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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) has developed Bella-muTM device, with a hexagonal shape and a silicon material, with an easey-to- of use that aims 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 the 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 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 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: Typically at an angle of 15° ? Or is 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 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 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 technique ?	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 while 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). 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 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 efficiently target skin immune cells;, and are usable with various vaccines, easy -to- use, and acceptable toby the patient population.	Comment by KL: OK ? It is conventional to use a plus sign. Or if you prefer, you can use -positive, as in CD1a-positive	Comment by KL: OK?

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 which aims 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 fresh 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 LC of the epidermis, and the OMV vaccine isare efficiently uptaken up 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 « Recommendations for the Conduct, Reporting, Editing, and Publication of Scholarly Work in Medical Journals »
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