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This study aimed at restricting expression of DNA vaccine to specific cell types by using skin-specific
promoters (i) to contribute to the understanding of the mechanism of intradermal DNA vaccines and (ii)
to address safety concerns associated with DNA vaccines. The expression and immune response after
delivery of plasmids encoding luciferase by intradermal DNA electroporation were assessed. Two ubiq-
uitous promoters, CMV and CAG, and three tissue-specific promoters were studied. Keratin 14 promoter
restricts gene expression to keratinocytes of the epidermal basal layer, CD11c promoter to dendritic cells
NA vaccine
lectroporation
lectrotransfer
accination

and fascin promoter only to mature dendritic cells. The use of plasmids with tissue-specific promoter
resulted in significant, but very low protein expression, as compared to that obtained with ubiquitous
promoter plasmids. Immunisation with both ubiquitous promoter plasmids elicited humoral and cellular
anti-luciferase immune response. No immune response was observed after delivery of CD11c plasmid
while fascin and keratin 14 plasmids induced IFN-gamma response suggesting that the targeting of skin-
specific cells could be a suitable approach but only for the treatment of pathologies or pathogens requiring

umor
mainly cellular and not h

. Introduction

Intradermal DNA electroporation is one of the most efficient
on-viral methods for the delivery of gene into the skin. Previous
tudies have demonstrated that a combination of a short high-
oltage pulse (HV) and a long duration low-voltage pulse (LV) was
fficient for DNA electroporation in the skin [1,2] and that intra-
ermal electroporation was suitable to deliver DNA vaccine when
Th1-oriented response is desired [3].

Various cell types of the skin are involved in the develop-
ent of immune response. Langerhans cells (LC) are located in

he suprabasal portion of the epidermis where they are considered
mmature. Although they represent less than 5% of the total cells
n the epidermis, they cover almost 25% of the skin area. Because

f their long dendrites and their horizontal orientation, LC create
n almost continuous network that enables them to capture most
ntigens that enter through the skin. Dermal antigen-presenting
ells (APC) that are present in higher number than LC are less char-
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al immune response.
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acterized [4,5]. LC and dermal APC differ in their anatomic location,
antigen recognition, processing machinery and migratory capacity.
The relative contribution of the different cutaneous dendritic cell
subtypes to particular immune responses is not yet fully understood
[6]. In addition to their role in the maintenance of the keratin bar-
rier, keratinocytes are biochemically active [7]. They produce a wide
range of cytokines, chemokines and anti-microbial peptides upon
activation by various stimuli through pattern recognition receptors,
such as the toll-like receptors (TLR). These cytokines shape the local
microenvironment to help maintain the appropriate balance of skin
immune responses and stimulate the maturation and migration of
LC [8].

Delivery of DNA into the skin could induce direct-presentation
of the encoded antigen by APC or cross-presentation after uptake
by keratinocytes [9]. However, the involvement of each mechanism
in the development of the response is still controversial.

The use of tissue-specific promoters is an attractive approach
in delivering genes to targeted cell types [10]. The optimisation of
targeted expression systems is an interesting strategy for gene ther-
apy and vaccine due to safety consideration. Indeed the use of CMV

expression signals on vaccine plasmid may induce recombination
events and form new chimera of CMV which infects a large part
of the population [11]. Moreover specific-promoter plasmids are
advantageous tools to study the role of the different cell types of
the skin.

http://www.sciencedirect.com/science/journal/0264410X
http://www.elsevier.com/locate/vaccine
mailto:veronique.preat@uclouvain.be
dx.doi.org/10.1016/j.vaccine.2009.05.022
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Fig. 1. Specificity of expression of

This study aimed at restricting expression of DNA vaccine to spe-
ific cell types by using skin-specific promoters (i) to contribute to
he understanding of the mechanism of intradermal DNA vaccines
nd (ii) to address safety concerns associated with DNA vaccines
11].

We specifically targeted keratinocytes of the epidermal basal
ayer or dendritic cells. First, we determined the expression of
he plasmids with ubiquitous or tissue-specific promoters after
lectroporation into the skin, the ear pinna, which contains more
endritic cells than the skin [12], and the muscle. Then, we immu-
ised mice with these plasmids and we assessed both humoral and
ell-mediated immune response.

Two ubiquitous promoters and three tissue-specific promot-
rs were assessed (Fig. 1), both encoding the luciferase, a weakly
mmunogenic protein inducing cellular and humoral immune
esponse after electroporation [3]:

(i) The cytomegalovirus (CMV) promoter, which is commonly used
to drive expression of the transgene because of its strong, con-
stitutive activity in a wide range of cell types.

ii) The CMV–actin–globin (CAG) promoter, which is a com-
posite promoter that combines the human cytomegalovirus
immediate-early enhancer and a modified chicken beta-actin
promoter and first intron. The CAG promoter is a very strong
and ubiquitous promoter.

ii) The keratin 14 promoter (KER14), which restricts gene
expression to the keratinocytes of the epidermis basal layer
[10,13].

iv) The fascin promoter (FAS), which restricts gene expression to
the mature dendritic cells. The fascin protein is expressed by
dendritic cells and represents an important structural com-
ponent, required for the formation of dendrites. Fascin is not
produced by immature dendritic cells but is strongly upregu-
lated during maturation [14,15].

v) Finally, the CD11c promoter, which dictates the tissue-specific
expression of the encoded gene to dendritic cells.

. Material and methods
.1. Plasmid DNA

Plasmids were constructed from the pGL3 Luciferase Reporter
ector (Promega Benelux, Leiden, Netherlands). pGL3CAGLUC and
GL3CMVLUC plasmids were generously provided by E. Zeira,
ter specific plasmids in skin cells.

Jerusalem and pGL3CD11cLUC plasmid was kindly provided by P.
Fournier, Heidelberg. For the construction of pGL3FASLUC, fascin
promoter PCR fragment from B16 was cloned into pCR2.1 vec-
tor by TA cloning (Invitrogen, France). T7 promoter and M13
reverse primers were used to amplify the sequence which was
then digested with SpeI/XhoI and cloned into a NheI/XhoI opened
pGL3LUC vector. The same method led up to pGL3KER14LUC from
genomic DNA of A375M cells [13]. Inserts were sequenced to ver-
ify proper orientation and fidelity of PCR. In pGL3SAFLUC plasmid,
the fascin promoter was inverted. This non-functional plasmid has
been used as a control. The sequence of each promoter is available
as supplementary data.

Plasmids were prepared using Endo-Free Qiagen Gigaprep
kit, according to the manufacturer’s protocol. The quality of
resulting plasmids was assessed by the ratio of light absorption
(260 nm/280 nm) and by 1% agarose gel electrophoresis. Light
absorption at 260 nm was used to determine DNA concentration.
All plasmid dilutions were done in phosphate buffer saline (PBS).
Plasmids were stored at −20 ◦C before use.

2.2. Animals

For the expression studies, we used female NMRI mice, 6 weeks
old (Université catholique de Louvain, Brussels, Belgium). Shaved
mice were anesthetized with 40 �l of a mixture of ketamine
50 mg/ml (Ketalar, Pfizer, Brussels, Belgium) and xylazine 5.6 mg/ml
(Sigma, Bornem, Belgium). For the vaccination studies, female
BALB/c mice, 6 weeks old at the beginning of the experiment
were used (Janvier, Le Genest St Isle, France). They were anes-
thetized with 20 �l of the ketamine/xylazine mixture. The skin of
the abdomen was depilated 1 day prior to the experiments with
a depilatory cream (Veet for sensitive skin, Belgium), in order to
thoroughly remove all the hair.

All experimental protocols in mice were approved by the Ethical
Committee for Animal Care and Use of the faculty of Medicine of
the Université catholique de Louvain.

2.3. Plasmid injection and electroporation

For electroporation into the ear, we injected two volumes of

15 �l into the external side of the ear pinna using a Hamilton
syringe with a 30-gauge needle. The ear was placed between 2 mm
spaced electrodes. Then, a short HV pulse (700 V/cm 100 �s), imme-
diately followed by a LV pulse (200 V/cm 400 ms) was applied
approximately 1 min after plasmid injection [3]. For expression
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control of the CAG promoter gave the same expression as a CMV pro-
moter plasmid in all the studied tissues (Fig. 2). The use of plasmids
with tissue-specific promoter resulted in significant, but very low
expression, as compared to that obtained with ubiquitous promoter

Fig. 2. Luciferase expression after electroporation of plasmid with ubiquitous and
274 G. Vandermeulen et al. /

nd immunisation studies, the doses injected were 12 and 50 �g,
espectively.

For intradermal electroporation, the plasmids were injected into
he dermis using a Hamilton syringe with a 30-gauge needle. We
njected 15 �l intradermally in two different sites, with a distance of
bout 5 mm, a cutaneous fold was performed and the sites of injec-
ion were placed between plate electrodes, 2 mm spaced [3]. Then,
e applied HV–LV pulses (700 V/cm 100 �s, 200 V/cm 400 ms) [1].

he dose injected into the skin was 12 �g.
For electroporation into the muscle, we injected 1 �g in a vol-

me of 30 �l into the tibial cranial muscle, and we placed the leg
etween 4 mm spaced electrodes. We delivered 8 square-wave elec-
ric pulses (200 V/cm 20 ms 2 Hz) [16].

For all experiments, conductive gel was used to ensure electrical
ontact with the skin (EKO-GEL, ultrasound transmission gel, Egna,
taly). The pulses were delivered by a Cliniporator system (Clinipo-
ator, IGEA, Carpi, Italy) using 2 mm or 4 mm spaced plate electrodes
IGEA, Carpi, Italy).

.4. Luciferase assay

Two days after the electroporation, the mice were sacrificed and
he electroporated areas of the skin, the ear pinna or the tibial
ranial muscles were removed. The samples were cut into pieces
nd homogenized in 1 ml cell culture lysis reagent solution (CCLR,
romega Benelux) containing a protease inhibitor cocktail (Roche,
annheim, Germany) using a Duall® tissue grinder (Cofraz, Essene,

elgium). After centrifugation at 12,000 × g for 10 min at 4 ◦C, we
ssessed the luciferase activity of 10 �l of the supernatant (diluted
n CCLR if needed) after the addition of 50 �l of Luciferase Assay
ubstrate (Promega), using a TD-20/20 luminometer (Promega).
he results were expressed in relative light units (RLU). The limit of
etection, defined as the mean background + 3* background stan-
ard deviation, was 0.08 RLU. Dilutions of purified firefly luciferase
rotein (Sigma L4899) were used as standard. Based on standard
urve performed for each experiment, 10000 RLU represent the
uciferase activity of approximately 330 pg of luciferase protein [3].

.5. Immunisation studies

BALB/c mice were injected with 0.5, 5 or 50 �g of plasmid encod-
ng luciferase into the ear pinna and electric pulses were applied as
escribed. Two boosts were similarly applied 2 and 4 weeks after
he priming. Two weeks after the last boost, blood samples were
ollected by retro-orbital puncture and sera were separated by cen-
rifugation at 700 × g for 20 min at 4 ◦C. Anti-luciferase antibodies
ere measured by ELISA [3,16]. Titres were defined as the highest
ilution to give an optical density of 0.2 at 492 nm [3].

For cytokine assays, mice were sacrificed, and their spleens
ere removed aseptically. Splenocytes were adjusted to a con-

entration of 5 × 106 cells/ml and cultured 500 �l per well in
8-well tissue culture plates (Becton Dickinson, Belgium) in
PMI 1640 medium supplemented with 10% foetal bovine serum,
% penicillin/streptomycin, 1% sodium pyruvate, 5 × 10−5 M 2-
ercapto-ethanol and 10% MEM (Gibco, Merelbeke, Belgium). Cells
ere stimulated by the addition of 10 �g of luciferase recombinant
rotein (Promega) per well. Unstimulated cells were used as con-
rol. Cells were incubated at 37 ◦C in a humidified 5% CO2 incubator
nd supernatants were collected either after 48 h for interferon-

amma (IFN-�) assay or after 72 h for interleukin-4 (IL-4) assay.
e measured cytokine concentrations in the supernatants using
ouse IFN-� and IL-4 DuoSet ELISA development kits (R&D Sys-

ems Europe Ltd., Abingdon, UK) according to the manufacturer’s
rotocols [3].
e 27 (2009) 4272–4277

2.6. Statistical analysis

All results are expressed as mean ± standard error of the mean
(SEM). Statistical analyses were performed using the software
GraphPad Prism 5 for Windows.

3. Results

3.1. Luciferase expression after electroporation of ubiquitous and
tissue-specific plasmids into the ear pinna, the skin and the muscle

We measured luciferase expression after DNA electroporation of
each plasmid. Electroporation into the ear pinna, the skin and the
muscle did not result in the same expression [3]. Luciferase expres-
sion values after electroporation of the CMV promoter plasmid into
the ear pinna, the skin and the tibial cranial muscle were 373, 1171
and 112,110 relative light units, respectively. Consequently, in order
to easily compare expression after electroporation into these tis-
sues, we considered that the ubiquitous CMV promoter plasmid
gave an expression of 100%. Electroporation of a plasmid under the
tissue-specific promoters into the ear pinna (Panel A), the skin (Panel B) and the
muscle (Panel C). The plasmid doses were 1 �g for the muscle and 12 �g for the skin
and the ear pinna. We considered that electroporation of pGL3CMVLUC plasmid
resulted in 100% luciferase expression. Bars represent the mean values (±SEM) of
luciferase activity determined biochemically from tissue sample, n = 5. Statistical
analysis: one-way ANOVA and Tukey’s post test. *P < 0.05 and **P < 0.01 versus CMV.
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Fig. 3. Total anti-luciferase IgG titres after immunisation by intra-pinna electropo-
ration of 50 �g plasmid encoding luciferase under the control of CMV, CAG, KER14,
FAS or CD11c promoters, n = 8 (Panel A). Total anti-luciferase IgG titres after immuni-
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Fig. 4. Concentrations of IFN-� (Panel A) and IL-4 (Panel B) after immunisation by
intra-pinna electroporation of 50 �g plasmid, determined after mice sacrifice and
ation by intra-pinna electroporation of 50 �g, 5 �g or 0.5 �g pGL3CAGLUC plasmid
r of 50 �g KER14 promoter plasmid co-injected with 50 �g FAS-promoter plasmids,
= 10 (Panel B). Circles represent individual titres 6 weeks after the first immunisa-

ion and lines represent the mean values.

lasmids. The reporter gene expression level using CD11c, FAS and
ER14 promoters were similar after DNA electroporation into the
ar pinna. After delivery into the skin, the luciferase expression of
AS-promoter plasmid was lower. No expression was obtained after
elivery of the pGL3SAFLUC control plasmid (data not shown).

.2. Humoral immune response after electroporation of plasmids
nto the ear pinna

We immunised mice with plasmids encoding luciferase by intra-
inna DNA electroporation. One priming and two boosts were
elivered. Anti-luciferase IgGtot titres were measured 2 weeks
fter the last boost. As expected [3], immunisation with 50 �g
f pGL3CMVLUC and pGL3CAGLUC resulted in high total anti-
uciferase IgG titres. Anti-luciferase titres were similar for these two
lasmids (t-test, p-value: 0.87). Immunisation with 50 �g of tissue-
pecific plasmids failed to induce significant humoral immune
esponse compared to control mice (Fig. 3A). Co-injection of 50 �g
GL3FASLUC and pGL3KER14LUC did not elicit significant humoral

mmune response (Fig. 3B). To check if the absence of humoral
mmune response resulted from the low expression of luciferase,

e studied the influence of plasmid dose on the immune response.
e showed that humoral immune response was strongly influ-

nced by the dose. Immunisation with 50 �g pGL3CAGLUC plasmid
esulted in significant IgGtot titres but a dose of 5 �g was not suffi-
ient to elicit humoral response (Fig. 3B).

.3. Cell-mediated immune response after electroporation of

lasmids into the ear pinna

In order to evaluate the cellular immune response, spleno-
ytes were isolated and the concentrations of IFN-� and IL-4 in
he supernatant of luciferase-stimulated cultures were measured.
luciferase-stimulated splenocytes culture. Bars represent the mean values (±SEM),
n = 8. Statistical analysis: one-way ANOVA and Tukey’s post test. **P < 0.01 and

***P < 0.001 versus CMV, #P < 0.05 and ###P < 0.001 versus CAG, §§P < 0.01 versus
KER14.

The splenocytes stimulation with the luciferase antigen resulted
in cytokine secretion for more than 75% of the mice immunised
with CMV, CAG, KER14 and FAS-promoter plasmids. Immunisation
with the CD11c plasmid elicited only low secretion of IFN-� and
IL-4 for one out of eight of the treated-mice (Fig. 4). Immunisation
with keratinocyte specific plasmid gave the same IFN-� response
than the two ubiquitous plasmids (Fig. 4A). The IFN-� concentration
was lower for the mice immunised with fascin promoter plasmid.
However, we observed IFN-� response for almost all mice. No sig-
nificant difference was shown between IL-4 concentration after
immunisation with CMV and CAG, KER14, FAS or CD11c promoter
plasmid.

4. Discussion

The use of specific promoters could be an interesting approach
for DNA immunisation to limit gene expression to target cells and
address safety concerns associated with DNA vaccines [11]. Beyond
their potential clinical application, they offer the possibility to study
and to better understand the role of the different cell types on the
development of immune response after DNA vaccine delivery. In
this work, three tissue-specific promoters were studied: keratin
14 promoter targeting keratinocytes of the epidermal basal layer
and fascin and CD11c promoters targeting mature and immature
dendritic cells. Plasmids were delivered using DNA electroporation.

First, we studied the luciferase expression after delivery of ubiq-

uitous and tissue-specific promoter plasmid into the ear pinna, the
skin and the muscle. We found that the expression was more than
25-fold lower when tissue-specific promoter plasmids were used.
Intramuscular delivery of FAS and CD11c promoter driven plas-
mids resulted in luciferase expression, presumably originating from
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Table 1
Effect of skin-specific promoters on intradermal DNA vaccination by electroporation
and gene gun.

Specific promoter Immune response

Electroporation Gene gun
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AS Cellular Cellular [14,15]
D11c No response No response [18], humoral [19]
ER14 Cellular Cellular, humoral [17,18]

ransfected muscle dendritic cells. Surprisingly, the expression was
ery low when FAS-promoter plasmid was delivered into the skin
hile this plasmid was expressed in the ear pinna. We hypothesise

hat abdominal skin contains few mature dendritic cells whereas it
s known that the number of LC in ear pinna is higher [12]. DNA elec-
roporation into the ear pinna resulted in similar expression with
he three specific promoter plasmids. Therefore, we chose to immu-
ise mice by electroporation into the ear pinna to better compare
he immune responses with the different plasmids.

Secondly, we studied the immune response obtained after DNA
lectroporation with these plasmids (Table 1). Two mechanisms
re known to be involved in the development of immune response
fter DNA vaccine delivery: Plasmid delivery could result in direct-
resentation after DNA uptake by APC or in cross-presentation after
xpression by other cells such as keratinocytes or fibroblasts [9].
he previous in vivo studies which targeted specific cells of the
kin for immunisation led to interesting but sometimes inconsis-
ent results and quite different conclusions. In all of these studies,
lasmids were delivered using gene gun (Table 1). Cho et al. con-
luded that cross-presentation was the predominant mechanism
or the development of CD8+ T cell responses [17]. This outcome
as confirmed and completed by another study showing that

mmunisation with dendritic cell-restricted DNA vaccines failed
o generate protective humoral and cellular response, and under-
ined the role of B lymphocytes in cross-presentation of antigen
18]. Recently, a third study concluded that targeting of dendritic
ells was insufficient to mediate optimal induction of T cell immu-
ity [19]. These three studies targeted dendritic cells using CD11b
r CD11c promoters. However, other studies were conducted with
lasmids under the control of fascin promoter. The studies of Ross
t al. and Sudowe et al. clearly demonstrated that Th1 cellular
esponse was induced by gene gun vaccination targeting dendritic
ells [14,15].

In the present study using electroporation for DNA delivery, we
bserved cellular immune response when fascin or keratin 14 pro-
oter plasmid was used but not after immunisation with CD11c

romoter plasmids. Consequently, both direct and cross-priming
re capable of triggering cell-mediated response. The choice of
he promoter appears to be crucial. The functional properties of
endritic cells are strictly dependent on their maturational state
20]. The targeting of mature dendritic cells by fascin promoter
ppears therefore as a better approach when cellular response is
eeded.

Anti-luciferase immunoglobulins were measured only after DNA
lectroporation of ubiquitous promoter plasmids. Two hypotheses
ould explain that fact: (i) both dendritic cells and keratinocytes
ust express the antigen for the development of a significant

umoral immune response after DNA electroporation or (ii) larger
uantities of the immunogenic protein are needed to trigger this
ype of response. Our results suggested this latest hypothesis to
e the most likely as the humoral immune response was strongly
nfluenced by the plasmid dose suggesting that promoter-specific
lasmids failed to elicit humoral response due to the low expression
f the encoded protein.

Humoral responses were observed after delivery of specific
romoter plasmids by gene gun [17,19]. This difference could be

[

e 27 (2009) 4272–4277

explained by the fact that gene gun immunisation is known to
promote the development of Th2 responses [21,22] while DNA elec-
troporation elicits Th1 responses [3,23,24].

To conclude, we showed that dendritic and keratinocyte-specific
promoter plasmids resulted in expression of the encoded gene after
intra-pinna electroporation. The expression levels were lower than
those obtained with the use of ubiquitous promoter plasmids but
sufficient to induce anti-luciferase IFN-gamma immune response
when fascin or keratin 14 promoters were used. No evidence of
humoral immune response was showed after DNA electropora-
tion of skin-specific promoter plasmids. Our results suggested
that both direct-presentation and cross-presentation were able to
induce cell-mediated immune response. However more extensive
immunological studies are needed to support this conclusion. The
use of skin-specific promoter plasmids could be an interesting alter-
native to the use of ubiquitous promoters but only for the treatment
of pathologies (e.g. cancer) or pathogens requiring mainly cellular
and not humoral immune response.

Acknowledgement

This research was supported by the European Commission under
the 6th framework under the grant MOLEDA (Molecular Optimiza-
tion of Laser/Electrotransfer DNA Administration into muscle and
skin for gene therapy, a Specific Targeted Research Project funded
in “Integrating and strengthening the ERA” within the EC FP6 pro-
gramme, Contract Number: LSHB-CT-2004-512034, Call identifier:
LSHB-CT-2004, Coordinator: Daniel Scherman) and by the FRSM
(Fonds de la Recherche Scientifique Médicale, Belgium). Gaëlle Van-
dermeulen is FNRS Research Fellow (Fonds National de la Recherche
Scientifique, Belgium).

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.vaccine.2009.05.022.

References

[1] Pavselj N, Preat V. DNA electrotransfer into the skin using a combination of
one high- and one low-voltage pulse. J Control Release 2005;106(September 2
(3)):407–15.

[2] Andre F, Gehl J, Sersa G, et al. Efficiency of high and low voltage pulse combina-
tions for gene electrotransfer in muscle, liver, tumor and skin. Hum Gene Ther
2008;19(August 21 (11)):1233–48.

[3] Vandermeulen G, Staes E, Vanderhaeghen ML, Bureau MF, Scherman D, Preat
V. Optimisation of intradermal DNA electrotransfer for immunisation. J Control
Release 2007;124(December 4 (1–2)):81–7.

[4] Cui Z, Dierling A, Foldvari M. Non-invasive immunization on the skin using DNA
vaccine. Curr Drug Deliv 2006;3(January (1)):29–35.

[5] Romani N, Ebner S, Tripp CH, Flacher V, Koch F, Stoitzner P. Epidermal
Langerhans cells—changing views on their function in vivo. Immunol Lett
2006;106(August 15 (2)):119–25.

[6] Loser K, Beissert S. Dendritic cells and T cells in the regulation of cutaneous
immunity. Adv Dermatol 2007;23:307–33.

[7] Debenedictis C, Joubeh S, Zhang G, Barria M, Ghohestani RF. Immune functions
of the skin. Clin Dermatol 2001;19(September (5)):573–85.

[8] Partidos CD, Muller S. Decision-making at the surface of the intact or barrier
disrupted skin: potential applications for vaccination or therapy. Cell Mol Life
Sci 2005;62(July (13)):1418–24.

[9] Rice J, Ottensmeier CH, Stevenson FK. DNA vaccines: precision tools for acti-
vating effective immunity against cancer. Nat Rev Cancer 2008;8(February
(2)):108–20.

10] Lin MT, Wang F, Uitto J, Yoon K. Differential expression of tissue-specific pro-
moters by gene gun. Br J Dermatol 2001;144(January (1)):34–9.

[11] Glenting J, Wessels S. Ensuring safety of DNA vaccines. Microb Cell Fact
2005;4(September 6):26.

12] Forg P, von HP, Dalemans W, Schirrmacher V. Superiority of the ear pinna over

muscle tissue as site for DNA vaccination. Gene Ther 1998;5(June (6)):789–97.

13] Staggers WR, Paterson AJ, Kudlow JE. Sequence of the functional human keratin
K14 promoter. Gene 1995;153(February 14 (2)):297–8.

[14] Ross R, Sudowe S, Beisner J, et al. Transcriptional targeting of dendritic cells for
gene therapy using the promoter of the cytoskeletal protein fascin. Gene Ther
2003;10(June (12)):1035–40.

http://dx.doi.org/10.1016/j.vaccine.2009.05.022


Vaccin

[

[

[

[

[

[

[

[

G. Vandermeulen et al. /

15] Sudowe S, Ludwig-Portugall I, Montermann E, Ross R, Reske-Kunz AB.
Transcriptional targeting of dendritic cells in gene gun-mediated DNA immu-
nization favors the induction of type 1 immune responses. Mol Ther
2003;8(October (4)):567–75.

16] Bloquel C, Trollet C, Pradines E, Seguin J, Scherman D, Bureau MF. Optical imag-
ing of luminescence for in vivo quantification of gene electrotransfer in mouse
muscle and knee. BMC Biotechnol 2006;6:16.

17] Cho JH, Youn JW, Sung YC. Cross-priming as a predominant mechanism for
inducing CD8(+) T cell responses in gene gun DNA immunization. J Immunol
2001;167(November 15 (10)):5549–57.
18] Hon H, Oran A, Brocker T, Jacob J. B lymphocytes participate in cross-
presentation of antigen following gene gun vaccination. J Immunol 2005;
174(May 1 (9)):5233–42.

19] Lauterbach H, Gruber A, Ried C, Cheminay C, Brocker T. Insufficient APC capac-
ities of dendritic cells in gene gun-mediated DNA vaccination. J Immunol
2006;176(April 15 (8)):4600–7.

[

[

e 27 (2009) 4272–4277 4277

20] Jonuleit H, Schmitt E, Schuler G, Knop J, Enk AH. Induction of interleukin
10-producing, nonproliferating CD4(+) T cells with regulatory properties by
repetitive stimulation with allogeneic immature human dendritic cells. J Exp
Med 2000;192(November 6 (9)):1213–22.

21] Feltquate DM, Heaney S, Webster RG, Robinson HL. Different T helper cell types
and antibody isotypes generated by saline and gene gun DNA immunization. J
Immunol 1997;158(March 1 (5)):2278–84.

22] McCluskie MJ, Brazolot Millan CL, Gramzinski RA, et al. Route and method of
delivery of DNA vaccine influence immune responses in mice and non-human
primates. Mol Med 1999;5(May (5)):287–300.
23] Gronevik E, Mathiesen I, Lomo T. Early events of electroporation-mediated
intramuscular DNA vaccination potentiate Th1-directed immune responses. J
Gene Med 2005;7(September (9)):1246–54.

24] Wang S, Zhang C, Zhang L, Li J, Huang Z, Lu S. The relative immunogenicity of
DNA vaccines delivered by the intramuscular needle injection, electroporation
and gene gun methods. Vaccine 2008;26(April 16 (17)):2100–10.


	Skin-specific promoters for genetic immunisation by DNA electroporation
	Introduction
	Material and methods
	Plasmid DNA
	Animals
	Plasmid injection and electroporation
	Luciferase assay
	Immunisation studies
	Statistical analysis

	Results
	Luciferase expression after electroporation of ubiquitous and tissue-specific plasmids into the ear pinna, the skin and the muscle
	Humoral immune response after electroporation of plasmids into the ear pinna
	Cell-mediated immune response after electroporation of plasmids into the ear pinna

	Discussion
	Acknowledgement
	Supplementary data
	References


