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Abstract 17 

DNA vaccines delivered with electroporation have shown promising results in pre-clinical 18 

models and are evaluated in clinical trials. Here, we aim to characterize early mechanisms 19 

occuring in the skin after intradermal injection and electroporation of the auxoGTUmultiSIV 20 

DNA vaccine in non-human primates. Firstly, we show that electroporation acts as an adjuvant 21 

by enhancing local inflammation, notably via granulocytes, monocytes/macrophages and a 22 

CD1aint -expressing cell recruitment. Electroporation also induced Langerhans cell maturation, 23 

illustrated by CD86, CD83, and HLA-DR up-regulation, and their migration out of the 24 

epidermis. Secondly, we demonstrate the crucial role of the DNA vaccine in the soluble factors 25 

release, such as MCP-1 or IL-15. Transcriptomic analysis showed that electroporation played a 26 

major role in gene expression changes post-vaccination. However, the DNA vaccine is required 27 

to strongly up-regulate several  genes involved in inflammatory responses (e.g Saa4), cell 28 

migration (e.g  Ccl3, Ccl5 or Cxcl10), APC activation (e.g Cd86) and interferon-inducible genes 29 

(e.g Ifit3, Ifit5, Irf7, Isg15, orMx1), illustrating an antiviral response signature. Also, AIM-2, a 30 

cytosolic DNA sensor, appeared to be strongly up-regulated, only in the presence of the DNA 31 

vaccine and trends to positively correlate with several interferon inducible genes, suggesting 32 

the potential role of AIM-2 in the vaccine sensing and the subsequent innate response activation 33 

leading to strong adaptive T-cell responses. Overall, these results demonstrate that a combined 34 

stimulation of the immune response, in which electroporation and the auxoGTUmultiSIV 35 

vaccine triggered different components of the innate immunity, led to strong and persistent 36 

cellular recall responses.  37 

  38 
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Key sentences 39 

• AuxoGTU vaccine and EP triggered different components of the innate immunity.  40 

• AuxoGTU vaccination with EP induce a local release of IL-15 and activation of LC.  41 

• AIM-2 seems to be a sensor of the auxoGTU vaccine. 42 
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Introduction  63 

Vaccination is the most attractive strategy to prevent and control infectious diseases (1). 64 

However, there are still no effective vaccines against many infectious diseases, including 65 

emerging and chronic infections. Modern vaccine strategies have focused on the development 66 

of recombinant vectors (2). DNA-based vaccines are an attractive approach (3) to induce 67 

immune responses (4–6) by mimicking viral antigen production, including endogenous 68 

processing and presentation. (7). The main limitation for the use of DNA vaccines in humans 69 

has been their low immunogenicity. To overcome this issue, various approaches have been 70 

developed in animal models (Schmaljohn, Spik, and Hooper 2014; Grant-Klein et al. 2012, 71 

2015; Casimiro et al. 2003; Fynan et al. 1993; Cardoso et al. 1996; J B Ulmer et al. 1993; 72 

Ferraro et al. 2011; Hutnick et al. 2011) and in humans (13–15). Some of these approaches 73 

consist in improving the plasmid vector design to enhance induced immune responses (16–18). 74 

Krohn et al., for example, developed an auxoGTU DNA vector that encodes the E2 bovine 75 

papillomavirus protein in addition to vaccine antigens (19). The E2 protein facilitates 76 

persistence of the plasmid in host cells during cell division (19, 20), leading to a more efficient 77 

antigen production over time (19) and a stronger immune response stimulation compared  with 78 

a conventional CMV plasmid vector (21). Other approaches focused on improving the vaccine 79 

delivery into the cells to enhance DNA vaccine efficiency.  Electroporation (EP) have notably 80 

been developed. Electroporation facilitates the entrance of  the DNA vaccine into host cells 81 

through short electric impulsions, delivered at the vaccinated site, which temporarily 82 

destabilizes the cell membranes (22, 23). This method has dramatically enhanced the 83 

immunogenicity of DNA vaccines in non-human primates (NHPs) (24–26) but also in human. 84 

Indeed two therapeutic DNA vaccines delivered by the intramuscular route with EP have shown 85 

promising results in the context of cervical intraepithelial neoplasia 2/3 patients up to complete 86 

regression of lesions in some patients (27, 28). 87 
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 88 

Another important parameter in the immune response induction is the site of vaccine 89 

administration. Indeed several studies highlight the influence of route of immunization in the 90 

orientation of immune responses (29, 30). The skin appears to be an attractive organ for 91 

vaccination because of the presence, already at steady state, of various subtypes of innate 92 

immune cells, including antigen presenting cells (APCs) (31). Indeed, the high density of APCs 93 

in the skin is probably related to the lower vaccine doses required for immune responses 94 

induction relative to other vaccination routes, providing a cost advantage for vaccines delivered 95 

intradermally (32, 33). Langerhans cells (LCs), the unique steady state resident APC population 96 

of the epidermis (34, 35), can be mobilized under specific inflammatory conditions (36) and 97 

are involved in vaccine responses (37). The dermis is inhabited by several dendritic cell (DC) 98 

subsets, which have a distinct capacity to produce cytokines, cross-present antigens, and induce 99 

T-cell proliferation and differentiation (38–41). Resident macrophages, the main APC subset 100 

of  the dermis (42–44),  have a key role in homeostasis maintaining (45) and actively participate 101 

in the protection against infection by phagocytizing pathogens and secreting soluble factors (46, 102 

47). 103 

  104 

Despite the intense use of vaccination, the immune mechanisms that lead to protection are still 105 

poorly understood (48). Furthermore, an increasing number of studies suggest that early events 106 

are critical for vaccine efficiency (49–51). We previously demonstrated that intradermal 107 

auxoGTUmultiHIV DNA vaccination in combination with EP enhances polyfunctional CD4 108 

and CD8 T-cell responses in NHPs (25). We showed that EP affects the localization and 109 

intensity of vaccine antigen production in the skin (25, 52) and enhances the LC mobility, 110 

facilitating their interaction with vaccine-antigen-expressing cells and their departure from the 111 
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epidermis (52). Here, we investigated the early cellular and molecular events that occur after 112 

intradermal administration of the auxoGTUmultiSIV vaccine combined with EP. We show that 113 

this vaccine induced local inflammation, with a recruitment of inflammatory cell population at 114 

the vaccinated site. We characterized the soluble factors produced in the local 115 

microenvironment and the expression of genes involved in the innate immune response. We 116 

highlighted that in these processes EP and the DNA vaccine stimulate different components of 117 

the innate immunity that may act in symbioses to induce the strong and persistent T cell 118 

responses characteristic of this vaccination strategy. 119 

  120 
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Materials and Methods 121 

Ethical statement and animal housing 122 

Twenty-three adult male cynomolgus macaques (Macaca fascicularis) were imported from 123 

Mauritius to study early state (9 animals) and adaptive (14 animals) responses. The macaques 124 

weighed between 4 and 9 kg. Animals were housed in CEA facilities (accreditation number: B 125 

92-032_02), and handled in accordance with European guidelines for NHP care (EU Directive 126 

N 2010/63/EU). The CEA complies with the Standards for Humane Care and Use of Laboratory 127 

Animals of the Office for Laboratory Animal Welfare (OLAW, USA) under OLAW Assurance 128 

number #A5826-01. This study was approved by the regional committee for the use and care 129 

of animals (Comité Régional d’Ethique Ile de France Sud, reference 11_013). Before the 130 

beginning of the study, the animals were confirmed to be seronegative for several pathogens 131 

(SIV, STLV, filovirus, HBV, herpes B, and measles). Animals were sedated with ketamine (10–132 

20 mg/kg, Imalgene 1000, Rhone-Mérieux, Lyon, France) and 10% of acepromazine 133 

(Vtranquil, Ceva Santé Animale, France) during handling.  134 

 135 

Vaccination procedure and biopsy sample collection 136 

The DNA auxoGTUmultiSIV vaccine was obtained from FitBiotec (Tampere, Finland). The 137 

vaccine was diluted in phosphate-buffered saline (PBS, Gibco Life Technologies, Paisley, UK) 138 

to a final concentration of 1 mg/ml. After being shaved, the macaques were immunized with 139 

the auxo-GTU-multiSIV plasmid by intradermal injection of 100 µl vaccine formulation or PBS 140 

via a 29-gauge needle (Myjector 1ml, Terumo, Leuven, Belgium). Each animal received the 141 

DNA vaccine at one site of the skin and the PBS at another to permit paired comparisons of 142 

subsequent events immediately followed with an EP performed as previously described (53) 143 
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Skin biopsies (8 mm in diameter) were performed on anesthetized animals 1, 3, and 8 days after 144 

injection. 145 

 146 

Cell extraction 147 

Cells were extracted from fresh skin specimens using modified versions of published protocols 148 

(54, 55). Briefly, the subcutaneous fat tissue was removed and the specimens were then 149 

incubated with 4 mg/ml of bacterial protease dispase II (Roche Diagnostic, Meylan, France) in 150 

PBS with 1% 100X of penicillin-streptomycin-neomycin (Gibco Life Technologies) and  0.25 151 

ug/ml of Fungizone (Amphotericin B, Gibco Life Technologies) for 12 to 16 h at 4°C and then 152 

for 40 min at 37°C. Epidermal and dermal sheets were separated and incubated in 2 mg/ml of 153 

type D collagenase (Roche Diagnostic, Meylan, France) and 0.2 mg/ml of DNase I from bovine 154 

pancreas (Sigma-Aldrich) in RPMI 1640 at 37°C, with shaking, for 20 min and 40 min, 155 

respectively. Then, the epidermis was incubated with 0.25X of trypsin (Eurobio, Courtaboeuf, 156 

France) for 10 min, the remaining tissue was mechanically dissociated with tweezers, and the 157 

cellular suspension obtained was filtrated (100 µm). The dermal tissue was further mechanically 158 

dissociated with a gentle MACS dissociator (Miltenyi-Biotec) and the obtained cellular 159 

suspension was filtrated (100 µm). 160 

 161 

Flow cytometry staining and acquisition 162 

Cell mortality was assessed using the LIVE/DEAD Fixable Dead cell stain kit (Life 163 

Technologies, Paisley, UK) according to the supplier’s instructions. Nonspecific antibody 164 

staining was blocked by incubation with a 5% solution of pooled macaque sera. The following 165 

monoclonal Abs were used for the characterization of immune cells: HLA–DR (clone L243, 166 

Becton-Dickinson - BD), CD1a (clone O10 Dako, Glostrup, Danmark), CD3 (clone SP34-2, 167 

BD), CD45 (clone DO58-1283, BD), CD8 (clone RPA-T8, BD), CD20 (clone L27, BD), 168 
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CD209 (clone DCN46, BD), CD14 (clone M5E2, BD), CD83 (clone HB15e, BD), CD86 (clone 169 

FUN-1, BD), CD163 (clone GHI/61, BD), CD11b (clone Bear 1, Beckman Coulter), CD123 170 

(clone 7G3, BD), CD206 (clone 19.2, BD). CD66abce (clone TET2, Miltenyi-Biotec, Bergisch 171 

Gladbach, Germany), CD1c (clone AD5-8E7, Miltenyi-Biotec), and CD207 (clone 2G3, Baylor 172 

Institute for Immunology Research, Dallas, TX). Unlabeled Abs were detected with a secondary 173 

Ab coupled to an Alexa Fluorochrome, with the Zenon Kit (Life Technologies, Paisley, UK). 174 

For the detection of intracellular proteins, cells were incubated in Cytofix/Cytoperm solution 175 

(BD) before the staining with Ab diluted in Perm/Wash buffer (BD). Acquisition was performed 176 

on a Fortessa cytometer (BD) and the obtained data were analyzed using FlowJo 9.7.1 software 177 

(Tree Star, Ashland, OR, USA). 178 

 179 

Statistical analysis of flow cytometry data 180 

The percentage of skin cells are represented by the mean ± SD. Data were analyzed using Prism 181 

5.0 (graph-pad Software Inc, La Jolla, CA, USA). The Friedman test with Dunn’s post-test was 182 

used to assess the significance of differences in cell frequency over time. The Wilcoxon test 183 

was used to compare differences in the cell frequency between vaccinated sites and controls. 184 

 185 

Luminex measurements 186 

For cytokine analysis, the media of epidermal and dermal cells were obtained by collecting the 187 

supernatant during the cell extraction phase and stored at -80°C. Cytokine concentrations were 188 

measured using the Milliplex MAP NonHuman Primates Immunoassay kit (Millipore, 189 

Guyancourt, France), according to the supplier’s instructions. The concentration (in pg/ml) of 190 

all 22 tested soluble factors is shown in Supplementary Table 1 and Supplementary Table 191 
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2. An ANOVA test with the Bonferroni post-test was used to compare cytokine concentrations 192 

between vaccine and PBS injected sites, both with EP. 193 

 194 

Antigen-specific T cells detected by ELISpot assays 195 

ELISpots were performed using multiScreen 96-well filtration plates (Millipore) prepared as 196 

previously described (25). Briefly, the plates were coated by incubation overnight with 10 197 

µg/ml monoclonal antibody against monkey IFN-g (clone GZ-4, Mabtech AB, Sophia 198 

Antipolis, France) in PBS at 4°C. Plates were washed with PBS, blocked  with culture medium 199 

supplemented with 10% heat-inactivated fetal calf serum (FCS, Laboratoires Eurobio; culture 200 

medium) and 2Í105 PBMCs were were added to each well. Fifteen-mer overlapping peptides 201 

(11 amino acid overlap), tailored according to the sequence of the MultiSIV protein, were then 202 

added in triplicate to a final concentration of 2 µg/ml for each peptide in the culture medium. 203 

The peptides were sub-divided into five different sub-pools, covering the sequence of Rev (24 204 

peptides), Nef (63 peptides), Tat (29 peptides), and Gag p15/27 (85 peptides). Phorbol 12-205 

myristate 13-acetate (Sigma-Aldrich) and ionomycin (Sigma-Aldrich), at final concentrations 206 

of 0.1 and 1 µM, respectively, were used as a positive control. Culture medium alone was used 207 

as a negative control. Plates were incubated for 18 h at 37°C in a humid atmosphere containing 208 

5% CO2, washed before an overnight incubation at 4°C with 1 µg/ml biotinylated anti-IFN-g 209 

antibody (clone 7-B6-1, Mabtech AB). Plates were washed again, incubated with 0.25 µg/ml 210 

alkaline phosphatase-streptavidin conjugate (Sigma-Aldrich) for 1 h at 37°C before a final 211 

washing step. Spots were developed by adding 80 µl of NBT/BCIP substrate (Sigma-Aldrich) 212 

to each well and counted with an Automated ELISpot Reader System with KS software (Carl 213 

Zeiss, Le Pecq, France). The results are expressed as the mean of IFN-g spot-forming cells per 214 

106 PBMCs (IFN-g SFC/million PBMCs) of triplicate wells. The background was calculated as 215 

the mean number of IFN-g SFC/million PBMCs in non-stimulated samples. Samples yielding 216 
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more than 50 IFN-g SFC/million PBMCs after removal of the background were scored as 217 

positive. 218 

 219 

RNA extraction and transcriptomic profiling 220 

Whole-skin RNA was extracted from macaque skin biopsies, stored in RNA Later, using Tissue 221 

Ruptor® followed by the RNeasy Plus Universal Kit (Qiagen), according to the manufacturer’s 222 

instructions. The quality of the total RNA was verified using an Agilent 2100 Bioanalyzer. 223 

RNA quantity was measured using a NanoDrop ND-1000 Spectrophotometer. Cyanine-3 (Cy3) 224 

labeled cRNA was prepared from 200 ng total RNA using the Quick Amp Labeling Kit 225 

(Agilent), according to the manufacturer’s instructions, followed by RNeasy column 226 

purification (QIAGEN, Valencia, CA). Dye incorporation and cRNA yield were measured 227 

using a NanoDrop ND-1000 Spectrophotometer. Cy3-labelled cRNA (1.65 µg) was fragmented 228 

at 60°C for 30 min in a reaction volume of 55 µL containing 1X Agilent fragmentation buffer 229 

and 2X Agilent blocking agent, following the manufacturer’s instructions. Upon completion of 230 

the fragmentation reaction, 55 µL 2X Agilent hybridization buffer was added to the 231 

fragmentation mixture and the mixture hybridized to Agilent Rhesus Macaque Gene Expression 232 

Microarrays v2 for 17 h at 65°C in a rotating Agilent hybridization oven. After hybridization, 233 

microarrays were washed for 1 min at room temperature with GE Wash Buffer 1 (Agilent) and 234 

1 min at 37°C with GE Wash buffer 2 (Agilent). Slides were scanned immediately after washing 235 

on an Agilent DNA Microarray Scanner (G2505C) using a one color scan setting for 4 x 44K 236 

array slides (Scan Area 61 x 21.6 mm, scan resolution 5 µm, dye channel set to Green, PMT 237 

set to 100%). The scanned images were analyzed with Feature Extraction Software 10.7.3.1 238 

(Agilent) using default parameters.  239 

 240 
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Transcriptomic analysis 241 

Transcriptomic signals were background corrected using the Robust Multi-array Average 242 

(RMA) method and quantile-normalized. Differentially expressed genes were identified using 243 

a t-test (p-value<0.01) and a fold-change threshold of 1.5. Functional enrichment analyses of 244 

biological functions and upstream regulators were performed using Ingenuity Pathways 245 

Analysis software (Ingenuity Systems, Inc.). IPA maps each gene identifier to its corresponding 246 

molecule in the Ingenuity Pathways Knowledge Base (IPKB). P-values generated by the 247 

Fisher's exact test were adjusted using Benjamini-Hochberg Multiple Testing for all analyses. 248 

The multidimensional scaling (MDS) representation was generated using the SVD-MDS 249 

algorithm (56). MDS methods aim to represent the similarities and differences among high 250 

dimensionality objects in a space with a low number of dimensions, generally 2 or 3, for 251 

visualization purposes (57). Pairwise distances between the dots are proportional to the 252 

Euclidean distances between the samples. Biological conditions are indicated by convex hulls 253 

(i.e., the smallest convex set containing the points). The Kruskal Stress criterion (57), shown in 254 

the representation, quantifies the quality of the representation as a fraction of the information 255 

lost during the dimensionality reduction procedure. 256 

 257 

Data dissemination  258 

Raw transcriptomic data used in this study are available on the EBI ArrayExpress database 259 

(http://www.ebi.ac.uk/arrayexpress) under accession number E-MTAB-8973. Microarrays data 260 

are also available on the IDMIT data dissemination platform 261 

(http://data.idmitcenter.fr/DNAvaccination-EP/). 262 

  263 
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Results 264 

Systemic immune response induced by auxoGTUmultiSIV DNA vaccine combined with EP  265 

In a previous work, we described the immunogenicity of the auxo-GTUmultiHIV vaccine. We 266 

showed that the specific design of this DNA vaccine associated with EP induces a strong and 267 

persistent specific recall cellular responses agaisnt the HIV Ag encoding by the palsmid (25). 268 

Here we aimed to characterize the innate events at the vaccine injection site to understand the 269 

link of these events with the adaptive immune response induction in the context of the 270 

auxoGTUmultiSIV vaccine. We first compared the immunogenicity of the auxoGTUmultiSIV 271 

vaccine delivered with or without EP in two groups of animals injected intradermally at weeks 272 

0, 4, and 12 (Figure 1). We measured specific T-cell responses through the release of IFN-g by 273 

ELISpot in vaccinated animals. 274 

 275 

As expected, the EP group showed an enhanced adaptive response relative to the non-EP group. 276 

The strongest responses were directed against Nef, followed by Gag, Tat, and Rev. Cumulative 277 

measurements showed that the magnitude of the adaptive response was very high after the third 278 

immunization, with a persistent vaccine response that lasted at least 30 weeks post first 279 

immunization. 280 

 281 

Identification of epidermal and dermal APC populations at baseline in macaque skin 282 

To study the effect on skin cells of auxo-GTU DNA vaccine associated with EP, we first 283 

characterized immune-cell subsets present in macaque epidermis and dermis at baseline. 284 

Epidermal and dermal sheets were enzymatically separated and each skin layer was processed 285 

for cytometry analysis. Dead cells, debris, and CD45- cells were excluded from the analysis to 286 

characterize innate immune-cell populations (Supplementary Figure 1).  287 
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 288 

LCs were identified in the epidermis by their high expression of CD1a and HLA–DR. We 289 

confirmed our previous finding (34), showing that macaque LCs are negative for CD1c in 290 

contrast to human LCs (40, 58) (Supplementary Figure 1A). 291 

  292 

Few CD66-expressing granulocytes were detected in the dermis at baseline (Supplementary 293 

Figure 1B). We furthermore detected dermal CD1a+CD163low cells, which could be subdivided 294 

into two subsets. The main CD1a+CD1c+ subset corresponded to dermal DCs (DDCs), 295 

according to previous publications (34, 36). The minor dermal CD1a+ subset expressed high 296 

levels of CD1a, but not CD1c, a phenotype that closely resembles to LCs, suggesting that they 297 

are LCs migrating through the dermis (mLCs). Dermal macrophages were identified based on 298 

their expression of CD14 and their high expression of both HLA–DR and CD163.  299 

 300 

These analyses identified different APC populations present at baseline in macaque skin. To 301 

characterize the cell abundance and phenotype changes occurring over time after auxoGTU 302 

DNA vaccination in combination with EP, we then performed a kinetic and extended 303 

phenotypical analysis.  304 

 305 

Electroporation induces a rapid recruitment of inflammatory cells in both the epidermis and 306 

the dermis 307 

To assess cell recruitment after vaccination, skin biopsies were collected at baseline (d0), one 308 

(d1), three (d3), and eight days (d8) after PBS and DNA injection combined with EP, (PBS/EP) 309 

and (DNA/EP), respectively (Figure 2). 310 
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  311 

In the epidermis, PBS/EP and DNA/EP induced a significant influx of PMNs at d1 (p = 0.0008 312 

and p < 0.0001, respectively), which declined at d3 (p = 0.0061 and p = 0.0487, respectively) 313 

and a significant influx of CD14+HLA-DR+ cells at d1 (p = 0.0011 and p = 0.0008, respectively) 314 

and d3 after PBS/EP (p = 0.0084) (Figure 2A). 315 

   316 

In the dermis, both PBS/EP and DNA/EP treatment induced an influx of PMNs at d1 (p = 317 

0.0031 and p = 0.0061, respectively) with a significant stronger influx at the DNA/EP site 318 

compared with the PBS/EP site (p # = 0.0391). The frequency of PMNs reduced by d3 but was 319 

still significantly increased in the PBS/EP group (p = 0.0370). We did not observed significant 320 

changes compared with the baseline among the CD14+HLA-DR+ subset in the dermis at any 321 

time point. (Figure 2B).  322 

 323 

These data suggest that EP is the main inducer of the local inflammation following vaccination, 324 

with only a slight influence of the DNA vaccine. To confirm this hypothesis, we measured the 325 

frequencies of PMNs and CD14+HLA-DR+ cells in the epidermis and dermis in 4 conditions: 326 

PBS, PBS/EP, DNA, DNA/EP at d1 and d3 (Supplementary Figure 2). In the epidermis, even 327 

if not significant probably due to the low number of animal per group (n=3) we confirmed a 328 

similar recruitment of PMNs at the PBS/EP and DNA/EP sites while very low increase of this 329 

population occurred at the PBS and DNA sites. In the dermis, a stronger recruitment of PMNs 330 

at the EP site occurred compared with the non-EP sites. Even if less clear, the same observation 331 

could be made for the CD14+HLA-DR+ subset. 332 

 333 
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Altogether, these results suggest that EP plays a major role in the early induction of local 334 

inflammation, whereas the auxo-GTU DNA vaccine per se only influences this process slightly. 335 

 336 

Electroporation triggers three subsets of monocytes/macrophages according to their 337 

expression levels of CD11b and CD163  338 

We observed an influx of CD14+HLA-DR+ cells following vaccination in the epidermis but not 339 

in dermis. We decided to further characterize the phenotypes of these cells at baseline and 340 

following injection and EP (Figure 3). CD14+HLA-DR+ cells were completely absent from the 341 

epidermis and formed a homogeneous population in the dermis at baseline whereas additional 342 

CD14+HLA-DR+ phenotypic subsets, based on CD11b and CD163 expression, appeared after 343 

PBS/EP and DNA/EP, in each skin sheets. 344 

  345 

At baseline, resident macrophages, defined as CD163highCD11b+ (subset 1), were present only 346 

in the dermis. After injection and EP, a second subset expressing a higher level of CD11b and 347 

a lower level of CD163 compared with resident dermal macrophages, and a third subset 348 

CD11b+CD163- cells arose (Figure 3A). The second and third subsets are likely newly recruited 349 

cells because of their total absence in the skin at baseline and their presence in the epidermal 350 

and dermal compartments after both PBS/EP and DNA/EP. Indeed, we measured a significant 351 

influx of the CD11bhighCD163mid subset (subset 2) at d1 (p = 0.0031) and d3 (p = 0.0031) post-352 

PBS/EP, as well as post-DNA/EP but with significance only at d1 (p < 0.0001) (Figure 3B). 353 

There was also a significant recruitment of the CD11b+CD163- subset (subset 3) that peaked at 354 

d1 (p = 0.0014) post-DNA/EP. However, no changes in the resident dermal macrophage 355 

population (subset 1) could be noticed after injection and EP. Since resident macrophages 356 

represent the main CD14+HLA-DR+ population even after injection and EP it may explains why 357 
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only a non-significant trend of increase of this population was measured when considering the 358 

globality of the CD14+HLADR+ subsets (Figure 2B).  359 

  360 

   361 

To further characterize these three CD14+HLA-DR+ subsets, we performed additional surface 362 

staining by focusing on d1 post DNA/EP condition in the dermis (Figure 3C). The resident 363 

dermal macrophages (subset 1), were CD206+CD40+CD86highCD11b+HLA–DR+. This 364 

phenotype is similar to M2-type macrophages (47, 59). The second subset was instead CD206-365 

CD40-CD86+HLA–DR+, a phenotype closer to M1-type macrophages (60). The third subset 366 

also lacked expression of CD206 and showed the lowest expressions of HLA–DR and CD86, 367 

suggesting these cells were the least activated. Indeed, this third subset resembles to circulating 368 

monocytes (Supplementary Figure 3B), suggesting that these cells might be monocytes 369 

circulating in the dermis or in a process of differentiation.  370 

 371 

Altogether, these results show that EP per se induced a rapid recruitment of two additional 372 

CD14+HLA-DR+ populations to the vaccinated skin, which were distinct from resident 373 

macrophages.  374 

 375 

Electroporation induces LC activation and the emergence of a newly-recruited CD1aint DC 376 

subset in the epidermis 377 

We previously showed that EP enhances LC mobility in the epidermis by in vivo microscopy, 378 

facilitating the interaction of LCs with antigen-transfected cells (52). Here, we further 379 

investigated the effect of the auxoGTUmultiSIV DNA vaccine combined with EP regarding 380 

DC subpopulations in the skin. 381 
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   382 

At baseline in the epidermis, only the CD1a-expressing LCs could be observed, while two 383 

CD1a-expressing subsets were present after PBS/EP and DNA/EP: (i) the first subset 384 

expressing the highest level of CD1a and negative for CD1c corresponds to LCs; and (ii) the 385 

second subset expressed CD1a at an intermediate level and was positive for CD1c (Figure 4A).  386 

We studied the dynamics of these two CD1a-expressing cell types over time after vaccination 387 

(Figure 4B). We observed a transient increase of LCs frequency at d1 with significance only 388 

at the DNA/EP site (p = 0.0016). At the same time point, LC strongly up-regulated their 389 

expression of CD86, CD83, and HLA-DR compared to the baseline, illustrating their activation 390 

(Figure 4C). This transient increase was followed by a significant decrease in the LCs 391 

frequency between d1 and d3 at both the PBS/EP (p = 0.0061) and DNA/EP (p = 0.0370) sites, 392 

suggesting migration of LCs out of the epidermis. A comparison of the PBS/EP and DNA/EP 393 

conditions at d1 and d3 revealed no significant changes in LC frequency due to the presence of 394 

the auxoGTU DNA vaccine (Figure 4B).  395 

 396 

The CD1aintCD1c+ subset appeared in the epidermis at the PBS/EP and DNA/EP injection sites 397 

at d1 (DNA/EP p = 0.0221) and d3. A comparison of the PBS/EP and DNA/EP conditions 398 

showed a significant effect of the auxoGTU DNA vaccine regarding the recruitment of this 399 

subset at d1 (p = 0.0288) and d3 (p = 0.0011) (Figure 4B). No staining of CD207 was observed 400 

at the surface of the CD1aintCD1c+ cells, demonstrating that these cells were distinct from LCs. 401 

Nevertheless, approximately 20% of these cells showed a CD207 expression in the intracellular 402 

compartment, suggesting they may share some LC characteristics (Figure 4D).  403 

In the dermis, we did not noticed any effect of the PBS/EP or DNA/EP treatment on DC 404 

populations (Supplementary Figure 4).  405 
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 406 

These results demonstrate that EP induced LC activation as defined by increase expression of 407 

HLA-DR, CD86 and CD83 at d1. Subsequently, the activated LC might migrate out of the 408 

epidermis, illustrating by a LC frequency decrease between d1 and d3. The auxoGTU vaccine 409 

seems to have no to little impact in these process but enhance the recruitment of a second CD1a-410 

expressing cell subset that, even if distinct from LCs,  may share some LC characteristics.  411 

 412 

The AuxoGTU DNA vaccine induces the secretion of soluble factors 413 

Our results suggest that EP is the main inducer of the local cell recruitment with only a slight 414 

influence of the auxo-GTU DNA vaccine. We now decided to study the local effect of the 415 

vaccination on the molecular microenvironment. We analyzed soluble factors released by 416 

epidermal and dermal cells after PBS/EP or DNA/EP treatment using multiplex assays (Figure 417 

5). 418 

 419 

We observed the release of pro-inflammatory soluble factors by both epidermal and dermal 420 

cells such as MCP-1, IL-8, IL-13, and IL-15, at each time point post-injection ex-vivo (Figure 421 

5, Supplementary Table 1, and Supplementary Table 2). Interestingly, we observed a clear 422 

enhanced release of MCP-1 at d1, IL-15 at d1, d3, and d8 both in the epidermis and dermis, and 423 

MIP-1β, IL-18, and TNF-α primarily in the dermis, in the presence of the DNA vaccine. Anti-424 

inflammatory soluble factors, such as IL-10, IL1-RA, and sCD40L, were also upregulated, 425 

mainly in the dermis only in the presence of the DNA vaccine. For example, sCD40L levels 426 

significantly increased (p = 0.0306) at d8 at the DNA/EP injection site, whereas there was no 427 

change of this factor at the PBS/EP injection site. Several other soluble factors, such as IL-1β 428 
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remained under the detection threshold of the device both in epidermis and dermis over the 429 

kinetics (Supplementary Tables 1 and 2). 430 

 431 

These results highlighted the effect mediated by the auxoGTU DNA vaccine on the initiation 432 

of the pro-inflammatory and concomitant balanced anti-inflammatory soluble molecular 433 

response induced in the skin during the early phase with this vaccination strategy.  434 

 435 

Transcriptomic analyses reveal early immune events that distinguish PBS/EP and DNA/EP 436 

responses 437 

To further characterize the molecular events involved in the auxoGTU DNA vaccination 438 

strategy combined with EP, we performed a transcriptomic analysis of skin biopsies collected 439 

at d1, d3, and d8 after PBS/EP and DNA/EP injections and at an untreated site (baseline) using  440 

microarrays (Figure 6). 441 

  442 

Among the 43,603 genes on the microarrays, 3,963 (9.09%) were differentially expressed in at 443 

least one condition relative to baseline. Consistent with the observed early cellular events, the 444 

strongest transcriptomic responses were observed at d1 for both PBS/EP and DNA/EP 445 

conditions, with 2,655 (6.09%) and 1,131 (2.59%) genes differentially expressed, respectively 446 

(Figure 6A). Figure 6B shows a multidimensional scaling (MDS) representation of 447 

transcriptomic profiles calculated based on the list of 3,963 genes differentially expressed in at 448 

least one condition. Each dot in the MDS represents a biological sample and the distances 449 

between dots are proportional to the transcriptomic distances between the samples. Consistently 450 

with the numbers of differentially expressed genes found at each time point, we observed that 451 

the PBS/EP and DNA/EP samples from d1 post-injection were displaying the most differential 452 
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responses relative to baseline. The PBS/EP and DNA/EP conditions overlapped in the MDS 453 

representation at d3 and d8, suggesting similar responses. In contrast, the profiles for the 454 

PBS/EP and DNA/EP conditions were non-overlapping at d1, suggesting that different 455 

molecular events were involved at the earliest timepoint. 456 

 457 

We identified two sets of 1,549 and 1,826 genes. The first set was up-regulated throughout the 458 

time course, whereas the second set was down-regulated. Canonical pathway analysis of these 459 

gene clusters revealed that up-regulated genes were significantly associated with cyclins and 460 

cell-cycle regulation, p38 MAPK signaling, and TREM1 signaling (Supplementary Figure 461 

4A). These pathways are involved in cell division, inflammation, and neutrophil and 462 

monocyte/macrophage activation, respectively. We also noticed that canonical pathways 463 

involved in pattern recognition, acute phase responses signaling, and toll-like receptor signaling 464 

were also up-regulated. These pathways are involved in antigen or danger signal recognition. 465 

Genes involved in interferon signaling were also strongly upregulated, especially at d1 at the 466 

DNA/EP injection site. 467 

  468 

The analysis of upstream-regulators (Supplementary Figure 4B) showed the up-regulation of 469 

CSF2, involved in granulocyte and monocyte/macrophage production, differentiation, and 470 

function, ERBB2, a member of the epidermal growth factor receptor family of receptor tyrosine 471 

kinases, and TNF, involved in various inflammatory responses. Several genes encoding 472 

transcription factors, such as FOXM1, MYC, TP63, and the NFKB complex, were upregulated, 473 

whereas other transcription factor genes, such as TP53, NUPR1, and KDM5B were 474 

downregulated after both PBS/EP and DNA/EP. 475 

 476 
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The transcriptomic analysis showed that both PBS/EP and DNA/EP vaccination strategies 477 

induced the strongest changes in gene expression at d1 post-injection. The changes in gene 478 

expression induced by the PBS/EP and DNA/EP injections were associated with cellular 479 

division, influx, and activation, as well as immune responses. The strongest differences between 480 

the PBS/EP and DNA/EP transcriptomic profiles occurred at d1. 481 

 482 

The DNA vaccine up-regulated the expression of several genes associated with cell migration, 483 

inflammation and interferon responses  484 

To focus on genes involved in the innate immune response, we next restricted the transcriptome 485 

analysis to cytokines/chemokines and their receptors and activation markers differentially 486 

expressed relative to baseline (Figure 7). We also focused on the transcripts differentially 487 

expressed between the DNA/EP and PBS/EP conditions. 488 

 489 

Several genes involved in cell migration, such as CCL3, CXCL10, CXCL11, CCL1, CCL5, 490 

CCL11, and IL8 were the most significantly up-regulated, relative to baseline, at both the 491 

PBS/EP and DNA/EP injection sites, especially at d1 and d3  (Figure 7A). IL20, a cytokine 492 

produced by keratinocytes during skin inflammation, was also upregulated at d1 and d3 at both 493 

the PBS/EP and DNA/EP injection sites. Several genes involved in APC activation, such as 494 

CD80 and CD86 were significantly up-regulated at d1 and d3, consistently with the phenotypic 495 

analyses (Figure 4C). Interestingly we noticed a stronger up-regulation of several of these 496 

genes in the presence of the DNA vaccine. For example, IRF7, a gene encoding the IRF7 497 

transcription factor, involved in virus-inducible cellular genes, was more strongly up-regulated 498 

at d1 post DNA/EP than after PBS/EP. 499 

 500 
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To highlight the specific contribution of the auxoGTU DNA vaccine in the gene perturbation 501 

post injection and EP, we performed a comparison of the gene expression profiles between the 502 

PBS/EP and DNA/EP at each time point. Only 184 genes were differentially expressed between 503 

the PBS/EP and DNA/EP conditions (Figure 7B). Among the up-regulated genes in DNA/EP, 504 

we found several interferon-inducible genes, such as IFIT3, IFIT5, IRF7, ISG15 or MX1. 505 

Furthermore, we found an up-regulation of serum amyloid A (SAA4) and CCL3, CCL5, 506 

CXCL11, and CXCL10, suggesting that the auxoGTU DNA vaccine significantly affected the 507 

expression of several specific genes involved in the immune response and notably in the 508 

interferons signaling pathway.  509 

  510 

Finally, we assessed which Pattern Recognition Receptors (PRRs) were involved in this DNA 511 

vaccine strategy by studying the gene expression of TLRs 1 to 10 and adaptor molecules 512 

(Figure 8A). Surprisingly, we observed an up-regulation of the TLR2 and the TLR3 at d1 post 513 

DNA/EP, while no change occurred in the expression of TLR9, able to recognize unmethylated 514 

CpG motifs contained in plasmid DNA. The contribution of TLR9 in DNA vaccine sensing is 515 

a matter of debate and some studies have shown that TLR9 is dispensable in vaccine plasmid 516 

sensing, suggesting the contribution of other DNA sensors. We examined the transcription of 517 

cytosolic DNA sensors and observed the highly significant up-regulation of AIM-2 at d1 only 518 

at the DNA/EP injection site (Figure 8B). Upon binding to dsDNA, AIM-2 forms the 519 

inflammasome, leading to the cleavage of pro-interleukin 1β and 18 by caspase 1 and the 520 

secretion of their active forms. AIM-2 is involved in DNA sensing inflammasome but other 521 

inflammasome structure can be formed involving notably NOD-like receptor as NLRP3 and 522 

NLRP4. We did not observed enhanced expression of NLRP3 or NLRP4 but we highlighted a 523 

significant increase of CASP1, the gene coding the caspase1 only at d1 post DNA/EP (Figure 524 
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8C). These data suggest a specific activation of the DNA sensing inflammasome involving 525 

AIM-2.  526 

 527 

 It has been recently demonstrated that AIM-2 is an essential sensor for the immunogenicity of 528 

DNA vaccines in mice (61). Indeed we observed a trend of positive correlation between the 529 

relative AIM-2 expression and several interferon inducible gene expression at d1 post DNA/EP 530 

(Figure 8D). Even if not significant, probably due to a fewer number of individuals in this 531 

analyze, these trends suggested a link between the auxoGTU DNA vaccine sensing via AIM-2 532 

and the enhancement of immune system activation.  533 

  534 

Overall, these results demonstrate that the DNA/EP vaccination strategy affected cell division, 535 

cell migration, and cellular activation. In addition, even if the EP is able to induce gene 536 

expression change, the auxoGTU DNA vaccine is required to strongly enhance these changes. 537 

Indeed, the DNA vaccine specifically enhanced the expression of AIM-2, a DNA sensor 538 

involved in inflammasome formation and subsequent innate inflammatory responses.   539 

 540 

  541 
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Discussion 542 

Innate immunity has been shown to play a key role in the orientation of adaptive immune 543 

responses (50, 51, 62), suggesting its impact on vaccine efficiency (48). We have previously 544 

shown that auxo-GTUmultiHIV DNA vaccination delivered with EP induces strong specific T-545 

cell responses that remain detectable for at least two years in animal blood (25). Here, we 546 

characterized the innate responses induced locally following vaccination with the 547 

auxoGTUmultiSIV vaccine delivered with EP (DNA/EP) and at a PBS/EP site as control in 548 

order to understand the mechanisms involved in the subsequent T cell responses. 549 

 550 

We first characterized the local inflammation by flow cytometry and showed an early influx of 551 

CD66+ granulocytes and HALDR+CD14+ monocytes/macrophages at d1 and d3 in the 552 

epidermis and in the dermis at both the PBS/EP and DNA/EP sites. A deeper phenotypic 553 

analysis of the HLADR+CD14+ subset showed that this population is heterogeneous after 554 

vaccination. Indeed, two additional populations of HLADR+CD14+ cells, absent at baseline, 555 

appeared after PBS/EP and DNA/EP: the CD163midCD11bhigh and CD163-CD11b+ cells. These 556 

two subsets are distinct from the CD163highCD11b+ resident dermal macrophages whose 557 

frequency remain stable following PBS/EP and DNA/EP. The CD11bhighCD163+ subset 558 

resembles to pro-inflammatory  M1 macrophages, based on their lack for the CD206, a marker 559 

associated with tissue and M2 macrophages, and their recruitment under inflammatory 560 

conditions (59, 60, 63). However, they also express some markers usually associated with M2 561 

macrophages such as a high level of CD11b and a lower level of CD40 and CD86 compared 562 

with resident macrophages. These results confirmed the high plasticity of macrophages (60, 563 

63–65), in which macrophages share markers associated with the M1 or M2 type, depending 564 

on the inflammatory condition. The CD163- cells may correspond to blood monocytes recently 565 

recruited in the skin following injection and EP (66, 67). These CD163- cells could be in a 566 
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process of differentiation into inflammatory macrophages (CD163+CD11bhigh) or inflammatory 567 

DC or may serve as blood precursors to repopulate the skin of resident populations as 568 

demonstrated in different studies (44, 68, 69). Nevertheless, further investigations are required 569 

to confirm the accurate contribution of these monocytes/macrophages during the early phase of 570 

the auxoGTU with EP vaccination strategy and determine the ontological relationship between 571 

these populations.  572 

 573 

In parallel, we observed in the epidermis the influx of an additional population of CD1a-574 

expressing cells, distinct from CD1ahighHLADRhigh LCs. These cells expressed CD1a at a lower 575 

level than LCs and, in contrast to LCs, expressed CD1c and do not express CD207 at their 576 

surface. They may correspond to inflammatory dendritic epidermal cells (IDEC), which were 577 

described in the human epidermis (70, 71) and dermis (72, 73) upon inflammation. However, a 578 

proportion of these CD1aint cells expressed CD207 in the intracellular compartment, indicating 579 

that they may also be related to LCs. Indeed, their recruitment in an inflammatory context 580 

suggests that they might even be LC precursors as described in several mouse studies (74, 75). 581 

In addition, these CD1aint CD1c+ cells increased CD1a and decreased CD1c expression over 582 

time after vaccination to acquire a phenotype closer to LCs, strengthening the hypothesis that 583 

these cells are LC precursors. 584 

 585 

We previously showed that EP influences the intensity and localization of Ag expression in the 586 

skin (25). Without EP, Ag expression was exclusively produced in the dermis, while with EP, 587 

Ag expression was still found in the dermis but also in large amounts in the epidermis, 588 

especially in the superior differentiated keratinocyte layers (52). At baseline, LCs are localized 589 

close to the basement membrane. Previously, we have shown by in vivo fiber confocal 590 
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microscopy (76) that DNA vaccination with EP increased LC mobility and induced their 591 

migration through the superior epidermal layer, where Ag was produced in the highest amounts, 592 

while immunization without EP did not affect LCs localization or density (25). Here, we 593 

confirmed the effect of EP on LC mobility through a transient increase of LCs in the epidermis 594 

at d1 at DNA/EP and PBS/EP sites. This increase was associated with the up-regulation of 595 

CD86, CD83, and HLA–DR, illustrating LC maturation, and followed by a decrease in LC 596 

frequency by d3, suggesting a migration of LCs to the skin-draining lymph nodes  (77).  597 

 598 

Otherwise, this study highlighted that similar events occurred at the PBS/EP and DNA/EP 599 

injection sites. These observations strongly suggest that EP was the main inducer of these 600 

events, with only a marginal contribution of the auxoGTU DNA vaccine. Initially, EP was used 601 

to enhance DNA entrance into cells to increase Ag production and improve subsequent specific 602 

immune responses (78–80). However, our data, together with the results of other groups (78, 603 

80–83), suggest that the role of EP is not limited to an increase of Ag synthesis. Actually, EP 604 

causes low-intensity tissue damage which rapidly resolves, leading to inflammatory response. 605 

This inflammatory response was suspected to be essential for the activation of the immune 606 

system and enhancement of the adaptive response, and that, independently of the Ag quantity 607 

increase due to EP (80, 81). Peng et al. demonstrated in a mouse Hepatitis B virus DNA vaccine 608 

model that EP applied before the DNA vaccine injection resulted in an enhanced antibody 609 

response similar to, or even stronger, than the response obtained when EP was applied just after 610 

DNA administration (80). Additionally, our transcriptomic data showed that several genes 611 

involved in skin-cell proliferation and tissue repair were differentially expressed after both 612 

PBS/EP and DNA/EP. FOXM1 for example, is a transcription factor known to play a key role 613 

in cell-cycle progression. This protein is required for the proper execution of mitosis and has 614 

an important role in tissue repair after injury in adults (84, 85). We also observed an up-615 
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regulation of TP63 and SPDEF. TP63 has a crucial role in skin development and maintenance 616 

(86) and is strongly up-regulated in hyperproliferative epidermal cells during normal skin 617 

wound healing in mice. SPDEF is mainly associated with cancer, but Yang et al. reported a 618 

significant up-regulation of SPDEF in expanded skin relative to normal skin in humans (87). 619 

Altogether, these up-regulated genes may thus have a role in skin repair, notably by inducing 620 

cell proliferation in response to the low tissue damage induced by EP. 621 

  622 

Even if the cytometry analysis did not reveal a strong difference between PBS/EP and DNA/EP, 623 

a deep analysis of soluble proteins and transcripts expressions highlighted subtle modifications 624 

on the innate response. Indeed confirmed at the protein level that different responses were 625 

induced at the PBS/EP and DNA/EP injection sites. The DNA vaccine specifically stimulated 626 

skin cells by enhancing their ability to release soluble factors. MCP-1, IL-15, IL-18, and 627 

sCD40-L were produced in significantly higher amounts in at least one skin compartment, and 628 

mostly in the dermis. A trend of increased production of IL-8, MIP-1β, IL-10, IL-1RA, and 629 

TNF-α also occurred in the presence of the DNA vaccine. Chemokines and cytokines are 630 

essential for inducing cell recruitment, their activation, as well as the orientation of the immune 631 

response (88). Notably, DC maturation is crucial for T-cell activation. In the absence of proper 632 

inflammatory signals, DCs can migrate and present Ag to T cells, without being fully mature. 633 

Under these conditions, DCs can induce T-cell anergy or direct differentiation to tolerogenic T 634 

cells (89, 90). IL-15 is crucial for CD8+ T-cells activation (91–93). Here, we found that IL-15 635 

was produced only in the presence of the auxoGTU DNA vaccine. We hypothesize that the 636 

activation of LCs by EP, in combination with enhanced IL-15 release due to the auxoGTU 637 

vaccine, may be crucial for the strong activation of CD8+ T cells. Overall, these results suggest 638 

that EP and the auxoGTU DNA vaccine differentially stimulate skin cells and act in concert to 639 

activate innate immunity (78).  640 
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The analysis of the transcription profile confirmed our multiplex results. Indeed, several genes 641 

encoding chemokines, such as CXCL10, CXCL11, CCL5, and IL8, were induced with a stronger 642 

intensity at the DNA/EP site. Additionally, we show at the transcriptomic level that a large 643 

number of genes involved in immune responses, (CCL3, SAA-4, or SIRT-6), and different 644 

interferon-inducible genes (STAT2, MX1, IFIH1, OAS2), that play a crucial role in antiviral 645 

responses, were significantly up-regulated in the presence of the auxoGTU DNA vaccine. 646 

 647 

The auxoGTU vectors are expressed in the E. coli expression system and therefore contain CpG 648 

motifs. DNA vaccines mimic viral infection and our results demonstrate that this vaccination 649 

strategy induces a specific transcriptional antiviral signature, probably in response to PRR 650 

stimulation by the auxoGTUmultiSIV vaccine, leading to interferon production. However, the 651 

characterization of the PRRs involved in this DNA vaccine recognition needs to be further 652 

investigated. Our microarray data suggest a TLR involvement, as we observed a stronger 653 

upregulation of MyD88 at the DNA/EP than at the PBS/EP site at d1. However, there was no 654 

change in TLR9 expression, which plays a role in the recognition of unmethylated CpG motifs 655 

contained in bacterial plasmids, suggesting that this TLR is not involved in this vaccination 656 

strategy. Although several studies have shown that TLR9 was required for DNA vaccine 657 

efficacy (94, 95), others have demonstrated that TLR9 was dispensable for DNA vaccine 658 

recognition (96–98) and specific immune response induction, suggesting other receptors  659 

involvement in DNA vaccine sensing. We also observed an up-regulation of TLR3 at d1 post-660 

vaccination, albeit only in presence of DNA. TLR3 is a dsRNA sensor localized in the 661 

endosome. RNA polymerase III has also been reported to recognize foreign dsDNA and convert 662 

it into dsRNA, which can trigger RIG-I, located in the cytoplasm (99). Our transcriptomic data 663 

showed an up-regulation of the gene POL3RK encoding for the RNA polymerase III both at the 664 

PBS/EP and DNA/EP sites. We can hypothesis that the auxoGTU DNA vaccine was recognized 665 
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and converted into dsRNA by the RNA polymerase III, which can trigger dsRNA sensors, such 666 

as TLR3. These results together with the specific antiviral transcriptome signature might 667 

suggest an indirect adjuvant effect of the auxoGTU DNA vaccine through the stimulation of 668 

the TLR3 axis. 669 

 670 

Interestingly, in this study, among cytosolic DNA sensors, AIM-2 was the only gene strongly 671 

up-regulated at d1 in the presence of DNA. This gene encodes a PRR directly involved in 672 

dsDNA recognition. After binding to dsDNA, AIM-2 shapes one form of the inflammasome, 673 

leading to the cleavage of pro-interleukin 1β and 18 to their active forms by caspase 1. 674 

Interestingly, our results showed an up-regulation of CASP1, the gene coding the caspase1 but 675 

only in the presence of the auxo-GTU vaccine. AIM-2 is an important DNA sensor involved in 676 

the efficacy of DNA vaccination strategies and its depletion dramatically decreased humoral 677 

and cellular antigen-specific responses in an influenza DNA vaccination mouse model (61). It 678 

was also recently demonstrated that stimulating the AIM-2 axis enhances long-lasting specific 679 

CD8+ T-cell responses (100). Here, we also observed trends of positive correlations between 680 

the transcription of AIM-2 and several interferon inducible genes such as IFIT3, MX1, MX2, 681 

HERC5 or OAS2. These data tend to confirm in a non-human primate model the involvement 682 

of AIM-2 in the sensing of DNA vaccine and the activation of the immune system, by enhancing 683 

the antiviral responses axis through interferon inducible genes. 684 

  685 

In conclusion, we demonstrated that this vaccination strategy allowed an efficient stimulation 686 

of innate immunity, in which EP and the auxoGTU DNA vaccine differentially stimulated local 687 

cells, leading to a combined activation of innate immunity. EP acted as a strong adjuvant able 688 

to induce inflammatory-cell recruitment and LC mobilization, whereas the auxoGTUmultiSIV 689 
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vaccine seemed to be required to provide a specific signal to skin cells, probably through 690 

various PRRs, (potential direct involvement of AIM-2 and indirectly involvement of TLR3) 691 

leading to the release of soluble factors, such as IL-15, and the activation of antiviral immunity 692 

through the up-regulation of several interferon-inducible genes. Altogether, these events may 693 

be required for a proper DC activation, resulting in the strong stimulation of the adaptive 694 

cellular immunity. 695 

  696 
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Figure legends 1029 

Figure 1. Vaccine-induced immune responses in non-human primates. Animals were 1030 

vaccinated at weeks 0, 4, and 12 with the auxoGTUmultiSIV vaccine, with or without EP. T-1031 

cell responses against Nef, Gag, Tat, and Rev epitopes, as well as the cumulative response 1032 

against all were measured by interferon (IFN)-g enzyme-linked immunospot (ELISpot) assays. 1033 

The error bars correspond to the SEM for each group of eight or six animals on the indicated 1034 

day of the experiment. Day 0 is the day of the first injection.  1035 

 1036 

Figure 2. Immune cells recruited to the epidermis and dermis after injection and EP.  1037 

The percentages of immune cells are depicted over time in total epidermis cells (A) and dermis 1038 

cells (B) at PBS/EP and DNA/EP injection sites. The Friedman test was used with Dunn’s post-1039 

test for comparisons relative to baseline. *p < 0.05; *p < 0.01; ***p < 0.001. Comparisons 1040 

between the two sites were performed using the Wilcoxon test (n = 9, three independent 1041 

experiments) indicated with the bold line #p<0.05.  1042 

 1043 

Figure 3. Three HLA–DR+CD14+ subsets appear after injection and EP in the dermis. (A) 1044 

Flow cytometry analysis of the surface expressions of CD11b and CD163 in the HLA–1045 

DR+CD14+ population at the untreated site (baseline) and d1, d3, and d8 after DNA/EP 1046 

vaccination in the epidermis and dermis of one representative animal. (B) Frequencies of dermal 1047 

CD163highCD11b+ (subset 1), CD163midCD11bhigh (subset 2), and CD163-CD11b+ (subset 3) 1048 

cells measured over time at the PBS/EP and DNA/EP injection sites in the HLA–DR+CD14+ 1049 

population. The comparisons between both treatments (right panels) were performed at the peak 1050 

of macrophage recruitment (d1). The Friedman test was used with Dunn’s post-test for 1051 
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comparisons relative to baseline. Comparisons between the two sites were performed using the 1052 

Wilcoxon test (n = 8 to 9 per group, three independent experiments). *p < 0.05; **p < 0.01; 1053 

***p < 0.001. (C) Surface expression of different markers of the three CD14+ subsets isolated 1054 

at d1 after DNA/EP, showing one representative animal out of three.  1055 

 1056 

Figure 4. Electroporation induces LC mobilization, their activation, and the recruitment 1057 

of a CD1aint population distinct from LCs. (A) Flow cytometry analysis of CD1a and CD1c 1058 

surface marker expressions on epidermal CD45+ cells at baseline, and d1, d3, and d8 after 1059 

DNA/EP vaccination for one representative animal. (B) Frequencies of CD1a+CD1c- cells 1060 

(subset 1) and CD1aintCD1c+ cells (subset 2) over time at the PBS/EP and DNA/EP injection 1061 

sites. The Friedman test was used with Dunn’s post-test for comparisons relative to baseline. 1062 

Comparisons between the two sites were performed using the Wilcoxon test. Each line 1063 

represents one animal (n = 8 or 9 per group) *p < 0.05; **p < 0.01 (C) Representative examples 1064 

for the expressions of CD86, CD83, and HLA–DR at d1 (pink), d3 (orange), and d8 (green) 1065 

relative to baseline (grey filled area) at the PBS/EP and DNA/EP injection sites. (D) Surface 1066 

and intracellular staining of CD207 at d3 after DNA/EP of subset 1 (LC, clear red histogram) 1067 

and subset 2 (CD1aintCD1c+ cells, clear blue histogram) with isotype controls shown in the 1068 

filled histograms. The table shows the percentage of CD207-expressing cells within subset 2 1069 

(CD1aintCD1+ cells) for two representative animals.  1070 

 1071 

Figure 5. The auxoGTUmultiSIV vaccine elicits enhanced the release of soluble factors 1072 

from skin cells. Log fold-change representation of cytokines secreted in the epidermis (top 1073 

panel) and dermis (bottom panel) relative to baseline at d1, d3, and d8 after PBS/EP (white, 1074 

open bars) and DNA/EP (black, filled bars) treatments. ND: cytokine production under the level 1075 
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of detection. Two-way ANOVA with Bonferroni post-test was used (n = 3 to 6). *p < 0.05 **p< 1076 

0.01.  1077 

 1078 

Figure 6. Differential gene expression analysis of PBS/EP and DNA/EP treatments 1079 

relative to the baseline. (A) Bar plot representation showing the number of up- and down- 1080 

regulated genes at each time point after PBS/EP and DNA/EP relative to the baseline. Up-1081 

regulated genes are indicated by red bars and down-regulated genes by green bars. The height 1082 

of the bars is proportional to the number of genes up- or down- regulated (n = 6 per group). (B) 1083 

Multidimensional scaling (MDS) representation showing the similarities and dissimilarities 1084 

between the transcriptomic profiles. Transcriptomic profiles were restricted to the list of genes 1085 

found to be differentially expressed in at least one condition. Each dot in the MDS 1086 

representation is a transcriptomic profile and distances between the dots are proportional to the 1087 

transcriptomic distances between the biological samples. Dots are shaped to indicate the 1088 

treatment and colored to indicate the time point post infection. The baseline is indicated by red-1089 

colored dots. Each biological condition is indicated by a colored convex hull. The Kruskal 1090 

Stress (KS) criterion shown in the representation quantifies the quality of the representation as 1091 

a fraction of the information lost during the dimensionality reduction procedure. 1092 

 1093 

Figure 7. Differential gene expression analysis of PBS/EP compared to DNA/EP. (A) 1094 

Heatmap showing the expression fold-change values of the differentially expressed cytokine, 1095 

chemokine, chemokine receptor, and CD genes relative to baseline for at least one condition. 1096 

Hierarchical clustering was performed at the gene level using the complete linkage method. The 1097 

duplicate gene symbols correspond to different probes measuring the same gene. (B) Heatmap 1098 

showing the expression fold-change values of the genes found to be differentially expressed 1099 
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between the DNA/EP and PBS/EP treatments for at least one time point post-injection. 1100 

Hierarchical clustering was performed at the gene level using the complete linkage method. 1101 

Tree clusters of genes with similar expression patterns were found based on the hierarchical 1102 

clustering.  1103 

 1104 

Figure 8. TLR and cytosolic DNA sensor regulation at the transcriptome level. Gene 1105 

relative expression of skin biopsy samples collected at baseline, d1, d3 and d8 at PBS/EP and 1106 

DNA/EP sites for RNA encoding TLR (A) cytosolic DNA sensor (B) NOD-Like receptor 1107 

NLRP3 and NLRP4 coding molecules and CASP1 coding caspase1, involved in inflammasome 1108 

formation (C) Two-way ANOVA with Bonferroni post-test was used (n = 5 to 6)*<0.05, 1109 

**<0.01, ***<0.001. (D) The degree of correlation between the relative expression of interferon 1110 

inducible genes (ISG) MX1, MX2, IFIT3, HERC5, OAS2 and IFNG with the relative expression 1111 

of AIM-2 at d1 at the DNA/EP site was studied 1112 

 1113 

 1114 
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after electroporated auxoGTU DNA vaccination. 

Lucille Adam1, Nicolas Tchitchek1, Biliana Todorova1, Pierre Rosenbaum1, Candice Poux1, 

Catherine Chapon1, Anna-Lena Spetz2, Mart Ustav3, Roger Le Grand1, and Frédéric Martinon1,* 

1 CEA – Université Paris Sud 11 – INSERM U1184, Immunology of Viral Infections and 

Autoimmune Diseases, IDMIT Department, Fontenay-aux-Roses, France. 

2 Stockholm University, Department of Molecular Biosciences, The Wenner-Gren Institute, 

Stockholm, Sweden. 

3 Institute of Technology, University of Tartu, Tartu, Estonia. 

  



 
 

Epidermis 
baseline 

PBS+EP DNA+EP 
soluble 
factors d1 d3 d8 d1 d3 d8 
GM-CSF 14 ± 10 17 ± 4 18 ± 9 23 ± 13 11 ± 1 11 ± 7 15 ± 2 
C-CSF 32 ± 10 12 ± 7 19 ± 21 26 ± 27 12 ± 9 22 ± 31 15 ± 10 

IL-15 16.4 ± 6.7 17.7 ± 6.2 22.3 ± 4.2 23.1 ± 6.3 33.2 ± 3.2 44.2 ± 5.8 
42.4 ± 
16.6 

IL-13 4118 ± 3296 
3638 ± 
2992 

4759 ± 
2613 

4710 ± 
4909 

5098 ± 
2485 

4910 ± 
1800 

3968 ± 
2302 

IL-1RA 14 ± 7 7 ± 4 23 ± 17 26 ± 9 10 ± 7 42 ± 30 13 ± 15 
IL-10 34 ± 35 27 ± 23 11 ± 9 33 ± 42 13 ± 5 23 ± 16 10 ± 9 
MCP-1 3 ± 0 5 ± 2 7 ± 3 4 ± 1 33 ± 18 15 ± 17 5 ± 3 
IL-8 3 ± 0 9 ± 7 16 ± 8 12 ± 8 13 ± 13 30 ± 19 33 ± 52 
TGF-α 7 ± 1 10 ± 4 12 ± 4 10 ± 4 10 ± 1 15 ± 7 9 ± 2 
TNF-α 17 ± 4 18 ± 4 28 ± 3 26 ± 11 19 ± 5 19 ± 5 22 ± 2 
MIP-1β 28 ± 36 32 ± 43 48 ± 71 7 ± 0 17 ± 17 7 ± 0 7 ± 0 
IL-2 69 ± 56 38 ± 25 40 ± 56 84 ± 84 43 ± 58 44 ± 35 25 ± 34 
IL-18 ND ND ND ND ND 27 ± 19 ND 
IL-12/IL-23 ND ND ND ND ND ND ND 
MIP-1α ND ND ND ND ND ND ND 
IL-6 ND ND ND ND ND ND ND 
IL-5 ND ND ND ND ND ND ND 
IL-4 ND ND ND ND ND ND ND 
IL-1β ND ND ND ND ND ND ND 
IL-17A ND ND ND ND ND ND ND 
sCD40L ND ND ND ND ND ND ND 
INFγ ND ND ND ND ND ND ND 

 

Supplementary Table 1 – Cytokines secreted in the epidermis. Cytokines secreted in the 

epidermis were quantified by multiplex assay at baseline at d1, d3 and d8 after PBS+EP and 

DNA+EP treatments (mean ± SD, n=3 per condition). Values are indicated in pg/ml, ND: 

cytokines production under the level of detection.  

  



 
 

        
Dermis 

baseline 
PBS+EP DNA+EP 

soluble 
factors d1 d3 d8 d1 d3 d8 
GM-CSF 3 ± 0 3 ± 1 3 ± 0 3 ± 0 5 ± 1 4 ± 3 3 ± 1 
C-CSF ND ND ND ND ND ND ND 
IL-15 18 ± 4 17 ± 1 17 ± 1 15 ± 4 27 ± 3 30 ± 5 26 ± 3 
IL-13 58 ± 22 58 ± 20 56 ± 20 38 ± 5 78 ± 14 71 ± 4 66 ± 9 
IL-1RA 41 ± 21 48 ± 3 35 ± 11 21 ± 2 100 ± 42 89 ± 67 53 ± 11 
IL-10 9 ± 6 15 ± 14 22 ± 16 13 ± 8 36 ± 36 31 ± 24 9 ± 6 
MCP-1 43 ± 24 74 ± 38 32 ± 3 20 ± 6 183 ± 77 54 ± 36 48 ± 29 
IL-8 18 ± 9 69 ± 70 29 ± 12 14 ± 7 78 ± 19 54 ± 26 33 ± 25 
TGF-α 4 ± 0 4 ± 0 5 ± 2 4 ± 0 6 ± 4 8 ± 4 4 ± 0 
TNF-α 9 ± 5 14 ± 10 7 ± 2 5 ± 1 27 ± 10 11 ± 2 7 ± 4 
MIP-1β ND 81 ± 64 ND ND 279 ± 292 103 ± 41 52 ± 15 
IL-2 ND ND ND ND 4 ± 1 ND ND 
IL-18 5 ± 3 6 ± 5 6 ± 4 2 ± 2 10 ± 6 17 ± 15 9 ± 6 
IL-12/IL-23 ND ND ND ND ND ND ND 
MIP-1α ND ND ND ND ND ND ND 
IL-6 114 ± 64 96 ± 34 73 ± 51 45 ± 3 82 ± 17 57 ± 28 42 ± 7 
IL-5 3 ± 1 3 ± 1 4 ± 0 2 ± 1 6 ± 0 3 ± 2 2 ± 0 
IL-4 ND ND ND ND ND ND ND 
IL-1β ND ND ND ND 6 ± 3 ND ND 
IL-17A ND ND ND ND ND ND ND 
sCD40L 6 ± 2 6 ± 1 6 ± 0 5 ± 2 8 ± 1 11 ± 4 15 ± 2 
INFγ ND ND ND ND ND ND ND 

 

Supplementary Table 2 – Cytokines secreted in the dermis. Cytokines secreted in the dermis 

were quantified by multiplex assay at baseline at d1, d3 and d8 after PBS+EP and DNA+EP 

treatments (mean ± SD, n=3 per condition). Values are indicated in pg/ml. ND: cytokines 

production under the level of detection.  

  



 
 

 

 

Supplementary Figure 1 – Comparison of CD14+ blood monocytes and CD14+ subset in 

dermis after DNA+EP treatment. One day after DNA+EP vaccination, three subsets of 

CD14+ cells were observed in the dermis. The CD11b+CD163-subset closely resemble to CD14+ 

blood monocytes. 

 

  



 
 

 

Supplementary Figure 2 – Dendritic cells subset in the dermis were not significantly 

modified after PBS+EP or DNA+EP treatments. Frequencies of DDC CD1a +CD1c+ and 

CD1a+CD1c- over time after PBS+EP and DNA+EP treatment.  

 

  



 
 

Supplementary Figure 3 – Enrichment analysis of the skin transcriptome. Heatmap 

representations showing the functional enrichment z-scores of Ingenuity Canonical Pathways 

Analysis (IPA) biological functions (A) and upstream regulators for each biological condition 

(B). Each row is an IPA biological function or upstream regulators, and the columns represent 

the different biological conditions. The z-scores are indicated using a color gradient scale. 

 

 

 

 

 

 

  



 
 

Supplementary Figure 4 – TLR and cytosolic DNA sensor regulation at the transcriptome 

level. Gene relative expression of skin biopsy samples collected at baseline, d1, d3 and d8 post 

PBS+EP and DNA+EP treatment for RNA encoding TLR (A) and RNA encoding cytosolic 

DNA sensor (B). **<0.05, ***<0.001.  
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