the burned group
was 5 times higher than in the unburned
group (P = 0.018) and both groups differ
significantly from negative control (Fig-
ure 6). After 7 days, a similar ratio be-
tween the groups was detected. Burned
skin showed again higher β-galactosidase
protein content compared with the un-

burned skin, and both groups were sig-
nificantly higher compared with negative
control (Figure 6). According to the tran-
sient effect of adenoviral gene transfer,
the β-galactosidase activity decreased
in both groups, unburned as well as
burned, from 48 h to 7 days in its expres-
sion. Fourteen days after gene transfer,
no significant expression could be de-
tected (Figure 6).

DISCUSSION
In this study we demonstrate that ade-

noviral gene delivery is highly efficient
in primary human epithelial cells and
particularly in burn wounds. However,
significant differences between primary
cells and the HaCaT cell line have been
observed. This indicates that transfection
efficacy after adenoviral gene delivery is
cell dependent. Previous studies con-
firmed these differences in adenoviral
cell tropism, which is consistent with re-
sults in the literature (36,37). Other au-
thors describe a generally decreased
transfection ratio of cell lines, when com-
pared with primary cells (33,38).

Measured by FACS, the transfection
efficacy was dose dependent but did not
display any logarithmic progression.
Thus, the expression of eGFP did not in-
crease in proportion with the added
amount of virus. This corresponds to the
results of the study of Gilbert et al. (35),
who measured the eGFP production in
HEK-293 cells that were previously
transduced with an adenoviral construct.
They found a direct correlation between
the measured fluorescence and the con-
centration of eGFP, but no correlation
between eGFP concentration and the
amount of added virus. Thus, the fluo-
rescence was not related to the employed
viral titer, but only to the amount of pro-
duced reporter-gene. In this context, our
results would mean that the lack of loga-
rithmic progression of transduction ratio
was not based on a systemic loss of in-
fectious units, but on a limitation of
synthetic capacities of transduced cells.
This may be caused by a saturation of
the cells’ capacities to produce proteins,
the precise mechanisms of which, how-
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Figure 3. EGFP expression at 12, 24, and 48 h and 3, 10, 20, and 30 days and MOI 100 in
HFB and HaCaT cells, measured by FACS (A) and fluorimeter (B).



ever, are certainly not yet thoroughly
understood.

Fluorimeter analysis showed a consid-
erable increase of expression between the
MOIs of 10 and 100. However, this result
was inconsistent with the continuous in-
crease of expression measured by FACS
analysis. This observation may be ex-
plained by the results of Wahlfors et al.
(39), who describe that the detection sen-
sitivity of eGFP by fluorimeter analysis is
dependent on a threshold of 105 eGFP
molecules within the sample. The sensi-
tivity of measuring eGFP by fluorimeter
is, thus, limited, and the restricted sensi-
tivity of the fluorimeter may explain the
“gap” of expression between the MOIs of
10 and 100. These results highlight the
importance of applying several analytic
methods by quantifying transgene eGFP
expression in cells and tissue samples.

In vivo, burned skin areas as well as
unburned skin showed high expressions
over at least 7 days. The β-galactosidase
expression is clearly detectable at both
time points (48 h and 7 days) by quanti-
tative analysis and immunohistochem-
istry. We showed that the transfection
efficacy in burned wounds was higher
than in the unburned areas. Strieter et al.
(40) found higher expressions in in-
flamed compared with uninflamed tis-
sue. Furthermore, our results are in ac-
cordance with previous studies in
burned wounds using the gene gun tech-
nique in the same animal model. In this
study, the authors showed higher expres-
sion rates in burned skin compared with
unburned skin tissue but only achieved
lesser transfection results which is pre-
sumably due to the inferior transfer
amount of the gene gun technique com-

pared with adenoviral gene transfer (13).
Presumably, higher expression is caused
by increased vascular permeability, in-
flammatory cell diapedesis, extravasa-
tion, and higher metabolic activity in the
harmed tissue (41). Denham et al. (42)
also showed increased transgene expres-
sion of liposome:plasmid constructs in a
model of acute experimental pancreatitis
in the injured pancreas.

Our results showed a low cytotoxic
potential of the adenovirus in vitro. Sig-
nificant cytopathic effects in comparison
to negative control occurred for HaCaT
cells at day 30. HEK-293 cells served as
positive control and showed increasing
cytotoxicity over total time course. These
results are consistent with the overall
opinion in the literature that describes
adenoviruses as vectors with a high
safety profile. Crystal et al. (43) pre-
sented a detailed analysis of the safety
profile and toxicity of adenoviruses. Fur-
ther, adenoviral constructs have been
widely used in clinical trails and have
been shown to have only low oncogenic
potential and rarely provoke serious clin-
ical symptoms (16). In a period of 10
years of research, involving more than
3500 patients, only a few undesirable
effects were shown and only when un-
usually high dosages were used (2,44).
The death of a patient in 1999, following
the systemic application of an ornythin-
transcarbamylase encoding adenovirus,
was caused by the highest dose of aden-
ovirus that has been applied so far (3.6 ×
1013 virus particles), such that, in the con-
text of the literature and our findings,
the cytotoxic potential of adenoviral vec-
tors in the topic application can be de-
scribed as being low.

In our study, transgene expression of
eGFP was detected in vitro over a time
course of 30 days. This correlates to stud-
ies where the medium gene expression of
reporter genes in epithelial cells was 2 to
4 weeks (45). The decline of transgene
expression toward day 30 has been ex-
plained in various studies: Genes trans-
mitted by adenoviral constructs remain
episomally in the nucleus of the host cells,
thus producing only a transient expres-

R E S E A R C H  A R T I C L E

M O L  M E D  1 2 ( 9 - 1 0 ) 1 9 9 - 2 0 7 ,  S E P T E M B E R - O C T O B E R  2 0 0 6  |  H I R S C H  E T  A L .  |  2 0 5

Figure 4. Cytotoxicity at 12, 24, and 48 h and 3, 10, 20, and 30 days of MOI 100 and nega-
tive control in HaCaT cells (A) and human fibroblasts (B). Significant differences of cyto-
pathic effects after 30 days, marked with * (P < 0.05).



sion (46). In contrast to that, for example,
retroviral-mediated transgenes are incor-
porated into the chromosomes of the
host cell and cause long-term expression
(36). Although adenoviral vectors only
cause transient gene transfer, our results
showed high but decreasing gene expres-
sion for at least 1 week. This transient
effect might be important and of advan-
tage to treat wounds after a single appli-
cation. Therefore, a transient gene ex-

pression is by all means eligible to avoid
persistent gene expression after the
wound healing process is completed.

To conclude, the results of this study
demonstrated an efficient time- and
dose-dependent adenoviral transfection
in vitro and in burn wounds. As de-
scribed in the literature, the virus was
produced easily in high titers and
showed few cytotoxic effects. These re-
sults, as well as the ability of aden-

oviruses to transduce a wide range of
proliferating and postmitotic cells and
the comparably huge insertion capacity,
make adenoviral constructs suitable
vectors for inducing transient expression
of transgenes.

It becomes evident that this technique
is feasible for further therapeutic ap-
proaches to introduce therapeutic genes
in burn wounds. This could become a
path-breaking perspective concerning the
evident and increasing obstacles in the
therapy of burn victims in intensive care
and therapy. Further in vivo studies con-
cerning immune response and clinical
effect of delivered therapeutic genes
have to be conducted to investigate the
feasibility of therapeutic genes in a burn
wound environment to get further in-
sights in this high-potential technique of
gene therapy in burned patients.
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