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Electrotransfer parameters as a tool for controlled and
targeted gene expression in skin

Spela Kos', Tanja Blagus', Maja Cemazar'?, Ursa Lampreht Tratar', Monika Stimac', Lara Prosen’, Tanja Dolinsek’,
Urska Kamensek', Simona Kranjc', Lars Steinstraesser’, Gaélle Vandermeulen?, Véronique Préat* and Gregor Sersa'

Skin is an attractive target for gene electrotransfer. It consists of different cell types that can be transfected, leading to various
responses to gene electrotransfer. We demonstrate that these responses could be controlled by selecting the appropriate
electrotransfer parameters. Specifically, the application of low or high electric pulses, applied by multi-electrode array,
provided the possibility to control the depth of the transfection in the skin, the duration and the level of gene expression,
as well as the local or systemic distribution of the transgene. The influence of electric pulse type was first studied using a
plasmid encoding a reporter gene (DsRed). Then, plasmids encoding therapeutic genes (IL-12, shRNA against endoglin, shRNA
against melanoma cell adhesion molecule) were used, and their effects on wound healing and cutaneous B16F10 melanoma
tumors were investigated. The high-voltage pulses resulted in gene expression that was restricted to superficial skin layers
and induced a local response. In contrast, the low-voltage electric pulses promoted transfection into the deeper skin layers,
resulting in prolonged gene expression and higher transgene production, possibly with systemic distribution. Therefore, in the
translation into the clinics, it will be of the utmost importance to adjust the electrotransfer parameters for different therapeutic
approaches and specific mode of action of the therapeutic gene.
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Introduction

Gene electrotransfer (GET) is a safe and efficient nonviral
gene delivery method based on electroporation, i.e., the
application of controlled electric pulses to cells or tissues.!
The method has been used in gene therapy to deliver naked
DNA or RNA to different tissues, including the skin.?** Specifi-
cally, skin is an attractive target for gene therapy and vaccina-
tion due to its easy accessibility, large treatment area and the
presence of many antigen-presenting cells, which are critical
for eliciting an effective immune response.®

Skin GET has been used to effectively elicit both local and
systemic expression of transgenes and has been used in
many medical applications, including vaccination,>¢-° wound
healing,'"?2 and cancer treatment,®'® as well as local and sys-
temic skin disorders.™ Due to the increasing use of skin GET
for medical purposes, the gene expression induced in the skin
should be well characterized and controlled. An important
aspect of regulating the duration and the effects of gene deliv-
ery is the targeted transfection of specific skin layers.

Skin is a complex tissue that is divided into different layers
consisting of different cell types.'*'® The diversity of cell types
in skin could be of the utmost importance in gene therapy
and DNA vaccination because different cell types can theo-
retically elicit different responses to gene transfection. Genes
transfected into muscle cells can have long-term expression

because muscle fibers rarely divide, while genes transfected
into keratinocytes show short-term expression due to the faster
cell turnover.'*'¢ In addition to the duration and level of gene
expression, the specific targeting of different types of skin cells
or layers could influence the local, paracrine or systemic effec-
tiveness of the gene therapy. If keratinocytes in superficial skin
layers are transfected, local or paracrine action of the trans-
gene is expected. However, when cells in deeper skin layers
are transfected, a systemic effect can also be expected due to
shedding of the protein into the bloodstream. This presumption
was confirmed in our previous study, where with noninvasive
electrodes and varied electrotransfer parameters, local or sys-
temic distribution of the therapeutic molecule doxorubicin was
observed." In this study, we hypothesized that varied param-
eters of GET applied with the same electrodes could affect the
localization and expression of the delivered transgene.

The transfection of a specific region in the skin depends on
different parameters, such as electrode selection, electrical
parameters,'*18-20 injection technique, animal species, dose
of plasmid administered, and plasmid design.2' The aim of
our study was to evaluate the different parameters of electro-
transfer as a tool for targeted gene delivery to different lay-
ers of the skin and to distinct between the local or systemic
effects of such gene therapy. As in our previous study for the
delivery of small molecules into skin,'” pulses were applied
using a multi-electrode array (MEA). Two different types of
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electric pulses were compared: (i) short, high-voltage (HV)
pulses and (ii) long, low-voltage (LV) pulses. Mouse skin
was selected as the model to evaluate the effects of var-
ied GET parameters. Namely, mouse skin has an additional
subcutaneous muscle layer called the panniculus carnosus.
This layer enables us to distinguish between superficial and
deeper transgene delivery as well as to study the therapeutic
outcome of GET. We anticipated that with different electro-
transfer parameters, we could control the depth of trans-
fection into the skin and the level and the duration of gene
expression, as well as whether the transcribed protein distri-
bution was systemic or local. We found that the GET param-
eters could be adjusted for the desired transgene mode of
action (i.e., local or systemic) and optimized for maximum
therapeutic effectiveness, when MEA is used. Similar effects
could be anticipated in human skin, where the transfection
of deep, well-vascularized skin layers could lead to systemic
transcribed protein distribution.

Results

Electrical pulses influenced both the intensity and the
duration of gene expression

The intensity and duration of DsRed reporter gene expres-
sion after intradermal plasmid injection and the application of
LV and HV electric pulses to the skin were monitored using
noninvasive fluorescence imaging of the transfected mouse
skin. When the plasmid was injected without the electropora-
tion as a delivery method, the fluorescence signal was not
detected. When HV electric pulses were applied, the expres-
sion peaked at day 2 post-treatment and then declined for
the next 2 weeks. The onset of gene expression was similar
with LV electric pulses, but after 2 days, the fluorescence sig-
nal started to blur and spread in the shape of muscle cells,
indicating the transfection of deeper skin layers (Figure 1a).
Fluorescence was detected for up to 5 days longer with LV
pulses than with HV pulses (Figure 1b).

The transfection of deeper skin layers with LV pulses was
further supported by the observation that no expression was
observed after the subcutaneous injection of plasmid DNA
followed by HV pulses. In contrast, significant fluorescence
signals were detected after the administration of LV pulses
(Figure 1c). To further validate these results, histological
analysis of the excised skin was performed.

The depth of transfection of pCMV-DsRed was evaluated
by imaging the fluorescence of frozen skin sections. The first
samples were excised at day 2 post-treatment. After intrader-
mal injection of pCMV-DsRed followed by HV pulses, DsRed
expression was observed in upper layers of the skin (i.e., epi-
dermis and dermis), while LV pulses promoted transfection in
the epidermis, dermis and subcutis, including the deepest mus-
cle layer (panniculus carnosus). In the skin sections excised at
day 6 after the HV pulse treatment, pCMV-DsRed gene expres-
sion was not detected. On the contrary, the fluorescence signal
was still observed in the upper layers, as well as in the muscles,
after the application of LV pulses (Figure 2). Therefore, the his-
tological analysis proved the effect of different electrical param-
eters on the duration of transgene production and the selective
transfection of different skin layers, which was observed by
noninvasive fluorescence imaging of the transfected skin.
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Local and systemic expression of the IL-12 therapeutic
gene was influenced by the applied pulses

The gene expression of IL-12 in the skin was evaluated by
gRT-PCR analysis after the intradermal injection of pORF-
mlL-12, which was followed by the application of LV and
HV pulses. Under both electrical conditions, i.e., LV and HV
pulses, GET resulted in significantly increased expression
levels of IL-12 mRNA at day 2 post-treatment, compared with
the untreated control group (Figure 3a). Four days after GET,
the IL-12 mRNA levels rapidly decreased. These results illus-
trate notable gene expression in the skin with brief mRNA
persistence.

Subsequently, the protein levels were measured after
intradermal GET of the therapeutic plasmid coding for
IL-12. The local protein expression was measured in
excised skin samples, while the systemic distribution
of IL-12 was determined in mouse serum. Locally in the
skin (Figure 3b), the application of LV pulses resulted
in significantly higher [L-12 production compared with
the application of HV pulses. In both cases, the expres-
sion peaked at day 2 after the treatment (1,213.3+71.8
pg/ml for LV; 553.5+99.0 pg/ml for HV), and it steadily
decreased for the next few days. At the last detection
time point, 6 days post-treatment, IL-12 was still detect-
able in low concentrations. In serum samples (Figure 3c),
high concentrations of IL-12 were measured 2 days after
the delivery of LV pulses (379.0+80.3 pg/ml). The systemic
distribution rapidly decreased over the next 2 days. In con-
trast, after the delivery of HV pulses, the systemic concen-
tration of IL-12 was minimal, significantly lower compared
with the application of LV pulses and completely reduced at
day 6 post-treatment. Therefore, these results suggest that
transgene is produced locally in the skin after intradermal
injection of pORF-mIL-12 followed by the application of LV
or HV pulses, while only LV pulses promote systemic pro-
tein distribution, whereas HV pulses restrict the expression
locally in the skin.

The antitumor effect is stronger after IL-12 GET using
LV pulses

The antitumor effectiveness of GET with plasmid DNA encod-
ing IL-12 was evaluated on the B16F10 melanoma tumors
as proof of principle. IL-12 is responsible for the antiangio-
genic effect of the therapy as well as for local and systemic
immunomodulation.'®2 The antitumor efficiency of systemi-
cally distributed IL-12 was presented in previous studies with
GET into the mouse muscle.?*?* This time, tumor growth was
monitored after the peritumoral injection of plasmid DNA fol-
lowed by the application of LV or HV pulses. A significant
increase (P < 0.05) in mouse survival was observed in both
HV and LV pulse groups compared with that in the untreated
control group and the group treated with the control plasmid
pControl. The LV pulses prolonged mouse survival up to 8
weeks post-treatment. The HV pulses prolonged survival up
to 3 weeks after the therapy (Figure 4). Therefore, the LV
pulses, which induce the transfection of the deeper pannicu-
lus carnosus layer and also lead to the systemic distribution
of IL-12, exhibited significantly (P < 0.05) better antitumor
effectiveness compared with the HV pulses, which only
exerted local effectiveness.
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Figure 1 Fluorescence of DsRed protein following electrotransfer of the reporter plasmid coding for DsRed in mouse skin. (a)
Representative images of the treated region of mouse skin showing the increased fluorescence signal due to intradermal injection of
plasmid DNA followed by the application of high-voltage (HV) or low-voltage (LV) pulses. Images were acquired using the fluorescence
stereomicroscope at the designated times. Scale bar: 5mm. (b) Fluorescence intensity of DsRed protein obtained in mouse skin at different
time points. Fluorescence was measured after multiple intradermal injections of pCMV-DsRed, followed by the application of HV or LV
pulses. To measure the fluorescence intensity, images were analyzed using the same exposure criteria; n = 6 mice per group. Error bars
indicate stanadard error of the mean. (c) Representative images of a treated mouse skin region showing increased fluorescence signal due
to subcutaneous injection of plasmid DNA followed by the application of HV or LV pulses. Images were captured using the fluorescence

stereomicroscope at the designated times.

VIS: Day 2

DsRed: Day 2 VIS: Day 6

~ i

DsRed: Day 6

HV

Lv

Figure 2 Depth of transfection of pCMV-DsRed into the skin
after the application of high-voltage (HV) and low-voltage (LV)
pulses. The fluorescence of DsRed in different skin layers was
observed at day 2 and day 6 after the therapy in 20 pm thick frozen
skin sections using the fluorescence stereomicroscope. Areas with
gene expression are marked with white arrows, and the green arrow
represents the auto fluorescence of hair follicles. VIS, images were
taken under visible light; Ctrl, control group with pCMV-DsRed
injection, but without the electroporation. Scale bar: 200 pm.

Pulse parameter choice is dependent on the transgene
mode of action demonstrated in the wound-healing
model

The wound-healing assay was used as a model for evalu-
ating the effect of HV and LV pulses on the therapeutic

outcome of GET. The efficiency and the mechanisms of
action of all the plasmids used in the experiment were evalu-
ated and described elsewhere.?132225-27 For this study, they
were selected based on already established mechanisms of
action and were used as a model molecules. Three different
plasmids with antiangiogenic action were selected, encod-
ing IL-12, shRNA against melanoma cell adhesion molecule
(MCAM) and shRNA against endoglin. As described above,
IL-12 is responsible for local and systemic immunomodula-
tion and the antiangiogenic effect of the therapy. The deliv-
ery of shRNA against endoglin, as well as the expression of
shRNA against MCAM, typically has local, targeted vascular
effects, as has been shown in previous studies of tumor mod-
els.?52" The plasmid encoding the peptide LL-37 was used as
a positive control because this peptide promotes the wound-
healing process.'? The model is based on the theory that anti-
angiogenic molecules interfere with the revascularization and
reepithelialization of the skin and would slow down the heal-
ing process. A longer healing time after therapeutic plasmid
delivery would indicate a higher gene expression and GET
efficiency.

According to our results, the average time for complete
wound repair is 14.2+0.4 days, as observed after treatment
with miliQ water or pControl delivery. Electroporation with
LV pulses significantly prolonged wound-healing time in the
group treated with IL-12 (Figure 5a). After the IL-12 delivery
and the application of LV pulses, complete wound repair was
achieved after 17.1+0.9 days, i.e., 3 days longer than in the
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Figure 3 IL-12 mRNA and protein expression levels measured in skin and serum samples. (a) mMRNA expression of IL-12 in skin
samples. Real-time PCR analysis was performed at days 2, 4, and 6 post-treatment. (b) The concentration of IL-12 (pg/ml) measured in
skin samples. The protein production was measured by ELISA at days 2, 4, and 6 after the treatment. (¢) The concentration of IL-12 (pg/
ml) measured in serum samples. The IL-12 protein was detected in the serum only after the administration of LV pulses and not after the
application of HV pulses. The values are expressed as the arithmetic mean + standard error of the mean; *P value indicates a significant
difference (P < 0.05) between the groups treated either with LV or HV pulses. IL-12 + LV, intradermal injection of pPORF-mIL-12 followed by the
application of LV pulses; IL-12 + HV, intradermal injection of pORF-mIL-12 followed by the application of HV pulses; Ctrl LV or HV, intradermal

injection of miliQ water followed by the application of LV or HV pulses.

control group (Figure 5b). Healing time after the treatment
with IL-12 and the application of HV pulses did not differ from
that of the control group. Electroporation with HV pulses pro-
longed wound-healing time in the group treated with shRNA
against MCAM and in the group treated with shRNA against
endoglin. Under the HV conditions, the healing time lasted
16.2+0.9 days in the group treated with anti-endoglin shRNA
and 19.0+2.9 days in the group treated with anti MCAM
shRNA. Wound healing was not significantly improved in
those two groups after the delivery of LV pulses. Electropora-
tion of phCAP-18/LL-37 under the LV conditions led to earlier
wound closure and a healing process that was up to 3 days
shorter than that of the control groups (Figure 5b).

The results indicate that all the therapeutic approaches had
antiangiogenic effectiveness; however, due to different modes
of action, their therapeutic effectiveness was varied with dif-
ferent electrotransfer parameters. The effectiveness of IL-12
is mediated systemically and was greater with LV pulses that
transfected deeper skin layers, whereas the effectiveness of
shRNA against endoglin and MCAM is mediated locally and
was greater with HV pulses. GET with phCAP-18/LL-37 as a
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positive control efficiently decreased healing time. In addition,
better responses were observed under LV conditions, indicat-
ing that the optimal effectiveness of the peptide occurs when
deeper skin layers are transfected, similarly as with IL-12.

Evaluation of skin damage

Electroporation side effects were evaluated by macroscopic
observation of skin damage caused by the application of HV
or LV pulses at days 2, 7, and 14 after the treatment. Exam-
ination of the treated skin areas revealed no skin damage
after the application of HV pulses (Figure 6a). There was no
topical skin damage at days 2 and 7 post-treatment. Fourteen
days after the application of HV pulses, hair had completely
regrown in the treated area. On the contrary, the application
of LV electric pulses (Figure 6b) caused noticeable skin dam-
age (hyperkeratosis) observed at day 2 post-treatment. The
damage was observed in the hexagonal pattern, indicating
that mild skin burns had occurred under each electrode pin
(Figure 6¢). The damage was not severe and had completely
healed in 14 days. However, no hair regrew in the treated
regions where the pins had contacted the skin.



Under the same electrical conditions, the experiment was
repeated with the application of the conductive gel on the
mouse skin before the pulses were applied; this was done
both to avoid thermal skin damage and to improve the con-
tact between the electrodes and the tissue.!"'2282° The use
of conductive gel did not affect the degree of the skin dam-
age, as observed in a series of treated animals (Figure 6b),
indicating that the addition of conductive gel placed on the
treated skin region did not ameliorate the skin damage
caused by the applied electric pulses. Exposure of the skin
to the LV pulses caused the same skin damage that resulted
without the application of conductive gel. Once again, the HV
pulses did not cause any noticeable skin damage.

The histological analysis of the treated skin (Figure 6d)
revealed mild skin damage, which was mainly present in the
epidermis. The treatment with HV pulses resulted in minor
keratinocyte damage observed 2 days after the treatment.
The thicker epithelium that was observed 6 days after pulse
application indicates active recovery of the epidermis®s
after the damage caused by the electric pulses. The kerati-
nocyte damage was more evident after the application of LV
pulses; as the LV pulses were more harmful to the skin cells,
the thickness of the epithelium indicates extensive recovery
of the epidermal cells. Histological analysis confirmed the
macroscopically observed hair regrowth. The HV application
led to normal hair regrowth, while the application of LV pulses
destroyed the hair follicles underneath where the electrode
pins were in contact with the skin.

Discussion

Our study shows that with different electrical pulses applied
by noninvasive pin electrodes, the depth of transfection and
the level of gene expression can be controlled. Therefore, we
can optimize the electrotransfer parameters for different med-
ical applications and adjust the pulses for local or systemic
action of a transgene.

Electrotransfer parameters regulate the depth of
transfection in the skin, duration of the gene expression,
and local or systemic protein distribution

A large variety of pulses have been used for GET. The opti-
mal pulse conditions reported are not the same for all appli-
cations, but they could depend on the type of tissue, type
of electrode and injected DNA.® The electric pulses chosen
for gene transfection into skin have been either short dura-
tion (~100 ps) HV pulses alone,?® long duration (>100ms)
LV pulses alone,?® or a combination of one or several HV and
LV pulses.**%35 The amplitude and the duration of electric
pulses used for GET are two critical parameters, which can
affect the efficiency transgene expression as well as tissue
damage.® Based on these published studies, we decided to
test two different types of electric pulses, short HV pulses
with an amplitude-over-distance ratio of 1600V/cm and
duration 100 ps, and long LV pulses with an amplitude-
over-distance ratio of 170V/cm and duration 150ms. They
were selected based on their efficiency to promote the local
or systemic delivery of small molecules into the skin, as was
demonstrated in our previous study.!”
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Figure 4 Mouse survival curves after treatment of the B16F10
melanoma tumors. *P value indicates a significant increase (P <
0.05) in mouse survival observed either with IL-12 + HV or IL-12
+ LV treatment compared with the untreated control group and
the group treated with pControl. +P value indicates statistically a
significant difference (P < 0.05) between the IL-12 + HV and IL-12 +
LV groups. pControl, intradermal injection of control plasmid; IL-12,
intradermal injection of pPORF-mIL-12; LV, application of low-voltage
pulses; HV, application of high-voltage pulses.

The results of this study showed the differences in the depth
of transfection of plasmids into mouse skin resulting from using
LV or HV electric pulses for GET. Specifically, the use of HV
pulses promoted the transfection in upper skin layers (i.e., epi-
dermis and dermis), while the use of LV pulses promoted the
transfection of deeper layers of the skin with muscle cells (i.e.,
panniculus carnosus). The targeted transfection of different
skin layers by the application of short HV or long LV pulses was
demonstrated for the intradermal delivery of a reporter plasmid
encoding DsRed, as well as for a therapeutic plasmid encod-
ing IL-12. The transfection of cells in deeper layers of the skin
achieved by LV pulses resulted in longer expression of the plas-
mid DNA with systemic distribution of the transcribed protein, as
was demonstrated by the elevated serum levels of IL-12 at day
2 post-treatment. On the contrary, the transfection of cells in the
epidermis and dermis that was achieved after the application of
HV pulses resulted in local expression of the transgene without
any systemic distribution. Therefore, electrotransfer parameters
could regulate the depth of transfection in the skin and could
essentially contribute to the duration of gene expression as well
as regulate the local or systemic distribution of the transcribed
protein (Figure 7). The therapeutic relevance of different elec-
trotransfer parameters was presented with the B16F10 tumor
treatment and the wound healing was performed as a proof of
principle of variable effects of electrical conditions.

The mode of action of the delivered molecule requires
the proper selection of HV or LV pulses

Different therapeutic plasmids have been transfected into
skin via electrotransfer.5'* Transgene molecules differ in
mode of action as well in the dosage needed for optimal

www.moleculartherapy.org/mtna
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Figure 5 Therapeutic effect of plasmid DNA delivery after the application of HV or LV pulses. (a) Images of the wounds were captured
with the digital camera connected to the stereomicroscope at the designated times. Wounds were created using a 5mm round skin biopsy
punch. The inner diameter of the red silicone ring is 6 mm. (b) To quantify the results of the wound-healing model, the wound images were
analyzed using AxioVision software. The results are expressed as the number of days for complete wound repair, normalized to the control
group. Error bars indicate standard error of the mean. *P value < 0.05 between the selected groups; ns, no statistically significant difference
between the groups; pControl, intradermal injection of control plasmid pControl; IL-12, intradermal injection of pORF-mIL-12; CD105,
intradermal injection of pU6-antiCD105, coding for shRNA against endoglin (CD105); MCAM, intradermal injection of pU6-antiMCAM, coding
for shRNA against melanoma cell adhesion molecule (MCAM); LV, application of low-voltage pulses; HV, application of high-voltage pulses.

therapeutic effectiveness. First, molecules delivered intra-
dermally can act locally in the skin or elicit systemic effects
when the products reach the bloodstream. As presented in
this study, it is of the utmost importance to select the opti-
mal electrical parameters according to the mode of action of
the transcribed molecule. We demonstrated that for plasmids
encoding molecules with a local mode of action, such as
shRNA against endoglin?62737-3 or shRNA against MCAM,%
the best effectiveness was obtained with HV pulses, which
transfect the cells in the superficial mouse skin layers. In
that way, the HV pulses would restrict the distribution of mol-
ecules with a local mode of action locally in the skin, thus
avoiding possible systemic side effects due to their distribu-
tion in the bloodstream. In contrast, with molecules that have
paracrine and systemic modes of action, such as IL-12, we
obtained better effectiveness with LV pulses that promote the
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transfection of deeper skin layers. Compared with HV pulses
in the wound-healing model, better IL-12 effectiveness was
obtained with LV pulses, which were required to achieve opti-
mal systemic effects. Furthermore, the prolonged survival of
B16F10 tumor-bearing mice clearly indicates an antitumor
effectiveness of IL-12 with LV pulses applied in the peritu-
moral area than that resulting from the HV conditions.

Aside from the types of transfected cells, the optimal ther-
apeutic effectiveness of gene therapy also depends on the
amount of produced therapeutic transgene and the duration
of expression. Therefore, the dosing needs to be optimized
for each specific therapeutic plasmid. Although there have
been several studies that have attempted to improve the dos-
age of plasmid DNA available for gene expression in the skin,
the highest possible dosage does not always lead to the best
therapeutic results.*® Therefore, to reach optimal therapeutic
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Figure 6 Macroscopic and microscopic evaluation of skin damage. Damage was observed after multiple miliQ injections followed by the
application of (a) high-voltage (HV) pulses or (b) low-voltage (LV) pulses. Pulses were applied immediately after the intradermal injection of
miliQ water (no gel) or after the preliminary administration of conductive gel (with gel). Mouse skin was observed under the stereomicroscope
2, 7, and 14 days after the application of HV and LV pulses. For each experimental condition, four treated skin areas were evaluated.
Representative images of the skin damage in the treated region. Scale bar 5mm. (¢) Skin damage caused by LV pulses was observed in
the same hexagonal pattern as that of the pins inside the MEA. Scale bar 5mm. VIS images were taken under visible light. (d) Histological
evaluation of skin damage. Skin sections were excised at day 2 or day 6 post-treatment and stained with hematoxylin and eosin. The
keratinocyte damage is marked with green arrows, the extended thickness of epithelium is marked with black arrows, and the hair follicles are
marked with the red arrows. Scale bar 200 pm. LV, low-voltage pulses; HV, high-voltage pulses; CTRL, untreated group.

effectiveness of GET, the level and duration of expression of
the transgene transfected into the skin should be precisely
regulated. The results of our study provide the evidence that
with noninvasive electrodes and different electrotransfer
parameters, the depth of skin transfection can be controlled,
resulting in different levels and durations of IL-12 expression.

From mouse skin to clinical practice

Due to the specific structure of mouse skin with the sub-
cutaneous panniculus carnosus muscle layer, mouse skin
was selected as a model to assess the effect of different
electrical parameters. The differential characteristics of
mouse skin layers, including the muscle layer, provide an
easy means of detecting of the depth at which a transgene
is expressed. Although only rudimentary forms of this sub-
cutaneous muscle layer can be found in humans, such as
in the small muscles of the face and neck or the platysma,'®
the results of this study provide clear evidence that the
parameters of electrotransfer influence the depth of trans-
fection into the skin. Targeting deeper skin layers with LV
pulses would lead to the transfection of cells with slower
turnover, such as muscle cells, and thus, longer duration
of gene expression. Because deeper, well-vascularized
skin layers are transfected with LV pulses, the resulting
systemic effect could be expected, even in the absence
of the panniculus carnosus in human skin. The use of dif-
ferent electrical parameters, which regulate the depth of

transfection and distinguish between local or systemic
response, would contribute to the translation of therapeutic
GET into the clinic. These parameters present a promising
tool for improving the safety and effectiveness of GET for
various medical applications, such as wound healing, vac-
cination and cancer therapy. As demonstrated in this study,
the electrical conditions should be carefully selected for
each application. For instance, for the purposes of vaccina-
tion, which targets the local immune response of the skin
cells, the HV pulses would optimally improve local gene
expression in the skin. A similar example is the applica-
tion of HV pulses in the wound-healing process, where a
transgene should act locally, or in the paracrine mode. In
that case, it is sufficient for the transgene to affect the local
environment, as there is no need for a systemic response.'

On the other hand, LV pulses would be recommended
for the delivery of molecules with systemic action and
expected abscopal effects. One example is the delivery of
plasmid DNA encoding IL-12 in cancer therapy,®234'-* as
was also demonstrated in our study. One specific promising
approach is the administration of plasmid DNA encoding
IL-12 peritumorally into skin to boost the immune reaction
of the local ablative techniques.'®* Such an approach was
already proposed for electrochemotherapy in combina-
tion with IL-12 delivered by electrotransfer peritumorally
and demonstrated effectiveness in client-owned dogs with
spontaneous mast cell tumors.*
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Figure 7 The depth of transfection in mouse skin and transgene distribution after high-voltage (HV) or low-voltage (LV) pulses,
applied by MEA. LV pulses promote the transfection of deeper skin layers (a), while HV pulses promote the transfection of cells in the
superficial layers of mouse skin (b). The deeper transfection achieved by LV pulses resulted in longer plasmid DNA expression with systemic
protein distribution, as was demonstrated by the increased IL-12 serum levels (c). The transfection of the superficial skin layers by the HV
pulses resulted in local plasmid DNA expression without any systemic transgene distribution (d).
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Figure 8 The distribution of electric pulses within the multi-
electrode array (MEA). (a) Applicator of noninvasive MEA. (b) The
electrode consists of seven spring-loaded pins arranged in a
hexagonal mesh and spaced 3.5mm apart. When the central pin
was inserted, a total of 24 electric pulses (2 electric pulses between
each electrode pair) were delivered during the treatment. (c) For
wound healing and tumor treatment, the central pin was removed
from the applicator; 6 pins remained on the electrode, delivering 12
electric pulses (2 electric pulses between each electrode pair).

MEA for the delivery of genes into the skin

Different types of electrodes have been used to deliver genes
into the skin, from needle electrodes*“¢ microneedles,”” and
plate electrodes®“* to the more recent noninvasive MEA.49%°
One of the novelties of our study is the utilization of the circular
MEA for wound healing and tumor treatment. In previous stud-
ies, the use of MEA was effective for the delivery of model drugs
(e.g., dextran, fentanyl and doxorubicin),'” as well as plasmid
DNA, into mouse skin® with minimal skin damage caused by
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electric pulses.'” Particularly the HV pulses provided harmless
gene delivery, without noticeable skin damage. Although the
LV pulses could result in more evident skin damage, poten-
tially caused by longer pulse duration, the damage was not
severe and had completely healed in 14 days. Therefore, the
skin damage is not critical component to pulse selection and
the use of the LV pulses should not cause the concerns for
further application. The advantage of the MEA is that the num-
ber of addressable electrode pairs that are contained within the
electrode applicator can be adjusted,®' which was also demon-
strated in the current study with the removal of the central pin.
As demonstrated by our results, the use of MEA with adjustable
pins represents a valuable approach for the effective delivery of
genes into the skin for wound healing, as well as for peritumoral
delivery for cancer gene therapy. Hence, MEA opens the new
possibilities to control the gene expression in the skin, which
were not described for any other type of electrode so far.

Conclusion

Different skin layers and controlled gene expression in the
skin can be achieved by selecting the appropriate electro-
transfer parameters. Specifically, the application of LV or HV
pulses provides the possibility to control depth and, conse-
quently, the types of cells transfected; in this way, the sys-
temic or local action of the transgene can also be controlled.
Therefore, in the translation into the clinics, it will be of the



utmost importance to adjust the parameters of GET for differ-
ent therapeutic approaches, desired therapeutic genes and
their modes of action.

Materials and methods

Plasmids. The plasmids used for the experiments include
the reporter plasmid encoding the Discosoma red fluores-
cent protein (DsRed), the control plasmid (pControl), and
the therapeutic plasmids encoding hCAP-18/LL-37, interleu-
kin 12 (IL-12), shRNA against MCAM, and shRNA against
endoglin (CD105). The DsRed reporter gene was encoded
on the pCMV-DsRed-Express2 plasmid (Clontech, Basing-
stoke, UK), and the mouse IL-12 gene was encoded on the
pORF-mIL-12 plasmid (InvivoGen, Toulouse, FR). The pre-
cise construction of the control plasmid without the thera-
peutic gene (pControl)®? and the plasmids against MCAM
(pUB-antiMCAM)?® and against endoglin (pU6-antiCD105)%”
is described in our previous studies. The construction of the
plasmid encoding hCAP-18/LL-37 is described elsewhere.'?
All plasmids were isolated using the EndoFree Plasmid Mega
Kit (Qiagen, Hilden, DE) according to the manufacturer’s
instructions and diluted in endotoxin-free water (miliQ) to a
concentration of 2mg/ml. Plasmid DNA concentration and
purity were determined both spectrophotometrically (Epoch
Microplate Spectrophotometer; Take3 Micro-Volume Plate,
BioTek, Bad Friedrichshall, DE) and by gel electrophoresis.

Animal ethics. All procedures were performed in compliance
with the guidelines for animal experiments of the EU directive
(2010/63/EU) and with permission from the Veterinary Admin-
istration of the Ministry of Agriculture, Forestry and Food of
the Republic of Slovenia (permission no. 34401-4/2012/4,
34401-1/2015/7). Animals were housed in pathogen-free
conditions with 12-hour light cycles and were provided food
and water ad libitum.

In vivo GET and transfection efficiency. In the experiments,
8-12-week-old female BALB/c mice (Envigo, Udine, IT)
weighing between 20 and 25g were used; three to five mice
were randomly assigned into each experimental group. One
day prior to the experiments, the mice were shaved on the left
and/or right flank, and any remaining hair was removed with
depilatory cream (Veet Sensitive Skin, Reckitt Benckiser,
UK). Before the plasmid injections, the mice were anesthe-
tized in the induction chamber using 2% isoflurane (Nicholas
Piramal India, London, UK) in oxygen, and they remained
under isoflurane anesthesia during the procedure.

To observe the intensity and duration of gene expression
in the skin, the anesthetized mice received multiple intrader-
mal injections (4x20 pl) of pCMV-DsRed (2mg/ml) in the
right and/or left flank. A 29-G insulin grade syringe (Terumo,
Terumo Europe N.V., Leuven, BE) was used for the plasmid
injection. To evaluate transfection depth, single intradermal
and subcutaneous injections of 50 pl of pPCMV-DsRed (2mg/
ml) were administered during the experiments, immediately
after the plasmid injection electric pulses were applied. Two
different electrotransfer parameters were used for plasmid
delivery: either HV electric pulses with an amplitude-to-
distance ratio of 1,600V/cm (amplitude 570V, duration of
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pulse 100 ps) or LV electric pulses with an amplitude-to-
distance ratio 170V/cm (amplitude 60V, duration 150ms).
GET was performed using a noninvasive MEA (Iskra Medi-
cal, Podnart, Sl) consisting of seven spring-loaded pins
arranged in a hexagonal mesh (Figure 8a,b) and spaced
3.5mm apart. The MEA was gently pressed directly onto
the depilated skin without the application of conductive gel.
Due to the fact that the array was designed based on the
commercially available hexagonal electrode from IGEA, the
MEA was connected to the Cliniporator (IGEA s.r.I., Carpi,
IT). A total of 24 electric pulses (2 electric pulses between
each electrode pair in opposite direction) were delivered dur-
ing the treatment. Expression of DsRed was monitored using
a Zeiss SteREO Lumar.V12 (Zeiss, Jena, DE) fluorescence
stereomicroscope equipped with an MRc5 digital camera
(Zeiss). The mice were initially anesthetized with inhalation
anesthesia in the induction chamber (2% of isoflurane in oxy-
gen) and were then placed under the microscope with their
snout in the inhalation tube to remain anesthetized during the
measurement procedure. The mice were imaged daily from
day 1 after the GET until the fluorescence was undetectable.
A threshold suitable for the images was applied, and the fluo-
rescence intensity in the area of the electroporated skin was
determined using AxioVision software (Zeiss).

Histological determination of DsRed distribution and skin
damage. For the histological determination of DsRed distri-
bution in the skin, frozen sections were prepared. The mice
received a single intradermal injection of 50 pl of pCMV-
DsRed (2mg/ml) in the left or right flank, and the electro-
transfer was performed as described above. At day 2 and day
6 post-treatment, the mice were humanely sacrificed, and
the region of the skin exposed to the treatment was excised.
The excised skin was immediately frozen in liquid nitrogen.
Subsequently, skin samples were embedded in medium
designed for frozen tissue specimens (Tissue-Tek 45883,
Sakura Finetek Europe B.V., Alphen aan den Rijn, NL), and
20 pm thick sections were cut in the direction perpendicular
to skin layers. Additionally, some samples were fixed in zinc
fixative (BD PharMingen, BD Bioscience, San Diego, CA) for
1 day and then stored in 70% ethanol until being embed-
ded in paraffin for assessing skin damage histologically; 5 pm
thick sections were cut in the direction perpendicular to the
skin layers and stained with hematoxylin and eosin. The sam-
ples were observed using a BX-51 fluorescence microscope
(Olympus, Hamburg, GE) equipped with a digital camera
DP72 (Olympus).

Total mRNA extraction and quantitative reverse transcrip-
tion polymerase chain reaction (QRT-PCR) analysis. The
BALB/c mice received multiple intradermal injections (4 x20
pl) of pORF-mIL-12 in the left or right flank. Electric pulses
were applied immediately after plasmid administration, as
described above. The control group received intradermal
injections of miliQ water, followed by electric pulses. To deter-
mine IL-12 expression in the mouse skin, RNA extraction
and qRT-PCR analysis were performed at days 2, 4, and 6
after GET of pORF-mlIL-12. The mice were sacrificed, and
the treated skin regions were excised and snap-frozen in lig-
uid nitrogen. Skin samples were later homogenized, and total
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RNA was extracted with the TRIzol Plus RNA Purification
system (Life Technologies, Carlsbad, CA), according to the
manufacturer’s instructions. RNA concentration and purity
were determined spectrophotometrically (Epoch Microplate
Spectrophotometer; Take3TM Micro-Volume Plate, BioTek,
Bad Friedrichshall, DE). cDNA transcription was performed
using 1,000ng of total RNA extract using a SuperScript
VILO cDNA Synthesis Kit (Life Technologies), according to
the manufacturer’s instructions. For the qRT-PCR analysis,
mixtures of transcribed cDNA diluted 10-fold were used as
templates using SYBR Select master Mix (Life Technologies).
Custom primers (forward primer sequence: 5-CGGCAG-
CAGAATAAATATGAG-3’, reverse primer sequence: 5-GAG
TTCTTCAAAGGCTTCATC-3") were designed to amplify
the fragments of mouse IL-12 cDNA. The reaction was per-
formed using a QuantStudio 3 analyzer (Applied Biosystems,
Life Technologies), and the products were analyzed with the
associated QuantStudio Design & Analysis Software (Life
Technologies). The optimized thermal cycling conditions
were as follows: activation of uracil-DNA glycosylase (2 min-
utes at 50 °C), hot start activation of AmpliTaq Gold Enzyme
(10 minutes at 50 °C), 45 cycles of denaturation (15 seconds
at 95 °C), annealing and extension (1 minute at 60 °C). The
IL-12 mRNA expression levels in mouse skin are presented
as the threshold cycle value (C)). The relative quantification
of cDNA expression was normalized to B-actin and glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH) by the 2"AA®
method, calculated via the QuantStudio 3 software (Applied
Biosystems, Life Technologies).

Quantification of IL-12 protein concentration. The concentra-
tion of the cytokine IL-12 was measured in excised skin and
serum samples. BALB/c mice were treated as they were for
the gRT-PCR analysis. At days 2, 4, and 6 post-treatment, the
mice were sacrificed, and the treated region of the skin was
excised, immediately weighed and snap-frozen in liquid nitro-
gen. The frozen samples were mechanically macerated. Each
sample received 500 pl of PBS containing protease inhibitors
(Complete Protease Inhibitor Cocktail Tablets, Roche, Basel,
CH); the samples were then thoroughly mixed and centrifuged
for 10 minutes at 3,000 rpm. The supernatant was separated
from the sediment and stored at —80 °C until further analysis.
Blood was collected from the intraorbital sinus into a blood
collection tube (Vacuette serum tube with gel; Greiner Bio-
One International AG, Kremsmiinster, AU) and stored at 4 °C
for 20 minutes until it had coagulated. Serum was extracted
from the blood samples via centrifugation at 2,500 rpm for 5
minutes, and the serum was immediately stored at —-80 °C
until further analysis. Both sets of samples were analyzed
using enzyme-linked immunosorbent assay (ELISA) (ELISA
Quantikine Mouse IL-12 p70 Immunoassay, R&D Systems,
Minneapolis, MN). Due to the highly comparable mass of the
samples, the IL-12 concentrations are presented as pg of
IL-12 per ml of serum or ml of supernatant.

Evaluation of antitumor effectiveness. Tumors were induced
by a subcutaneous injection of 1x 108/0.1 ml of B16F10 mela-
noma cells into the right mouse flank; these cells are synge-
neic to C57BI/C mice (Envigo). The mice in this experiment
were 8-10 weeks old, weighing between 18 and 20g. When
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the tumors reached an approximate volume of 40mmég, the
mice were randomly divided into experimental groups, and
the treatments were administered; this point constituted day
0 of our study. The tumors were treated with multiple intrader-
mal peritumoral injections (4x20 pl) of pPORF-mIL-12 in the
concentration of 2mg/ml; mice in the control group received
miliQ water. Immediately after the plasmid injections, the per-
itumoral region was covered with conductive gel, and the LV
or HV pulses were applied via an MEA with the central pin
removed (Figure 8c). Thereafter, the tumors were measured
in three perpendicular directions (a, b, c) every 2-3 days
using a digital Vernier caliper. Tumor volume was calculated
using the following formula: V = a x b x ¢ x I1/6. The results
are expressed using Kapla