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Historically, For intradermal (i.d.) immunization, is mainly performed using Mantoux method in human however multiple microneedle delivery systems are nowhave been proposed as an alternative to the Mantoux method. YetHowever, the penetration depth of microneedles in human skin and the involvement of skin cells are not yet fully analyzed. A new microneedle (Bella-muTM, U-Nneedle) is easy to use, has developed Bella-muTM device, with a hexagonal shape and a silicon material, and, easy-to-use that aimss to reduce the pain during injection. The ultrashort needle length of (1.4 mm to 1.8 mm) allows a perpendicular injection usingwith disposable syringes. Here, wWe aimed to characterize Bella-muTM microneedles combined with Oouter Mmembrane Vvesicle (OMV)-based vaccine using an ex vivo human explant model obtained after plastic surgery from healthy donors. We compared 2two sizes of Bella-muTM microneedles (1.4 mm and 1.8 mm) andto the conventional Mantoux method in order to investigate the depth of compound penetration and the skin antigen-presenting cells (APC) capacity to uptake the OMVs. We observed that The 1.4 mm Bella-muTM needle depositeds the antigen closer to the epidermis compared tothan did the 1.8 mm needle andor the Mantoux method. Consequently, activation of epidermal Langerhans cells (LCs) was significantly higher as measured by shortening of their dendrites. We found that 5 subsets of dermal APCs can uptake OMV vaccine whatever the device. In conclusion, i.d. delivery using the 1.4 mm Bella-muTM device combined with OMV-based vaccine allowed epidermal and dermal APC targeting, with major activation of Langerhans Ccells vs thecompared to Mantoux method, showing thetheir accuracy of this microneedle for dermal deposit of vaccine compounds in human skin.	Comment by KL: Correct as on U-Needle website?	Comment by KL: If edited abstract is too long at 237 words, change to : dendrite shortening
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Introduction
The immunological environment of the skin makes it a very promising route for vaccination asbecause this tissue is rich in professional antigen-presenting cells (APCs), allowing a hight quality and intensity of immune response with a low dose of antigen delivered [1]. Strategiesy to improve vaccinethe skin administration into the skin have been focused on the development of suitable, safe, and efficient devices such as microneedles, patches, and new delivery systems delivery to induce the most effective immune responses. Historically, the iIntradermal (i.d.) vaccination has already proved its strong efficiency with eradication of the smallpox virus eradication in 1980 [2]. A major contribution to this achievement was the development of the bifurcated needle by Benjamlin A. Rubin [3]. NowadaysToday, the standard i.d. injection iuses the Mantoux method, introduced by Charles Mantoux for the diagnosis of tuberculosis disease in 1910, and it is currently used for BCG and rabies vaccinesation [4,5]. ItThe Mantoux method uses a hypodermical 27-gauge (G) needle that inserted parallel to and ly penetratinges the stretched skin at an (angle of 15°) with the bevel upwards. The injection iswill be a success if a papule appears [6].	Comment by KL: OK ? Or do you prefer dermal administration of vaccines ?	Comment by KL: Unclear what needle is in parallel with ; edits correct ?	Comment by KL: Change to typically at an angle of 15° ? Isn’t there a range of degrees such as 5 to 15?

The Mantoux method is not the first choice in vaccination strategies, however, because of its number disadvantages and side effects: skin reactions, pain during injection, difficulties to proceed, technical training to be allowrequired tfor injectionpractice, and fluid waste including leakage and dead volume [8,9]. However, sStudy resulties observdemonstrated a similar seropositivity rate using one-fifth of the intramuscular (i.m.) dose [9], and i.d. vaccination has shown its superiority in term of the intensity and quality of induced immune responses [1]. The difference in the intensity and quality of immune response between the intramuscular.m. and i.d. routes of immunization has been explained by the poor varietyous and quantity of antigen-presenting cells (APCs) in the muscle compared withto the skin [1,10,11]. Since development of the Mantoux methods, various techniques and devices have emerged, with the aim of high- quality penetration of compounds in the dermis or deposit on the dermis [10].	Comment by KL: Reword to difficult injection technique ? Please clarify your meaning.	Comment by KL: Reference 7 not cited in order ; please add in order or renumber references

WhileAlthough development and manufacturing and development of microneedle technologies have grown substantialignificantly, an understanding of the role of skin APCs has helped in the selection of devices for efficient immunization. Indeed, Benefits have been demonstrated by targeting specific APCsantigen presenting cells in the skin: Langerhans cells (LCs; CD1apos+ and CD207pos+ LCs) [12,13] in the epidermal layer, and macrophage cells (CD163pos+ cells), and dermal dendritic cells (DDCs; CD1cpos+ DDCs) in the dermis [14]. It has been shown that in vitro targeting of different APCs ariselicits multiple immune responses: CD4 T cells, CD8 T cells, and humoral responses [15,16]. Notably, we have demonstrated that targeting of epidermal LCs favours cellular CD8 T- cell responses, whilewhereas dermal dendritic cellDDCs are directed toward humoral responses afterfollowing vaccination [13,17,18]. One of the techniques using hair folliclesular, called the cyanoacrylate skin surface stripping (CSSS), has been developed by our team; ithis technique has been validated oin human skin explants and in a clinical study with different vaccine models (nanoparticules, viral vector, proteins, and DNA).	Comment by KL: OK ? It is conventional (AMA style) to use a plus sign. Or if you prefer, you can use -positive, as in CD1a-positive	Comment by KL: Please give reference(s) (doi:10.1111/exd.12589 ?) and reunumber if needed.

Otherwise, miniaturization of injectioneedles has emerged with the development of microinjections or microneedles for the epidermal and dermal penetrations. For example, patches using microneedles (50 µm and 1000 µm longength), provide a bridge to transport high-weighted molecules through deep skin layers. A large variety of devices exist (eg, solid, hollow microneedle) [19]. BigLarger needles (1000 to 2000 µm) have been developed to reach the dermal layer; they are inserted perpendicularly to the skin, making i.d. vaccination intuitive and easy to perform, in contrast to the Mantoux method [7]. Few of this device microneedles pass the preclinical development due tbecause of the manufacturing processes, which are not appropriated to molecule properties [20,21]. AThe microinjection Sskin delivery devices that hasve been successfully tested in a Pphase 4IV clinical trial is SoluviaTM (Becton Dickinson) soluviaTM for influenza vaccination [22,23]. However, the cost, the shape, and the material are not optimal to reduce pain and improve ease of use [23]. Thus, there is still a need to find i.d. devices that are, suitable ofor vaccine delivery;, targeting that efficiently target skin immune cells;, and that are usable with various vaccines, easy -to- use, and acceptable toby the patient population.	Comment by KL: OK? Or needle technique ?

The U-needle company has developed a A new, easy-to-use delivery device, Bella-muTM, (U-Needle), with a hexagonal shape and a silicon material, easy-to-use whichaims to reduce theinjection-related pain. The needle length, which ofranges from 1.4 mm to 1.8 mm, allows a perpendicular injection usingwith disposable syringes. As an example of vaccine system delivery, we used an outer membrane vesicle (OMV)-based vaccine that protects the antigen from degradation [24]. It has an intrinsic adjuvant activity by the presence of various pathogen recognition receptors ligand (lipopolysaccharide and immunogenic surface protein) targeting innate immune responses [25]. In this studyHere, we used an ex vivo human skin explant model to examine the depth of the Bella-muTM device and the efficacy of APCs uptake and activation of the OMV-based vaccine. The fFresh human skin explants from plastic surgery isprovide the best support to preclinical experiments of human skin vaccination because ithey gathers more of the human skin micro-environment [26], and have more human characteristics compared tocompared with other skin models (animal or artificial) [27]. We found that compared tocompared the 1.8 mm , the and 1.4 mm microneedles combined with OMV seems to against the Mantoux method. The Bella-muTM device used for vaccination penetrates deeply into the dermis, activates epidermal LC, of the epidermis and enables the OMV vaccine toare efficiently be uptaken by APC afterfollowing injection in the skin.  	Comment by KL: Recommend deleting because results should not be given in the Introduction per the International Committee of Medical Journal Editors (ICMJE) « Recommendations for the Conduct, Reporting, Editing, and Publication of Scholarly Work in Medical Journals »


Materials and methods

Outer membrane vesicle vaccine production	Comment by Andrew mac: Marien advice ?
The vaccine used iwas based on a modified Salmonella tTyphymuriumn OMVs obtained from the Radboud UMCumc laboratory in Nijmegen, Netherlands (M.D.arien’s team). The strain used iwas SL326 ΔtolRA with detoxified lyipopylosaccharides (ΔmsbB) and expressing Escherichia. cColi autotransporter haemoglobin protease (Hbp) protein. The Hpb protein allows antigen (Ag) transport to the OMV surface. However, in this study no Aantigens awere attached to the Hbp;, it iwas an empty OMV. The OMV production has been described beforepreviously [27,28]. BIn brief summarly, to isolated OMVs, the S. Ttyphymuriumn SL3261 ΔtolRA harboring HbpD expression vector wasere grown until an optical density at 600 nm (OD600) was reached, at which time 50 µM isopropyl-β-D-thiogalactopyranoside (IPTG) was added to the culture to induce the expression of HbpD. Growth was continued overnight, and OMVs were isolated from culture medium as described previously [28]. Harvested OMVs were chemically coupled with DylLight 488 NHS Ester (Thermo Fisher sScientific, cat nr 46403). OMV-DylLight 488 was stored at -20°C into phosphate buffered saline (PBS 1X) and+ 10 % glycerol. Sizes of particles have beenwere measured as follows: OMVs were diluted 5000-fold in PBS and OMV-DylLight 488 size and concentration wereas determined using a NanoSight NS300 (Malvern Panalyticals) with a 488 nm laser module and asCMOS (complementary-symmetry metal-oxide-semiconductor) camera module. 	Comment by KL: Expand at first use, eg, Hbp dimer (HpbD)	Comment by KL: Consistently follow journal’s style on whether to use trademark symbol on trademarked brands; if symbol is used, it is usually used only on the first use.

Outer membrane vesicle preparation for electron microscopy	Comment by Behazine Combadiere: @JL advice on paragraph ? ref ?
please add manufacturer names and country
Electron microscopy (EM) analysis was conducted as previously described [30]. In Bbriefl summary, crude OMVs in PBS 1X were fixed by the addition of an equal volume of fixation solution (4% paraformaldehyde and 0.2% glutaraldehyde in 0.4 M PHEM buffer consisting of 240 mM PIPES [piperazine-N,N′-bis(2-ethanesulfonic acid)], 100 mM N-(2-hydroxyethyl)piperazine-N′-2-ethanesulfonic acid (PIPES); 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 8 mM MgCl2, and 40 mM EGTA, pH 6.9) and incubated for 2 h at room temperature. The fixed OMVs were pelleted by centrifugation at 280,000 × g for 20 min, after which they were resuspended in 0.1 M PHEM buffer containing 0.5% paraformaldehyde. OMVs were stained with 2% uranyl acetate, and subsequent electron microscopyEM analysis was carried out using a transmission electron microscope (CM 10,  microscope (FEI).	Comment by KL: Give expansion first if journal requires it.	Comment by KL: Inconsistent style used ; sometimes hours. Made all h .

Human skin explants treatment and intradermal injection
﻿Fresh skin samples were obtained from healthy volunteers (49-75 yo) undergoing breast plastic surgery less than 24 hours after surgical excision (Plastic surgery department, Saint-Louis hHospital, Paris, France). The study was, approved by the local institutional Eethics committee guidelines (IRBinstitutional review board 00003835) and adhered to the ethical rules stated in the Declaration of Helsinki principles. All individuals provided written informed consents. Skin explants were washed with PBS 1X and dermic 10% povidone iodine Betadine 10% (Betadine, Mylan, France). Fat layers were removed from the skin explants, and skin tissues were cut in pieces of 2 cm2 before different treatments. The skin pieces were digested (description below), and the dermis cell suspensions were incubated with the OMV-DyLlight 488 in a 96-well plate forduring 1 h for microscopy.

For some experiments, Intradermal (i.d.) injections were performed with two2 sizes of Bella-muTM devices: 1.4 mm and 1.8 mm. The needle penetrateds atwith an angle of 90° until it disappeared into the skin, followed by gentle liquid injection of either the vaccine or the control into the skin tissue. The conventional Mantoux method was used as described beforepreviously [6,29], using a 26-G hypodermical needle (Becton Dickinson [BG]) and  inserted bevel upward, atwith an angle of 15°. In both methods, a papule appeared when the solution penetrated into the skin for macroscopic validation of intradermali.d. injection. The OMV-DyLlighth 488 vaccine was injected with a single injection of 50 µl at a concentration of 1.9x1011 OMV/ml. PBS was used as a negative control. Skin pieces were injected with OMV-DyLlight 488 or PBS by different i.d. methods (description below). Skin pieces were directly frozen for cryopreservation, or incubated duringfor 3 h in a 24-well plate at 37°C. After skin incubation, tissues were digested to the obtained epidermal layer, for staining and dermis cell suspension, for flow cytometry (description below).	Comment by KL: OK ?

Skin digestion
Skin samples were incubated with shaking in 2,4 U Dispase II (Sigma-Aldrich) overnight at 4°C and 1 h 30 at 37°C. Epidermal layers were mechanically and gently separated in one piece from the dermis. DThe dermis wasere then digested using trypsin (0.2% trypsin-EDTA; Sigma-Aldrich) treatment for 10 min at 37 °C. Dermis layers were cut in several pieces and digested in 3 mg/ml of hyaluronidase and collagenase II (Sigma-Aldrich) treatment for 1 h at 37 °C. Both solutions were supplemented with DNase I (10 μg/ml, Roche) and prepared on RPMI 1640 media (Life Technologies). Fetal bovine serum (FBS; Dominique Dutscher) was added to stop the reaction. In order tFor collection of cells from skin layers, tissues were pressed through a 70 µm nylon Ccell strainer (BD Biosciences) before being washed with RPMI 1640 supplemented with 20% of fetal bovine serumFBS. This step was repeated 3three times, and cells were resuspended with PBS after centrifugation. 	Comment by KL: OK ?

Dermis cell suspension preparation for microscopy
Dermis cell suspensions (5.5x105 cells) were deposited on a 96- well plate and incubated with 2.75x108 OMV-DyLlight 488 or PBS for 1 h, before being put on Ppoly-L-lysine- coated slides (Sigma-Aldrich) following the supplier’s recommendation for adhesion. Cells were fixed with 4% of perfluoro alkoxy alkanePFA (?) and mounted with Vectashield mounting medium containing  4’,6’-diamidino-2-phenylindole (DAPI; (Vector Laboratoriesy). Slides were analysed with the epifluorescence Axio Z1 Zeiss Aapparatus microscope (Zeiss), and Zen software (Zeiss) and Image J open-source softwares.

Skin explant cryosection and staining
[bookmark: OLE_LINK1]After Ii.d. injection, skin pieces wereas included in OCT compounds (Tissue-Tek, Sakura Finetek Europe) and frozen in liquid azote for cryopreservation. Cryosections of 5 µm were prepared on slides with the NX50 cryostat (Microm Microtech, France) and mounted with Vectashield mounting medium containing DAPI (4’,6’-diamidino-2-phenylindole) (Vector Laboratoriesy). 

Epidermal layer staining and flow cytometry
Three hours after i.d. injection, sSkin pieces were digested to separate the epidermal layer from the dermal layer. Epidermal sheets were first saturated with 3% Bovine Serum Albumine (BSA) 3% for 1 h and stained with anti-CD1a (clone O10; Dako) for 1 h, them washed in PBS 1X and incubated with anti-mouse IgG1-Alexa-594 antibody (2 µg/ml; Molecular Probes Inc, now Thermo Fisher Scientific) for 1h1 h 30 in PBS 1X containing 1% BSA 1 %. Epidermal sheets were mounted for microscopy with Vectashield mounting medium (Molecular Probes Inc) and were analysed using the Axio Z1 Zeiss apparatus microscope equipped for acquisition and analysis with Zen software (Zeiss). Dendrite’s’ length, number of dendrites per LC, and number of LCs per square millimetermm2  were measured using Image J software.

Dermal layers were digested to obtain a dermis cells suspension. A total of 500,000 dermis cells were incubated 10 min at 4°C with Fc block (Miltenyi Biotec) and Live/DeadTM fFixable Aqua dead cell stain kit (Molecular Probes Inc), according to the manufacturer’s recommendations. Cells were stained 20 min at 4°C for the following surface markers: CD1a (LFA-1-APC), CD14 (MφP9-V450), CD163 (GHI/61-BV605), CD11c (ITGAX-PE-CF594), CD80 (L307.4-APCH7), and CD86 (B7.2-Percp-Cy5.5) (BD Biosciences);, and CD1c (BDCA-1-Pecy7), HLA-DR (L243-BV786), and CD45 (H130-A700) (BiolLegend). Intracellular CD207 (Langerin-PE; BD Biosciences) staining wasere performed using the Cytofix/CytopermTM fixation/permeabilization solution kit (BD Biosciences) following thewith supplier’s protocol. Samples were analysed with a flow cytometer (LSRFfortessaTM, (BD Biosciences) flow cytometer, and FACS Diva v6 and FlowJoTM software (BD Biosciences)s.

Statistical analysis
Prism 8 software (GraphPad) was used for data handling, analysis, and graphic representations. Statistical analyses were performed using the Kruskal-Wallis multiple comparison test. Significance was set at adjusted p-value:s p<0.05*, p<0.01**, p<0.001***, and p<0.0001****. The Friedman multiple comparison test was used to evaluate the uptake significant difference in uptake between APC populations. Significance was set at adjusted p-values: p<0.05*, p<0.01**, p<0,.001***, and p<0.0001****.
 



Results
Characteristics of Bella-muTM devices and the outer membrane vesicleOMV system delivery
Bella-muTM needles manufactured by U-Nneedle company (www.uneedle.com) wereas recently approved for marketing in Europe and the US. ItEach device is a short intradermic needle designed for perpendicular injection into the dermis. Traditional steel needles are sharpened by means of grinding, which involves a trade-off between sharpness and bevel length. Bella-muTM needles are therefore made of monocrystalline silicon, the base material for the semiconductor industry (patent US6399429B1). Bella-muTM devices are available in two2 lengths: 1.4 mm and 1.8 mm (Figure 1A). The needle has an outer diameter of 250 μmicrons (31G) and a hydraulic inner diameter of 100 μmicrons (Figure 1B). The needle combines a very short bevel of 170 μmicrons with perfectly sharp (atom- sharp) cutting edges defined by the intersection of crystal planes (Figure 1C). A short bevel is a requirement for perpendicular injection to asensure a well-defined injection depth in the relatively thin dermis. Figure 1D shows the Bella-muTM 1.4 mm needle and its dimensions. The length was measured from the top of the bevel until the plastic support. Both Bella-muTM needles were made usingnder the same Pprocess. These U-needle’s microneedles could be loaded with any solution of interest. 	Comment by KL: OK ?
[bookmark: _Hlk71712505]
The size of particle-based vaccines, like OMVs, is one of the important parameters for immunization and APC uptake. The OMV particles coupled with DyLlight -488 used in the study were observed by electron Mmicroscopy and appeared with heterogenous diameters. The sizes were measured by NanosSight and vary between 50 nm and 300 nm, with a peak around 130 nm (Figure 2A and 2B). Several OMV particules sizes suggested a differential APC uptakes [13,32]. To validate that the OMV-DyLlight 488 particles were uptaken by skin cells in vitro, OMV-DylLight 488 particles were incubated with dermis cell suspension for 1 h. Fluorescent particles were observed in dermal cell suspension cytoplasm as observed by confocal microscopy (Figure 2C). Thus, OMVs and Bella-muTM needles werehave been further used in the study to evaluate skin penetration depth and cellular activation.

Depth of vaccine compounds in the skin bydepend on Bella-muTM microneedle length
We compared the depth of penetration of vaccine compounds using two2 different needle lengths, 1.4 mm and 1.8 mm, compared tocompared with the Mantoux method, in ex vivo fresh human skin explants. The injection site was determined with the green fluorescence observed on skin cryosections (Figure 3A). The injection depth was measured using 3three distances (d) from the epidermis: d1 as the closest to basal layer of the epidermis, d2 as the distance between the basal layer of the epidermis and the epicentre of the injection site, and d3 as the furthest fluorescence, represented in Figure 3B. Experiments were performed using skin explants from 4 donors. We observed a significantly higher d2 (p<0.01) between the 1.8 mm (1287±56 µm) compared toand the 1.4 mm microneedle (895±63 µm) vs theand Mantoux method (851±85 µm) (Figure 3C). We supposhad hypothesized that the compound in the skin tissue would adopting different directions from the epicentre (d2) of the injection depending on the device (Figure 3F). The compound spread was wider with either Bella-muTM devices compared tocompared with the Mantoux method. Indeed d3-d1 distances were higher with the microneedles (887±101 µm) than with Mantoux method (596 µm±36 µm) (Figure 3D). No difference in theof injection area was observed (Figure 3E). Data are schematically summarized in Figure 3F. TBecause of these different depths, we questioned the impact of the compounds on the epidermal cells that we further examined.	Comment by KL: OK ?	Comment by KL: This should be in the Discussion, and it is. Delete here ?

Bella-muTM devices allow to induce hHigher Langerhans cellC activation with Bella-muTM devices than Mantoux method
Skin resident APC activation is essential to induce adaptive immune responses [34]. We have previously demonstrated that LC activation in the epidermis can be observed following Modified vaccinia Vvirus Ankara (MVA) and ﻿poly(d,l-lactic acid) (PLA) particles by i.d. route [23,34]. The morphological modification was measured by dendrite retraction and morphological changes in the epidermis [34,23]. As demonstrated previously, these morphological changes observed after injection of vaccine into the dermis, indicate LC migration from the epidermis to the dermis afterfollowing dermal injection of compounds [35].	Comment by KL: Delete if you need to shorten length of text.

To explore how the combination of Bella-muTM devices and OMV-DyLlight 488 allows LC activation compared tocompared with the Mantoux method, we analysed CD1a staining of LCs were analysed at 3 h post-after injection in epidermal sheets, by using immunofluorescence microscopy (Figure 4A). PBS injections with Bella-muTM 1.4 mm needles were used as a negative control. In two2 independent experiments, different surfaces of epidermal sheets were analysed: 12.4 mm2 for PBS, 23.5 mm2 for the Bella-muTM 1.4 mm needle, 10.7 mm2 for the Bella-muTM 1.8 mm needle and 15.0 mm2 for the Mantoux method. Several parameters were measured according to i) dendrite length, ii) dendrite numbers, and iii) numbers of LCs remaining in the epidermis (Figure 4A).

Bella-muTM devices combined with OMV-DyLlight 488, induced significant LC activation as measured by reduction in the dendrite lengths reduction compared with theto Mantoux method (p=0.164 for Bella-muTM 1.4 mm needle; p=0.54 for Bella-muTM 1.8 mm needle; p=0.47 for PBS; Figure 4B) and fewerless dendrites per LC (Figure 4C) compared tocompared with PBS. These data suggest the migration of LC from the epidermis to the dermis, 3 h after OMVs injection by using Bella-muTM devices, as shown in our previous publications [26,35]. Furthermore, CD80 and CD86 activation markers (measured by mean fluorescence intensityMFI), expressed by LCs were only increased only by using with use of the Bella-muTM 1.4 mm needle, compared tonot with other conditions (Figure 4E). We did not observe any activation of keratinocytes (Figure 4E). In conclusion, injection of OMV-DyLlight 488 vaccine by Bella-muTM devices allowed to inducetion of higher LC activation than did the Mantoux method.	Comment by KL: D not cited in text ; cite here ?

Proportion of outer membrane vesicle OMVuptake by dermal APCs
OMV uUptake of OMVs by APCs is an important step beforeprior transport and antigen presentation in the secondary lymphoid organs, initiating the adaptive immune response [10]. Here, we analysed the proportion and quality of APCs that have uptaken up OMV-DylLight 488 according to different devices in 3 independent experiments (Figure 5). Skin explants were injected with OMV-DyLlight 488 by either the Bella-muTM 1.4 mm or 1.8 mm devices or the Mantoux method, and were incubated 3 h beforeprior isolation of dermal cells. Five skin APC subpopulations, determined by HLA-DRpos+CD45pos+, were identified in 3 donors. Gating strategy is presented in Figure 5A. The proportion of these APC subsets did not change with device afterfollowing injection (data not shown). An averages of the proportions weare represented in Figure 5B: CD163pos+ dermal macrophage (18%), CD1c−negCD1ahi (8.5%), CD1cpos+CD1a−neg  (31%), CD1cpos+CD1a−neg (34%), and CD1cpos+CD1ahi (8.5%).	Comment by KL: Meaning of hi ?

In order tTo determine if OMV particles areis efficiently uptaken by each cell subset, we measured the percent of OMV-DylLight 488pos+ cells was measured in each population according to the injection method (Figure 5C). Significantly higher proportions of CD1c−negCD1a−neg cells were positive for OMV-DylLight 488 (48%±4.5%), although this population was less represented among skin APC. Approximatively one- third of CD1cpos+CD1a−neg and CD163pos+ dermal macrophages contained OMV-DylLight 488 (48%±4.5% and 32.5%±8.16% respectively; Figure 5C). Finally, CD1cpos+CD1ahi cells contained the lowest number of OMV-DyLlight 488 particles. The percentage of each OMV-DylLight 488pos+ population did not differ between devices, suggesting that the type of devices does no’t impaffect OMV uptake. Theseis data show that OMV particles were internalized by the APC population after 3 h on injection in different proportions.	Comment by KL: Should this be 3 h after injection ? 


Discussion
To our knowledge, the present study is the first characterisation of Bella-muTM devices and OMV-based vaccine, and their use for human skin injection. This step is important for optimizationthe use of the microinjection delivery method and penetration efficacy in human skin. High numbers of Many delivery devices for skin vaccination have been developed as alternatives to the Mantoux method. These devices are importantce during mass vaccination. For years, one of the determinant characteristics for needle manufacturing was the sharpness [33]. As opposed to asteel standard steel hypodermic, the Bella-muTM device is manufactured using semiconductor technology, making it a highly scalable product. It is also, the first device that combines a hexagonal shape, silicon material, and a small diameter that aims to be sharp while reducinge pain.	Comment by KL: OK ?	Comment by Behazine Combadiere: @Gert and jeoron, pain is related to the formulation and inflammatory reaction. As we discussed you use always this argument for bella mu… is there any study you have published on pain related to these microneedles? if not how can you confirm this? of add a reference 

The OMV particles, injected into the skin with Bella-muTM microneedles, have an average size of 130 nm. The very small diameter (31G) and length (1.4/1.8 mm) of Bella-muTM needles allowmake a very precise injection to reach immune cells in the skin, which would be important to activate skin immune responses. We showed that both the 1.4 mm and 1.8 mm needles were an appropriate length for dermal deposit of vaccine compounds. We used 3 distances to evaluate the fluid dispersion from the epicentre (d2) to the closest (d1), and the farthest (d3) to the epidermis. This type of analysies wasere not performed in other studies that generally describe the injection area by 3-dimensionalD ultrasound echography [7]. Bella-muTM devices deposit the compounds deeper into the skin compared tocompared with the Mantoux method, which induces a longitudinal shape. 

Laurent et al. confirm our results by showing that fluid distribution by the Mantoux method in the papillary dermis (upper part of the dermis) and the SoluviaTM Micro Injection System (BD Biosciences) can infiltrated the papillary and reticular dermal layer (lower part of the dermis) [7]. The SoluviaTMBD Micro Injection System is used with perpendicular penetration similar to Bella-muTM devices, and has a similar length ofto the Bella-muTM needle (1.5 mm compared tovs 1.4 mm for Bella-muTM) and similar gauge (30G compared tovs 31G for Bella-muTM devices). This phenomenon should be due to the angle of injection. Indeed, the Bella-muTM needle was administered vertically, and the Mantoux method, parallel to skin surface. Study resulties show that the longitudinal injection creates destruction (capillary loop found in papillary dermis) and pain, which is reduced with perpendicular injection [7]. Therefore, the Bella-muTM devices theoretically would reduce pain and increase acceptability of vaccination. 

The Bella-muTM 1.4 mm devices deposits the OMV-DylLight 488 at a closer distance to the epidermis compared tocompared with other devices. The Bella-muTM 1.4 mm needle also allowed also a more significant LC activation (smaller and fewer dendrites) compared with to the longer Bella-muTM needle and the Mantoux method. Le Luduec et al., in 2016, showedn oin swine that an i.d. injection using the BD SoluviaTM Micro Injection System (BD Biosciences) for the delivery of pseudorabies virus (PRV) glycoproteins induced after 24h of incubation a decrease of LC density on the epidermal layer [36] after 24 h of incubation. In our experiment, LC activation wasere observed only after 3 h. Moreover, in our previous work using poly(d,l-lactic acid) PLAand modified vaccinia virus AnkaraMVA particle- based i.d. injection, LC activation was observed respectively at 2 h and 4 h, respectively, hours after post-injection [34,23], suggesting that LC activation is also dependsant onf the vaccine compounds injected. We showed that OMVs can be uptaken by different types of dermal cells after the administration using both needle devices. The vaccine injection with the Bella-muTM 1.4 mm needle allows more LC activation compared with the to longer Bella-muTM needle and the Mantoux method, confirming that the epicentre of the injection site in explants is the closest to the epidermis.

Antigen uptake by local APCs and their transport is an important step in the initiation of immune responses [10]. We have previously showed that free antigen can diffuse from the dermis to the lymph nodes;, however, only antigen -transported by local APCs can induce CD8 T- cell [35] or T follicular helper cell responses [34]. OMV particles were detected in all skin APCs. The lowest proportion of OMV-DylLight 488pos+ cells wasere detected in CD1cpos+CD1ahi cells, representing 8% of skin APCs. The CD1cpos+CD1ahi have been described as “en route” LC migrating from the epidermis to the dermis [37,38]. It is known that the size of particles and their physical and chemical proprieties allow internalization by LC, DDCs, and macrophages. For example, LCs can uptake particles withof 40 nm size, but neitherot 750 nm noreither 1.5 µm [13]. ParticlThe average size of OMV-DylLight 488 particles is approximatively 130 nm. The study by Rancan et al. study using polystyrene particles observed that 3.5 % of LCs could uptake 100 nm particles; however, this proportion decreased when particles were about 200 nm [17]. The authors showed that uptake by LCs is less efficient than by DDCs. We also showed that DDCs (CD1cpos+CD1apos+, CD1cpos+ CD1aneg−, and CD1cneg−CD1aneg−) and CD163pos+ dermal macrophages are more efficient to uptake OMV-DyLlight 488 than “en route” LCs (CD1cpos+CD1ahi) were. 

In our results, CD1cneg−CD1aneg− CD11cneg−, a macrophage-like subset representing 8.5% of total APCs, efficiently took up-taken  OMV particles. Dermal macrophages have phagocytosis functions, which could explain the higher proportion of cells containing OMV -particles. 	Comment by KL: OK ?

The limitation of our model is the low number of human skin donors obtained;, however, for one skin explants, numerous sections and replications weree have been performed. In addition, the skin was used ex vivo, and the lack infiltrating cells iwas representative of skin reactions. This articlepaper proposed the Bella-muTM device as a new method for i.d. vaccination with its promising administration route. Immunization with Bella-muTM needles would make i.d. vaccination easier to performed and likely more acceptable than the conventional methodone.	Comment by KL: Please give number of donors in Results
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Legends of figures	Comment by KL: Correct :
Figures 2B & 4C: Dylight488 should be DyLight 488
Figure 4E : label « Lcs » should be LCs
Figure 5 legend : should 3xh be 3x  or 3 h ?
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Figure 1: Bellu-muTM device characteristics. A) Bella-muTM needles 1.8 mm (green on left) and 1.4 mm (orange on right) and 1.8 mm (green) are made using of wet-etching techniques that are selective to the crystal orientation. B) Both needles have an atom shape with an outer diameter of 250 μmicrons (31G) and a hydraulic inner diameter of 100 μmicrons. C) The bBase material is monocrystalline silicon. D) Bella-muTM dimension representing the size of the bevel (170 nm), the angle of the bevel (55°C), and lenghth of the needle: 1.4 mm. The Bella-mu 1.8 mm has the same dimensions except the lengtht of the needle, which is 1.8 mm.
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Figure 2: OMV-DyLlight 488 characteristics. A) Particle size (nm) is represented according to concentration (particules/ml). B) Representative electronic microscopy (EM) image of OMV-DyLlight 488 suspension (x particules/ml), scale bar = 100 nm. C) Representative imaging of dermal cell stained with DAPI (blue) suspension containing OMV-DyLlight 488 (green) after 1 hour of incubation. Scale bar = 100 µm. 
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Figure 3: Depth of OMV-DylLight 488 particles after i.d. injection using Bella-muTM 1.4 mm and, Bella-muTM 1.8 mm needles compared withto Mantoux method in human skin. A) Representative epifluorescence microscopy images of 5 μm skin cryosection: DAPI (blue), OMV-DylLight 488 (green). Epidermis-Ddermis (E/-D) junction (white dashotted line), hypodermis (HD). Scale bar = 50 µm. B) Schema of skin with devices and injection zones (light green). Three distances, d1, d2, and d3, are represented for measurement of depth of injection. The rRed line measures the difference between d3 and d1 represented in fFigure 3D. C) Box and whisker (median, min, max) plot;and all points representation of d1, d2, and d3 distance for each device: 1.4 mm (orange), 1.8 mm (greenblue) and Mantoux method (Ggraey). D) Box and whisker (median, min/max) plot; and all points represent the distance between d3 and d1 on the injection site for the 3tree devices. E) Box and whisker (median, min, max) plot; and all points represent the injection area for the 3tree devices. F) Schematic representation of data. Means of d1, d2, and d3 are reported on a scale. For each device, an arrow represents distances from the Eepidermis (E). The sShape of the circle represents a putative injection zone. The mMost concentrated area of OMVs as observed in A) and measured in cC) is indicated in (dark green). Data are measured for 4 independent donors (pooling the 4 donors, 14-24 sections were analysed for each condition). Statistical analyses were performed using 2-way analysis of variance (ANOVA) multiple comparison. Significance was set at adjusted p values: p<0.05*, p<0.01**, P<0.,001***. 





[image: ]	 Figure 4: LC activation after OMV-DyLlight 488 VS PBS particles injection with Bella-muTM 1.4 mm, and 1.8 mm devices VSvs Mantoux methods. OMV particles were injected using Bella-muTM devices 1.4 mm (orange) or Bella-mu 1.8 mm (green) device or Mantoux method (graey) in human skin. A superficies of epidermal sheets wasere analyzed for each devices, in two2 independent experiments for a total of 12.4 mm^2 for PBS, 23.5 mm^2 for Bella-muTM1.4 mm, 10.7 mm^2 for Bella-muTM 1.8 mm, and 15 mm^2 for Mantoux method. A) Image of stained epidermal sheet with anti-CD1a (red). Scale bar = 20 µm. DottedWhite line represents dendrites. LC activation is evaluated after 3 h by measurement of dendrite length (B), their numbers per cells (C), and the number of LCs/mm2 (D). Data are represented by box and whisker plot (median, min and max). E) Representative flow cytometric CD80 and CD86 histograms on (LCs) and Kkeratinocytes (KCs). Statistical analyses were performed using Kruskal-Wallis multiple comparison test. Significance was set at adjusted p-values: p<0.05*, p<0.01**, p<0.001*** , p<0.0001****.


























[image: ]


Figure 5: OMV-DyLlight 488 uptake by dermal APCs afterfollowing i.d. injection. OMV-DyLlight 488 particles are injected using Bella-muTM devices 1.4 mm and Bella-muTM1.8 mm or Mantoux method in human skin (n=3). After 3xh incubation, dermal cells are resuspended and analyzed by flow cytometry. A) Gating strategy is represented. Dermal APCs are represented with CD45+HLA-DR+marker. Subpopulations of dermal APCs are detected using different level of surface markers (CD1a, CD1c, CD163 as indicated). B) Percentages of subsets among the dermis APCs. C) Proportion of OMV-DyLlight 488- positive cells among each subpopulation’s expression isare represented in bar for each i.d. method used (mean, min and max, all point represented). Statistical analyses were performed using Friedman multiple comparison test. Significance was set at adjusted p-values: p<0.05*, p<0.01**, p<0.001*** , p<0.0001****.
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Figure	 5:	 OMV-Dylight488	 up-take	 by	 dermal	 APCs	 following	 i.d.	 injecFon.	 OMV-Dylight488	 parIcles	 are	
injected	using	Bella-muTM	devices	1.4	mm	Bella-muTM	1.8	mm	or	Mantoux	method	 in	human	skin	 (n=3).	ASer	
3xh	incubaIon,	dermal	cells	are	resuspended	and	analyzed	by	flow	cytometry.	A)	GaIng	strategy	is	represented.	
Dermal	 APCs	 are	 represented	 with	 CD45+HLA-DR+marker.	 SubpopulaIons	 of	 dermal	 APC	 are	 detected	 using	
different	level	of	surface	markers	CD1a,	CD1c,	CD163	as	indicated.	B)	Percentages	of	subsets	among	the	dermis	
APCs.	C)	ProporIon	of	OMV-Dylight488	posiIve	cells	among	each	subpopulaIons	expression	are	represented	in	
bar	for	each	i.d.	method	used	(mean,	min	and	max,	all	point	represented).	StaIsIcal	analyses	were	performed	
using	 Friedman	 mulIple	 comparison	 test.	 Significance	 was	 set	 at	 adjusted	 p-value:	 p<0.05*,	
p<0.01**,p<0.001***	,	p<0.0001****.	
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Figure	5:	OMV-Dylight488	up-take	by	dermal	APCs	following	i.d.	injecon.	OMV-Dylight488	parcles	are	

injected	using	Bella-muTM	devices	1.4	mm	Bella-muTM	1.8	mm	or	Mantoux	method	in	human	skin	(n=3).	Aer	

3xh	incubaon,	dermal	cells	are	resuspended	and	analyzed	by	flow	cytometry.	A)	Gang	strategy	is	represented.	

Dermal	APCs	are	represented	with	CD45+HLA-DR+marker.	Subpopulaons	of	dermal	APC	are	detected	using	

different	level	of	surface	markers	CD1a,	CD1c,	CD163	as	indicated.	B)	Percentages	of	subsets	among	the	dermis	

APCs.	C)	Proporon	of	OMV-Dylight488	posive	cells	among	each	subpopulaons	expression	are	represented	in	

bar	for	each	i.d.	method	used	(mean,	min	and	max,	all	point	represented).	Stascal	analyses	were	performed	

using	Friedman	mulple	comparison	test.	Significance	was	set	at	adjusted	p-value:	p<0.05*,	

p<0.01**,p<0.001***	,	p<0.0001****.	
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