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ARTICLE INFO ABSTRACT

Keywords: Skin, the largest organ in the body, provides a passive physical barrier against infection and contains elements of
DNA Sensors the innate and adaptive immune systems. Skin consists of various cells, including keratinocytes, fibroblasts,
Cytokines endothelial cells and immune cells. This diversity of cell types could be important to gene therapies because DNA
DNA electrotransfer . s Lo . .

Keratinocytes transfection could elicit different responses in different cell types. Previously, we observed the upregulation and
Fibroblas t}; activation of cytosolic DNA sensing pathways in several non-tumor and tumor cell types as well in tumors after

Skin the electroporation (electrotransfer) of plasmid DNA (pDNA). Based on this research and the innate immuno-
genicity of skin, we correlated the effects of pDNA electrotransfer to fibroblasts and keratinocytes to mouse skin
using reverse transcription real-time PCR (RT-qPCR) and several types of protein quantification. After pDNA
electrotransfer, the mRNAs of the putative DNA sensors DEAD (AspGlu-Ala-Asp) box polypeptide 60 (Ddx60),
absent in melanoma 2 (Aim2), Z-DNA binding protein 1 (Zbp1), interferon activated gene 202 (Ifi202), and
interferon-inducible protein 204 (Ifi204) were upregulated in keratinocytes, while Ddx60, Zbp1 and Ifi204 were
upregulated in fibroblasts. Increased levels of the mRNAs and proteins of several cytokines and chemokines were
detected and varied based on cell type. Mouse skin experiments in vivo confirmed our in vitro results with
increased expression of putative DNA sensor mRNAs and of the mRNAs and proteins of several cytokines and
chemokines. Finally, with immunofluorescent staining, we demonstrated that skin keratinocytes, fibroblasts and
macrophages contribute to the immune response observed after pDNA electrotransfer.

1. Introduction

Genetically engineered vectors encoding specific DNA sequences can
be used for gene therapies or vaccination. Viral and non-viral vectors
have been developed to introduce DNA into cells [1]. Due to the po-
tential for immunogenicity and cytotoxicity with viral vectors, the use of
non-viral vectors is increasing [2]. However, delivery systems are
essential to facilitate cellular internalization of plasmid DNA (pDNA)
due to its lower cellular uptake.

Gene electrotransfer (GET) is a safe and efficient non-viral gene
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delivery method based on electroporation. The application of defined
electric pulses to cells or tissues leads to increased cell membrane
permeability to facilitate the transport of nucleic acids into cells [3].
This method is also used to deliver DNA or RNA to different tissues,
including skin [4,5]. Skin is an attractive target for GET due to its easy
accessibility, large treatment area and the presence of
antigen-presenting cells, which are critical for eliciting an effective
immune response in therapies where an immune response is desirable.
GET to the skin has been used in many medical applications, including
vaccination [6-8], wound healing [9,10] and cancer treatment [4].
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Although immune cell infiltration is observed after pDNA GET to skin
[11], providing an adjuvant effect, the response of skin to pDNA GET at
the molecular level has yet to be elucidated.

Currently, potential applications of DNA vaccines such as cancer
therapy [12], infectious disease [13], and autoimmune disease [14] are
being investigated. GET of pDNA vaccines improves immunogenicity
and increases gene expression [11,15-18]. The basic working principle
of pDNA vaccines involves the use of pDNA encoding antigens of tar-
geted pathogens or tumors [19].

Encoded protein antigen(s) can be expressed in stromal and dendritic
cells. These antigens are processed and presented to naive CD4 + or CD8
+ T cells either directly or by cross-presentation, respectively [20]. The
transfected pDNA can also interact with DNA-specific pattern recogni-
tion receptors known as DNA sensors to activate the production of Type I
interferons (IFN) and pro-inflammatory cytokines and chemokines or
cause cell death [21-23]. These pro-inflammatory proteins may induce
innate immune responses that potentiate adaptive immune responses.

Skin is an ideal target for pDNA vaccine administration. Cutaneous
GET is a safe and efficient delivery technique highly applicable to the
clinical setting. The aim of our study was to evaluate if several putative
cytosolic DNA sensors (Table 1) and their signaling pathways are
upregulated in non-immune cell types in vitro, assess these pathways and
the innate immune response in mouse skin in vivo, and determine which
cell types in skin in vivo respond to entry of pDNA after electrotransfer.

2. Material and methods
2.1. Cell lines

Mouse Kera-308 keratinocytes (CLS Cell Lines Service, Eppelheim,
Germany) and L929 fibroblasts (American Type Culture Collection,
Manassas, VA, USA) were cultured in Advanced Dulbecco’s Modified
Eagle’s Medium (DMEM, Gibco, Thermo Fisher Scientific, Waltham,
MA, USA) supplemented with 5% fetal bovine serum (FBS, Gibco), 10
mM L-glutamine (Gibco), 50 ug/ml Penicillin-Streptomycin (Merck,
Germany) at 37 °C in a humidified incubator with 5% CO;. Cells were
regularly tested for the presence of Mycoplasma spp. with the MycoAlert
PLUS Mycoplasma Detection kit (Lonza, Basel, Switzerland) and found
negative.

2.2. Animals

For immunofluorescent tissue staining, 12-week-old female BALB/

Table 1
Putative DNA sensors assayed in this study.

Putative DNA Sensor

Reference

Endosomal

TLR9 (Toll-like receptor 9)
Cytosolic/nuclear

ZBP1 (Z-DNA binding protein 1)
AIM2 (Absent in melanoma 2)

RIG-I (Retinoic acid inducible gene I)

p202 (Interferon activated gene 202)

IFI116/p204 (Interferon-inducible protein 204)

DHX9 (DEAH (AspGlu-Ala-His) box helicase 9)

DHX36 (DEAH (Asp-Glu-Ala-His) box helicase 36)

LRRFIP1 (Leucine-rich repeat flightless interacting protein
1

DDX41 (DEAD (Asp-GluAla-Asp) box polypeptide 41)

DDX60 (DEAD (AspGlu-Ala-Asp) box polypeptide 60)

Ku70 (Lupus Ku autoantigen protein p70)

MRE11 (Meiotic recombination 11 homolog, double-
strand break repair nuclease)

¢GAS (Cyclic guanosine monophosphate adenosine
monophosphate synthase)

SOX2 (SRY (sex-determining region Y)-box 2)

Hemmi, 2000; [24]

Takaoka 2007, [25]
Burckstummer, 2009,
[26]

Ablasser, 2009; [27]
Roberts, 2009, [28]
Yan, 2008; [29]

Kim, 2010, [30]
Kim, 2010, [30]
Yang, 2010, [31]

Zhang, 2011, [32]
Miyashita, 2011, [33]
Mimori, 1986; [34]
Kondo, 2013, [35]
Sun, 2013,[36]

Xia, 2015, [37]
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cAnNCrl mice (Charles River L. s.r.1., Calco, Italy) were used. For protein
expression analysis, 7-8-week-old female BALB/cJ mice (Jackson Lab-
oratories, Bar Harbor, ME, USA) were used. All procedures were
approved by the Administration of the Republic of Slovenia for Food
Safety, Veterinary Sector and Plant Protection or by the University of
South Florida Institutional Animal Care and Use Committee.

2.3. Plasmid DNA (pDNA)

The plasmid pEGFP-N1 (BD Biosciences, San Jose, CA, USA),
encoding green fluorescent protein, was used to establish transfection
efficiency. It was isolated after amplification in a competent Escherichia
coli (TOP10; Thermo Fisher Scientific) and purified using Maxi-Endo
Free Plasmid Kits (Qiagen, Hilden, Germany) according to the manu-
facturer’s instructions. The concentration of isolated plasmid was
measured with an Epoch Microplate Spectrophotometer (BioTek In-
struments, Winooski, VT, USA). The plasmid vector gWizBlank (pDNA,
purified by Aldevron, Fargo, ND, USA) was used for all other experi-
ments. Unless otherwise noted, all plasmids were suspended at 2 ug/ul in
physiological saline.

2.4. Invitro electrotransfer of pDNA

In vitro pDNA electrotransfer was carried out using either an Electro
Cell B10 electroporator (LEROY biotech, Saint-Orens-de-Gameville,
France) or an ECM 830 Square Wave Electroporation System (BTX,
Holliston, MA, USA). One million cells were prepared in 40 pl of elec-
troporation buffer. Ten ul of pDNA was added, and 50 pl of this sus-
pension containing 1 x 10° cells was electroporated using stainless steel
electrodes with a 2 mm gap. Eight square-waved pulses with a voltage-
to-distance ratio of 600 V/cm, a pulse duration of 5 ms and a frequency
of 1 Hz (EP1) or six square-waved pulses with a voltage-to-distance ratio
of 1300 V/cm, pulse duration 100 ps, and a frequency of 4 Hz (EP2) were
used [23].

2.5. Transfection efficiency in vitro

Two days after electrotransfer of 10 pg pEGFP-N1 per 1 x 10° cells,
the cells were imaged by fluorescence microscopy (Olympus IX-70,
Hamburg, Germany) then trypsinized and resuspended in 400 ul of
PBS for flow cytometry analysis (FACSCanto II flow cytometer, BD
Biosciences, Franklin Lakes, NJ, USA). A 488-nm laser (air-cooled, 20
mW solid-state) and 530/30-nm band-pass filter were used for the
excitation and emission to detect green fluorescent protein fluorescence.
A total of 20,000 events were measured. The percentage of transfected
cells represented transfection efficiency, while the fluorescence intensity
was determined as an indirect measure of protein expression and
therefore the amount of pDNA that was introduced into the cells.

2.6. Cell survival measured by metabolic viability assay in vitro

After electrotransfer of 1, 2, and 3.5 mg/ml of pDNA, 1 x 10° cells
were cultured in 100 pl of medium in 96-well plates and incubated for
72 h. Presto Blue™ viability reagent was used to measure cell meta-
bolism, an indirect indicator of cell viability. Fluorescence was quanti-
fied using a Cytation 1 Imaging Multi-Mode Reader with a 560,590 nm
(excitation/emission) filter (Biotek, Santa Clara, CA, USA).

2.7. Cell death mechanism in vitro

Cell death mechanisms were determined twenty hours after pDNA
electrotransfer using a FITC Annexin V Apoptosis Detection Kit with 7-
AAD (7-aminoactinomycin D) (BioLegend, San Diego, CA, USA) ac-
cording to manufacturer’s instructions. Flow cytometry (FACSCanto II,
BD Biosciences, Franklin Lakes, New Jersey, USA.). Data analysis was
performed with FACSDiva V6.1.2 and FlowJo software (BD Biosciences).
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A total of 20,000 events were measured. Apoptosis was evaluated by
phosphatidylserine detection in the outer plasma membrane leaflet
using Annexin V. Necrotic cells were detected with 7-AAD, which has a
high DNA-binding constant and can pass into the nucleus and bind to
DNA in necrotic cells. Viable cells were Annexin V and 7-AAD negative.

Pyroptosis was determined with caspase activation using Caspase-
Glo® 1 Inflammasome Assay (Promega, Madison, WI, USA) per manu-
facturer’s instructions and quantified using the Cytation 1 Imaging
Multi-Mode Reader.

2.8. Invivo electrotransfer of pDNA

Twenty ul of 2 ug/ul pDNA was injected intradermally and pulses
immediately applied to the injection area. For the RNA and histological
studies, EP1 pulses were applied with a stainless steel 5 mm gap plate
electrode using an Electro Cell B10 electroporator (LEROY biotech). For
protein studies, two perpendicular sets of four EP1 pulses were delivered
using a 4-plate electrode with 6 mm distance between the electrodes
[38] with an ECM 830 Square Wave Electroporator (BTX, Holliston, MA,
USA). Each mouse was monitored continuously until recovered from
anesthesia as indicated by their ability to maintain sternal recumbency
and exhibit purposeful movement.

2.9. mRNA expression in vitro and in vivo

Four hours after pDNA electrotransfer, total RNA was isolated from
1 x 10° cells using a peqGOLD Total RNA Kit (VWR Life Science, Ger-
many) or from skin tissue using TRIzol™ Reagent (Thermo Fischer
Scientific, USA) and purified (peqGOLD Total RNA Kit, VWR Life Sci-
ence, Germany). Complementary DNA was synthesized from 500 ng of
RNA (SuperScript VILO, Thermo Fischer Scientific, USA) and diluted
1:10. Relative mRNA levels were determined with quantitative real time
PCR (See Supplementary Table 1 for primer sequences) and PowerUp
SYBR Green Master Mix (Thermofisher Scientific, USA) on a Quant-
Studio™ 3 Real-Time PCR System (Thermo Fisher Scientific, USA).
Messenger RNA expression was quantified using the AACt method [39]
relative to the reference mRNAs f-actin and glyceraldehyde 3-phosphate
dehydrogenase and normalized to the control group.

2.10. Invitro ELISAs

Mouse IFN-f (PBL Assay Science, Piscataway, NJ, USA), IL-1§ (R&D
Systems, Minneapolis, MN, USA), and IL-6 (R&D Systems, Minneapolis,
MN, USA) secreted by 10° viable keratinocytes or fibroblasts into 1 ml
medium were quantified by ELISA six hours after pDNA electrotransfer.

2.11. Protein analysis in vivo

Four hours after pDNA electrotransfer, mice were humanely eutha-
nized and skin samples snap-frozen on dry ice. The samples were ho-
mogenized in NP-40 Lysis buffer (Alfa Aesar, Ward Hill, MA, USA) with
the addition of Halt Protease Inhibitor cocktail EDTA-free (Thermo
Fisher Scientific, Rockford, IL, USA) using a gentle MACS OctoDisso-
ciator (Miltenyi Biotec, Auburn, CA, USA). The total protein concen-
tration was normalized, and 25 pg of each sample was analyzed using a
Mouse Cytokine/Chemokine Magnetic Bead Panel (Millipore, Burling-
ton, MA, USA) using a MAGPIX System (Luminex, Austin, TX, USA) per
manufacturer’s instructions. Confirming ELISAs to quantify IFN-f (PBL
Assay Science, Piscataway, NJ, USA), IL-6 (R&D Systems, Minneapolis,
MN, USA), and CXCL1 (RayBiotech, Peachtree Corners, GA, USA) were
performed on the same homogenates.

2.12. Immunofluorescence (IF) staining in vivo

Six hours after pDNA electrotransfer, excised skin samples were fixed
in 4% paraformaldehyde for 17 h, then incubated 24 h in 30% sucrose
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for cryoprotection and frozen in OCT medium (VWR). Fourteen-
micrometer thick frozen sections were cut using a Leica CM1850 cryo-
stat and mounted onto the Superfrost plus glass slides (ThermoFisher
Scientific). Slides were then stained with primary and secondary anti-
bodies (Table 2). Because the anti-mouse Pan-cytokeratin antibody
(ThermoFisher Scientific) had the same host as the skin samples, we
used Fab fragments (Jackson Immunoresearch, West Grove, PA, USA) to
block endogenous immunoglobulins in tissue sections or on cell surfaces.
Nuclei were stained with Hoechst 33342 solution (3 ug/ml). Slides were
mounted with ProLong™ Glass Antifade Mountant (Thermo Fisher Sci-
entific). Samples were imaged with an LSM 800 confocal microscope
(Carl Zeiss) with a 20x objective (NA 0.8). Hoechst 33342, Alexa Fluor
488, Cy3 and Alexa Fluor 647 were excited with lasers with excitation
wavelengths of 405 nm, 488 nm, 561 nm and 640 nm, respectively.
Emitted light was captured with Gallium Arsenide Phosphide (GaAsP)
detector combined with a variable dichroic and filters at channel specific
wavelengths: 410 — 545 nm (Hoechst 33342), 488 — 545 nm (Alexa Fluor
488), 565 — 620 nm (Cy3) and 645 — 700 nm (Alexa Fluor 647). The
images were visualized and analyzed with Imaris software (Bitplane
Image Analysis software, Switzerland) and F1JI-ImageJ software [40].
For quantitating IF data, we used FIJI-ImageJ software. Cells containing
colocalizations were selected as regions of interest in which the relative
levels of specific molecules were measured by mean fluorescent in-
tensity of Cy3 [41].

2.13. Statistical analysis

GraphPad Prism 9 (La Jolla, CA, USA) was used for statistical anal-
ysis and graph preparation. Data were tested for normality distribution
and found to be normally distributed. Significance was determined by a
two-tailed t-test or one-way ANOVA test followed by a Dunnett’s mul-
tiple comparisons test. A P < 0.05 was considered statistically
significant.

3. Results

3.1. Transfection efficiency, cytotoxicity, and cell death mechanisms in
vitro

Transfection efficiency, cell survival, and cell death mechanisms
were quantified after electrotransfer of pEGFP-N1 into L929 fibroblasts
and KERA 308 keratinocytes using two different pulse protocols. The
transfection efficiency was pulse protocol-dependent in keratinocytes,

Table 2
Primary and Secondary antibodies used in mouse skin experiments.

Primary antibody Dilution  Host Secondary antibody

Fibroblast marker 1:100 Rat Alexa Fluor® 647 AffiniPure
MA1-40076 Donkey Anti-Rat IgG (H+L)
(ThermoFisher (Jackson Immunoresearch)
Scientific)

Cytokeratin Pan Antibody 1:200 Mouse  Donkey Anti-Mouse 1gG H&L
Cocktail MA5-13203 (Alexa Fluor® 488)
(ThermoFisher (ab150105, (Abcam))
Scientific)

Anti-Mo F4/80, 1:200 Rat Alexa Fluor® 488 AffiniPure
14-4801-82 Donkey Anti-Rat IgG (H+L)
(ThermoFisher Jackson Immunoresearch)
Scientific)

IFN-p PA5 20390 1:200 Rabbit ~ Cy™3 AffiniPure Donkey Anti-
(ThermoFisher Rabbit IgG (H+L) (Jackson
Scientific) Immunoresearch)

TNFa 6671 (Abcam) 1:50 Rabbit  Cy™3 AffiniPure Donkey Anti-

Rabbit IgG (H+L) (Jackson
Immunoresearch)
IL-1p 9722 (Abcam) 1:200 Rabbit ~ Cy™3 AffiniPure Donkey Anti-

Rabbit IgG (H+L) (Jackson
Immunoresearch)
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with 4.5% fluorescent cells using the EP1 pulse protocol and 46.0%
using the EP2 pulse protocol (Fig. 1a). In fibroblasts 5.2% of cells were
transfected with the EP1 pulse protocol, and 10.1% with the EP2 pulse
protocol. A statistically significant difference was detected in fibroblast
transfection efficiency between the two pulse protocols (Fig. 1b).
Although the transfection efficiency varied between the cell types, the
median fluorescence intensity, indicating the level of protein expression,
was higher using the EP1 pulse protocol in both cell types.

Cell cytotoxicity was evaluated 72 h after delivery of varying pDNA
concentrations. Pulse protocol EP1 alone had a greater effect on cell
viability than protocol EP2 in both keratinocytes and fibroblasts
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(p > 0.01). The addition of plasmid DNA further decreased viability
with either pulse protocols in each cell type, indicating that entry of
pDNA into the cell further induced cell death (Fig. 1c, d). Therefore, cell
death mechanisms were investigated twenty hours after electrotransfer
of pDNA. A high percentage of necrotic cells was detected in each cell
lines after applying EP1 with or without pDNA (Fig. 1e, f). After elec-
trotransfer of pDNA, 46.5% of the keratinocyte cells were necrotic and
2.2% were apoptotic using protocol EP1, while 26.1% were necrotic and
8.1% were apoptotic using protocol EP2 (Fig. 1e). In fibroblasts, 71.4%
of the cells were necrotic and 10.8% were apoptotic using protocol EP1
to deliver pDNA, while 21.2% were necrotic and 16.3% were apoptotic

Fibroblasts
=
3
60— r 5
) - = - .
= . 10 .E.. intensity
- S mm %
£ 40 -2
o " -5 8
< 207 [ 3
s I
= [ 2
JLom B L2
N v
Q 4 c
\xQ/ '\x@
3 »
d) ég <5’<Q
§ §
-e- control
1.5+ pDNA+EP1
- pDNA+EP2

1.0-4%/’/§\§/§
1

e
2]

1
Frey
x

*xx
™

Survival fraction of fibroblasts

0.0 T T T
0 1 2 3

pDNA concentration (mg/ml)

f)
# # #
- @ * * *
+ 100
§ @ mm Necrotic cells
-.3-5 804 =3 Apoptotic cells
2
] @ Hm Viable cells
g5 60
T
%; 8 40
]
S o 204
5 0
° 3
X< 0-
N &N oV N S
TS &L 8
o JR
S
Q" <

Fig. 1. Transfection efficiency, cytotoxicity, and cell death mechanisms after electrotransfer of pDNA to keratinocytes and fibroblasts. Transfection efficiency was
measured by flow cytometry in a) keratinocytes and b) fibroblasts (n = 3). Cell survival was measured by metabolic activity in ¢) keratinocytes and d) fibroblasts
(n = 3-4) data were normalized to control. Apoptosis and necrosis were quantified by detecting Annexin V and 7-AAD staining using flow cytometry in e) kerati-
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using protocol EP2 (Fig. 1 f).

3.2. Cytokine mRNA upregulation in keratinocytes and fibroblasts

The mRNA levels of interferon beta (Ifn-$1), tumor necrosis factor
alpha (Tnfa), interleukin 1 beta (II-1p), interleukin-6 (II-6) and inter-
leukin 18 (II-18) 4 h after electrotransfer of pDNA were next evaluated.
A 3- to 7- fold increase in Ifn-p1 mRNA levels in response to either pulse
protocol in combination with pDNA was induced in keratinocytes
(Fig. 2a, Supplementary figure 1). In addition, Il-6 and Tnfa mRNAs were
2-fold higher in keratinocytes after pDNA electrotransfer using the EP1
protocol. These cells responded to pDNA electrotransfer with a 3.5-fold
increase in II-1 mRNA using EP1 and a 1.7-fold increase in II-1 mRNA
using EP2. IL-18 mRNA levels did not change. Fibroblasts (Fig. 2b,
Supplementary figure 2) responded to pDNA electrotransfer by either
method with an approximately 1000-fold increase in Ifn-f1 mRNA
levels. These cells responded to EP1 pulses alone with an approximately
95-fold increase in Tnfa and a 13-fold increase in II-6 mRNA levels; for
each cytokine, these levels increased an additional 2.5-fold in the
presence of DNA. EP2 pulses alone did not induce II-6 mRNA upregu-
lation, although the combination with pDNA induced an upregulation of
nearly 18-fold. Tnfa mRNA was upregulated 95-fold using the EP1
protocol and combination with pDNA induced a 244-fold upregulation.
In these cells, no increase in II-14 and II-18 mRNA level was detected
using either protocol.

Due to the higher expression of cytokines and DNA sensor mRNAs
after delivery with EP1, this pulse protocol was used for protein analysis.
While both cell lines secreted significant levels of IFN-§ after pDNA
electrotransfer, keratinocytes were much more responsive (nearly 300-
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fold) than fibroblasts (Fig. 2c, d). Keratinocytes also secreted IL-6
(Fig. 2¢), while fibroblasts did not secrete detectable levels. In kerati-
nocytes, the levels of IL-1f were below the levels of detection by ELISA
(data not shown).

3.3. Increased expression of DNA sensor mRNAs in keratinocytes and
fibroblasts

The levels of the mRNAs encoding several putative DNA sensors
described in the literature (Table 1) were evaluated in keratinocytes and
fibroblasts (Fig. 3, Supplementary figure 3, 4). The mRNAs encoding
TIr9, Ddx60, Dhx9, Dhx36, Aim2, Cgas, Zbpl, Ddx41, Lrrfipl, Ifi202,
Ifi204, Mrel1, Ku70 and the adapter protein Sting (stimulator of inter-
feron genes) were expressed in both cell lines. Ddx58 mRNA was not
detected in either cell line, while Sox2 mRNA was not detected in
fibroblasts.

Exposure to pDNA or pulses alone did not change mRNA levels.
However, after pDNA delivery, several mRNAs were upregulated. This
upregulation varied with cell type and with the pulse protocol used to
deliver the DNA. In keratinocytes (Fig. 3a, Supplementary figure 3),
Ddx60 mRNA levels increased nearly 26-fold after DNA delivery with
EP1 and nearly 5-fold after delivery with EP2. Zpb1 mRNA regulation
was independent of the pulse protocol used, but increased 3- to 4-fold.
Ifi202 and Ifi204 mRNA levels increased significantly in keratinocytes.
Interestingly, Aim2 mRNA levels were significantly upregulated after
pDNA delivery with EP1 but not EP2. Fibroblasts (Fig. 3b, Supplemen-
tary figure 4) responded more intensely to intracellular pDNA but with a
more limited repertoire of DNA sensor mRNA regulation. In these cells,
the expression of Ddx60 mRNA increased to the similar level after
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Fig. 2. Normalized expression of cytokine mRNA in a) keratinocytes and b) fibroblasts (n = 3-6). Protein detected in the medium by ELISA in c) keratinocytes and d)
fibroblasts (n = 4), * **p < 0.001, * *p < 0.01, * p < 0.05 compared to control. Fold expression is shown in a logarithmic scale.
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control. Fold expression is shown in a logarithmic scale.

delivery of pDNA with either of the pulse protocol (~250-fold after
delivery of pDNA with EP1, ~ 300-fold after delivery with EP2). Zbp1
mRNA increased approximately 200-fold regardless of the pulse proto-
col used. Finally, Ifi204 mRNA increased modestly but significantly over
5-fold after delivery with EP2, but not after EP1 delivery.

3.4. Caspase 1 and IL-1p detection in keratinocytes

AIM2 initiates the inflammasome assembly, an innate immune
complex that leads to the activation of inflammatory caspases [42].
Increased expression of the mRNAs of the cytokine II-1 and DNA sensor
Aim2 were detected in keratinocytes (Fig. 2a, 3 a), which implicated the
activity of caspase 1. This caspase proteolytically cleaves the IL-1f
precursor, allowing the release of the mature protein [42]. IL-1p protein
secretion was not detected by keratinocytes after electrotransfer of
pDNA (data not shown). Finally, activation of caspase 1 using Caspa-
se-Glo® 1 Inflammasome Assay, indicating pyroptosis, was not detected
(data not shown).

3.5. Expression of DNA sensor and cytokine mRNA in mouse skin after
PDNA electrotransfer

After the in vitro studies, we evaluated the expression of DNA sensor
and cytokine mRNAs in mouse skin four hours after pDNA electro-
transfer with the EP1 pulse protocol. In the in vitro experiments, pDNA
delivery with this protocol induced more potent responses to DNA
sensing. We quantified the mRNAs of putative DNA sensors Ddx60, Zbp1,
Aim2, Ifi202, Ifi204 and the cytokines Ifn-f1, Tnfa, II-1p, II-6 since these
were upregulated in keratinocytes and fibroblasts. The cytokines were
significantly upregulated with a 20-fold increase of Tnfe, a 100- fold

increase of Il-1 and a 160- fold increase of II-6 after electrotransfer of
pDNA. The fold expression of Ifn-f1 increased more than 2000-fold
(Fig. 4a, Supplementary figure 5). Exposure to pDNA or pulses alone
did not change mRNA levels; however, after electrotransfer of pDNA, all
the assayed DNA sensor mRNAs were upregulated (Fig. 4b, Supple-
mentary figure 6). In skin, a 44- fold increase in Ddx60, a 70-fold in-
crease in Zbp1, a 14-fold increase in Aim2, a 32-fold increase in Ifi202and
a 23.5-fold increase in Ifi204 mRNA levels were detected (Fig. 4b).

3.6. Cytokine and chemokine protein expression in mouse skin after
electrotransfer of pDNA

A bead array analysis of cytokines and chemokines in mouse skin
homogenates was performed 4h after pDNA electrotransfer and
demonstrated the production of several of these signaling proteins
(Fig. 4c). IL-1p, IL-2, IL-6, IL-9, IL-17, and the chemokine C-X-C motif
chemokine ligand 2 (CXCL2) were expressed but not significantly
upregulated. TNFa was upregulated approximately 8- to 12-fold by any
manipulation (p < 0.001). IL-1a protein was downregulated minimally
but significantly after application of the EP1 protocol alone; this
downregulation was alleviated by the addition of pDNA. IL-10 was
upregulated approximately 6-fold by pDNA injection only; this
increased to approximately 11-fold with the addition of pulses. IL-4, IL-
5, and GM-CSF were upregulated equivalently by pulse application
alone or in the presence of pDNA. We confirmed the secretion of CXCL1
detected by ELISA after pulses alone, but this effect was ameliorated by
the addition of pDNA electrotransfer (Fig. 4d). Finally, the levels of
nearly half the chemokine and cytokine proteins assayed were upregu-
lated only by the combination of pDNA and pulses to varying levels. IL-
15 was minimally but significantly upregulated 1.5-fold, C-C motif
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chemokine ligand 3 (CCL3), IFNy, IL-7, and CCL5 were upregulated 3- to
7- fold, IL-12p70, CCL2, and CXCL10 were upregulated 13- to 22-fold,
while CCL4 was upregulated 122-fold. The bead array confirmed the
upregulation of IL-6 mRNA levels. However, the IL-6 ELISA demon-
strated that only groups receiving pulses were significantly upregulated,
whether alone or with pDNA. Finally, by ELISA, we observed that IFN-§
was significantly secreted in the skin 4 h after pDNA electrotransfer
(Fig. 4d).

3.7. Effect of electrotransfer of pDNA on DNA sensing pathways in mouse
skin and local immune cells in vivo

We used immunofluorescent staining on frozen skin sections to
identify the specific cells that expressed IFNf, TNFa, and IL-1 six hours
after electrotransfer of pDNA and to quantify each protein. Each section
was stained with a marker for a specific cell type (keratinocytes, mac-
rophages or fibroblasts), the nucleus and the specific cytokine. In each
cell type, we detected increase and equivalent expression of TNFa and
IFN-p (Figs. 5, 6, 7). After pDNA electrotransfer, increased expression of
11-1p was detected in keratinocytes and particularly in macrophages but
not in fibroblasts (Figs. 7,8).

4. Discussion

We previously demonstrated that transfection with exogenous
nucleic acids induces the production of pro-inflammatory cytokines and
chemokines and the upregulation of DNA sensor mRNAs and proteins in
several cell types [22,23,43]. Using mouse myoblasts, we demonstrated
that several DNA sensors physically bind pDNA after transfection [43].
We also observed antitumor effects in B16F10 melanoma tumors
[44-46]. This study correlates the responses of skin cells in vitro to those
of skin in vivo, an inherently immunogenic tissue, to pDNA
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electrotransfer. To the best of our knowledge, this is the first study
evaluating this response in skin. We used two standard electrotransfer
pulse protocols to deliver backbone plasmid DNA to keratinocytes and
skin fibroblasts in vitro or to skin in vivo. We found that these cells
responded to DNA transfection with DNA-dose dependent cell death in
vitro, by the production of pro-inflammatory cytokines and chemokines
and with the upregulation of DNA sensors mRNAs and protein in vitro
and in vivo, implicating DNA sensor signaling.

In vitro, we first measured the transfection efficiency and cell death
types. After delivery of a plasmid encoding EGFP, we found that kera-
tinocytes and fibroblasts were transfected to similar levels with the EP1
pulse protocol but that keratinocytes were transfected to a higher level
than fibroblasts with EP2. In each case, the median fluorescence, indi-
cating the level of plasmid expression, was higher using the EP1 pulse
protocol. Cell death, a potential outcome of DNA sensor activation, was
significantly higher after EP1 pulse application alone and increased in a
direct relationship with the plasmid concentration. We quantified rela-
tive levels of apoptosis and necrosis but did not detect pyroptosis [47].
Fibroblasts underwent higher levels of necrotic cell death than kerati-
nocytes (p > 0.05). At least four DNA sensors, AIM2, cGAS, IF1204, and
ZBP1, are associated with cell death pathways [48-50]. AIM2 initiates
the inflammasome assembly, an innate immune complex that leads to
the activation of inflammatory caspases leading to both apoptotic and
pyroptotic cell death [26,51,52]. The presence and increased expression
of Aim2 and II-1 mRNAs implicated activation of the AIM2 signaling
pathway in keratinocytes after electrotransfer of pDNA, but neither
caspase 1 activity nor increased IL-1f protein levels were detected. The
mRNAs for cGas and STING are expressed in both keratinocytes and fi-
broblasts. STING agonists can induce apoptosis, implicating cGAS acti-
vation, and cGAS-STING pathway activation can also induce necrosis
[53]. We observed both apoptotic and necrotic cell death.

Keratinocytes constitute more than 90% of epidermal cells. Their

pDNA+EP1

20 ym

10 pm

10 ym

Fig. 5. Detection of IFN-p (IFN-p -orange) in a) keratinocytes (Pan-cytokeratin -green), b) fibroblasts (Fibroblast marker-red) and c¢) macrophages (F4/80-green) on
frozen mouse skin Section 6 hours after pDNA electrotransfer. Three different images on the right side represent the zoom into the region of interest (ROI). Arrows
show detection of IFN-f in different cells. Scale bar: 40 um for the control column and first column of pDNA+EP1 (right side), 20 um for the second column of
PDNA+EP1, 10 um for the third column of pDNA+EP1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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Fig. 6. Detection of TNFu (TNFa -orange) in a) keratinocytes (Pan cytokeratin-green), b) fibroblasts (Fibroblast marker-red) and ¢) macrophages (F4/80-green) on
frozen mouse skin Section 6 hours after pDNA electrotransfer. Three different images on the right side represent the zoom into the ROI. Arrows show detection of
TNFa in different cells. Scale bar: 40 um for the control column and first column of pDNA+EP1 (right side), 20 um for the second column of pDNA+EP1, 10 um for
the third column of pDNA+EP1.(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Expression of II-1p (Il-1p -orange) in a) keratinocytes (Pan cytokeratin-green), b) fibroblasts (Fibroblast marker-red) and c¢) macrophages (F4/80-green), on
frozen mouse skin Section 6 hours after pDNA electrotransfer. Three different images on the right side represent the zoom into the ROIL Arrows show detection of II-
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third column of pDNA+EP1.(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Quantification of cytokine induction in keratinocytes, fibroblasts and
macrophages after electrotransfer of pDNA in mouse skin based on fluorescence
intensity. * **p < 0.001 statistically significant difference between cell types.

primary function is defense against pathogens and the formation of the
skin’s dead superficial layer (keratinized layer). These superficial kera-
tinized cells continuously desquamate from the surface and are replaced
by cells in the lowest layer (basal layer). Pathogens invading the upper
layers of the epidermis can cause keratinocytes to produce pro-
inflammatory mediators, particularly chemokines such as CXCL10 and
CCL2, which attract monocytes, natural killer cells, T cells, and DCs to
the site of pathogen invasion [54]. Due to the skin’s immunoprotective
role, several studies of DNA sensing pathways in keratinocytes have
been performed. Abundant cytosolic DNA and increased AIM2 expres-
sion in keratinocytes were detected in psoriatic lesions. In cultured
keratinocytes, cytosolic DNA triggered the release of IL-1f via the AIM2
inflammasome [55]. Human papillomavirus genomic DNA in keratino-
cytes led to AIM2 inflammasome activation and IL-1f release [56]. The
DNA sensors cGAS and IFI16 are required to fully activate the innate
immune response to exogenous DNA and DNA viruses in human kera-
tinocytes [57]. In our study, we found that the mRNAs of cytokines
Ifn-p1, Tnfa, II-14, 11-6 and DNA sensors Ddx60, Zbp1, Aim2, Ifi202, Ifi204
were upregulated in keratinocytes after pDNA electrotransfer. Coordi-
nate upregulation of the IFN-$ and IL-6 proteins was confirmed.

Fibroblasts hold an essential role in wound healing and structural
support and act as immune sentinels. These cells can produce inflam-
matory mediators including cytokines, chemokines, and growth factors,
as well as act in response to infections [58,59]. The first cytosolic DNA
sensor described, ZBP1, was discovered in fibroblasts [25]. Another
study confirmed the activation of ZBP1 after infection with human
cytomegalovirus [60]. In human dermal fibroblasts, the increased levels
of IFI16 protein were associated with the induction of IFN-$ [61]. In our
study, the mRNAs of the cytokines Ifn-$1, Tnfa, II-1p, II-6, II-18 and DNA
sensors Ddx60, Zbpl and Ifi204 were upregulated in fibroblasts after
PDNA electrotransfer. Interestingly, while both transfection efficiency
and IFN-p secretion were higher in keratinocytes, the DNA sensor
mRNAs in fibroblasts were much more highly upregulated. Ifn-1 mRNA
upregulation and protein secretion by both fibroblasts and keratinocytes
implicated the activation of DNA sensor signaling.

The skin contains multiple cell types, including non-immune cells
such as fibroblasts and keratinocytes and immune cells such as Lang-
erhans cells, which are likely to respond to DNA delivery. Cells in an in
vivo environment may respond differently than cells in culture. In skin,
the same as in vitro in both cell types, we observed upregulation of the
mRNAs of the pro-inflammatory cytokines Ifn-$1, Tnfa, II-14 and II-6.
This confirmed the observation by Roos, et al. that II-1 mRNA was
regulated in skin 24 h after pDNA electrotransfer [62]. However, protein
regulation differed from the RNA regulation at the time points tested.
TNFa protein was upregulated by any manipulation four hours after
electrotransfer of pDNA. While many cytokine and chemokine proteins
were upregulated, IL-1p was not, which confirmed the in vitro results.

The fold expression of Ifn-p1 after pDNA electrotransfer to skin
increased more than 2000-fold, implicating the activation of several
DNA sensors [25,33,63-65]. The mRNAs of the five DNA sensors
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upregulated in keratinocytes or fibroblasts, Ddx60, Zbp1, Aim2, Ifi202,
and Ifi204, were upregulated in the skin. Sensing of endogenous nucleic
acids by ZBP1 induces skin inflammation [50]. In an early study in pigs,
pulse application increased the efficacy of DNA vaccines targeted to the
skin [66]. These authors hypothesized that inflammatory cytokines
induced by electroporation and subsequent cellular infiltration were
responsible for this effect.

Many aspects of this study confirm previous studies performed to
B16F10 melanoma tumors, specifically increased expression of the Il-1p,
CCL3, CCL4, IL6, and IL10 [67] and IFN-B [68] proteins after pDNA
electrotransfer. Similarly, Zbp1, Ddx0 and Ifi204 mRNAs were upregu-
lated [68]. Our data also supported the early results of a study of DNA
vaccine delivery by electroporation to skin [18]. In this study, we
confirmed the increase in IL-15 protein observed in the dermis at day 3.
The cytokine expression observed in our study after pulses alone tended
to correlate with the findings of Todorova et al. in macaque skin biopsy
supernatants where GM-CSF and TNFu« levels were significantly higher
in the electroporated skin than in non-electroporated skin [17].

To determine which specific skin cell type responded to pDNA
electrotransfer, we performed immunofluorescent staining on frozen
sections using different antibodies for keratinocytes, fibroblasts and
macrophages. Cytoplasmic DNA activates a transcriptional response
leading to the activation of nuclear factor-kB and interferon regulatory
factor 3 and the subsequent production of pro-inflammatory cytokines
and type I interferons [69]. Therefore, the response to pDNA electro-
transfer was measured by staining for the co-association IFN-p1, TNFa,
and IL-1p with specific cell types on frozen skin sections. These immune
modulators are known to be expressed in skin fibroblasts, keratinocytes
and macrophages after infection, skin injury, in response to ultraviolet B
and in inflammatory conditions [70-74]. In our study, we also show the
expression of these cytokines after pDNA electrotransfer. IFN-p1 was
detected in fibroblasts, keratinocytes and macrophages in skin which
correlated with our observed gene and protein expression in vitro and in
vivo. TNFo was detected in all skin cell types tested, which also
confirmed our detection of the mRNAs in vitro and the mRNAs and
proteins in vivo. II-1p was detected in keratinocytes and macrophages but
not in skin fibroblasts after pDNA electrotransfer. This supported our
observation that II-13 mRNA levels increased in keratinocytes but not in
fibroblasts. However, we did not detect Il-1p protein secretion by ker-
atinocytes in vitro, which may have been due to the time point tested or
to the sensitivity of the assay. We also demonstrated increased accu-
mulation of macrophages after electrotransfer of pDNA in skin. The
recruitment of macrophages after electrotransfer of pDNA was also
detected in tumors. [75,76]. We previously demonstrated reporter gene
expression in the epidermis and dermis after pDNA electrotransfer [77].
Our results confirmed this localization since we demonstrated a
response in keratinocytes in the epidermis and in fibroblasts and mac-
rophages in the dermis.

5. Conclusions

The skin constitutes a complex environment, with constant in-
teractions of immune and stromal cell types which are capable of per-
forming immune functions. Our research shows that pDNA
electrotransfer drives signaling pathways that lead to the production of
many cytokines and chemokines in keratinocytes and fibroblasts in vitro
and in skin. Our results confirm the essential immune functions of both
immune and non-immune cells in the skin which are essential for
vaccination and gene therapy.
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