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Axe 2. Les technologies in vitro actuellement disponibles pour étudier la réponse immunitaire cutanée, telles que les cultures cellulaires 2D ou approches de bioimpression, miment de nombreux aspects spécifiques de la peau mais ne capturent pas l'architecture complexe et en 3D du tissu, ni la diversité naturelle du répertoire immun humain.

Pour remédier à cette limitation, nous avons développé une plateforme permettant d'étudier la réponse immunitaire induite suite à l'injection de vaccins dans des modèles ex vivo de peau humaine biostabilisée. Une matrice gélifiée permet le maintien de la viabilité, la rigidité et l'immunocompétence des modèles jusqu'à 7 jours de culture. Constitués de l'épiderme, du derme et de l'hypoderme, les modèles permettent l'injection de différentes molécules par voie sous-cutanée ou intradermique, y compris des vaccins à ARN messager. La réponse immunitaire suite à l'injection du vaccin Moderna contre le COVID-19 a été étudiée à différents temps après injection, en combinant différents types d'analyses, incluant du séquençage à l'échelle de la cellule unique et du tissu ainsi que des dosages de cytokines. Cette plateforme pourrait être utilisée afin d'évaluer la toxicité mais également l'immunogénicité de différents composés injectables en amont des tests cliniques.

Mots-clés : imagerie multiplexée, peau humaine, cellules immunitaires, modèle ex vivo, vaccination.

Development of a multidimensional approach to study cutaneous immune response in patients samples and biostabilised human skin explants.

The skin acts as a barrier organ that separates the body from the external environment. It is composed of a broad diversity of myeloid cells (e.g., dendritic cells, Langerhans cells, etc.) and lymphoid cells (e.g., CD4+ T cells, CD8+ T cells etc.) that interact with a network of structural elements (e.g., keratinocytes, stromal cells, blood vessels etc.). In case of inflammatory pathologies or vaccination, cutaneous immune cells help orchestrate a protective immune response. The nature and activation status of those cells then represent precious biological information that can help to better understand the molecular mechanisms involved.

My thesis is constructed into two main aims: (Aim 1) the development of a new tool allowing the analysis of cutaneous immune responses and (Aim 2) the analysis of ex vivo innate immune response following RNA vaccine injection.

Aim 1. The vast majority of diagnosis for cutaneous pathologies relies on immunohistochemistry analyses of one or two proteins and/or hematoxylin eosin staining in thin tissues. However, those analyses do not permit to apprehend the complex skin immune environment, which constitute a major limitation. Recently, the development of highlymultiplexed imaging systems, such as CODEX, MIBI-TOF, IMC, or t-CyCIF, has allowed the combination of phenotyping and spatial localisation of immune cells within a tissue. However, there is a strong need to democratize these methods with the use of inexpensive instrumentation coupled to a user-friendly analysis interface.

During my thesis, we have developed MANTIS (Multiplexed Annotated Tissue Imaging System), an analysis tool allowing the phenotyping and localisation of immune cells in thick human skin samples. We first set up a method to acquire 9 fluorescent signals simultaneously and in 3D using a classical confocal microscope. We next designed an adaptable and interactive analytical system which automatically generates a digital version of the skin immune landscape and enables single-cell quantitative data visualization. Aim 2. Currently available in vitro technologies to study cutaneous immune response, such as 2D cell culture systems or bioprinting approaches, mimic various specific aspects of the skin; however, they still do not capture the 3D complexity of the native organ and the natural diversity of the human immune repertoire.

To address this issue, we have developed a platform allowing the study of immune response following vaccine injection in biostabilised ex vivo human skin models. A chemically-defined gelified matrix maintains the viability and immunocompetence of the skin for a period of 7 days of culture. Consisting in epidermis, dermis and hypodermis, the models can be subcutaneously or intradermally injected with various molecules, including RNA vaccines. The immune response induced by the injection of an anti-COVID-19 Moderna vaccine has been studied at different timepoints following injection, by combining multiple analysis tools such as single cell and bulk RNA sequencing, and cytokines dosage. This platform could be used to assess toxicity and immunogenicity of various injectable compounds ahead of clinical trials.

Key words: multiplex imaging, human skin, immune cells, ex vivo model, vaccination. 
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INTRODUCTION

Part I. The skin as an immune organ to study vaccination

From the early days of vaccination, the skin has been used as a means of vaccination. Initially, the technique of variolation involved deliberately inoculating a small sample of infectious material from a person with a mild disease, such as smallpox, into a healthy individual [START_REF] Plotkin | History of vaccination[END_REF]. This was done by scratching the skin and depositing scabs or fluid taken from people affected by the disease. Over time, other routes of administration were explored, including the intramuscular (IM) route for reasons of practicality, accessibility, and safety, and today, the vast majority of vaccines are administered intramuscularly [START_REF] Zuckerman | The importance of injecting vaccines into muscle[END_REF]. However, as vaccine development has been largely based on empirical methods, the legitimacy of the muscle as a vaccination target is now being questioned and the skin, which was historically used in the early days of vaccination, appears to be a promising alternative candidate for the administration of vaccines [START_REF] Kim | Enabling skin vaccination using new delivery technologies[END_REF].

The skin, which is the body's largest organ, has gained increasing attention as a unique platform for studying vaccinations and immune responses [START_REF] Có-Rives | Skin-Based Vaccination: A Systematic Mapping Review of the Types of Vaccines and Methods Used and Immunity and Protection Elicited in Pigs[END_REF]. Beyond its protective role as a physical barrier between the internal and external environment of the human body, the skin acts as a sophisticated immune organ, hosting a diverse array of immune cells and specialized structures [START_REF] Salmon | The skin as an immune organ[END_REF]. Studying vaccination through the lens of the skin offers several advantages. These include the skin's abundant antigenpresenting cells (APCs) that effectively capture and process vaccine antigens [START_REF] Kashem | Antigen-Presenting Cells in the Skin[END_REF], the presence of immune cells in the skin that enable rapid immune activation and recruitment to the vaccination site, and the dense network of lymphatic vessels that facilitate efficient transport of antigens to draining lymph nodes [START_REF] Pal | The role of the lymphatic system in vaccine trafficking and immune response[END_REF], initiating systemic immune responses. By leveraging the skin's unique immunological properties, valuable insights can be obtained into the mechanisms underlying vaccination, paving the way for the development of more effective and targeted immunization strategies. The skin is composed of three distinct layers: the epidermis, the dermis and the hypodermis. This organ is vascularised, innervated and contains cutaneous appendages including hair follicles, sweat glands and sebaceous glands. Extracted from (Hofmann et al., 2023).

Overview of the human skin a. Functions of the skin

The human skin performs a variety of vital functions, including:

• Physical barrier against environmental aggressors. The skin is a physical barrier which protects tissues and organs from external injuries, such as mechanical aggressions, chemical toxins and UV radiation [START_REF] Proksch | The skin: an indispensable barrier[END_REF].

• Body temperature maintenance. Sweat is released through the skin when body temperature increases, and its evaporation on the skin's surface plays a vital role in regulating body temperature [START_REF] Romanovsky | Skin temperature: its role in thermoregulation[END_REF].

• Sensory function. The skin harbors nerve endings that enable the perception of touch, granting it sensitivity to pressure, temperature and pain [START_REF] Mcglone | The cutaneous sensory system[END_REF].

• Immune function. The skin provides a first line of defense against invading pathogens, including bacteria and viruses, which can enter the body through physical injuries. Its immune protection is supported by a multitude of immune cells present in the skin, such as APCs (i.e. Langerhans cells (LCs) or dendritic cells (DCs)), which possess the ability to activate the adaptive immune system [START_REF] Salmon | The skin as an immune organ[END_REF].

Keratinocytes also contribute significantly to protection against pathogens by notably secreting various cytokines (Piipponen et al., 2020).

b. Structure of the skin

The skin is composed of three distinct layers: the epidermis, the dermis and the hypodermis, and contains a range of appendages such as hair follicles, sweat glands, and sebaceous glands [START_REF] Kanitakis | Anatomy, histology and immunohistochemistry of normal human skin[END_REF] (Figure 1). The epidermis is composed of 4 layers called stratum basale, stratum spinosum, stratum granulosum and stratum corneum, respectively from dermis to skin surface. The epidermis cells are mainly keratinocytes, Langerhans cells, melanocytes and Merkel cells. Adapted from [START_REF] Twarog | Particules Janus pour des applications industrielles : stabilités et incorporation de principes actifs[END_REF].

i. Epidermis

The outermost layer of the human skin, called the epidermis, is a stratified squamous epithelium that undergoes constant renewal. It consists of four primary cell types:

keratinocytes, melanocytes, LCs, and Merkel cells [START_REF] Crickx | Comprendre la peau[END_REF][START_REF] Prost-Squarcioni | Histologie de la peau et des follicules pileux[END_REF] (Figure 2).

Representing more than 80% of the epidermis cells, keratinocytes are organized into four distinct layers: the stratum basale, stratum spinosum, stratum granulosum and stratum corneum. Under normal conditions, human skin keratinocytes undergo differentiation by migrating from the basal layer to the stratum corneum in approximately three weeks [START_REF] Crickx | Comprendre la peau[END_REF]. Keratinocytes perform crucial functions such as the maintenance of the cohesion of the epidermis, the skin's barrier function by preventing dehydration and the infiltration of harmful substances [START_REF] Dréno | Anatomie et physiologie de la peau et de ses annexes[END_REF], and an important role in protection against UV radiation [START_REF] Crickx | Comprendre la peau[END_REF]. Interestingly, it has been shown that keratinocytes exhibit an important immune function, through the expression of class II Major Histocompatibility Complex (MHC) molecules, enabling the presentation of antigens to other immune cells [START_REF] Banerjee | Role of Keratinocytes in Antigen Presentation and Polarization of Human T Lymphocytes[END_REF].

Additionally, they contribute to the secretion of various cytokines involved in inflammation, such as interleukin (IL)-1, IL-6, and IL-8 [START_REF] Dréno | Anatomie et physiologie de la peau et de ses annexes[END_REF].

Melanocytes are the second most abundant cell type in the epidermis. They are exclusively located in the stratum basale and represent an approximate ratio of one melanocyte for every 10 basal keratinocytes. These specialized cells are responsible for synthesizing melanin, which confers color to the skin and also plays a role in photoprotection [START_REF] Cichorek | Skin melanocytes: biology and development[END_REF].

Melanocytes are know to play a major role in cutaneous pathologies such as Vitiligo [START_REF] Seneschal | An update on Vitiligo pathogenesis[END_REF].

LCs constitute the third most abundant cell population within the epidermis and represent approximately 3 to 8% of the epidermal cells. LCs play a pivotal role in the cutaneous immune system. As specialized APCs residing in the skin, they act as sentinels, constantly surveying the environment for potential threats using their dendrites that can navigate between the keratinocytes to sense the environment. Upon encountering pathogens or foreign substances, LCs capture and internalize antigens by endocytosis, subsequently migrating to nearby lymph nodes to initiate adaptive immune responses. Their ability to process and present antigens to T cells is vital for initiating both local and systemic immune reactions (Romani et al., 2010). The skin is composed of 3 layers: the epidermis, the dermis, which can be separated into papillary dermis and reticular dermis, and the hypodermis. From Genoskin.

Merkel cells are the minority cell type in the epidermis. Predominantly located in the lips, palms and soles of the feet, they function as mechanoreceptors, playing a crucial role in providing the sense of touch to the skin. Additionally, Merkel cells contribute to both inductive and trophic functions on the peripheral nerve endings and appendages [START_REF] Woo | Merkel cells and neurons keep in touch[END_REF].

ii. Dermis

The dermis consists of two main regions: the papillary dermis and the reticular dermis, both made of an extracellular matrix. The papillary dermis, located at the superficial layer, between the epidermal ridges, is composed of loose connective tissue. It contains thin, isolated collagen fibers that are predominantly oriented perpendicular to the basal layer of the epidermis [START_REF] Crickx | Comprendre la peau[END_REF][START_REF] Prost-Squarcioni | Histologie de la peau et des follicules pileux[END_REF]. The reticular dermis, situated in the deeper region of the dermis, adjacent to the hypodermis, is characterized by a dense connective tissue composition. This layer contains thick collagen fibers and elastin fibers that interlock, primarily oriented parallel to the epidermis [START_REF] Crickx | Comprendre la peau[END_REF][START_REF] Prost-Squarcioni | Histologie de la peau et des follicules pileux[END_REF] (Figure 3).

Various cell types populate those skin layers. Among these, fibroblasts are the predominant cell type in the dermis. The primary role of fibroblasts is to synthesize and degrade components of the extracellular matrix [START_REF] Deleon-Pennell | Fibroblasts: The arbiters of extracellular matrix remodeling[END_REF], a role also shared by macrophages [START_REF] Bellomo | Lymph node macrophages: Scavengers, immune sentinels and trophic effectors[END_REF]. They are responsible for the production and secretion of collagen, elastin, fibrillin and fundamental substance. Additionally, fibroblasts secrete growth factors, enzymes (such as collagenases and protease inhibitors), and participate in the physiological regulation of the skin by secreting a wide array of cytokines [START_REF] Müller | Radiation-induced alterations in cytokine production by skin cells[END_REF]. The dermis is also constituted of a diverse range of immune cells, such as mast cells, macrophages, granulocytes, and small proportions of T and B cells [START_REF] Quaresma | Organization of the Skin Immune System and Compartmentalized Immune Responses in Infectious Diseases[END_REF]. A separate section (Part I, 2. Cutaneous immune system) will be dedicated to exploring the immune system of the human skin. Finally, the presence of Schwann cells within the dermis has been recently discovered. Although they have been acknowledged for their capacity to aid in repair and encourage axon regeneration after peripheral nervous system injuries, it appears that they also play a significant role in processes like skin wound healing, infection management, and the development of cutaneous pathologies such as melanoma [START_REF] Bray | Schwann cells as underestimated, major players in human skin physiology and pathology[END_REF].

The reticular dermis plays an essential role in the cutaneous immune system thanks to the presence of small arterioles and venules, nerves and hair follicles. Blood vessels provide the means for immune cells, antibodies, and nutrients to reach the site of infection or inflammation, aiding in the immune response [START_REF] Braverman | The role of blood vessels and lymphatics in cutaneous inflammatory processes: an overview[END_REF]. They also play a role in regulating local blood flow, which can influence immune cell recruitment and tissue healing.

Nerves, through the release of neuropeptides, modulate inflammation and immune cell activity, influencing immune responses in the skin. Hair follicles contribute significantly to the cutaneous immune response due to their specialized microenvironment [START_REF] Christoph | The human hair follicle immune system: cellular composition and immune privilege[END_REF] that will be further discussed in another section (Part I, 1.iv. Appendages). The interconnection of blood vessels, nerves, and hair follicles in the cutaneous immune system underscores their indispensable roles in orchestrating immune processes, tissue protection, and repair.

iii. Hypodermis

The hypodermis, situated beneath the dermis, is the layer of fat within the skin. It consists of fat lobules, known as adipocytes, and serves multiple functions, including energy storage, thermal insulation, structural support [START_REF] Rivera-Gonzalez | Adipocytes in Skin Health and Disease[END_REF] and shock absorption [START_REF] Dréno | Anatomie et physiologie de la peau et de ses annexes[END_REF]. These adipocytes are separated by interlobular septa, which facilitate the passage of blood vessels and nerve fibers to the dermis [START_REF] Crickx | Comprendre la peau[END_REF][START_REF] Prost-Squarcioni | Histologie de la peau et des follicules pileux[END_REF]. In addition to adipocytes, the hypodermis is populated by a diverse range of immune cells, including innate immune cells such as macrophages, neutrophils and mast cells;

adaptive immune cells like T lymphocytes; and Natural Killer T cells (NKT) that bridge the innate and adaptive immune systems [START_REF] Dalmas | Le tissu adipeux -Un nouveau terrain de jeu pour les cellules immunitaires[END_REF].

iv. Appendages

Cutaneous appendages are specialized anatomical skin-associated structures that serve specific functions. There are two main types of skin appendages: cutaneous glands, which consist of eccrine and apocrine sweat glands as well as sebaceous glands, and hair follicles [START_REF] Dréno | Anatomie et physiologie de la peau et de ses annexes[END_REF].

The sebaceous glands are microscopic glands that secrete sebum, an oily substance that lubricates the skin to protect against friction and makes it more resistant to moisture. They are annexed to the hair follicles and the arrector pili muscle, forming the pilosebaceous follicle.

Apocrine sweat glands are attached to pilosebaceous follicles in specific regions of the body such as auxiliary, inguinal and intergluteal folds. These apocrine glands have an excretory duct leading to the pilosebaceous duct, situated beneath the sebaceous gland. In contrast, eccrine sweat glands are not associated with hair follicles and directly open onto the skin surface [START_REF] Dréno | Anatomie et physiologie de la peau et de ses annexes[END_REF][START_REF] Wilke | A short history of sweat gland biology[END_REF]. The hair follicle is surrounded by a plethora of immune cells including APCs, CD4+ and CD8+ T cells and mast cells . Adapted from [START_REF] Olayinka | Immunopathogenesis of alopecia areata[END_REF].

Hair follicles grow through a hair cycle consisting of three phases: the anagen phase (growth phase), the catagen phase (resting phase) and the telogen phase (resting and shedding phase) [START_REF] Dréno | Anatomie et physiologie de la peau et de ses annexes[END_REF]. Hair follicles play a crucial role in the cutaneous immune system, serving as integral components for immune surveillance and response. Around the hair follicle, there is a specialized microenvironment that harbors a rich network of immune cells, including LCs, CD4+ or CD8+ T cells, macrophages and mast cells [START_REF] Christoph | The human hair follicle immune system: cellular composition and immune privilege[END_REF] (Figure 4).

Additionally, the hair follicle serves as a reservoir for immune memory cells, allowing for enhanced and targeted immune responses upon subsequent encounters with specific antigens [START_REF] Adachi | Hair follicle-derived IL-7 and IL-15 mediate skin-resident memory T cell homeostasis and lymphoma[END_REF]. The dense concentration of immune cells near the hair follicle and the presence of shunt pathways across the stratum corneum barrier have generated significant interest in the potential of hair follicles for transfollicular drug delivery and needlefree transcutaneous immunization [START_REF] Hansen | Transfollicular delivery takes root: the future for vaccine design?[END_REF] and will be further discussed in another section (Part I,3. c. ii. Parenteral route).

Cutaneous immune system

The cutaneous immune system is a complex network of immune and structural cells that interact to protect the skin from pathogens, maintain tissue homeostasis, and orchestrate defense responses. It encompasses a diverse array of cell types, including APCs (i.e. DCs, LCs, macrophages), T cells, B cells, mast cells, and granulocytes, which reside or can be recruited within the skin layers [START_REF] Salmon | The skin as an immune organ[END_REF]. This section will be first dedicated to a quick overview of how the innate immune response takes place after a pathogen introduction, and will then focus on the different cutaneous immune cell types involved in the immune response.

a. Innate immune response

Throughout life, the human body may encounter numerous pathogens, such as viruses, fungi or bacteria, which can enter the body through diverse routes such as respiratory (inhalation), oral (ingestion of contaminated food or water) or dermal (via cuts, wounds) routes. Once inside, these pathogens can target specific tissues or organs, causing infections and prompting the host's immune response.

After the introduction of a pathogen agent in the human body, the innate immune response takes place in 3 major stages: pathogen recognition by cells of the innate immune system, phagocytosis of the pathogen by specialized cells and travel of activated APCs to the lymph nodes for starting the adaptive immune response [START_REF] Janeway | Innate Immune Recognition[END_REF]. TLR1, 2, 4, 5, and 6, mainly recognize PAMPs originating from bacteria, fungi, and protozoa, while TLR3,7,8,and 9 are able to detect nucleic acid PAMPs from various viruses and bacteria. The complete functionality of TLR10 has not been fully elucidated to date. Extracted from [START_REF] Mcinturff | The Role of Toll-like Receptors in the Pathogenesis and Treatment of Dermatological Disease[END_REF] i.

Pathogen recognition

When a pathogen enters the human body, numerous interactions occur between the pathogen and the host. The initial step involves the recognition of the pathogen by the innate immune system, which identifies it as "non-self". Pathogens express conserved molecular structures, known as pathogen-associated molecular patterns (PAMPs), which are crucial for their survival and pathogenicity. These PAMPs can be detected by host sensors known as pathogen recognition receptors (PRRs), which are found on various innate immune cells like DCs, macrophages, and neutrophils [START_REF] Kumar | Pathogen Recognition by the Innate Immune System[END_REF]. Multiple PRRs exist, each with its own specificity.

• Toll-like receptors (TLRs)

TLRs are the most widely studied PRRs and are considered the main detectors of pathogens.

In humans, 10 TLR family members have been identified, including TLR1, 2, 4, 5, and 6, predominantly found on the surface of cells and recognizing PAMPs originating from bacteria, fungi, and protozoa, and TLR3, 7, 8, and 9, exclusively located within endocytic compartments and primarily detect nucleic acid PAMPs from various viruses and bacteria (Figure 5). In particular, TLR4 recognizes lipopolysaccharide (LPS) from Gram-negative bacteria [START_REF] Park | Recognition of lipopolysaccharide pattern by TLR4 complexes[END_REF]; TLR5 recognizes flagellin from motile bacteria [START_REF] Yoon | Structural Basis of TLR5-Flagellin Recognition and Signaling[END_REF]; and TLR3 recognizes viral nucleic acids [START_REF] Matsumoto | Antiviral responses induced by the TLR3 pathway[END_REF]. The latest TLR to be discovered, TLR10 is a unique TLR, found on the plasma membrane, which exhibits anti-inflammatory properties [START_REF] Fore | TLR10 and Its Unique Anti-Inflammatory Properties and Potential Use as a Target in Therapeutics[END_REF]. However, the exact mechanism of its function is yet to be fully determined.

After pathogen detection, TLR signaling enables the activation of diverse transcription factors like Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), interferon regulatory factor (IRF) 3/7, and mitogen-activated protein (MAP) kinases, triggering the production of pro-inflammatory cytokines and type I interferons (IFN) [START_REF] Kumar | Pathogen Recognition by the Innate Immune System[END_REF].

• RIG-I-like receptors (RLRs)

The RLR family, consisting of three members, namely, RIG-I (Retinoic acid-inducible gene I), MDA5 (Melanoma differentiation-associated protein 5), and LGP2 (Laboratory of Genetics and Physiology 2), are sensors capable of identifying RNA derived from RNA viruses within the cytoplasm of infected cells [START_REF] Yoneyama | Viral RNA detection by RIG-Ilike receptors[END_REF]. Once activated, they initiate the production of inflammatory cytokines and type I IFN [START_REF] Onomoto | Type I Interferon Production Induced by RIG-I-Like Receptors[END_REF]. This response serves to inhibit viral replication, induce apoptosis in infected cells, enhance the lytic capabilities of natural killer cells (NK), increase the expression of MHC class I molecules, and activate various components of the adaptive immune response [START_REF] Kumar | Pathogen Recognition by the Innate Immune System[END_REF].

• NOD-like receptors (NLRs)

NLRs form a family of molecules that detect a diverse array of ligands within the cytoplasm of cells. For instance, NOD1 (nucleotide-binding and oligomerization domain 1) and NOD2 are capable of recognizing peptidoglycans, a key component of bacterial cell walls, as well as various pathogenic microorganisms (Girardin et al., 2003a(Girardin et al., , 2003b)). Upon recognition of PAMPs, these sensors either activate NF-κB or MAP kinases, leading to the production of inflammatory cytokines. Alternatively, they can activate a multiprotein complex known as the "inflammasome" [START_REF] Davis | The Inflammasome NLRs in Immunity, Inflammation, and Associated Diseases[END_REF]. This inflammasome triggers the proteolytic cleavage, or maturation, of various caspases, resulting in the production of mature inflammatory cytokines like IL-1β and IL-18. Additionally, it may also initiate cell death [START_REF] Kumar | Pathogen Recognition by the Innate Immune System[END_REF].

Various types of inflammasomes have been identified, each associated with specific NLRs family proteins responsible for detecting different microbial threats. Among these, the NLRP3

(NOD-, LRR-, and pyrin domain-containing 3) stands out as an intracellular sensor capable of detecting a wide array of stimuli, including toxins, endogenous alarmins, viruses, Grampositive bacteria, fungi, and environmental debris. Activation of the NLRP3 inflammasome occurs upon detection, leading to its formation and subsequent activation [START_REF] Swanson | The NLRP3 inflammasome: molecular activation and regulation to therapeutics[END_REF]. Another significant inflammasome is the NLRC4 (NOD-, LRR-, and CARD-containing 4), which is specialized in detecting bacterial flagellin and other structures from various bacterial sources [START_REF] Duncan | The NLRC4 Inflammasome[END_REF]. Though NLRP1 was the first inflammasome sensor discovered, the exact mechanisms behind its activation and the downstream effects remain somewhat elusive. However, it appears that its unique protease activity plays a crucial role in its functioning. NLRP1 is particularly recognized as the principal inflammasome sensor in human keratinocytes, and its activation is induced by UV-B radiation, thought to be responsible for sunburn induction [START_REF] Fenini | The NLRP1 Inflammasome in Human Skin and Beyond[END_REF].

• C-type lectins (CTLs)

The CTLs constitute a superfamily of proteins that exhibit broad ligand recognition capabilities, encompassing both exogenous and endogenous molecules. CTLs are characterized by the presence of one or more C-type lectin-like domains and are expressed on cells of the innate and adaptive immune systems. While certain CTLs, such as L-selectin, are widely expressed by leukocytes and facilitate the adhesion of myeloid cells to vascular endothelium, as well as lymphocyte trafficking to secondary lymphoid tissues [START_REF] Ivetic | L-selectin: A Major Regulator of Leukocyte Adhesion, Migration and Signaling[END_REF][START_REF] Klinger | Cyclical expression of L-selectin (CD62L) by recirculating T cells[END_REF], the expression of specific CTLs is often restricted to particular cell lineages.

CTLs are pivotal components in the defense against microbial pathogens due to their ability to recognize various glycan structures commonly found on microorganisms. The capacity of C-Type Lectin Receptor (CLRs) to influence the development of adaptive immunity, particularly T helper 1 (Th1) cell, Th17 cell [START_REF] Geijtenbeek | C-type lectin receptors in the control of T helper cell differentiation[END_REF], and B cell responses [START_REF] Joo | C-Type Lectin-Like Receptor LOX-1 Promotes Dendritic Cell-Mediated Class-Switched B Cell Responses[END_REF] [START_REF] Zahid | Molecular and Structural Basis of DNA Sensors in Antiviral Innate Immunity[END_REF].

Upon the recognition of PAMPs by PRRs, a rapid cascade of antimicrobial immune responses is initiated. This cascade involves the induction of diverse inflammatory cytokines, chemokines, and type I IFN [START_REF] Kumar | Pathogen Recognition by the Innate Immune System[END_REF]. These immune mediators play a crucial role in recruiting additional immune cells, including neutrophils, macrophages, and DCs, to the site of infection. Initially, the pathogen is recognized by engaging surface receptors and subjected to physical examination at the plasma membrane. Subsequently, the pathogen is internalized and enclosed within a specific intracellular compartment called a phagosome. Within the phagosome, the pathogen is broken down through digestion, potentially leading to antigen presentation via MHC class II. Extracted from [START_REF] Underhill | Information processing during phagocytosis[END_REF].

Table 1. Phagocytic receptors and their ligands.

Extracted from [START_REF] Underhill | Information processing during phagocytosis[END_REF].

ii.

Pathogen clearance

After the detection of the pathogen, the innate immune system activates various mechanisms to eliminate the invading pathogens. Some of these methods include:

• The complement system activation

The complement system is an essential part of the innate immune system and plays a crucial role in mounting effective immune responses against infectious organisms, damaged tissues, and other foreign substances. Comprising more than 30 plasma and membrane-associated serum proteins, the complement system forms a complex network. This network is organized into proteolytic cascades that begin by identifying pathogenic surfaces and subsequently generating potent proinflammatory mediators (anaphylatoxins). It also involves opsonization,

where the pathogenic surface is coated with complement opsonins (e.g., C3b (cleavage of complement component 3)), making the pathogens more vulnerable to phagocytosis.

Additionally, the complement system is responsible for targeted lysis of the pathogenic surface by assembling membrane-penetrating pores, known as the membrane attack complex.

Overall, the complement system acts as a tightly regulated and efficient mechanism in innate immunity [START_REF] Dunkelberger | Complement and its role in innate and adaptive immune responses[END_REF]).

• The phagocytosis

Phagocytosis is the process by which macrophages, DCs, LCs cells and neutrophils internalize a wide variety of targets, including microorganisms, dead cells and environmental debris. This process is one of several mechanisms of internalization, which also includes endocytosis (actin-dependent), macropinocytosis (membrane ruffling), and autophagy (engulfment of cytosolic material), among others. The process of phagocytosis can be divided into four stages (Figure 6):

(1) First, 'tasting' relies on chemically sampling the target through surface receptor engagement. Phagocytosis is triggered by phagocytic receptors, such as dectin 1 and Fc receptors, which directly or indirectly (via opsonization) recognize particulate targets [START_REF] Kerrigan | C-type lectins and phagocytosis[END_REF][START_REF] Swanson | Shaping cups into phagosomes and macropinosomes[END_REF]. Several receptor types play roles in phagocytic uptake, including Fc receptors for antibody-opsonized particles and dectin 1 for fungal β-1,3-glucans [START_REF] Brown | Immune recognition. A new receptor for beta-glucans[END_REF]) ( but they do not require escape from the endosome to be presented on MHC class II. Extracted from [START_REF] Reichmuth | mRNA vaccine delivery using lipid nanoparticles[END_REF].

myeloid differentiation primary response protein 88 (MyD88), leading to the production of pro-inflammatory cytokines [START_REF] Underhill | Information processing during phagocytosis[END_REF].

(2) 'Feeling' involves physically exploring the target through the plasma membrane. The phagocyte extends pseudopods around the target and interacts with specific phagocytic receptors. This process enables the cell to gather information about the target's physical properties, including size, geometry, and topography, which, in turn, determines the most suitable mechanism of internalization [START_REF] Underhill | Information processing during phagocytosis[END_REF]. Apart from microorganisms, lipid nanoparticles (LNPs) can also undergo an internalization process, which represents a significant advantage utilized in vaccination, particularly in mRNA vaccination, where LNPs serve as vectors for in vivo RNA delivery (Figure 7). This capability of LNPs enhances both mRNA stability and endocytosis [START_REF] Reichmuth | mRNA vaccine delivery using lipid nanoparticles[END_REF].

(3) 'Swallowing' refers to the internalization process where material is taken up into a distinct intracellular compartment known as phagosome. During this process, receptors are recruited and concentrated within the newly forming phagosomes, leading to a heightened level of activation [START_REF] Underhill | Information processing during phagocytosis[END_REF].

In the case of viral infection such as Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), clathrin-mediated endocytosis is a preferred way to gain access into cells [START_REF] Bayati | SARS-CoV-2 infects cells after viral entry via clathrin-mediated endocytosis[END_REF]. Clathrin-mediated endocytosis is a vital process for vesicular trafficking, transporting diverse cargo molecules from the cell surface to the interior.

The process begins with endocytic coat proteins clustering on the inner leaflet of the plasma membrane, leading to the formation of a 'clathrin-coated pit.' Membrane bending, scission, and actin polymerization aid in shaping the membrane, allowing the release of cargo-filled vesicles through uncoating for further intracellular transport [START_REF] Kaksonen | Mechanisms of clathrin-mediated endocytosis[END_REF].

(4) Finally, 'digesting' marks the concluding phase of phagocytosis, enabling the breakdown of the target. Phagosome maturation occurs as lysosomes fuse with the phagosome, causing the internalized particles to degrade due to the phagosome compartment's acidification and the presence of proteolytic enzymes. In the case of neutrophils, this maturation is further boosted by fusing the phagosome with prepackaged storage granules containing densely packed antimicrobial peptides and enzymes. This entire process can trigger the activation of antigen-processing and i.

Dendritic cells

DCs are commonly described as APCs characterized by their stellate morphology [START_REF] Guilliams | Dendritic cells, monocytes and macrophages: a unified nomenclature based on ontogeny[END_REF].

Functions

DCs have been demonstrated to be involved in a wide range of mechanisms, including:

• Initiation of the adaptive immune response

In the context of inflammation, DCs play a crucial role by capturing antigens. When encountering a pathogen, they undergo a process of maturation including the upregulation of costimulatory molecules (CD40, CD80 or CD86), MHC-II, and CC-chemokine receptor (CCR) 7, required for guiding cells to and within lymphoid organs. This maturation process leads to an increased migration rate and a heightened immune stimulatory capacity which allow mature DCs to migrate to the lymph nodes, where they facilitate the differentiation of various T cell lineages through the activation of the T cell receptor (TCR), costimulatory molecules, and specific combinations of cytokines [START_REF] Malissen | The origins and functions of dendritic cells and macrophages in the skin[END_REF].

•

Cross-presentation

Cross-presentation is a crucial mechanism in the immune system, where DCs uptake and internalize external antigens, such as from pathogens or dead cells in the extracellular environment. Instead of presenting these antigens via the conventional MHC class II pathway, which is typical for exogenous antigens, these specialized APCs process and present them using the MHC class I pathway [START_REF] Haniffa | Human tissues contain CD141hi cross-presenting dendritic cells with functional homology to mouse CD103+ nonlymphoid dendritic cells[END_REF][START_REF] Jongbloed | Human CD141+ (BDCA-3)+ dendritic cells (DCs) represent a unique myeloid DC subset that cross-presents necrotic cell antigens[END_REF]. This exceptional capability enables the immune system to activate CD8+ cytotoxic T cells, which are essential for eliminating viruses, intracellular pathogens, and tumors [START_REF] Kashem | Antigen-Presenting Cells in the Skin[END_REF].

• Tolerance

It has been observed that tissue-resident DCs in an immature state with limited migration and low expression levels of costimulatory molecules, are able to promote CD4+ and CD8+ T cell tolerance towards harmless environmental antigens and self-antigens [START_REF] Bonifaz | Efficient targeting of protein antigen to the dendritic cell receptor DEC-205 in the steady state leads to antigen presentation on major histocompatibility complex class I products and peripheral CD8+ T cell tolerance[END_REF][START_REF] Hawiger | Dendritic cells induce peripheral T cell unresponsiveness under steady state conditions in vivo[END_REF]. This active process involves the upregulation of MHC-II and CCR7 and can result in the development of regulatory T cells (Tregs), a specialized subpopulation of T cells that act to suppress immune response; or the induction of anergy in autoreactive T cells.

These Tregs or anergized T cells then help prevent excessive immune responses against self- Adapted from [START_REF] Kashem | Antigen-Presenting Cells in the Skin[END_REF]Verheye et al., 2022).

antigens, reducing the risk of autoimmune reactions and maintaining homeostasis and selftolerance, by secreting specific cytokines and factors like transforming growth factor (TGF)-β and retinoic acid [START_REF] Hill | Retinoic acid enhances Foxp3 induction indirectly by relieving inhibition from CD4+CD44hi Cells[END_REF][START_REF] Marie | TGF-beta1 maintains suppressor function and Foxp3 expression in CD4+CD25+ regulatory T cells[END_REF][START_REF] Zhou | TGF-beta-induced Foxp3 inhibits T(H)17 cell differentiation by antagonizing RORgammat function[END_REF].

Classification

Distinguishing between various subsets of DCs poses a significant challenge due to the multitude of proposed classifications, which are primarily based on murine studies. In this context, we will present one of the proposed classifications that divides DCs into four main subtypes (Table 2).

• Conventional DC1 (cDC1) cDC1s represent a small population in the human dermis and exhibit a high turnover rate, as they rapidly migrate to the deep T cell zone of the lymph node. cDC1s are identified by the expression of several markers, including:

❖ XCR1 (X-C Motif Chemokine Receptor 1), the chemokine receptor for XCL1, which is expressed by CD8+ T cells [START_REF] Dorner | Selective expression of the chemokine receptor XCR1 on cross-presenting dendritic cells determines cooperation with CD8+ T cells[END_REF][START_REF] Malissen | The origins and functions of dendritic cells and macrophages in the skin[END_REF], ❖ CLEC9A (C-Type Lectin Domain Containing 9A), a receptor for F-actin [START_REF] Ahrens | Factin is an evolutionarily conserved damage-associated molecular pattern recognized by DNGR-1, a receptor for dead cells[END_REF][START_REF] Zhang | The dendritic cell receptor Clec9A binds damaged cells via exposed actin filaments[END_REF], ❖ CADM1 (Cell Adhesion Molecule 1), ❖ TLR3, CD141, and the transcription factor IRF8 [START_REF] Tamura | IFN regulatory factor-4 and -8 govern dendritic cell subset development and their functional diversity[END_REF].

Notably, dermal cDC1s lack the expression of CD14, CD11b, CD172α, or CX3CR1 (C-X3-C

Motif Chemokine Receptor 1) [START_REF] Kashem | Antigen-Presenting Cells in the Skin[END_REF].

• Conventional DC2 (cDC2) Dermal cDC2s constitute the predominant population of DCs in the human dermis and are primarily distinguished by their expression of CD11b, CD1c and IRF4. They exhibit positive expression of CX3CR1, signal regulatory protein α (SIRPα), CCR2, and CD11c [START_REF] Malissen | The origins and functions of dendritic cells and macrophages in the skin[END_REF], although these markers can also be present on monocytes and macrophages, posing challenges in their phenotypic identification [START_REF] Kashem | Antigen-Presenting Cells in the Skin[END_REF].

• Plasmacytoid DC (pDC) pDCs share a similar origin with cDCs and are a highly specialized population known for their production of IFN-α, thus playing a crucial role in antiviral immunity. In steady-state conditions, LCs are antigen-presenting cells that share common features with macrophages, such as their selfmaintenance or embryonic origin, and with dendritic cells, such as their dendrites and ability to migrate to lymph nodes. Extracted from [START_REF] Deckers | CD103-and CD103+ bronchial lymph node dendritic cells are specialized in presenting and cross-presenting innocuous antigen to CD4+ and CD8+ T cells[END_REF].

pDCs circulate in the blood, but they can be found in the skin and peripheral tissues upon inflammatory conditions. In humans, pDCs are characterized by being CD11c-negative, CD123/IL-3R-positive, CD303-positive, and CD304-positive. Morphologically, pDCs possess well-developed secretory machinery and exhibit a resemblance to B cells or plasma cells [START_REF] Reizis | Plasmacytoid dendritic cells: recent progress and open questions[END_REF].

• Monocyte-derived DCs (mo-DCs)

Mo-DCs show a close resemblance to dermal cDC2s in terms of their phenotype, as they share the expression of CD11c, CD11b, CX3CR1, SIRPα, and CCR2. Nevertheless, mo-DCs can be distinguished from cDC2s based on the requirement for CCR2 signaling for their development in the skin. Research indicates that mo-DCs originate from Ly6C hi (lymphocyte antigen 6 family member C1) monocytes that infiltrate the skin. These monocytes undergo a transformation, acquiring MHC-II expression, and gradually losing their Ly6C marker.

In their function, mo-DCs are less effective than cDC2s in activating both CD4+ and CD8+ T cells and in their ability to migrate to lymph nodes [START_REF] Tamoutounour | Origins and functional specialization of macrophages and of conventional and monocyte-derived dendritic cells in mouse skin[END_REF]. Despite this, mo-DCs exhibit transcriptional similarities to cDC2s, and they have the capacity to rapidly expand in response to inflammatory stimuli, which suggests a dynamic and responsive mode influenced by the surrounding microenvironment's demands. It is essential to note that mo-DCs play a crucial role in the mouse immune system, yet their characterization in the healthy human dermis remains to be fully explored. There is a possibility that mo-DCs exist within the CD14+CD1c+ DC subset in humans, but further investigation is required to confirm this [START_REF] Kashem | Antigen-Presenting Cells in the Skin[END_REF].

ii.

Langerhans cells 1. Function and origin

LCs are a distinct subset of APCs that are specifically located in the epidermal layer of the skin, primarily in the supra-basal layer of the epidermis under normal conditions (Romani et al., 2010). LCs represent a unique cell type that exhibits a remarkable mixture of macrophagelike characteristics (arising from specific developmental origins and self-maintaining capabilities) and DCs properties (such as migration to lymph nodes and the ability to stimulate T cells). They have been interestingly described as "macrophage in dendritic cell clothing" due to this distinctive combination of features [START_REF] Doebel | Langerhans Cells -The Macrophage in Dendritic Cell Clothing[END_REF] (Figure 9). Those granules are mainly composed of langerin and are thought to play a role in antigen-presentation.

Extracted from (Romani, Clausen and Stoitzner, 2010).

This long-lived cell population possess elongated dendrites, allowing them to establish a continuous cellular network throughout the epidermis, which enables the surveillance of foreign antigens [START_REF] Kubo | External antigen uptake by Langerhans cells with reorganization of epidermal tight junction barriers[END_REF]. In addition to their primary role in antigen sensing and presentation, studies have indicated that LCs, similarly to DCs, may also contribute to the induction of tolerance under steady-state conditions [START_REF] Merad | Origin, homeostasis and function of Langerhans cells and other langerin-expressing dendritic cells[END_REF][START_REF] Seneschal | Human epidermal Langerhans cells maintain immune homeostasis in skin by activating skin resident regulatory T cells[END_REF].

LCs can be distinguished by the presence of distinctive tennis racket-shaped Birbeck granules [START_REF] Birbeck | An Electron Microscope Study of Basal Melanocytes and High-Level Clear Cells (Langerhans Cells) in Vitiligo**From the Chester Beatty Research Institute[END_REF]) (Figure 10), primarily composed of the Langerin/CD207 molecule, a CLR that serves as a specific marker for LCs and is suggested to play a role in antigen uptake [START_REF] Valladeau | Langerin/CD207 sheds light on formation of birbeck granules and their possible function in Langerhans cells[END_REF][START_REF] Valladeau | Langerin, a novel C-type lectin specific to Langerhans cells, is an endocytic receptor that induces the formation of Birbeck granules[END_REF]. In humans, LCs express various other markers, including MHC-II, the epithelial cell adhesion molecule (EpCAM) [START_REF] Gaiser | Cancer-associated epithelial cell adhesion molecule (EpCAM; CD326) enables epidermal Langerhans cell motility and migration in vivo[END_REF], CD11b, CX3CR1, and SIRPα [START_REF] Kashem | Antigen-Presenting Cells in the Skin[END_REF]. LCs also exhibit constitutive expression of E-cadherin, a homotypic adhesion molecule that enables the attachment of LCs to neighboring keratinocytes, and CD205, a lectin involved in antigen capture and processing [START_REF] Im | Tissue distribution of the DEC-205 protein that is detected by the monoclonal antibody NLDC-145. I. Expression on dendritic cells and other subsets of mouse leukocytes[END_REF][START_REF] Jiang | The receptor DEC-205 expressed by dendritic cells and thymic epithelial cells is involved in antigen processing[END_REF]. Additionally, human LCs express high levels of CD1a, which enables the presentation of microbial lipid antigens to T cells [START_REF] Hunger | Langerhans cells utilize CD1a and langerin to efficiently present nonpeptide antigens to T cells[END_REF].

Research findings indicate that adult LCs have a unique developmental origin that combines both early embryonic and late fetal myeloid development. Initially, LCs arise from hematopoietic precursors present in the skin before birth. Specifically, primitive myeloid progenitors originating from the yolk sac (YS) populate the prospective skin in the embryo.

However, during late embryogenesis, these YS-derived LC precursors are largely replaced by fetal liver monocytes. As a result, the majority of adult LCs are derived from fetal liver monocyte-derived cells, with a smaller contribution from YS-derived cells [START_REF] Hoeffel | Adult Langerhans cells derive predominantly from embryonic fetal liver monocytes with a minor contribution of yolk sacderived macrophages[END_REF].

LCs at steady-state

Throughout their lifespan, approximately 2-3% of LCs are in an actively cycling state, to ensure immune surveillance. Indeed, the density of LCs in the steady-state adult epidermis needs to be sustained. Studies have demonstrated that LCs possess the ability to self-renew independently of precursor cells from the blood and bone marrow within the steady-state epidermis (Romani et al., 2010). A complementary hypothesis proposes the existence of specialized local precursor cells that are mobilized in the bulge region following skin injury [START_REF] Gilliam | The human hair follicle: a reservoir of CD40+ B7-deficient Langerhans cells that repopulate epidermis after UVB exposure[END_REF]. Both mechanisms, self-renewal of existing LCs and recruitment of local precursor cells, could contribute to the maintenance and renewal of LCs within the epidermis during steady-state conditions [START_REF] Merad | Origin, homeostasis and function of Langerhans cells and other langerin-expressing dendritic cells[END_REF].

LCs during inflammation

Following the capture and presentation of antigens, LCs undergo migration to the draining lymph nodes. During migration, LCs enhance the expression and redistribution of MHC class II molecules on their cell surface [START_REF] Larsen | Migration and maturation of Langerhans cells in skin transplants and explants[END_REF]. They also upregulate the expression of costimulatory molecules such as CD40 [START_REF] Ruedl | Anatomical origin of dendritic cells determines their life span in peripheral lymph nodes[END_REF] and CCR7, which plays a crucial role in their migration to the lymph nodes [START_REF] Ohl | CCR7 governs skin dendritic cell migration under inflammatory and steady-state conditions[END_REF]. Conversely, the expression of Ecadherin is downregulated, likely facilitating disengagement of LCs from neighboring keratinocytes [START_REF] Merad | Origin, homeostasis and function of Langerhans cells and other langerin-expressing dendritic cells[END_REF].

The replenishment of LCs in the epidermis is not only necessary during steady-state conditions but also following inflammation. However, the self-renewal mechanism of LCs during inflammation is believed to involve a distinct pathway compared to that utilized during steady-state conditions. The repopulation of LCs in inflamed skin appears to rely on circulating monocytes [START_REF] Ginhoux | Langerhans cells arise from monocytes in vivo[END_REF][START_REF] Merad | Langerhans cells renew in the skin throughout life under steady-state conditions[END_REF] and is dependent on colony-stimulating factor 1 (CSF1), CCR2 and CCR6 signaling [START_REF] Merad | Origin, homeostasis and function of Langerhans cells and other langerin-expressing dendritic cells[END_REF].

iii.

Langerin+ dendritic cells

Despite Langerin/CD207 being commonly regarded as a specific marker for LCs, recent research suggests that it is also expressed by a population of dermal DCs that have an immune-regulatory role in the dermis [START_REF] Bursch | Identification of a novel population of Langerin+ dendritic cells[END_REF][START_REF] Ginhoux | Blood-derived dermal langerin+ dendritic cells survey the skin in the steady state[END_REF][START_REF] Poulin | The dermis contains langerin+ dendritic cells that develop and function independently of epidermal Langerhans cells[END_REF]. These DCs, known as "dermal langerin+ DCs", are distinct from LCs and were initially thought to be transitional or "en route" LCs. However, compelling evidence has firmly established them as a separate subset of cutaneous DCs unrelated to LCs. Some of the key evidence supporting this distinction includes their difference in radiosensitivity [START_REF] Ginhoux | Blood-derived dermal langerin+ dendritic cells survey the skin in the steady state[END_REF][START_REF] Merad | Langerhans cells renew in the skin throughout life under steady-state conditions[END_REF][START_REF] Poulin | The dermis contains langerin+ dendritic cells that develop and function independently of epidermal Langerhans cells[END_REF] and their distinct repopulation kinetics following the complete disappearance of all langerin+ cells upon administration of diphtheria toxin [START_REF] Ginhoux | Blood-derived dermal langerin+ dendritic cells survey the skin in the steady state[END_REF].

Regarding the expression levels of MHC class II molecules, CD11c, and langerin, dermal langerin+ DCs are indistinguishable from LCs. However, these two populations can be differentiated based on the expression of other markers: dermal langerin+ DCs in mice express CD103, while LCs and other dermal DCs populations lack this marker, and LCs exhibit higher levels of CD11b and EpCAM expression compared to dermal langerin+ DCs [START_REF] Bursch | Identification of a novel population of Langerin+ dendritic cells[END_REF].

Recent emerging evidence suggests that different subsets of langerin+ DCs have distinct functions, particularly in tissue immune responses, including those in the skin and lungs (del Rio et al., 2007;[START_REF] Seneschal | Langerin+ dermal DC, but not Langerhans cells, are required for effective CD8-mediated immune responses after skin scarification with vaccinia virus[END_REF]. However, the molecular mechanisms underlying these responses are yet to be fully elucidated [START_REF] Merad | Origin, homeostasis and function of Langerhans cells and other langerin-expressing dendritic cells[END_REF].

Similar to LCs, the migration of dermal langerin+ DCs to the lymph nodes is dependent on the expression of CCR7 [START_REF] Ginhoux | Blood-derived dermal langerin+ dendritic cells survey the skin in the steady state[END_REF]. The rapid replenishment of langerin+ dermal DCs in the dermis is believed to involve progenitor cells derived from the bloodstream, although their precise identity has yet to be determined [START_REF] Bursch | Identification of a novel population of Langerin+ dendritic cells[END_REF][START_REF] Ginhoux | Blood-derived dermal langerin+ dendritic cells survey the skin in the steady state[END_REF][START_REF] Poulin | The dermis contains langerin+ dendritic cells that develop and function independently of epidermal Langerhans cells[END_REF].

iv. Macrophages

Resident dermal macrophages are large phagocytic cells which are highly abundant in human skin. They primarily reside in the dermis and hypodermis and can be characterized by specific markers such as CD11b, F4/80, or CD163 [START_REF] Guilliams | Dendritic cells, monocytes and macrophages: a unified nomenclature based on ontogeny[END_REF][START_REF] Merad | Origin, homeostasis and function of Langerhans cells and other langerin-expressing dendritic cells[END_REF]. Dermal macrophages originate from both the YS and fetal liver during embryonic development, and are replenished by hematopoietic stem cells in adulthood [START_REF] Ginhoux | Tissue-Resident Macrophage Ontogeny and Homeostasis[END_REF][START_REF] Sheng | Most Tissue-Resident Macrophages Except Microglia Are Derived from Fetal Hematopoietic Stem Cells[END_REF].

Classification

The classification of macrophages into different subsets is still a topic of discussion. Traditional concepts of macrophage activation focused on dichotomous states, such as classical activation versus alternative activation [START_REF] Gordon | Monocyte and macrophage heterogeneity[END_REF][START_REF] Mantovani | Macrophage polarization: tumorassociated macrophages as a paradigm for polarized M2 mononuclear phagocytes[END_REF], in response to specific in vitro signals.

Subsequently, a general framework for macrophage activation has been proposed, classifying macrophages treated with LPS and IFN-γ as M1 macrophages, and those stimulated with antiinflammatory cytokines like IL-4, IL-13, or IL-10 as M2 macrophages, each with distinct phenotypic and functional characteristics [START_REF] Mills | M-1/M-2 macrophages and the Th1/Th2 paradigm[END_REF]. However, the specific antiinflammatory stimuli used to generate M2 macrophages can result in subtle phenotypic variations, leading to the subdivision of the M2 phenotype into M2a (induced by IL-4 or IL-13),

M2b (induced by IL-10), and M2c (induced by a combination of immune complexes and LPS) [START_REF] Mantovani | The chemokine system in diverse forms of macrophage activation and polarization[END_REF].

However, the traditional M1-M2 model of macrophage activation has been found to be inadequate in describing the full spectrum of macrophage phenotypes, as it does not account for certain homeostatic or pathological conditions (J. Xue et al., 2014). To address this limitation, a multidimensional model of macrophage activation has emerged, which takes into consideration the various signals that macrophages encounter in their specific microenvironments. Building upon this multidimensional model, a stimulus-specific nomenclature system for macrophage activation has been proposed [START_REF] Murray | Macrophage activation and polarization: nomenclature and experimental guidelines[END_REF]. For example, in vitro-stimulated macrophages would be designated by the specific inducing stimulus they were exposed to, such as M(LPS), while in vivo-derived macrophages would be described based on multiple markers rather than being categorized solely as M1 or M2. The current challenge is to expand the phenotypic classification of macrophages to accurately reflect their functional state at a given time and within a specific environmental context (Ginhoux et al., 2016).

Functions

One notable characteristic of macrophages is their capacity to adapt their responses based on environmental signals. In the presence of pathogens, macrophages activate a proinflammatory response, producing cytokines as well as reactive oxygen and nitrogen species to combat and control the invading pathogens. On the other hand, under homeostatic conditions, macrophages shift towards phenotypes associated with tissue remodeling and repair, reflecting their role in maintaining tissue integrity (Ginhoux et al., 2016). All together, macrophages play a significant role in various processes [START_REF] Guilliams | Establishment and Maintenance of the Macrophage Niche[END_REF].

• Regulation of inflammation

As discussed earlier, macrophages perform phagocytosis and are thus considered as key actors in the preservation of the integrity of the skin. They constantly monitor the skin microenvironment, searching for signals indicating cell stress, tissue injury, or infection. Their remarkable degree of flexibility allows them to either promote or suppress inflammation to maintain skin homeostasis. For example, in the presence of an invading pathogen, activated macrophages respond by secreting cytokines, chemokines, and inflammatory mediators such as prostaglandins, leukotrienes, and platelet-activating factors to eradicate the pathogen and resolve inflammation (Jr et al., 2001;[START_REF] Yanez | The Role of Macrophages in Skin Homeostasis[END_REF]. Macrophages also have an important role in pathologies, as they were recently found to be increased in number in the dermis during the late phase of a mouse model of psoriasis [START_REF] Terhorst | Dynamics and Transcriptomics of Skin Dendritic Cells and Macrophages in an Imiquimod-Induced, Biphasic Mouse Model of Psoriasis[END_REF].

• Wound healing

Macrophages have been observed to actively participate in this process by clearing the wound site and promoting cell proliferation. Throughout all phases of wound repair, macrophages are abundant and represent the most prevalent cell type involved in this type of injury [START_REF] Willenborg | CCR2 recruits an inflammatory macrophage subpopulation critical for angiogenesis in tissue repair[END_REF]. They release a variety of cytokines and growth factors, including TGF-β which is crucial for fibroblast differentiation, vascular endothelial growth factor A (VEGF-A), which stimulates vascularization and tissue regeneration [START_REF] Lucas | Differential roles of macrophages in diverse phases of skin repair[END_REF], as well as plateletderived growth factor (PDGF) and TGF-α, which trigger angiogenesis and re-epithelialization [START_REF] Mirza | Selective and specific macrophage ablation is detrimental to wound healing in mice[END_REF][START_REF] Yanez | The Role of Macrophages in Skin Homeostasis[END_REF].

• Hair follicle development and regeneration

In the hair follicle microenvironment, macrophages secrete fibroblast growth factor, which plays a role in regulating the catagen phase of the hair follicle cycle. Additionally, resident macrophages inhibit the activation of hair follicle stem cells, thereby preventing entry into the anagen phase. On the other hand, inflammatory infiltrating macrophages promote the transition to the anagen phase [START_REF] Osaka | ASK1-dependent recruitment and activation of macrophages induce hair growth in skin wounds[END_REF].

• Tissue homeostasis

Finally, regardless of their origin, macrophages can exhibit potent suppressive functions that play a crucial role in immune regulation (Ginhoux et al., 2016). Upon sensitization, B cells produce IgE antibodies that will crosslink with the FcεRI receptor upon subsequent exposure to the same allergen, thus leading to a signaling cascade triggering an immune response. Extracted from [START_REF] He | Mast cells and basophils are essential for allergies: mechanisms of allergic inflammation and a proposed procedure for diagnosis[END_REF] 

c. Mast cells

The skin is the organ which presents the higher proportion of mast cells. In the dermis, mast cells are primarily located near blood vessels, nerves, and hair follicles. These cells are characterized by the presence of secretory granules that contain a huge amount of proinflammatory mediators, including histamine, proteases, cytokines, chemokines, and growth factors. Upon external stimuli, mast cells release within seconds, the content of those granules, a process known as degranulation. This process enables a quick response compared to other immune cells residing in the tissue.

Recently, seven distinct mast cell subsets have been identified in humans, each displaying unique transcriptomic core signatures. These subsets are distributed across 12 organs, with three subsets specifically located in the skin [START_REF] Tauber | Landscape of mast cell populations across organs in mice and humans[END_REF].

• Link between innate and adaptive immunity Mast cells are not only involved in allergic responses but also play a significant role in both innate and adaptive immunity. Their abundance of surface receptors, along with the presence of proinflammatory mediators and strategic positioning, positions them as crucial players in the frontline defense against invading pathogens. Mast cells possess a diverse range of PRR, including Fc and complement receptors, allowing them to detect cellular stress and tissue damage. Upon recognition, mast cells undergo degranulation, which serves as an initiation point for the immune response. This degranulation process can lead to blood vessel dilation and increased permeability, thereby influencing the recruitment of other circulating immune cells to the site of inflammation [START_REF] Abraham | Mast cell-orchestrated immunity to pathogens[END_REF][START_REF] Galli | Mast cells in the development of adaptive immune responses[END_REF].

• Bacterial, virus fungi and parasite infections Mast cells also exhibit a protective function against various bacterial pathogens. After their recognition via TLR signaling, mast cells induce immune cell recruitment and DC maturation, thus participating in the clearance of the bacteria. Mast cells contribute to infection control through mechanisms like phagocytosis, the production of extracellular traps, and the release of antimicrobial peptides such as lipocalin 2 and cathelicidin. Additionally, mast cells are crucial in the generation of IL-12, an essential component for defending against microbial infections [START_REF] Voss | Mast Cells in the Skin: Defenders of Integrity or Offenders in Inflammation?[END_REF]. Furthermore, mast cells play a crucial role in mounting responses against numerous viral and parasitic infections, including leishmaniasis. Finally, mast cells detect the presence of fungal pathogens by recognizing pathogen products through the signaling of TLRs or C-type lectin receptors and initiate appropriate immune responses to combat the infection [START_REF] Voss | Mast Cells in the Skin: Defenders of Integrity or Offenders in Inflammation?[END_REF].

• Skin homeostasis

Upon interactions between mast cells and neighboring immune and non-immune cells, particularly fibroblasts and keratinocytes, mast cells can release cytokines, chemokines, and growth factors through the process of degranulation, thus participating in various aspects of skin biology, including the regulation of epidermal barrier function, maintenance of skin homeostasis, wound healing, and the aging process. [START_REF] Voss | Mast Cells in the Skin: Defenders of Integrity or Offenders in Inflammation?[END_REF].

• Mast cell-neuron axis

Recent studies have brought attention to the close relationship between mast cells and neurons, which are found throughout the organs of both mice and humans. Together, they create an exceptional sensory system capable of detecting potential threats, including allergens such as house dust in atopic dermatitis [START_REF] Serhan | House dust mites activate nociceptor-mast cell clusters to drive type 2 skin inflammation[END_REF], and triggering appropriate biological responses. Advancements in this field have uncovered that mast cells residing in tissues and neighboring sensory neurons can form neuroimmune clusters that regulate pain, inflammation, and itch, with MAS related GPR family member X2 (MRGPRX2)

signaling playing a key role as a 'canonical mediator' in the interaction between these two cell types in mouse [START_REF] Gaudenzio | Mast cell-neuron axis in allergy[END_REF][START_REF] Meixiong | Nociceptor-Mast Cell Sensory Clusters as Regulators of Skin Homeostasis[END_REF].

d. Granulocytes

Granulocytes are a type of immune cell that contain granules filled with enzymes and proteins, which are released during infections, allergic reactions, and asthma. The three main types of granulocytes are neutrophils, eosinophils, and basophils and are found in very low proportion in steady-state healthy human skin.

i. Neutrophils

Neutrophils are the first cells to be recruited when the skin barrier is injured. They are found in the bloodstream and can be recruited to sites of tissue infection or injury through a multistep process involving selectins, integrins, and chemokines [START_REF] Marzano | A Comprehensive Review of Neutrophilic Diseases[END_REF]. Activation of neutrophils can be triggered by various factors, including C3 protein, IFN-γ, Tumor Necrosis Factor (TNF)-α, and granulocyte-macrophage colony-stimulating factor (GM-CSF) [START_REF] Quaresma | Organization of the Skin Immune System and Compartmentalized Immune Responses in Infectious Diseases[END_REF]. Once recruited to the site of infection, neutrophils express receptors that recognize and bind to microorganisms, such as TLRs, lectin receptors, or mannose receptors.

They engulf and destroy microorganisms through phagocytosis, aided by microbicidal molecules present in phagolysosomes, including reactive oxygen species (ROS) and proteolytic enzymes [START_REF] Taylor | Activation of neutrophils by autocrine IL-17A-IL-17RC interactions during fungal infection is regulated by IL-6, IL-23, RORγt and dectin-2[END_REF]. Neutrophils are mainly characterized by the expression of myeloperoxidase (MPO) [START_REF] Metzler | Myeloperoxidase is required for neutrophil extracellular trap formation: implications for innate immunity[END_REF], CD11c, CD13, CD15, CD16, CD33, CD63, and CD62L [START_REF] Quaresma | Organization of the Skin Immune System and Compartmentalized Immune Responses in Infectious Diseases[END_REF].

ii. Basophils

Basophils are immune cells that share similarities with mast cells and are primarily found in the bloodstream [START_REF] Abraham | Mast cells and basophils in innate immunity[END_REF]. They can be characterized by the presence of the CD123 marker [START_REF] Sonder | Towards standardizing basophil identification by flow cytometry[END_REF] and express FcεRI, which can be activated by cytokines such as IL-3, IL-5, GM-CSF, and histamine releasing factors. Activation of basophils triggers degranulation, resulting in the release of various substances including serotonin, histamine, platelet-activating factor, and leukotrienes [START_REF] Iki | Basophil tryptase mMCP-11 plays a crucial role in IgE-mediated, delayed-onset allergic inflammation in mice[END_REF]. Basophils also possess TLR2 and TLR4 and have the capability to produce IL-4 and IL-13. Additionally, they play a role in influencing vascular function by releasing vasoactive substances that impact leukocyte migration between blood and tissues, thereby modulating vasodilation and chemotaxis [START_REF] Bagher | Mast cells and mast cell tryptase enhance migration of human lung fibroblasts through protease-activated receptor 2[END_REF][START_REF] Quaresma | Organization of the Skin Immune System and Compartmentalized Immune Responses in Infectious Diseases[END_REF].

iii. Eosinophils

Eosinophils, which originate from the bone marrow, play a role in the development of allergic diseases and infections [START_REF] Freire | IgE autoreactivity in bullous pemphigoid: eosinophils and mast cells as major targets of pathogenic immune reactants[END_REF]. They are particularly abundant in the inflammatory infiltrates during the later stages of reactions. Eosinophils are characterized by the presence of the Siglec8 marker [START_REF] Gunten | Expression and Function of Siglec-8 in Human Eosinophils, Basophils, and Mast Cells[END_REF] and also possess Fc receptors and can be activated by Th2 cytokines (such as IL-5, IL-13) and GM-CSF. This activation leads to their recruitment to sites of inflammation, where they release granular proteins that are toxic to parasitic helminths, contributing to the inflammatory cascade in allergic processes [START_REF] Cook | Multiple Helminth Infection of the Skin Causes Lymphocyte Hypo-Responsiveness Mediated by Th2 Conditioning of Dermal Myeloid Cells[END_REF]. In this case, IgEs are produced, which bind to the parasites and trigger the release of various microbicidal substances derived from eosinophils, including cationic proteins, peroxidase, and neurotoxins [START_REF] Pearlman | Immunopathology of onchocerciasis: a role for eosinophils in onchocercal dermatitis and keratitis[END_REF]. Eosinophils can also secrete prostaglandins, which have the potential to induce vasodilation and attract neutrophils through chemotaxis. Additionally, eosinophils release leukotrienes that are involved in allergic skin diseases, as well as cytokines (IL-3, IL-5, IL-8, IL-10, GM-CSF) [START_REF] Prendergast | CD4 T-cell hyporesponsiveness induced by schistosome larvae is not dependent upon eosinophils but may involve connective tissue mast cells[END_REF][START_REF] Quaresma | Organization of the Skin Immune System and Compartmentalized Immune Responses in Infectious Diseases[END_REF].

e. Innate lymphoid cells

Innate lymphoid cells (ILCs) belong to a group of innate immune cells that originate from a common lymphoid progenitor [START_REF] Kim | Innate Lymphoid Cells in the Skin[END_REF]. They are predominantly found in barrier tissues such as the skin, particularly in the epidermis and dermis. ILCs have recently been recognized

for their involvement in various functions, including immune regulation, tissue homeostasis, and the development of inflammatory skin disorders [START_REF] Ab | Innate lymphoid type 2 cells sustain visceral adipose tissue eosinophils and alternatively activated macrophages[END_REF][START_REF] Ab | Innate lymphoid type 2 cells sustain visceral adipose tissue eosinophils and alternatively activated macrophages[END_REF]. Unlike T and B cells, ILCs do not possess somatically rearranged antigen receptors; however, ILCs are promptly activated by stress signals and a range of cytokines derived from epithelial and myeloid cells, rather than antigen recognition like T and B cells [START_REF] Wagner | Innate Lymphoid Cells in Skin Homeostasis and Malignancy[END_REF].

They subsequently respond to threats to tissue integrity by producing cytokines and chemokines [START_REF] Kabata | The group 2 innate lymphoid cell (ILC2) regulatory network and its underlying mechanisms[END_REF][START_REF] Klose | Innate lymphoid cells control signaling circuits to regulate tissuespecific immunity[END_REF]. Consequently, they can rapidly react to innate signals without relying on antigen specificity [START_REF] Kim | Innate Lymphoid Cells in the Skin[END_REF]. They have been classified

into five subsets based on their expression of specific cytokines and a combination of transcription factors:

NK cells, which are cytotoxic cells, rely on the presence of a T-box transcription factor called eomesodermin for their differentiation. They have been shown to be involved in immune responses against tumors [START_REF] Boudreau | Natural Killer Cell Education and the Response to Infection and Cancer Therapy: Stay Tuned[END_REF][START_REF] Chiossone | Natural killer cells and other innate lymphoid cells in cancer[END_REF] .

ILC1s are a subset of innate lymphoid cells that secrete type 1 cytokines, including IFN-γ and TNF-α. Their development and function depend on the expression of T-bet, a T-box transcription factor [START_REF] Sonnenberg | Innate lymphoid cell interactions with microbiota: implications for intestinal health and disease[END_REF]. Unlike NK cells, ILC1s do not possess cytotoxic activity [START_REF] Wagner | Innate Lymphoid Cells in Skin Homeostasis and Malignancy[END_REF], but are still believed to have a potential role in skin inflammation [START_REF] Kim | Innate Lymphoid Cells in the Skin[END_REF].

Both NK cells and ILC1s are activated by cytokines such as IL-12, IL-18, and IL-15. IL-12 and IL-18 are secreted by monocytes and activated DCs, while IL-15 is produced by activated monocytes, macrophages, and various non-hematopoietic cells [START_REF] Fuchs | Intraepithelial type 1 innate lymphoid cells are a unique subset of IL-12-and IL-15responsive IFN-γ-producing cells[END_REF][START_REF] Nagasawa | Innate Lymphoid Cells (ILCs): Cytokine Hubs Regulating Immunity and Tissue Homeostasis[END_REF].

ILC2s are characterized by their secretion of type 2 cytokines, including IL-4, IL-5, and IL-13 [START_REF] Sonnenberg | Innate lymphoid cell interactions with microbiota: implications for intestinal health and disease[END_REF], and their dependency on the expression of GATA3, T cell factor 1 (TCF-1), and RAR-related orphan receptor α (RORα) transcription factors [START_REF] Kiniwa | Localization and site-specific cell-cell interactions of group 2 innate lymphoid cells[END_REF][START_REF] Moro | Innate production of TH2 cytokines by adipose tissueassociated c-Kit+Sca-1+ lymphoid cells[END_REF]. In contrast to NK cells and ILC1s, ILC2s primarily respond to IL-33, IL-25, and thymic stromal lymphopoietin (TSLP) in combination with IL-33. These cytokines are produced by various cell types, such as epithelial and endothelial cells, smooth muscle cells, fibroblasts, macrophages, and activated DCs [START_REF] Kiniwa | Localization and site-specific cell-cell interactions of group 2 innate lymphoid cells[END_REF][START_REF] Nagasawa | Innate Lymphoid Cells (ILCs): Cytokine Hubs Regulating Immunity and Tissue Homeostasis[END_REF]. Furthermore, ILC2s have been implicated in the development of atopic dermatitis [START_REF] Kim | TSLP elicits IL-33-independent innate lymphoid cell responses to promote skin inflammation[END_REF]. The skin is composed of various innate immune cells, such as DCs, LCs, macrophages, NK and granulocytes, but also presents an adaptive immune compartment with the presence of some T and B cells at steady-state. Adapted from [START_REF] Quaresma | Organization of the Skin Immune System and Compartmentalized Immune Responses in Infectious Diseases[END_REF].

ILC3s are RORγt-dependent and are responsible for the production of IL-22 and/or IL-17

cytokines [START_REF] Sonnenberg | Innate lymphoid cell interactions with microbiota: implications for intestinal health and disease[END_REF]. These cells have been implicated in the development of psoriasis (Nestle et al., 2009).

Similar to ILC3s, lymphoid tissue inducer (LTi) cells depend on the expression of the transcription factor RORγt and are capable of producing IL-22 and/or IL-17 cytokines.

However, LTi cells also produce lymphotoxin (LT), which belongs to the TNF family of cytokines [START_REF] Vivier | Innate Lymphoid Cells: 10 Years On[END_REF].

Both ILC3s and LTi cells can be activated by IL-1β and IL-23, which are produced by activated DCs and macrophages (L. Xue et al., 2014).

The cutaneous immune system encompasses not only innate immune cells but also includes different subsets of adaptive immune cells, such as T cells and B cells (Figure 12).

f. Adaptive immune response

The immune response following pathogen entry through the skin is not limited to this tissue but extends throughout the entire body, involving the adaptive immune system [START_REF] Bery | Role of tertiary lymphoid organs in the regulation of immune responses in the periphery[END_REF]. After the processing of antigens by APCs, these antigens are then transported to nearby lymph nodes where they are presented to T cells. Subsequently, activated T cells, along with B cells, travel via the bloodstream and lymphatic system to various organs and tissues, ensuring a widespread immune response. This systemic immune response is crucial for effective pathogen clearance and the establishment of immunological memory to protect against future infections.

The innate immune system plays a crucial role in supporting the development of adaptive immunity, particularly when innate responses alone are insufficient to eliminate infectious agents. The main functions of adaptive immunity are: the recognition of specific "nonself" antigens, the generation of pathogen-specific immune effector pathways that target and eliminate specific pathogens or infected cells, and the development of an immune memory enabling rapid clearance of specific pathogens upon subsequent infections [START_REF] Marshall | An introduction to immunology and immunopathology[END_REF]. T cells and B cells are key players in the adaptive immune system, as T cells undergo activation and proliferation facilitated by APCs, while B cells differentiate into plasma cells to produce antibodies. Th1, Th2, and Th17 are the most commonly observed Th response after antigen-presentation by APCs.

Adapted from [START_REF] Chatzileontiadou | The Many Faces of CD4+ T Cells: Immunological and Structural Characteristics[END_REF].

i. Cell-mediated immunity

Cell-mediated immunity is the branch of adaptive immune response mediated by T cells. T cells possess a wide range of unique TCRs that have the ability to specifically bind to foreign peptides. Activation of T cells takes place when they come into contact with an APC that has processed an antigen and presents the appropriate antigen fragments bound to its MHC molecules. This interaction between activated APCs and the corresponding T cell can occur in the lymphatic system or bloodstream, where T cells circulate, or within lymph nodes following the migration of APCs [START_REF] Bousso | T-cell activation by dendritic cells in the lymph node: lessons from the movies[END_REF]. The binding of the MHC-antigen complex to the TCR triggers T cell activation and prompts them to differentiate into either cytotoxic T cells (CD8+ cells) or Th cells (CD4+ cells) [START_REF] Germain | T-cell development and the CD4-CD8 lineage decision[END_REF].

CD8+ cytotoxic T cells play a crucial role in eliminating cells infected by foreign agents, such as viruses, as well as in killing tumor cells. Their activation occurs through the interaction between their TCR and peptides bound to MHC class I molecules. When a TCR recognizes an antigen loaded onto this MHC class I, clonal expansion occurs. The clonal expansion of cytotoxic T cells leads to the production of effector cells that release substances triggering apoptosis in target cells [START_REF] Cantor | Functional subclasses of T-lymphocytes bearing different Ly antigens. I. The generation of functionally distinct T-cell subclasses is a differentiative process independent of antigen[END_REF][START_REF] Cerottini | Specific in vitro cytotoxicity of thymus-derived lymphocytes sensitized to alloantigens[END_REF]. After the infection is resolved, most effector cells undergo apoptosis and are cleared by phagocytes. However, a small population of these cells persists as memory cells, capable of quickly differentiating into effector cells upon subsequent encounters with the same antigen [START_REF] Doherty | CD8+ T-cell memory to viruses[END_REF];

"Naive and memory T cells show distinct pathways of lymphocyte recirculation," 1990).

CD4+ Th cells play a crucial role in orchestrating and optimizing the immune response. Unlike CD8+ cytotoxic T cells, Th cells do not possess cytotoxic or phagocytic abilities, and they cannot directly eliminate infected cells or clear pathogens. However, they act as mediators of the immune response by instructing other cells to perform these functions and regulating the type of immune response that ensues. The activation of Th cells occurs when their TCR recognizes antigens bound to class II MHC molecules. Once activated, Th cells release cytokines that influence the behavior of various cell types, including the APCs that triggered their activation [START_REF] Tao | Strength of TCR signal determines the costimulatory requirements for Th1 and Th2 CD4+ T cell differentiation[END_REF], or B cell to help their multiplication process and direct the type of antibody that will be subsequently produced.

APCs can induce several types of Th cell responses, with Th1, Th2, and Th17 being the most commonly observed [START_REF] Marshall | An introduction to immunology and immunopathology[END_REF] (Figure 13).

• The Th1 response is characterized by the production of IFN-γ which stimulates the bactericidal functions of macrophages, augments antiviral immunity, and promotes immunity against other intracellular pathogens [START_REF] Lighvani | T-bet is rapidly induced by interferon-γ in lymphoid and myeloid cells[END_REF].

• The Th2 response is characterized by the secretion of cytokines that contribute to the maturation of B cells producing IgE antibodies. Additionally, this response promotes the recruitment and development of mast cells and eosinophils, which play crucial roles in mounting effective immune responses against various parasites [START_REF] Lambrecht | Biology of lung dendritic cells at the origin of asthma[END_REF][START_REF] Paul | How are TH2-type immune responses initiated and amplified?[END_REF].

• The Th17 response is distinguished by the synthesis of cytokines from the IL-17 family, and is linked to persistent inflammatory reactions, especially in the context of chronic infections and diseases [START_REF] Dong | Diversification of T-helper-cell lineages: finding the family root of IL-17-producing cells[END_REF][START_REF] Harrington | Expanding the effector CD4 T-cell repertoire: the Th17 lineage[END_REF].

• The Th22 response is distinguished by the secretion of specific cytokines, including IL-22, IL-13, and TNF-α, while lacking others such as IL-17, IL-4, or IFN-γ. Th22 cells express chemokine receptors CCR4, CCR6, and CCR10 and have the potential to differentiate into Th1 or Th2 cells depending on the prevailing conditions. Initially associated with skin inflammatory diseases, Th22 cells have more recently been foount to be implicated in the pathogenesis of various autoimmune diseases [START_REF] Jiang | Role of Th22 Cells in the Pathogenesis of Autoimmune Diseases[END_REF].

• Follicular helper T cells (Tfh) play a specialized role in providing crucial support to B cells, vital for germinal center formation, affinity maturation, and the development of high affinity antibodies and memory B cells. The differentiation of Tfh cells involves a complex, multi-stage process influenced by various factors, including Bcl6 (B cell lymphoma 6) and other transcription factors. Tfh cells are integral to protective immune responses against pathogens, making them of significant interest for enhancing vaccination strategies. Moreover, Tfh cells have implications in various diseases, particularly autoimmune conditions [START_REF] Crotty | T follicular helper cell differentiation, function, and roles in disease[END_REF].

• Tregs, which is a specific subset of CD4+ T cells, also contributes to the immune response by exerting regulatory functions. Tregs cells have the ability to restrict and suppress immune responses, thereby playing a role in controlling excessive reactions to self-antigens and preventing the onset of autoimmune diseases [START_REF] Belkaid | Regulatory T cells and infection: a dangerous necessity[END_REF][START_REF] Sakaguchi | Immunologic tolerance maintained by CD25+ CD4+ regulatory T cells: their common role in controlling autoimmunity, tumor immunity, and transplantation tolerance[END_REF][START_REF] Vuddamalay | Mouse and human CD8(+) CD28(low) regulatory T lymphocytes differentiate in the thymus[END_REF].

Like cytotoxic T cells, the majority of Th cells undergo cell death after the resolution of an infection, while a small fraction persists as memory Th cells.

ii.

Adaptive component of the cutaneous immune system

Besides innate immune cells, the human skin is known to harbor a remarkable number of T cells, estimated to be more than 20 billion or approximately one million T cells per square centimeter. This T cell population consists of 1-10% of non-conventional γδ T cells, while the majority is composed of conventional αβ T cells [START_REF] Cruz | Human αβ and γδ T Cells in Skin Immunity and Disease[END_REF]. Within this diverse T cell population, memory T cells play a crucial role. Some memory T cells continuously recirculate between the skin, blood, and other tissues, while others, known as tissue-resident memory T cells (TRM), reside within the skin for extended periods, contributing to long-lasting protective immune responses. In the adult human skin, there is a significant abundance of memory αβ T cells, along with smaller populations of γδ T cells and Tregs [START_REF] Ho | T cells and the skin: from protective immunity to inflammatory skin disorders[END_REF]. Together, these T cell subsets play integral roles in processes such as skin homeostasis, wound healing, and immune defense.

Conventional αβ CD8+ TRM and conventional αβ CD4+ TRM are defined as non-recirculating T cells that reside in peripheral tissues, including the skin, and confer long-lasting protective immunity. TRM are mainly characterized by CD69 [START_REF] Kumar | Human tissue-resident memory T cells are defined by core transcriptional and functional signatures in lymphoid and mucosal sites[END_REF], CD103 [START_REF] Szabo | Location, location, location: Tissue resident memory T cells in mice and humans[END_REF] and CD49a, especially in CD8+ TRM [START_REF] Cheuk | CD49a Expression Defines Tissue-Resident CD8+ T Cells Poised for Cytotoxic Function in Human Skin[END_REF]. In the skin, both CD8+ TRM and CD4+ TRM populations can be found in the dermis, while only CD8+ TRM cells are present in the epidermis [START_REF] Ho | T cells and the skin: from protective immunity to inflammatory skin disorders[END_REF].

Residing in the dermis, Tregs play a crucial role in the regulation and suppression of inflammation, by the secretion of immunosuppressive cytokines, such as IL-10 and TGF-β thus exerting inhibitory effects on the proliferation of other T cells [START_REF] Yazdi | Cutaneous immunology: basics and new concepts[END_REF]. Within the human skin, Tregs have been identified as a resident population and shown to interact with fibroblasts and LCs in their native environment, even in the absence of inflammation. It has been noted that a significant portion of circulating Tregs in the peripheral blood express markers associated with skin homing, suggesting their continuous trafficking to the skin [START_REF] Ho | T cells and the skin: from protective immunity to inflammatory skin disorders[END_REF].

Within the human skin, non-conventional γδ T cells are primarily localized in the dermis.

Human γδ T cells exhibit limited diversity, consisting of Vδ1 (present in barrier tissues), Vδ2

(found in peripheral blood), and Vδ3 (present in peripheral blood and liver) subsets [START_REF] Deusch | A major fraction of human intraepithelial lymphocytes simultaneously expresses the gamma/delta T cell receptor, the CD8 accessory molecule and preferentially uses the V delta 1 gene segment[END_REF]. These cells play a vital role in maintaining skin homeostasis by balancing the differentiation and proliferation of keratinocytes while also eliminating infected or malignant cells. Unlike αβ T cells that rely on MHC presentation of foreign peptides, γδ T cells recognize certain antigens in a MHC-independent manner, more similar to antibody-antigen interactions [START_REF] Adams | Human gamma delta T cells: Evolution and ligand recognition[END_REF]. The γδ T cell populations have demonstrated the ability to recognize atypical antigens, including phosphoantigens, stress molecules, non-peptide metabolites of isoprenoid biosynthesis, and other unique antigens [START_REF] Bukowski | Human gamma delta T cells recognize alkylamines derived from microbes, edible plants, and tea: implications for innate immunity[END_REF][START_REF] Bürk | Human V gamma 9-V delta 2 cells are stimulated in a cross-reactive fashion by a variety of phosphorylated metabolites[END_REF].

Notably, a specific subset of Vδ1 T cells has been shown to recognize CD1 molecules presenting lipid antigens on APCs like DCs [START_REF] Spada | Self-recognition of CD1 by gamma/delta T cells: implications for innate immunity[END_REF]. γδ T cells can also detect damaged cells and produce insulin-like growth factor-1 (IGF-1) [START_REF] Sharp | Dendritic epidermal T cells regulate skin homeostasis through local production of insulin-like growth factor 1[END_REF]. Finally, human dermal γδ T cells can trigger cell death, via the expression of the NK group 2D receptor (NKG2D), which lead to cell lysis, or by the production of perforin and induce cytotoxicity through Fas-mediated pathways upon activation [START_REF] Banerjee | Role of Keratinocytes in Antigen Presentation and Polarization of Human T Lymphocytes[END_REF][START_REF] Bergstresser | Dendritic epidermal T cells: lessons from mice for humans[END_REF].

iii.

Humoral immunity

Apart from cellular immunity, humoral immunity is the branch of adaptive immune response mediated by B cells and the production of neutralizing antibodies. B cells possess a distinct antigen-binding receptor on their cell membrane. Unlike T cells, B cells have the ability to directly recognize antigens using specific antibodies expressed on their surface [START_REF] Murphy | Janeway's Immunobiology[END_REF], without relying on APCs. The primary role of B cells is to generate antibodies against foreign antigens, a process that necessitates their subsequent differentiation. Upon activation by foreign antigens matching their specific antigen receptors, B cells undergo proliferation and differentiate into either antibody-secreting plasma cells or memory B cells.

Plasma cells are highly productive in generating substantial quantities of antibodies that circulate throughout the body and enter tissues, thereby offering effective protection against pathogens. The antibodies that are secreted bind to antigens present on the surface of pathogens, marking them for eradication through various mechanisms. These include complement activation, which leads to the destruction of pathogens, promotion of opsonization to enhance phagocytosis [START_REF] Krishnamurthy | Promotion of opsonization by antibodies and phagocytosis of Grampositive bacteria by a bifunctional polyacrylamide[END_REF], and the elimination of pathogens by immune effector cells. Plasma cells are relatively short-lived cells [START_REF] Auner | The life span of short-lived plasma cells is partly determined by a block on activation of apoptotic caspases acting in combination with endoplasmic reticulum stress[END_REF] that frequently undergo apoptosis once the initiating agent responsible for eliciting the immune response is eliminated.

Memory B cells are "long-lived" survivors from previous infections that retain the expression of antigen-binding receptors [START_REF] Palm | Remembrance of Things Past: Long-Term B Cell Memory After Infection and Vaccination[END_REF]. These cells can be quickly mobilized upon re-exposure with an antigen to promptly produce antibodies and eliminate the antigen.

Antibody-mediated immunity encompasses the secretion of five major types of antibodies, each with distinct biological functions and the ability to recognize and neutralize specific pathogens [START_REF] Schroeder | Structure and Function of Immunoglobulins[END_REF]. IgA is primarily involved in safeguarding mucosal surfaces by directly neutralizing toxins, viruses, and bacteria or by preventing their binding to the mucosal surface (Y. Li et al., 2020). IgD is thought to contribute to homeostasis [START_REF] Gutzeit | The enigmatic function of IgD: some answers at last[END_REF]. IgE is associated with hypersensitivity reactions and allergic responses [START_REF] Gould | IgE in allergy and asthma today[END_REF], while also playing a role in the immune defense against parasites [START_REF] Mukai | IgE and mast cells in host defense against parasites and venoms[END_REF]. IgG, the predominant antibody during secondary immune responses, functions in toxin [START_REF] Wullt | IgG Antibody Response to Toxins A and B in Patients with Clostridium difficile Infection[END_REF] and virus neutralization, opsonization of antigens for destruction, and complement fixation. Lastly, IgM, the first immunoglobulin expressed during B cell development, plays a role in the opsonization of antigens for destruction and complement fixation [START_REF] Sharp | Insights into IgMmediated complement activation based on in situ structures of IgM-C1-C4b[END_REF].

Due to their integral role in antibody production, B cells play a critical part in the humoral or antibody-mediated immune response, which stands in contrast to the cell-mediated immune response primarily governed by T cells [START_REF] Marshall | An introduction to immunology and immunopathology[END_REF].

It is to note that the humoral response plays a major role in vaccination, particularly with the induction of protective IgG antibodies. Following vaccination, the immune system triggers the production of specific antibodies, especially IgG, against the vaccine antigens. IgG antibodies play a crucial role in neutralizing pathogens and preventing their entry into cells. These antibodies can also facilitate the elimination of pathogens by promoting phagocytosis and complement-mediated destruction. Moreover, IgG antibodies can provide long-lasting immunity, conferring protection even after the initial exposure to the pathogen. Thus, the induction of a robust humoral response, characterized by the generation of protective IgG antibodies, is essential for establishing effective and durable immunity through vaccination, safeguarding individuals from the risk of infectious diseases [START_REF] Robertson | IgG antibody production and persistence to 6 months following SARS-CoV-2 vaccination: A Northern Ireland observational study[END_REF]. Extracted from [START_REF] Pollard | A guide to vaccinology: from basic principles to new developments[END_REF] 

Skin-based vaccination

Thanks to its high composition in immune cells and APCs, the skin is a promising target for vaccination, thus facilitating efficient immune responses. The skin's network of blood and lymphatic vessels aids in antigen and immune cell transport to lymph nodes.

a. History of vaccination

During the seventeenth and eighteenth centuries, smallpox epidemics were widespread in Europe and were responsible for a significant portion of child mortality in London, accounting for up to 29% of deaths. It was during this time that Edward Jenner presented early evidence of the effectiveness of vaccination. By introducing material from cowpox lesions, obtained from a milkmaid named Sarah Nelms, into the skin of an 8-year-old boy named James Phipps, and subsequently exposing him to smallpox, Jenner demonstrated that cowpox material could provide immunity against smallpox. This breakthrough eventually led to the eradication of smallpox in 1980. Nearly a century after Jenner's work, Louis Pasteur's research on the rabies vaccine in the 1880s marked the beginning of an intensive period of vaccine development. By the mid-twentieth century, vaccines for various diseases like diphtheria, pertussis, and typhoid had been developed using inactivated pathogens or toxoids [START_REF] Pollard | A guide to vaccinology: from basic principles to new developments[END_REF].

b. Vaccine type and composition

Vaccines are specialized biological products that effectively trigger a controlled immune response, leading to protection against infections and diseases upon subsequent exposure to specific pathogens. To achieve this, vaccines contain antigens derived from the pathogen itself or synthetic counterparts that mimic its components. These antigens, often in the form of proteins, are the key components of most vaccines as they elicit immune responses capable of providing protection. By introducing these antigens, vaccines educate the immune system to recognize and mount a robust defense against the corresponding pathogens, offering a critical strategy for preventing and combating infectious diseases [START_REF] Pollard | A guide to vaccinology: from basic principles to new developments[END_REF].

individuals, while avoiding significant disease manifestations. Examples of live vaccines include those for measles, mumps, rubella, oral polio, tuberculosis (Mycobacterium bovis bacillus Calmette-Guérin (BCG) vaccine), and live attenuated influenza. The development of live vaccines involves a delicate balance between inducing a strong immune response through replication and attenuating the pathogen enough to prevent symptomatic disease.

Consequently, some live attenuated vaccines require multiple doses [START_REF] Milligan | Vaccines for preventing typhoid fever[END_REF] and provide relatively short-term immunity, while others may cause mild symptoms. The utilization of live vaccines may be limited due to the possibility of uncontrolled replication in individuals with compromised immune systems, resulting in certain usage restrictions (Rubin et al., 2014).

Inactivated vaccines consist of an antigenic element that can include either killed whole organisms (e.g., whole-cell pertussis vaccine, inactivated polio vaccine), or components of a pathogen such as purified proteins from the pathogen (e.g., acellular pertussis vaccine), recombinant proteins (e.g., hepatitis B virus vaccine), or polysaccharides (e.g., pneumococcal vaccine against S. pneumoniae). Toxoid vaccines, such as those for tetanus and diphtheria, are formed by inactivating and purifying protein toxins using formaldehyde. Unlike live vaccines, inactivated vaccines do not pose a risk to immunocompromised individuals [START_REF] Pollard | A guide to vaccinology: from basic principles to new developments[END_REF].

Apart from the conventional live and inactivated vaccines, various other platforms have emerged in the past few decades [START_REF] Pollard | A guide to vaccinology: from basic principles to new developments[END_REF].

• Viral vectors

A viral vector vaccine is a vaccine that uses a viral vector to deliver nucleic acids (DNA plasmid or mRNA) that can be transcribed by the recipient's host cells as mRNA coding for a desired protein, or antigen, to elicit an immune response. Immune responses are triggered against the proteins produced from the encoded transgenes, facilitating the development of targeted immune responses. These viral vectors encompass a range of viruses, including adenoviruses, poxviruses, herpesviruses, vesicular stomatitis virus, and lentiviruses, which have been genetically modified to serve as vaccine vectors [START_REF] Travieso | The use of viral vectors in vaccine development[END_REF].

Viral vectors present numerous advantages compared to traditional subunit vaccines. One key advantage is their ability to not only stimulate strong antibody responses but also trigger cellular responses that are vital for eliminating infected cells. Moreover, viral vectors, by presenting natural virus enveloppe, can induce robust immune responses without the need for adjuvants and can generate long-lasting immunity. Additionally, they can be engineered to deliver vaccine antigens to specific cells or tissues, enhancing their targeted effectiveness.

Viral vectors also allow high vaccine stability and ease of large-scale production [START_REF] Travieso | The use of viral vectors in vaccine development[END_REF].

In order to enhance safety and minimize reactogenicity, numerous viral vectors have been genetically modified to become replication-deficient, which means they express the desired antigen using an exogenous promoter. While these vectors are generally safer than replicating vectors, they may require a higher dosage or a prime-boost regimen to generate sufficient immune response. Additionally, one advantage of replicating vectors is their ability to mimic a natural infection, leading to the production of cytokines and co-stimulatory molecules that act as potent adjuvants. When a replication-deficient viral vector fails to elicit the desired immune response, the incorporation of an adjuvant may be necessary to enhance the immune response against the encoded antigens. Although IM injection is the most common method for inducing systemic immunity, viral vector vaccines can also be administered via other routes such as intranasal, oral, intradermal, and aerosol administration [START_REF] Travieso | The use of viral vectors in vaccine development[END_REF].

• Nucleic acid-based RNA and DNA vaccines Nucleic acid-based vaccines, such as DNA (in the form of plasmids) and RNA (in the form of mRNA), hold great promise for targeting a wide range of indications and diseases. These vaccines offer advantages over traditional vaccines, including high efficiency, costeffectiveness, and safety. However, the development of nucleic acid vaccines has been hindered by challenges related to their low immunogenicity and instability.

DNA vaccines

DNA vaccines are based on bacterial plasmids that encode antigens and eventually immunostimulatory molecules, including cytokine genes (such as IL-2, GM-CSF, TNF, and FLT3L) or non-cytokine genes (such as CD40L, IgG-Fc, and CD152). The process of developing DNA vaccines involves inserting the gene encoding the desired antigens into a plasmid derived from bacteria, which requires a robust promoter for effective control. These DNA plasmids can be replicated within bacteria and selected based on their antibiotic resistance, which is mediated by genes containing resistance markers. Following delivery and internalization, the DNA is transferred to the nucleus for transcription and subsequently translated into protein in the cytoplasm. NRM, non-amplifying mRNA; SAM, self-amplifying RNA. Extracted from [START_REF] Jackson | The promise of mRNA vaccines: a biotech and industrial perspective[END_REF] DNA vaccines offer several advantages, including their ease of construction and storage.

Compared to conventional vaccines, DNA vaccines demonstrate greater resistance to high temperatures, enabling more convenient transportation and storage, and can also be produced on a large scale. In terms of safety, DNA vaccines have shown no significant adverse reactions or observed toxicity in clinical trials. Another notable advantage of DNA vaccines is their ability to elicit both cellular and humoral immunity. This is achieved by allowing the local expression of target antigens, which subsequently triggers antigen-specific responses from T and B cells. The encoded antigen can be presented by both MHC class I and class II molecules, thereby activating CD4+ and CD8+ T cells. This, in turn, indirectly stimulates humoral immunity [START_REF] Qin | A Guide to Nucleic Acid Vaccines in the Prevention and Treatment of Infectious Diseases and Cancers: From Basic Principles to Current Applications[END_REF].

However, DNA vaccines do have certain limitations that need to be addressed. One significant drawback is their relatively low immunogenicity, which hinders their optimal clinical application.

Another technical challenge associated with DNA vaccines is ensuring efficient delivery into the cell nucleus, where antigen transcription takes place before nuclear export and translation into protein in the cytoplasm. Safety concerns surrounding DNA vaccines also warrant careful attention, for example, the potential risk of autoimmune diseases arises from the generation of anti-DNA antibodies. Furthermore, there is a possibility of DNA vaccines integrating into the host genome, which could result in insertional mutations and potentially undesirable consequences [START_REF] Qin | A Guide to Nucleic Acid Vaccines in the Prevention and Treatment of Infectious Diseases and Cancers: From Basic Principles to Current Applications[END_REF].

RNA vaccines

RNA vaccines offer an effective means of delivering antigen-encoding mRNA directly to APCs in vivo. When antigen-encoding mRNAs are efficiently delivered to APCs, such as through the use of nanocarriers, the mRNAs are released and undergo translation in the cytoplasm to produce the corresponding antigenic proteins. These proteins are then processed into peptide epitopes, which are subsequently presented to T cells. Consequently, the activation of CD8+

T cells occurs through the transfer of MHC-peptide complexes to the cell surface of APCs, leading to an immune response [START_REF] Qin | A Guide to Nucleic Acid Vaccines in the Prevention and Treatment of Infectious Diseases and Cancers: From Basic Principles to Current Applications[END_REF].

Currently, there are two recognized forms of mRNA vaccines: non-amplifying mRNA and selfamplifying mRNA. These classifications are based on the differences in their mechanisms of action (Figure 14).

In terms of structure, non-amplifying mRNA vaccines consist of five essential elements that govern their life cycle and expression. These elements include:

(1) The "cap," a 7-methyl-guanosine residue (m7G) bound to the 5'-end of the RNA transcript via a 5'-5' triphosphate bond. The cap plays a crucial role in stabilizing the mRNA against exonucleolytic decay and enhancing translation efficiency.

(2) A 5' untranslated region (5'UTR), located immediately upstream of the translation initiation codon.

(3) An open reading frame (ORF) that encodes the gene of interest (GOI).

(4) A 3' UTR.

(5) A tail consisting of 100-250 adenosine residues known as the poly(A) tail, which influences mRNA stabilization and translation efficiency.

In contrast, self-amplifying mRNA was designed to prolong and enhance the expression of the GOI. In addition to the five critical elements mentioned earlier, self-amplifying RNA carries a sequence that resembles that of a replication-competent virus. This unique sequence enables the self-amplifying RNA to replicate within cells, leading to increased production of the encoded proteins [START_REF] Qin | A Guide to Nucleic Acid Vaccines in the Prevention and Treatment of Infectious Diseases and Cancers: From Basic Principles to Current Applications[END_REF].

RNA vaccines offer several advantages, such as their simplicity in encoding only the gene of interest. Unlike DNA vaccines, RNA vaccines do not carry the risk of genome integration since they undergo degradation in vivo. Moreover, mRNA can be readily and cost-effectively produced in large quantities in vitro without the need for designing expression vectors for delivery.

However, RNA vaccines are highly susceptible to degradation by RNases, enzymes that break down RNA molecules. Additionally, the negatively charged mRNA molecules can experience electrostatic repulsion when interacting with the negatively charged proteoglycan-coated cell membrane. This repulsion can hinder passive diffusion of the mRNA across the plasma membrane, leading to difficulties in cellular uptake and subsequent gene expression [START_REF] Qin | A Guide to Nucleic Acid Vaccines in the Prevention and Treatment of Infectious Diseases and Cancers: From Basic Principles to Current Applications[END_REF].

Nucleic acid vaccines hold significant potential for disease prevention and treatment, including applications in the field of cancer vaccines. In recent times, a multitude of COVID-19 vaccines have been developed using nucleic acid-based approaches. Many of these strategies have focused on targeting the spike glycoprotein, which plays a crucial role in eliciting neutralizing antibodies. Examples include vaccines utilizing the full-length spike protein or the receptor binding domain (RBD) within the S1 region. Notably, Moderna has developed an innovative LNP-encapsulated mRNA vaccine that encodes the S protein of the SARS-CoV-2 virus [START_REF] Qin | A Guide to Nucleic Acid Vaccines in the Prevention and Treatment of Infectious Diseases and Cancers: From Basic Principles to Current Applications[END_REF].

Apart from viral vectors and nucleic acid-based RNA and DNA vaccines, other vaccines type exist such as :

• Virus-like particles (VLPs) are self-assembling structures derived from viruses that mimic the size and shape of virus particles. However, unlike actual viruses, VLPs lack genetic material and are therefore incapable of infecting host cells [START_REF] Nooraei | Virus-like particles: preparation, immunogenicity and their roles as nanovaccines and drug nanocarriers[END_REF].

• Outer-membrane vesicles (OMVs) are spherical nanostructures that originate from the cell envelope of Gram-negative bacteria. These non-living structures can be engineered to display specific antigens through glycoengineering and genetic or chemical modification techniques. By expressing homologous or heterologous antigens, OMVs can be employed for immunization purposes. Furthermore, OMVs have the capability to encapsulate cargo, making them potential candidates for drug delivery systems [START_REF] Lieberman | Outer membrane vesicles: A bacterial-derived vaccination system[END_REF].

• Protein-polysaccharide conjugate vaccines consist of bacterial capsular polysaccharides (CPSs), which are elongated chains of simple sugars that form a protective outer layer in various bacteria. To enhance the immunogenicity of these vaccines, the bacterial CPSs are chemically bonded to a carrier protein, creating conjugates [START_REF] Rappuoli | On the mechanisms of conjugate vaccines[END_REF].

• Bacterial vectored vaccines utilize a live bacterial vector as a carrier to deliver DNA into the host. In addition to delivering the DNA payload, the live bacterial vector also triggers a robust immune response in the host due to its inherent immunogenic properties [START_REF] Yurina | Live Bacterial Vectors-A Promising DNA Vaccine Delivery System[END_REF].

• Finally, another experimental approach to vaccine design involves the use of APCs.

This strategy utilizes antigens and specialized APCs to enhance the immune response by presenting antigens on their cell surfaces to other immune cells.

ii.

Vaccine composition

In addition to antigens, vaccines consist of adjuvants, which are substances included to stimulate and amplify the immune response, increasing its strength and longevity [START_REF] Pulendran | Emerging concepts in the science of vaccine adjuvants[END_REF].

The initial adjuvants found in live vaccines are endogenous adjuvants. These live vaccines activate innate immunity by expressing various PAMPs, which are recognized by specific PRRs [START_REF] Pulendran | Immunological mechanisms of vaccination[END_REF]. For instance, the live attenuated yellow fever vaccine (YF-17D) and the BCG vaccine against tuberculosis have been observed to activate innate immune responses through multiple TLRs and other sensing receptors (TLR2, TLR3, TLR7-TLR9, RIG-I and TLR2, TLR4, TLR9, CD209 antigen, also known as DC-SIGN, respectively) [START_REF] Querec | Yellow fever vaccine YF-17D activates multiple dendritic cell subsets via TLR2, 7, 8, and 9 to stimulate polyvalent immunity[END_REF]. Additionally, certain inactivated vaccines also activate TLRs. For example, seasonal influenza vaccines engage the innate immune system via TLR7 and MyD88 signaling pathways [START_REF] Koyama | Differential role of TLR-and RLR-signaling in the immune responses to influenza A virus infection and vaccination[END_REF]. Apart from these, other adjuvants exist, although only a few are routinely utilized in licensed vaccines [START_REF] Rappuoli | Vaccines for the twenty-first century society[END_REF].

Alum is the most commonly used adjuvant and induces antibody responses and CD4+ Th cell responses in humans [START_REF] Burny | Different Adjuvants Induce Common Innate Pathways That Are Associated with Enhanced Adaptive Responses against a Model Antigen in Humans[END_REF]. Even if the mechanism of action of alum is extensively used as an adjuvant for more than 80 years, it remains incompletely understood.

It was long thought that its effect is driven by a "depot effect" mechanism, involving the gradual release of antigens from the immunization site [START_REF] Hutchison | Antigen depot is not required for alum adjuvanticity[END_REF]. It seems that alum's adjuvant activity occurs through a mechanism independent of TLR signaling and it has been discovered that alum exerts multiple effects on the immune system [START_REF] Marrack | Towards an understanding of the adjuvant action of aluminium[END_REF].

Indeed, alum can enhance adaptive immunity by inducing tissue damage, leading to the activation of inflammatory DCs through uric acid-mediated pathways [START_REF] Kool | Alum adjuvant boosts adaptive immunity by inducing uric acid and activating inflammatory dendritic cells[END_REF]. Alum injections prompt the rapid recruitment of various cell types, including neutrophils, which release neutrophil extracellular traps (NETs) composed of chromatin [START_REF] Munks | Aluminum adjuvants elicit fibrin-dependent extracellular traps in vivo[END_REF]. The DNA released within NETs partially contributes to the adjuvant activity of alum [START_REF] Marichal | DNA released from dying host cells mediates aluminum adjuvant activity[END_REF].

After its introduction in the 1920s, alum remained as the only adjuvant approved for human use for approximately 70 years. However, since the 1990s, an additional five adjuvants (namely MF59, Adjuvant System (AS)01, AS04, AS03, and cytosine phosphoguanosine (CpG) 1018) have been incorporated into licensed vaccines [START_REF] Pulendran | Emerging concepts in the science of vaccine adjuvants[END_REF].

MF59 is an adjuvant composed of an oil-in-water emulsion. It consists of droplets of squalene oil, a biocompatible and biodegradable oil that naturally occurs in the human body. When administered into the muscle, MF59 activates myeloid cells such as macrophages and DCs.

In response, these cells produce chemokines, including CC-chemokine ligand 2 (CCL2), CCL4, CCL5, and CXC-chemokine ligand 8 (CXCL8 or IL-8). These chemokines play a role in recruiting neutrophils, eosinophils, as well as additional monocytes and DCs to the injection site [START_REF] O'hagan | The mechanism of action of MF59an innately attractive adjuvant formulation[END_REF].

The AS0 have been developed by GlaxoSmithKline over the past three decades and are designed based on a thoughtful combination of traditional adjuvant molecules like alum, emulsions, and liposomes, aiming to achieve optimal adjuvant effects while maintaining acceptable tolerability. In addition to these classical adjuvants, the AS0 systems incorporate immunostimulatory molecules such as TLR ligands and other compounds [START_REF] Pulendran | Emerging concepts in the science of vaccine adjuvants[END_REF].

AS04 is composed of 3-O-desacyl-4'-monophosphoryl lipid (MPL) A adsorbed onto aluminum salts. MPL is a modified form of LPS derived from Salmonella minnesota, designed to eliminate its toxic effects. The adjuvant activity of AS04 is mediated through the activation of TLR4 on innate immune cells. This TLR4 signaling, in conjunction with the inherent immunomodulatory properties of aluminum salts, contributes to the adjuvant effect of AS04 [START_REF] Didierlaurent | AS04, an aluminum salt-and TLR4 agonist-based adjuvant system, induces a transient localized innate immune response leading to enhanced adaptive immunity[END_REF].

AS03 is an adjuvant formulation that shares similarities with MF59 as a squalene oil-in-water emulsion. However, it also contains α-tocopherol (vitamin E) as an additional immuneenhancing component. By incorporating AS03, the magnitude and breadth of antibody responses and CD4+ T cell responses can be enhanced [START_REF] Garçon | Development and evaluation of AS03, an Adjuvant System containing α-tocopherol and squalene in an oil-in-water emulsion[END_REF]. AS03 elicits transient innate immune responses through the production of innate cytokines and chemokines, although additional mechanisms of action are likely involved in its adjuvant effect [START_REF] Howard | Cell-Based Systems Biology Analysis of Human AS03-Adjuvanted H5N1 Avian Influenza Vaccine Responses: A Phase I Randomized Controlled Trial[END_REF][START_REF] Sobolev | Adjuvanted influenza-H1N1 vaccination reveals lymphoid signatures of age-dependent early responses and of clinical adverse events[END_REF].

AS01 is a distinct combination of two immunostimulatory components: MPL and QS-21 (an isolated and purified saponin fraction). These two components are formulated together within liposomes, alongside cholesterol, which serves to bind QS-21 to the liposome and quench its reactogenicity. MPL activates the innate immune system through TLR4, predominantly via TIR domain-containing adaptor-inducing interferon-β (TRIF)-dependent signaling. When incorporated into liposomes, QS-21 enters cells via cholesterol-dependent endocytosis, leading to lysosomal destabilization and subsequent activation of the tyrosine-protein kinase SYK [START_REF] Welsby | Lysosome-Dependent Activation of Human Dendritic Cells by the Vaccine Adjuvant QS-21[END_REF]. Notably, AS01 exhibits a synergistic effect, inducing novel pathways that are not triggered by either component alone [START_REF] Coccia | Cellular and molecular synergy in AS01-adjuvanted vaccines results in an early IFNγ response promoting vaccine immunogenicity[END_REF][START_REF] Detienne | Central Role of CD169+ Lymph Node Resident Macrophages in the Adjuvanticity of the QS-21 Component of AS01[END_REF]. The immune response to AS01 adjuvant typically entails an increase in polyfunctional CD4+ T cells (expressing IL-2, IFNγ, and TNF) specific to the co-administered antigen, along with enhanced functional antibodies [START_REF] Coccia | Cellular and molecular synergy in AS01-adjuvanted vaccines results in an early IFNγ response promoting vaccine immunogenicity[END_REF].

Collectively, the AS0 exert their effects through diverse mechanisms, which vary based on the specific components incorporated in their formulation.

CpG 1018 belongs to the family of CpG oligonucleotide ligands that target TLR9. It serves as a robust adjuvant for Th1 cell responses and stimulates significant activation of B cells and NK cells [START_REF] Guiducci | Properties regulating the nature of the plasmacytoid dendritic cell response to Toll-like receptor 9 activation[END_REF][START_REF] Hou | Toll-like receptors activate innate and adaptive immunity by using dendritic cell-intrinsic and -extrinsic mechanisms[END_REF].

Recently, evidence has emerged that DCs and other cells of the innate immune system can become activated not only by pathogen sense via PRRs but also by other mechanisms, paving the way for the development of novel adjuvants based on new cellular and molecular targets.

• Adjuvants that induce cell death have gained significance as regulators of immune responses [START_REF] Yatim | Dying cells actively regulate adaptive immune responses[END_REF]. Studies have demonstrated that DCs can effectively cross-present antigens derived from dead cells to CD8+ T cells following their uptake.

This highlights the role of cell death in facilitating antigen presentation and activation of specific immune responses [START_REF] Bevan | Cross-priming for a secondary cytotoxic response to minor H antigens with H-2 congenic cells which do not crossreact in cytotoxic assay[END_REF].

• The innate immune system has the remarkable capability to not only recognize microbial pathogens via PRRs, but also detect various forms of tissue damage and stress signals [START_REF] Janssens | Emerging functions of the unfolded protein response in immunity[END_REF][START_REF] Pulendran | The varieties of immunological experience: of pathogens, stress, and dendritic cells[END_REF]. This provides an opportunity to develop novel adjuvants by leveraging the release of damage-associated molecular patterns (DAMPs) that occur in response to tissue damage and cellular stress.

DAMPs encompass molecules such as adenosine triphosphate (ATP), uric acid, and fragments of DNA or RNA [START_REF] Maisonneuve | Unleashing the potential of NOD-and Toll-like agonists as vaccine adjuvants[END_REF][START_REF] Muñoz-Planillo | K + efflux is the common trigger of NLRP3 inflammasome activation by bacterial toxins and particulate matter[END_REF].

Harnessing these signals opens new avenues for adjuvant design and the modulation of immune responses.

• A recent concept that has raised attention lately is the idea of innate immune memory, also known as "trained immunity" [START_REF] Netea | Trained immunity: A program of innate immune memory in health and disease[END_REF][START_REF] Netea | Innate immune memory: a paradigm shift in understanding host defense[END_REF]. This concept suggests that myeloid cells, including monocytes, macrophages [START_REF] Netea | Trained Immunity: An Ancient Way of Remembering[END_REF], and NK cells [START_REF] Cerwenka | Natural killer cell memory in infection, inflammation and cancer[END_REF], can acquire memory-like characteristics following stimulation with PAMPs. This innate memory is influenced by sustained epigenetic programming induced by the initial stimulus, leading to cells becoming either hyperresponsive or hyporesponsive upon subsequent stimulation [START_REF] Netea | Trained immunity: A program of innate immune memory in health and disease[END_REF][START_REF] Netea | Innate immune memory: a paradigm shift in understanding host defense[END_REF]. An interesting possibility arises in targeting small molecules to specific cell types as pharmacological modulators, allowing for the reprogramming of the epigenetic landscape of innate immune memory [START_REF] Mulder | Therapeutic targeting of trained immunity[END_REF]. For example, this approach could stimulate an antiviral state that enhances resistance to viral infections. The use of such an epigenetic adjuvant could potentially establish an augmented antiviral state in humans, providing broad protection against a range of viral pathogens [START_REF] Pulendran | Emerging concepts in the science of vaccine adjuvants[END_REF].

• While many licensed adjuvants are designed to activate TLRs, there remains untapped potential in the search for new-generation adjuvants that target structures other than TLRs. This includes receptors such as NLRs, RLRs [START_REF] Yong | RIG-I-Like Receptors as Novel Targets for Pan-Antivirals and Vaccine Adjuvants Against Emerging and Re-Emerging Viral Infections[END_REF], CLRs [START_REF] Chiffoleau | C-Type Lectin-Like Receptors As Emerging Orchestrators of Sterile Inflammation Represent Potential Therapeutic Targets[END_REF], and STING [START_REF] Dubensky | Rationale, progress and development of vaccines utilizing STING-activating cyclic dinucleotide adjuvants[END_REF] ligands. Exploring these alternative receptor targets presents promising opportunities for the development of novel adjuvants that can enhance immune responses in distinct and complementary ways [START_REF] Pulendran | Emerging concepts in the science of vaccine adjuvants[END_REF].

• Finally, the metabolic state of myeloid cells, including macrophages and DCs, has been found to influence their innate response and ability to stimulate T cells [START_REF] Ravindran | Vaccine activation of the nutrient sensor GCN2 in dendritic cells enhances antigen presentation[END_REF][START_REF] Sinclair | mTOR regulates metabolic adaptation of APCs in the lung and controls the outcome of allergic inflammation[END_REF]. It has been observed that DCs at various maturation stages exhibit different metabolic profiles, indicating that pharmacological modulation of metabolic regulators could serve as adjuvant strategies to enhance immune responses [START_REF] Pulendran | Emerging concepts in the science of vaccine adjuvants[END_REF].

In addition to antigens and adjuvants, vaccines contain other components that function as preservatives, emulsifiers (such as polysorbate 80) or stabilizers (for example, gelatine or sorbitol) [START_REF] Pollard | A guide to vaccinology: from basic principles to new developments[END_REF].

The development of vaccines incorporating innovative adjuvants has been characterized as a slow process within the medical field. Traditionally, the evaluation of candidate adjuvant molecules has involved systematic testing in mice, followed by the progression of promising candidates to non-human primate models, and ultimately, human trials. However, despite the impressive immunogenicity and efficacy demonstrated by numerous adjuvants in animal models, only a limited few have proven to be safe and effective in humans. This discrepancy Extracted from [START_REF] Menon | Microneedles: A New Generation Vaccine Delivery System[END_REF].

arises due to significant immunological differences between mice and humans, such as variations in the expression of TLR7 in DCs subsets, despite the overall similarities of their immune systems. These inherent discrepancies emphasize the critical need for a human model in the evaluation of adjuvants. In this context, the utilization of human skin explants holds tremendous potential as a valuable tool in the development of new adjuvants and vaccine formulations [START_REF] Pulendran | Emerging concepts in the science of vaccine adjuvants[END_REF].

c. Vaccine delivery routes

Vaccines can be administered through various routes, encompassing mucosal and parenteral delivery of vaccines. The mucosal sites include nasal, oral, buccal, sublingual, rectal and vaginal. And, the parenteral sites include IM, subcutaneous (SC), intravenous (IV), and intradermal (ID). In this section, our focus will be mainly on skin-based immunization routes, specifically the parenteral route of vaccination (Table 4).

i. Mucosal route

Given that many infections occur at mucosal sites, such as COVID-19, influenza, or sexually transmitted diseases, it is crucial to develop strategies that can effectively combat these pathogens at the site of entry. Mucosal immunization offers an appealing approach for generating localized immune responses that closely mimic natural infections. Additionally, mucosal immunization has the potential to elicit immune responses not only at the site of immunization but also at other mucosal sites and systemically. The mucosal interface houses specialized lymphatic tissue known as mucosa-associated lymphoid tissue, which encompasses both the innate and adaptive arms of the immune system.

Traditionally, mucosal immunization has primarily focused on the oral and nasal routes, with currently available licensed vaccines targeting these mucosal surfaces. Additionally, experimental animal models have recently been explored to investigate the efficacy of sublingual, vaginal, and rectal routes for mucosal immunization [START_REF] Menon | Microneedles: A New Generation Vaccine Delivery System[END_REF].

ii.

Parenteral route

The majority of vaccines currently available on the market are administered via the parenteral route, which encompasses different approaches including IM, SC, and ID administration. The choice of route depends on the desired immune response, allowing the vaccine to be delivered to specific targets such as the dermis, hypodermis, muscle, or veins [START_REF] Menon | Microneedles: A New Generation Vaccine Delivery System[END_REF].

Classical skin immunization routes

IM vaccination involves the administration of vaccines into the muscles, specifically the vastus lateralis (anterolateral thigh, recommended for infants) and the deltoid (upper arm). However, muscle tissue has a limited concentration of immune cells, mainly macrophages [START_REF] Pillon | Cross-talk between skeletal muscle and immune cells: muscle-derived mediators and metabolic implications[END_REF], making it suboptimal for effective immunization. Thus, the efficacy of the IM route relies on the rapid diffusion of vaccine antigens to the draining lymph nodes. This route is commonly used for inactivated vaccines. SC vaccination involves administering vaccines into the hypodermis. Live-attenuated vaccines, such as measles, mumps, and rubella, and yellow fever vaccines, are typically administered via the subcutaneous route. IV vaccine delivery is the fastest method, where the vaccine is directly administered into the veins. However, this route has the drawback of rapid clearance of the vaccine antigen from circulation and requires administration by a trained professional. The ID route of vaccination targets the dermis and is frequently used for immunization against Tuberculosis BCG and rabies [START_REF] Menon | Microneedles: A New Generation Vaccine Delivery System[END_REF].

It offers the advantage of dose-sparing, allowing for up to ten times less vaccine dose without compromising immunogenicity compared to the SC and IM routes [START_REF] Rosenbaum | Vaccine Inoculation Route Modulates Early Immunity and Consequently Antigen-Specific Immune Response[END_REF].

The IM injection is the most commonly used method for vaccine administration due to its accessibility and safety. Although commonly utilized and effective, injection routes of vaccination are frequently associated with pain. It is important to highlight that the fear of painful needles is one of the primary reasons most people avoid getting vaccinated.

Consequently, there has been considerable research focused on the development of needlefree vaccination methods, which includes all methods for delivering vaccines that do not require a needle and syringe for administration [START_REF] Menon | Microneedles: A New Generation Vaccine Delivery System[END_REF].

Needle-free immunization routes

In addition to reducing pain, needle-free vaccination methods have a significant impact on vaccination safety. The conventional administration of vaccines using needles and syringes presents safety risks for both patients and healthcare providers. One primary concern is the potential transmission of infectious diseases between individuals or between patients and healthcare providers. Improper injection practices, such as the reuse of contaminated needles and syringes without proper sterilization or changing needles but not syringes between patients, are unfortunately common in some parts of the world. These practices significantly increase the risk of blood-borne pathogen transmission during vaccinations. However, the implementation of needle-free immunization can help mitigate these risks and improve overall The application of antigen-loaded nanocarriers on skin surface allows the contact between antigens and perifollicular APCs, thus triggering a rapid and efficient immune response. Extracted from [START_REF] Yasar | Non-invasive vaccination by nanoparticle-based messenger RNA (mRNA) delivery via the transfollicular route (doctoralThesis)[END_REF].

vaccination safety [START_REF] Menon | Microneedles: A New Generation Vaccine Delivery System[END_REF]. Additionally, in developed countries, needle-free vaccine delivery offers an additional advantage by potentially improving compliance with recommended vaccination schedules. Non-adherence to vaccination schedules often arises from a needle phobia that is prevalent among both adults and children. Implementing needlefree immunization methods could help address these concerns and alleviate the barriers associated with this fear [START_REF] Menon | Microneedles: A New Generation Vaccine Delivery System[END_REF]. In addition to the aforementioned benefits, needle-free vaccine delivery can increase the ease and speed of vaccine delivery. By eliminating the need for needles and syringes, less healthcare training is required to administer vaccines, and the time needed to vaccinate each individual is reduced. This feature becomes particularly advantageous in scenarios involving mass vaccinations or in regions with limited availability of trained healthcare workers, such as the developing world [START_REF] Menon | Microneedles: A New Generation Vaccine Delivery System[END_REF]. Lastly, the utilization of specific needle-free vaccine delivery methods, such as powdered vaccines administered through jet injection, has the potential to eliminate the need for the cold chain system, which is currently required for the storage and transportation of numerous vaccines worldwide [START_REF] Menon | Microneedles: A New Generation Vaccine Delivery System[END_REF].

In this context, new needle-free approaches are being developed, among which transfollicular and micro-needle immunization.

• Transfollicular immunization

In the context of needle-free transcutaneous immunization (TCI) advancements, researchers have recently focused on the immunological properties of hair follicles (HF). HF serves as shunt pathways across the stratum corneum barrier, facilitating the absorption of large or hydrophilic molecules, including vaccine antigens. Transfollicular vaccination involves the trafficking of antigen-loaded nanocarriers across HF to reach perifollicular LCs, which can function as APCs (Figure 15). This immunization route allows for immune response induction while preserving the integrity of the stratum corneum barrier. Nanoparticles (NPs) are commonly utilized as antigens in this immunization context as they can penetrate deeper into HF compared to solutions, forming a depot that persists for over a week and is protected from clothing or washout effects. Those NPs are encapsulated in order to stabilize antigens, increase their antigenicity and facilitate absorption. An advantage of using nanoparticles for vaccination is their sub-micron size, which falls within the range of common pathogens, triggering immune recognition due to their size, acting as a danger signal. Transfollicular immunization has shown potential for inducing a CD8+ biased response, making it promising for developing vaccines against intracellular pathogens, cancer, and viral infections [START_REF] Hansen | Transfollicular delivery takes root: the future for vaccine design?[END_REF]. 

Microneedles enable the administration of antigens by penetrating the stratum corneum and delivering the vaccine directly into the epidermis and dermis layers. As a result, nanoparticles come into contact

with specialized APCs like DCs and LCs, initiating the innate immune response, which subsequently triggers the activation of the adaptive immune response. Extracted from [START_REF] Menon | Microneedles: A New Generation Vaccine Delivery System[END_REF].

However, transfollicular immunization does have some limitations. The immune microenvironment of HF varies with the HF cycle, including the number and activation state of perifollicular LCs, which is influenced by hair cycling. Furthermore, the reaction to topically applied allergens is less pronounced during the anagen stage of HF. This suggests that the efficacy of transfollicular immunization may depend on the developmental state of the HF, introducing variability in its effectiveness. Another limiting factor is the efficient penetration of nanocarriers into the follicles, as studies indicate that the overall penetration into HF is likely less than 10% of the total applied amount, with the remaining 90% predominantly deposited on the skin surface, where they cannot reach the APCs and provide therapeutic benefit [START_REF] Hansen | Transfollicular delivery takes root: the future for vaccine design?[END_REF].

•

Micro-needle

Microneedle arrays are a type of minimally invasive technology composed of micron-sized needles that look like band-aid patches. These needles penetrate the stratum corneum, and deliver the vaccine directly into the epidermis and dermis layers, effectively eliciting a robust immune response (Figure 16). Microneedles come in a range of heights, typically varying from 50 to 900 micrometers, and are constructed using various materials such as metals, silicones, and polymers. The vaccine antigens delivered through microneedles can be in solution or suspension form, encapsulated within nano or microparticles, or based on nucleic acids. One notable advantage of this method is the slow release of vaccine antigens into the skin, ensuring prolonged exposure and enhancing immune activation. Different types of microneedles include solid, hollow, dissolving and coated microneedles [START_REF] Menon | Microneedles: A New Generation Vaccine Delivery System[END_REF] (Figure 17).

Solid microneedles are frequently employed as a skin pretreatment method, wherein they are inserted into the skin and subsequently removed, creating tiny pores on the skin surface.

Drug solutions within a patch can then be applied to the surface, which contains the micropores [START_REF] Menon | Microneedles: A New Generation Vaccine Delivery System[END_REF].

Hollow microneedles, resembling miniature versions of conventional hypodermic needles, enable drug delivery through the application of a pressure-driven flow of a liquid formulation.

These microneedles contain the vaccine antigen within their hollow structure, and upon administration, deliver the vaccine antigens directly into the skin. Hollow microneedles have the capacity to administer larger volumes of actives compared to other types of microneedles [START_REF] Menon | Microneedles: A New Generation Vaccine Delivery System[END_REF]. Dissolving microneedles are composed of biodegradable materials, such as various polymers and sugars, loaded with therapeutic substances. When administered, these microneedles completely dissolve, releasing the vaccine into the skin. Dissolving microneedles loaded with microparticles offer the advantage of slow antigen release, thereby enhancing the generation of a robust adaptive immune response [START_REF] Menon | Microneedles: A New Generation Vaccine Delivery System[END_REF].

Coated microneedles consist of solid microneedles that have been coated with a solution or dispersion of the drug. Various methods, including dip coating and spray coating, can be employed to produce coated microneedles. However, coated microneedles are less commonly used compared to solid, hollow, and dissolving microneedles, as their surface area for drug absorption is relatively minimal [START_REF] Menon | Microneedles: A New Generation Vaccine Delivery System[END_REF].

Microneedles offer numerous advantages as a needle-free immunization route, but they also come with certain limitations. One limitation is the need that variation in administration pressure among different individuals should be taken into account during microneedle design to maintain the desired dosage accuracy. Additionally, in the case of vaccines intended for human use, it is essential for them to be sterile and free from pyrogens, except for the vaccine antigens themselves. Most vaccines are sterilized through filtration. However, since microneedles are solid patches that cannot be sterilized using sterile filtration, alternative sterilization methods may need to be employed. Furthermore, there is a risk of antigenicity loss in a microneedle patch containing a vaccine if it undergoes sterilization using radiation.

To preserve the antigenicity of the vaccine, microneedles may need to be manufactured under aseptic conditions to ensure sterility is maintained throughout the process [START_REF] Menon | Microneedles: A New Generation Vaccine Delivery System[END_REF].

Other needle-free immunization routes exist such as dry powder injection which is can be delivered intranasally without reconstitution (Bahamondez-Canas and Cui, 2018); skin abrasion, that rely on the removal of the stratum corneum (by tape-stripping or sanding with emery paper) following by subsequent diffusion of the vaccine from a patch or other topical formulation [START_REF] Kim | Enabling skin vaccination using new delivery technologies[END_REF]; or jet-injector that deliver liquid vaccine through a nozzle orifice and penetrate the skin with a high-speed narrow stream [START_REF] Giudice | Needle-free vaccine delivery[END_REF].

iii.

Impact of immunization route on the immune response

The route of vaccine administration, a crucial parameter in vaccination, can significantly alter the nature of the immune response. Studies have demonstrated distinct adaptive immune responses depending on the specific route of immunization [START_REF] Combadière | Preferential amplification of CD8 effector-T cells after transcutaneous application of an inactivated influenza vaccine: a randomized phase I trial[END_REF][START_REF] Vogt | Transcutaneous antiinfluenza vaccination promotes both CD4 and CD8 T cell immune responses in humans[END_REF], as observed in non-human primates vaccinated with a modified vaccinia virus Ankara model vaccine [START_REF] Rosenbaum | Vaccine Inoculation Route Modulates Early Immunity and Consequently Antigen-Specific Immune Response[END_REF]. SC immunization resulted in higher levels 

d. Impact of the innate immunity on the quality of adaptive response

Traditionally, innate immunity has been viewed as distinct from the adaptive immune response and has been considered less significant in the immune system's hierarchy. However, studies have shown that the innate system plays a crucial role in initiating the adaptive immune response by modulating the expression of costimulatory molecules on APCs, and instructing the adaptive immune system to generate specific effector responses through the release of effector cytokines [START_REF] Medzhitov | Innate immunity: impact on the adaptive immune response[END_REF].

• Expression of costimulatory molecules

Due to the involvement of multiple random processes in the generation of TCRs, some TCRs present unwanted specificities, for example receptors specific to self-antigens or proteins that do not result from pathogens. Consequently, receiving a signal solely through the antigen receptor is insufficient for the activation of naive lymphocytes. It has been demonstrated that a second signal, known as a costimulatory signal, is necessary for lymphocyte stimulation.

APCs, which are trained to distinguish self from non-self, play a crucial role in providing this signal. Indeed, the activation of APCs via PRRs can lead to the expression of T cell activation costimulators, such as CD40 [START_REF] Grewal | The role of CD40 ligand in costimulation and T-cell activation[END_REF], CD80, and CD86 [START_REF] Melichar | Expression of costimulatory molecules CD80 and CD86 and their receptors CD28, CTLA-4 on malignant ascites CD3+ tumour-infiltrating lymphocytes (TIL) from patients with ovarian and other types of peritoneal carcinomatosis[END_REF]. Various pathogen products, such as bacterial DNA or viral RNA, have been shown to induce the expression of these costimulatory molecules [START_REF] Medzhitov | Innate immunity: impact on the adaptive immune response[END_REF].

Table 5. The effect of activating particular innate immune cells on the generation of effector cytokines and the resulting response.

Following the encounter with a pathogen, the cytokines produced by each innate immune subsets determine the subsequent effector response. Adapted from [START_REF] Medzhitov | Innate immunity: impact on the adaptive immune response[END_REF].

Cell type Effector cytokine Effector response

Macrophages IL-12 Th1

Macrophages IL-10 Th2

Natural killer cells IFN-g Th1, IgG2

Mast The same pattern is observed in the differentiation pathway of CD8+ T cells (Table 5).

Additionally, effector cytokines regulate the switching of antibody isotypes produced by B cells [START_REF] Medzhitov | Innate immunity: impact on the adaptive immune response[END_REF].

e. Immunogenicity assessments

Immunogenicity refers to the capacity of cells or tissues to elicit an immune response. Within the field of vaccinology, immunogenicity gauges a vaccine's effectiveness in generating an immune response and the duration of that response. Studies on immunogenicity aid in comprehending the specific immune response triggered by a vaccine and its suitability against various viruses. Additionally, they contribute to determining the optimal variables such as vaccine dose, need of adjuvant and/or booster, delivery strategy and vaccine stability. In the assessment of immunogenicity, a significant hurdle lies in identifying a reliable indicator, known as a "correlate of protection," that aligns with the immunity conferred by vaccination.

Establishing a standardized correlate of protection would further enable comparisons between various vaccines, administration methods, adjuvants, or formulations, thereby streamlining the vaccine development process [START_REF] Pollard | A guide to vaccinology: from basic principles to new developments[END_REF]. These correlates of protection can be mechanistic, meaning they are responsible for the protection, or non-mechanistic, meaning they reflect a more complex immune response that is harder to measure [START_REF] Denis | L'exploration de l'immunogénicité vaccinale[END_REF].

As previously explained, post-vaccination immune response is complex and involves numerous cellular and humoral factors. One solution for measuring vaccine immunogenicity is to assess the humoral response in sera collected after vaccination, as it is a convenient and "non-invasive" approach, through the measurement of antibody titers [START_REF] Denis | L'exploration de l'immunogénicité vaccinale[END_REF]. For this purpose, Enzyme-Linked Immunosorbent Assay (ELISA) is the main technique used, enabling qualitative or quantitative analysis of antibodies. These tests have also been adapted for multiplexing, and commercially available kits by Meso Scale Discovery (MSD) allow testing of up to ten different targets per well [START_REF] Denis | L'exploration de l'immunogénicité vaccinale[END_REF].

While antibodies are the primary effectors associated with vaccine protection induced by the majority of vaccines, certain vaccines such as BCG or shingles have a cellular correlate of protection [START_REF] Denis | L'exploration de l'immunogénicité vaccinale[END_REF]. This explains the need to measure cellular response in addition to humoral response. For this purpose, various methods are available to assess the quality, quantity, and functionality of T cells [START_REF] Denis | L'exploration de l'immunogénicité vaccinale[END_REF].

• Phenotyping and characterization of specific lymphocyte subpopulations Flow cytometry is the gold standard method for immunophenotyping, as it is a highthroughput technique that enables the simultaneous analysis of multiple surface markers through immunofluorescence. In the context of vaccination response, whole blood or peripheral blood mononuclear cells (PBMCs) are utilized, and surface marker analysis allows differentiation of cellular lineages (such as CD4+ and CD8+ T lymphocytes and their memory and effector subpopulations), cellular activation states, and tissue migration potential (for example, expression of CXCR5) [START_REF] Denis | L'exploration de l'immunogénicité vaccinale[END_REF]. System biology relies on the combination of multiple advanced analysis techniques including transcriptomics, metabolomics, high-dimensional cytometry, and epigenomics in order to allow a deeper exploration of the immune system following stimuli. Adapted from [START_REF] Denis | L'exploration de l'immunogénicité vaccinale[END_REF].

• Functional tests

○ Measurement of circulating cytokines

Cytokines secreted in response to antigenic stimulation can be quantified using classical immunoenzymatic methods, primarily ELISA.

Nonetheless, as previously discussed, the immune response triggered by vaccination is intricate and involves a diverse array of cell types and effector molecules. Conventional analysis methods might not fully capture this complexity, leading to a growing interest in more comprehensive readouts to thoroughly study vaccine efficacy.

Recently, the development of an integrated analysis approach has emerged in the field of systems biology, known as "systems vaccinology". This approach allows for a deeper exploration of the immune system by utilizing high-throughput technologies such as transcriptomics, metabolomics, high-dimensional cytometry, and epigenomics (Figure 18). This integrated analysis can include the phenotyping of innate and adaptive immune cells, analysis of T cell receptor and Ig repertoires using next-generation sequencing, gene expression levels in immune cells, and the metabolic status of immune cells. The data generated from these analyses are then used to identify correlates and mechanisms of vaccine immunity. For instance, initial studies employing systems-based approaches to study vaccine responses identified transcriptional signatures that emerged within 1-7 days of vaccination. These signatures were found to correlate with the subsequent magnitude of antigen-specific CD8+ T cell response and neutralizing antibody response, which were measured 60-90 days later. Bioinformatics tools for data integration, employing artificial intelligence techniques, offer the potential to identify correlates of protection despite the interindividual variability in vaccine response [START_REF] Denis | L'exploration de l'immunogénicité vaccinale[END_REF][START_REF] Pulendran | Emerging concepts in the science of vaccine adjuvants[END_REF].

To comprehensively analyze the immune response, various assessment methods require numerous biological samples like blood or skin biopsies. However, clinical trials may not always be feasible due to limitations such as time, cost, and ethical constraints. Skin models present a promising alternative for vaccine testing, as they accurately mimic human skin and allow researchers to simulate immune responses and evaluate vaccine candidates under controlled conditions. Utilizing skin models enables scientists to optimize vaccine formulations, delivery approaches, and adjuvants, leading to more successful vaccine development and strengthening public health efforts worldwide.

Immunocompetent skin study models and their limitations a. Interest of human skin models

Traditional approaches for studying the structure and function of human skin primarily rely on animal models. These models offer valuable insights into the underlying mechanisms of various pathologies and can serve as a platform to investigate the efficacy of active compounds in pharmaceutical or medical products. Both topical application and SC injection of these compounds can be evaluated in healthy animals, as well as animals with pathological, damaged, or treated skin. The impact of the tested compound can be observed directly in vivo or following animal sacrifice. However, it is crucial to adhere to ethical and legal guidelines when utilizing these models [START_REF] Lebonvallet | The evolution and use of skin explants: potential and limitations for dermatological research[END_REF].

However, these models have limitations due to significant anatomical interspecies differences between animals and humans. Animal skin exhibits distinct histology and physiology compared to human skin [START_REF] Lebonvallet | The evolution and use of skin explants: potential and limitations for dermatological research[END_REF]. For instance, murine models, widely employed in laboratories, offer certain advantages but possess more skin appendages and fewer epidermal layers than human skin. Consequently, studies involving pharmaceutical absorption and other related investigations may lack reliability when compared to human skin.

Another commonly used animal model, particularly for wound healing research, is porcine skin. While its morphology and physiology closely resemble human skin, there are still variations that can impact the translatability of results (Hofmann et al., 2023).

In recent years, there has been a growing emphasis on controlling and restricting the use of animals in research. The "3Rs" principle, relying on Replacement, Reduction, and Refinement of animal testing, has been incorporated into national and international legislation governing animal research. Besides, legislative measures such as the 2013 European ban on animal testing for cosmetic products have paved the way for the development of new and improved methods to assess the effectiveness and safety of dermatological products (Hofmann et al., 2023). Additionally, the Food and Drug Administration (FDA) Modernization Act 2.0, signed 

Skin bioprinting requires different components: living cells and biomaterial, forming bioinks. Those

bioinks can be then used to bioprint skin, using 3 different bioprinting methods: laser-assisted bioprinting, pressure-based bioprinting or inkjet bioprinting. The final product is a bioprinted skin containing both epidermis and dermis compartments. Adapted from [START_REF] Weng | 3D bioprinting for skin tissue engineering: Current status and perspectives[END_REF].

on December 29, 2022, overturns the 1938 Federal Food, Drug, and Cosmetics Act, which mandated animal testing for new drug development, and allows for alternatives to animal testing for purposes of drug and biological product approval [START_REF] Han | FDA Modernization Act 2.0 allows for alternatives to animal testing[END_REF]. Consequently, there is a strong need to explore alternative methods, particularly within the cosmetic industry but also across various pharmaceutical applications.

To bypass the need for animal experiments during preclinical testing and to ensure the translatability of the results, several alternatives have emerged. These include the utilization of bioprinted human skin models (Hofmann et al., 2023) and organotypic models.

b. Bioprinted human skin

Bioprinted skin is part of the in vitro alternative option for studying skin. These models aim to replicate the cellular, histological, and physiological aspects of the skin, albeit with a reduced complexity compared to animal models. Nevertheless, they enable the exploration of the effects of external factors, such as UV radiation, drugs, or cytokine application, on the skin [START_REF] Lebonvallet | The evolution and use of skin explants: potential and limitations for dermatological research[END_REF].

Bioprinted skin can be described as a sophisticated three-dimensional biological structure comprising three key components: living cells, biomaterials called bioinks, and biological molecules used as an input to create the printed layers. The initial development of bioprinted skin dates back to 2009, where skin cells, with or without mesenchymal stem cells, were printed within a collagen matrix. Since then, the field of bioprinting has rapidly evolved, leading to significant improvements in 3D bioprinted skins over the past few decades (Hofmann et al., 2023). There are three main techniques employed in 3D bioprinting (Figure 19).

• The most widely employed technique in 3D bioprinting is the pressure-based or extrusion bioprinting method. It relies on the utilization of pneumatic pressure or mechanical pistons to facilitate the uninterrupted deposition of biomaterials [START_REF] Olejnik | 3D Bioprinting in Skin Related Research: Recent Achievements and Application Perspectives[END_REF]. This technique offers the flexibility to work with a wide range of biomaterials, each having distinct viscosities.

• Inkjet technology relies on non-continuous printing controlled by thermal or piezoelectric effects [START_REF] Lee | Design and Fabrication of Human Skin by Three-Dimensional Bioprinting[END_REF]. Unlike pressure-based bioprinting, this method necessitates the use of biomaterials with low viscosity, which affects the characteristics of the resulting bioprinted tissue [START_REF] Murphy | 3D bioprinting of tissues and organs[END_REF].

Both pressure-based and inkjet-based bioprinting methods have a shared characteristic: they involve the ejection of biomaterial through a small nozzle that is susceptible to clogging and can potentially damage cells [START_REF] Koch | Laser Printing of Skin Cells and Human Stem Cells[END_REF]. To tackle this problem, a third bioprinting method has been developed.

• By utilizing laser technology, laser-assisted bioprinting offers an impressive level of precision, allowing for nearly single-cell resolution at a resolution as fine as 20 µm. As a result, this technique enables the printing of high cell densities with remarkable accuracy [START_REF] Manita | 3D Bioprinting of Functional Skin Substitutes: From Current Achievements to Future Goals[END_REF][START_REF] Koch | Laser Printing of Skin Cells and Human Stem Cells[END_REF].

A wide range of natural or synthetic materials can serve as bioinks, but certain criteria must be met, including biocompatibility and printability. These requirements are primarily determined by the rheological properties [START_REF] Ashammakhi | Bioinks and bioprinting technologies to make heterogeneous and biomimetic tissue constructs[END_REF] of the bioink and its capacity for cross-linking [START_REF] Parak | Functionalizing bioinks for 3D bioprinting applications[END_REF][START_REF] Velasco | 3D human skin bioprinting: a view from the bio side[END_REF]. The greatest challenge in 3D bioprinting lies in striking the right balance between biocompatibility and mechanical attributes that enable successful printing (Hofmann et al., 2023).

Bioprinted skin offers notable benefits in terms of its remarkable reproducibility and flexibility.

The tissue's composition can be specifically tailored, and computer-assisted manufacturing enables precise control over various parameters, including pore size and extracellular matrix density (Hofmann et al., 2023).

The most common living cells utilized for 3D bioprinting are fibroblasts and keratinocytes [START_REF] Cubo | 3D bioprinting of functional human skin: production and in vivo analysis[END_REF], although additional cell types such as melanocytes [START_REF] Min | Bioprinting of biomimetic skin containing melanocytes[END_REF], endothelial cells [START_REF] Baltazar | Three Dimensional Bioprinting of a Vascularized and Perfusable Skin Graft Using Human Keratinocytes, Fibroblasts, Pericytes, and Endothelial Cells[END_REF], pericytes, or microvascular endothelial cells can also be employed. Additionally, BASF and CTIBiotech recently developed the first 3D bioprinted human reconstructed skin including immune macrophages ("BASF and CTIBiotech to develop first 3D bioprinted human reconstructed skin including immune macrophages," n.d.). At present, the complexity of immune cell diversity thus makes it impossible to fully recreate the entire organ through skin bioprinting. The substantial time gap, spanning decades, further emphasizes the considerable limitations posed by this challenge.

c. Organotypic models

Another approach to replicate both the three-dimensional structure and the functionality of the skin is the use of organotypic models. Those models include reconstructed epidermis and skin explants, among other approaches [START_REF] Lebonvallet | The evolution and use of skin explants: potential and limitations for dermatological research[END_REF]. A dermal scaffold is loaded with fibroblasts and cultured for a short period of time. In the case of pigmented HSE, melanocytes are loaded in the dermal equivalent and cultured. Finally, keratinocytes are seeded onto the scaffold. The differentiation of keratinocytes is triggered using an air-liquid interface and a differentiated HSe is obtained. Adapted from [START_REF] Zoio | Pigmented Full-Thickness Human Skin Model Based on a Fibroblast-Derived Matrix for Long-Term Studies[END_REF].

i.

Reconstructed epidermis

Reconstructed human epidermis (RHE) is a type of skin model made of human keratinocytes cultured in vitro in a specific culture medium. The keratinocytes can be sourced from juvenile foreskin or adult abdominal skin. Initially, the keratinocytes are placed in a transwell and submerged in a culture medium for a short period. Subsequently, they are transitioned to an air-liquid-interface, which allows for keratinocyte differentiation. After approximately two weeks, a reconstructed epidermis resembling the human epidermis is formed. This epidermislike structure exhibits many morphological similarities, including a stratified epithelium consisting of four layers, as well as biochemical and physiological characteristics [START_REF] Poumay | Modelling the human epidermis in vitro: tools for basic and applied research[END_REF]. Such models find utility in various applications, such as irritant testing, mimicking cutaneous pathologies such as atopic dermatitis [START_REF] Cadau | An Inflamed and Infected Reconstructed Human Epidermis to Study Atopic Dermatitis and Skin Care Ingredients[END_REF] or evaluation of the skin barrier function [START_REF] Alioli | Down-regulation of peptidylarginine deiminase type 1 in reconstructed human epidermis disturbs nucleophagy in the granular layer and affects barrier function[END_REF].

Besides keratinocytes, RHE can incorporate additional cell types, including melanocytes, enabling the development of pigmented RHE models with varying phototypes. These pigmented RHE models find particular application in the evaluation of phototoxicity and the assessment of sunscreen effectiveness [START_REF] Duval | Distinct Melanogenic Response of Human Melanocytes in Mono-culture, in Co-Culture with Keratinocytes and in Reconstructed Epidermis, to UV Exposure[END_REF].

Despite its ability to replicate many characteristics of the human epidermis, RHE faces a significant limitation in the absence of a dermal structure. The development of human skin equivalents (HSE), also known as full thickness skin models or reconstructed human skin, has been essential in overcoming this limitation. HSEs consist of a fully differentiated epidermal layer combined with a dermal layer. The dermal layer consists of dermal fibroblasts cultured in a 3D matrix, with type I collagen serving as the widely used scaffold component due to its significance in the dermal extracellular matrix [START_REF] Black | Optimization and Characterization of an Engineered Human Skin Equivalent[END_REF].

The procedure for generating HSE closely resembles the production of RHE. A dermal scaffold loaded with fibroblasts is created and briefly cultured, after which keratinocytes are seeded onto the scaffold. Subsequent steps involve the standard RHE production protocol, including submerged incubation and transitioning to an air-liquid-interface to induce keratinocyte differentiation [START_REF] Black | Optimization and Characterization of an Engineered Human Skin Equivalent[END_REF] (Figure 20).

One limitation of this skin model is the instability of the dermal scaffold, particularly when using type I collagen [START_REF] Sarrigiannidis | A tough act to follow: collagen hydrogel modifications to improve mechanical and growth factor loading capabilities[END_REF]. To enhance dermis stability, various approaches can be employed, such as incorporating chemical cross-linking agents (e.g. silk [START_REF] Bellas | In vitro 3D Full-Thickness Skin-Equivalent Tissue Model Using Silk and Collagen Biomaterials[END_REF]), utilizing non-enzymatic glycation, or combining multiple natural polymers. Ongoing advancements in 3D scaffold construction include the development of methods such as peptide-based hydrogels and the "self-assembled skin equivalent" (J. Li et al., 2019). The latter involves culturing fibroblasts with ascorbate to create a fibrous structure closely resembling normal connective tissue.

To closely mimic human skin, various cell types and structures can be incorporated into HSE.

Vascular endothelial cells

Blood vessels have a crucial role in maintaining homeostasis and responding to inflammation in human skin by facilitating the infiltration of immune cells into the tissue. Vascularization in HSE can be replicated by incorporating endothelial cells within the dermal structure, resulting in the formation of blood vessel-like tubes [START_REF] Groeber | A first vascularized skin equivalent for as an alternative to animal experimentation[END_REF]. This addition of vascular-like structures in HSE opens up opportunities for drug delivery studies in these skin models.

Immune cells

To create a more comprehensive model that enables the study of various biological phenomena such as infections, wound healing, and inflammatory reactions, it is necessary to include immune cells in HSE. Incorporating different cell types, such as T cells, LCs [START_REF] Ouwehand | Technical Advance: Langerhans cells derived from a human cell line in a full-thickness skin equivalent undergo allergen-induced maturation and migration[END_REF], DCs [START_REF] Chau | The development of a 3D immunocompetent model of human skin[END_REF], and macrophages from diverse sources, allows for the simulation of natural and immunocompetent human skin. However, these methods present certain limitations, including the need for specific nutrients and media compositions for each cell type, potential incompatibilities or effects of differentiation media on immune cells during dermis and epidermis formation, and the absence of a vascular system to facilitate the infiltration of immune cells into the tissue.

Nerve cells

Nerve fibers, which are part of the cutaneous nervous system, play a pivotal role in numerous biological processes, including wound healing, and interact with immune cells and other skin cells by releasing specific cytokines within the tissue. Various approaches have been developed to incorporate nerve cells into HSE, such as the integrating dorsal root ganglia neurons from different sources (porcine or murine) into the model [START_REF] Blais | Sensory Neurons Accelerate Skin Reepithelialization via Substance P in an Innervated Tissue-Engineered Wound Healing Model[END_REF][START_REF] Roggenkamp | Epidermal Nerve Fibers Modulate Keratinocyte Growth via Neuropeptide Signaling in an Innervated Skin Model[END_REF]. Another option involves reprogramming dermal fibroblasts to generate human neural stem cells that can subsequently differentiate into neurons. The inclusion of these nerve cells in the models results in the production of neuropeptides, such as substance P and calcitonin gene-related peptide [START_REF] Roggenkamp | Epidermal Nerve Fibers Modulate Keratinocyte Growth via Neuropeptide Signaling in an Innervated Skin Model[END_REF], contributing to the acceleration of the wound healing process [START_REF] Blais | Sensory Neurons Accelerate Skin Reepithelialization via Substance P in an Innervated Tissue-Engineered Wound Healing Model[END_REF]. HypoSkin models can be injected with any injectable drugs, using an insulin syringe. From Genoskin.

Adipose tissue

The hypodermis, despite its involvement in various processes such as hormone secretion, and its role as a cutaneous immune cell reservoir, is frequently excluded from skin models.

However, a tri-layered model that incorporates the hypodermis could have numerous applications in the cosmetic and pharmaceutical industry, as it more accurately mimics natural human skin compared to bi-layered models. Incorporating a hypodermis layer in HSE can be achieved through different options, including the use of adipose-derived stem cells (ASCs), mature adipocytes [START_REF] Huber | Integration of Mature Adipocytes to Build-Up a Functional Three-Layered Full-Skin Equivalent[END_REF], or native adipose tissue. Finally, the hypodermis is interconnected with the dermis and epidermis, constructed as previously described (Hofmann et al., 2023).

Skin appendages

As mentioned previously, skin appendages, including hair follicles, play a crucial role in the barrier function, regulation of body temperature, and in wound healing. Numerous techniques have been explored to incorporate hair follicle-like structures into HSE [START_REF] Higgins | Microenvironmental reprogramming by three-dimensional culture enables dermal papilla cells to induce de novo human hair-follicle growth[END_REF][START_REF] Michel | Characterization of a new tissue-engineered human skin equivalent with hair[END_REF]), yet achieving a satisfactory 3D arrangement in HSE remains a significant challenge (Hofmann et al., 2023).

ii. Skin explants and HypoSkin® model

Skin explants are small samples of natural human skin obtained during biopsies or surgical procedures, in compliance with legal regulations, which are subsequently cultured immediately after surgery or biopsy using appropriate culture media. Those explants, generally cultivated at 37 °C, 5% CO2, preferentially in serum-free conditions, can be kept alive from a few hours to a few days. The skin explants can be used in totality, as a fullthickness explant, or split to epidermis and dermis. The explant is deposited under immersed conditions (for short-term cultures) or at the air-liquid interface (for long-term cultures) [START_REF] De Wever | Human Skin Models for Research Applications in Pharmacology and Toxicology: Introducing NativeSkin®, the "Missing Link" Bridging Cell Culture and/or Reconstructed Skin Models and Human Clinical Testing[END_REF][START_REF] Lebonvallet | The evolution and use of skin explants: potential and limitations for dermatological research[END_REF].

The main applications of those models are the study of wound-healing (von [START_REF] Von Müller | Active neutrophil responses counteract Candida albicans burn wound infection of ex vivo human skin explants[END_REF], inflammation processes [START_REF] Jardet | Development and characterization of a human Th17-driven ex vivo skin inflammation model[END_REF], stress, aging [START_REF] Klinngam | Polymethoxyflavones from Kaempferia parviflora ameliorate skin aging in primary human dermal fibroblasts and ex vivo human skin[END_REF], migration of cells out of skin such as DCs, therapeutics efficacy assessment [START_REF] Neil | Human skin explant model for the investigation of topical therapeutics[END_REF] and to serve as screening tests. Finally, in some cases, the skin explants can be grafted on living animals, but this leads to models presenting the same inconveniences as in vivo models [START_REF] Lebonvallet | The evolution and use of skin explants: potential and limitations for dermatological research[END_REF]. Adapted from [START_REF] Lebonvallet | The evolution and use of skin explants: potential and limitations for dermatological research[END_REF].

Models Advantages Limitations

In The HypoSkin® model, developed and commercialized by Genoskin, is a human skin ex vivo model made of the three layers of the human skin: the epidermis, dermis and hypodermis.

This model is composed of a fresh human skin biopsy obtained from skin samples mostly collected during abdominoplasty procedures. Those circular biopsies, from 8 to 23mm diameter, are kept at air-liquid interface in a semi-solid nutrient matrix within a culture insert (Figure 21).

The model is cultured under standard culture conditions (37°C, 5% CO2, maximum humidity) in a multi-well plate where a specially developed culture medium is deposited. The model can be topically treated, particularly using the silicone ring attached to its surface, which prevents lateral diffusion of the applied compound. It can also be systemically treated by adding the compound to the culture medium, which passively diffuses through the porous membrane of the insert. The presence of the hypodermis makes the model injectable, either intradermally or subcutaneously, using an insulin syringe (Figure 22). The viability, injectability and immunocompetence of the HypoSkin® model will be analyzed and discussed in detail in the results section (Part II. Assessment of the immune response following anti-COVID-19

Moderna injection in ex vivo human skin models).

Genoskin also offers a model without subcutaneous tissue -NativeSkin®, as well as a psoriasis model -InflammaSkin® -for evaluating treatment efficacy.

d. Skin models comparison

The previously discussed models serve as valuable tools in understanding the complexities of skin biology and the effects of different substances or treatments. Evaluating the strengths and limitations of each model is necessary to make informed decisions about which model best suits specific research goals (Table 6).

Taken together, the data indicates that ex vivo human skin models are well-suited to address our specific concerns. They offer significant advantages for investigating vaccination, primarily due to their inclusion of all three skin layers and the natural immune landscape and immunocompetence of the tissue. Based on these factors, human skin explants emerge as a promising candidate for studying the immunogenicity of injectable drugs, particularly vaccines. parameters [START_REF] Sahir | Development of a 43 color panel for the characterization of conventional and unconventional T-cell subsets, B cells, NK cells, monocytes, dendritic cells, and innate lymphoid cells using spectral flow cytometry[END_REF]. This feature makes flow cytometry a powerful tool for in-depth analysis of complex cell populations in a short amount of time [START_REF] Adan | Flow cytometry: basic principles and applications[END_REF].

There are two main types of flow cytometry: non-sorting and sorting. Non-sorting flow cytometry instruments can measure light scattering and fluorescence emission, providing valuable information about cell characteristics. On the other hand, sorting flow cytometry, also known as fluorescent activated cell sorters (FACS), not only measures these parameters but also has the capability to physically separate and sort fluorescent-labeled cells from a mixed cell population. This sorting ability allows for the isolation of specific cell types for further analysis or downstream applications [START_REF] Adan | Flow cytometry: basic principles and applications[END_REF].

The main components of flow cytometers and cell sorters are basically fluidics, excitation and collection optics, an electronic network made of detectors, and a computer. • FSC light is a result of diffraction and is collected along the same axis as the laser beam. FSC is proportional to the cell's surface area or size, making it suitable for detecting particles above a certain size threshold. It is the most commonly used method for immunophenotyping as it helps determine cell size and distinguish between different cell populations [START_REF] Adan | Flow cytometry: basic principles and applications[END_REF].

• SSC light is mostly refracted and reflected light, which is collected at approximately 90 degrees to the laser beam. SSC is proportional to the cell's granularity or internal complexity. It is particularly useful for capturing the fluorescent light emitted by fluorescent-labeled antibodies or dyes, as they are reflected at the same angle as SSC [START_REF] Adan | Flow cytometry: basic principles and applications[END_REF].

By correlating measurements of FSC and SSC, it is possible to differentiate between different cell types within a heterogeneous population.

The collection optics in a flow cytometer include lenses, to gather the light emitted during the interaction of particles with the laser beam, and optical mirrors and filters that separate and direct specific wavelengths of the collected light to the appropriate detectors. To ensure the specificity of a detector for a particular fluorescent dye, suitable filters are used. These filters can be long pass, short pass, or band pass filters. Band pass filters allow only a narrow range of wavelengths close to the emission peak of the fluorescent dye to reach the detector.

Short pass filters transmit wavelengths equal to or shorter than a specified wavelength, while long pass filters transmit wavelengths equal to or longer than a specified wavelength [START_REF] Adan | Flow cytometry: basic principles and applications[END_REF].

The third element of flow cytometers is the electronic network, which is responsible for Once the cells of interest are collected, they can be further analyzed using techniques such as microscopy or sequencing analysis [START_REF] Adan | Flow cytometry: basic principles and applications[END_REF].

Data analysis

The analysis of flow cytometry data typically involves a two-parameter analysis, where two measurement parameters (such as FSC, SSC, or fluorescent intensities) are plotted on a graph with one parameter on the x-axis and the other on the y-axis. The cell count is represented as a density plot or contour map. To analyze the data, the user performs a technique called "gating," which involves defining regions on the graph based on parameters thresholds, manually determined. These regions help discriminate different cell populations, such as negative, single positive, or double positive populations, in the case of fluorescence data analysis. Single parameter analysis can also be conducted using histogram plots, where the x-axis represents the signal value of the parameter in channel numbers, and the y-axis represents the number of events per channel number [START_REF] Adan | Flow cytometry: basic principles and applications[END_REF].

ii. Fluorescence in flow cytometry

As mentioned earlier, fluorescence is a fundamental principle of flow cytometry. It involves the use of fluorescent compounds that can absorb light energy at specific wavelengths. When these compounds absorb light, an electron is elevated to an excited state of higher energy.

Subsequently, the excited electron rapidly returns to its ground state, releasing the excess energy as a photon of light. This phenomenon is known as fluorescence, where the absorbed energy is converted into emitted light. Fluorochromes possess two key characteristics: an absorption spectrum, which indicates the range of wavelengths at which the compound can be excited by light, and an emission spectrum, which represents the range of wavelengths of the light emitted by the compound. The difference between the maximum wavelengths of absorption and emission is referred to as the Stokes shift (Figure 24). A larger Stoke's shift indicates a greater separation between the wavelengths of the absorbed and emitted light [START_REF] Adan | Flow cytometry: basic principles and applications[END_REF].

In fluorescence-based flow cytometry, the analysis of cells can involve the detection of multiple compounds, allowing for multiparametric analysis and enabling the identification and characterization of various cell types. Cell surface antigens are commonly used in flow cytometry for cell identification and characterization, but other targets such as plasma membrane or intracellular proteins can be stained to provide further insights into cellular properties [START_REF] Adan | Flow cytometry: basic principles and applications[END_REF].

One important parameter of flow cytometry experiment is the choice of fluorophores used.

They can be categorized into different groups based on their applications. One group includes fluorochromes used for covalently labeling proteins. Antibodies are commonly used as probes for protein labeling, but other proteins such as lectins, hormones, avidin, streptavidin, or c-DNA can also be labeled with various fluorochromes. Commonly used fluorochromes for antibody labeling are FITC, phycoerythrin (PE), and allophycocyanin (APC). Tandem dyes, which consist of two fluorochromes, have also been developed to increase the number of labeled proteins that can be used. Examples of tandem dyes include PE-Cy5 and APC-Cy7, where the energy from the first dye is transferred to the second dye through fluorescence resonance energy transfer (FRET), resulting in fluorescence emission [START_REF] Adan | Flow cytometry: basic principles and applications[END_REF]. 

The excitation (gray lines) and emission spectra (black lines) of FITC (solid lines) and PE (dashed lines)

are represented, along with their associated detection windows. The hatched area represents the spectral overlap between FITC and PE dyes. Extracted from [START_REF] Szalóki | Compensation in multicolor flow cytometry[END_REF].

Fluorochromes are also used to stain nucleic acids in flow cytometry, serving various purposes such as DNA quantification, evaluation of membrane integrity, and cell cycle analysis. Dyes like ethidium bromide and propidium iodide can stain both RNA and DNA, while UV-excited dyes like Hoechst and DAPI (4′,6-diamidino-2-phenylindole) bind to AT-rich regions of DNA.

Reporter molecules like green fluorescent protein (GFP) are also employed in flow cytometric analysis [START_REF] Adan | Flow cytometry: basic principles and applications[END_REF].

However, when multiple fluorochromes are used simultaneously, there can be spectral overlap between their emission spectra. For instance, FITC and PE have overlapping emission spectra, meaning that some of the light emitted by FITC may pass through the filter used for PE detection (Figure 25). To correct for this spectral overlap, a process called color compensation is performed. Color compensation involves subtracting a fraction of the signal from one fluorochrome (e.g., FITC) from the signal of another fluorochrome (e.g., PE) or vice versa.

In order to determine the appropriate amount of compensation to be applied, control readings are performed. This involves reading each fluorochrome individually and determining the percentage of its detectable emission in the channel specific for the other fluorochrome. This procedure is repeated for each fluorochrome that requires compensation. By analyzing these control readings, the appropriate compensation values can be calculated and applied to the dataset, taking into account the interference each fluorochrome may have in channels not specifically assigned to measure it [START_REF] Adan | Flow cytometry: basic principles and applications[END_REF].

Flow cytometry has a wide range of applications. One of its main uses is immunophenotyping, which involves the identification and characterization of different cell types, in blood samples for example, using specific antibodies that target cell surface membrane proteins. In addition to immunophenotyping, flow cytometry can also be employed to measure apoptotic markers.

This includes assessing cell viability, evaluating the activation of caspase-3, examining mitochondrial proteins, and detecting DNA fragmentation. Furthermore, intracellular cytokines can be detected using flow cytometry after permeabilizing the cells and staining them with specific antibodies [START_REF] Adan | Flow cytometry: basic principles and applications[END_REF].

Despite the numerous advantages of flow cytometry, such as the ability to analyze multiple parameters simultaneously, there are certain limitations to consider. One limitation is that the process of enzymatic tissue digestion required for flow cytometry leads to the loss of anatomical localization of the cells and can also have profound effects on the expression of a variety of cell-surface molecules with direct consequences for phenotypic analysis [START_REF] Autengruber | Impact of enzymatic tissue disintegration on the level of surface molecule expression and immune cell function[END_REF]. Another limitation is the manual and time-consuming nature of the gating step in flow cytometry analysis. The effectiveness of this particular stage heavily relies on the user's judgment and expertise, particularly when dealing with extensive phenotyping of immune cells. Although new methods such as unbiased t-distributed stochastic neighbor embedding (t-SNE) are currently under development, they have not entirely eliminated the need for human expertise in this context. As a result, there can be variability and biases introduced in the attribution of cell types and subsequent data analysis.

b. Classical immunohistochemistry and immunofluorescence i. Immunostaining principle

Immunostaining is another commonly used technique allowing the identification of immune cells in tissues. This valuable technique utilizes the specific interaction between an antibody and an antigen to identify and localize specific antigens in cells and tissues. It can be performed on both frozen sections and formalin-fixed paraffin-embedded (FFPE) tissue, which offers the advantage of easy storage [START_REF] Magaki | An Introduction to the Performance of Immunohistochemistry[END_REF]. The sequential steps in immunostaining can be summarized as follows:

Antigen retrieval

Following deparaffinization and rehydration, the initial step in immunofluorescence performed on FFPE samples typically involves antigen retrieval, which aims to unmask antigens that may have been obscured during tissue fixation, thus enhancing their accessibility for antibody binding. Several methods of antigen retrieval exist, depending on the specific target antigen and antibody. Generally, these methods involve disrupting the protein cross-links formed during fixation, such as formalin, through chemical or physical means. Physical treatments include heat and ultrasound, while chemical methods involve enzyme digestion and denaturation. Often, a combination of both approaches is utilized, such as chemical treatment accompanied by heat application. Currently, the most widely used method is heat-induced antigen retrieval, commonly performed using microwave ovens, pressure cookers, autoclaves, or water baths. 

Addition of primary antibody

Monoclonal and polyclonal antibodies are both used as primary antibodies in immunofluorescence. Monoclonal antibodies are designed to target a single epitope with high specificity, while polyclonal antibodies have the ability to bind to multiple epitopes, providing increased sensitivity.

Application of a secondary antibody

In order to visualize the interaction between the antigen and antibody, labeling of either the primary antibody or secondary antibody is required. In the direct method, the primary antibody itself is labeled and applied to the tissue in a single step. However, this method is less commonly used due to the absence of signal amplification, necessitating higher concentrations of labeled primary antibody and the need to label each primary antibody separately. In contrast, the indirect method involves labeling the secondary antibody, which is targeted against the Ig of the species in which the primary antibody was produced. This approach allows for signal amplification and provides the flexibility to use a variety of primary antibodies in combination with the labeled secondary antibody.

The visualization of the antigens differs when using immunohistochemistry (IHC) or immunofluorescence (IF) (Figure 26).

ii. Immunohistochemistry

IHC relies on the use of fluorescent molecules and enzymes like horseradish peroxidase or alkaline phosphatase. These labels generate a colored product upon incubation with a chromogenic substrate such as diaminobenzidine that can be observed using a light microscope.

Classical IHC offers numerous advantages and finds applications in various fields, including clinical diagnostics in anatomic pathology and the assessment of predictive and prognostic biomarkers in different types of malignancies such as breast [START_REF] Yeh | Application of Immunohistochemistry to Breast Lesions[END_REF], gastrointestinal tract, lung [START_REF] Inamura | Update on Immunohistochemistry for the Diagnosis of Lung Cancer[END_REF], hematolymphoid, and central nervous system cancers. Moreover, the introduction of antigen retrieval techniques has made it convenient to perform IHC on FFPE tissue [START_REF] Shi | Antigen retrieval in formalin-fixed, paraffin-embedded tissues: an enhancement method for immunohistochemical staining based on microwave oven heating of tissue sections[END_REF], and automated methods have enabled highvolume processing with reproducibility.

However, there are certain limitations associated with this method. For instance, it can be susceptible to high background staining caused by endogenous peroxidase activity, necessitating rigorous quality control measures such as including positive and negative controls in each run, or the use of a tissue pretreatment to inhibit endogenous enzyme activity [START_REF] D'amico | State of the art in antigen retrieval for immunohistochemistry[END_REF]. Furthermore, the method typically allows for the assessment of a single marker per run, limiting the simultaneous examination of multiple targets.

iii. Immunofluorescence

On the other hand, IF relies on the use of specific antibodies labeled with fluorophores that can be observed using any fluorescence microscope. Compared to IHC, IF offers excellent sensitivity and signal amplification, making it a powerful tool for visualization [START_REF] Im | Tissue distribution of the DEC-205 protein that is detected by the monoclonal antibody NLDC-145. I. Expression on dendritic cells and other subsets of mouse leukocytes[END_REF].

IF methods have numerous applications, particularly in research and patient care, and offer several advantages including signal amplification, target specificity and high resolution.

Otherwise, IF can be employed on cultured cells, cell suspensions, as well as specific targets within tissue samples or whole organisms. However, there are a few limitations to consider.

Fluorophores used in IF can be susceptible to bleaching, which may affect the stability of the fluorescent signal over time. Additionally, there is a limitation on the number of antibodies that can be simultaneously used in a single IF experiment. Moreover, when using more than two or three antibodies, there can be spectral overlap between the emission wavelengths, which can complicate the interpretation of the results [START_REF] Im | Tissue distribution of the DEC-205 protein that is detected by the monoclonal antibody NLDC-145. I. Expression on dendritic cells and other subsets of mouse leukocytes[END_REF]. Bulk RNA sequencing analyzes the average gene expression of a population of cells, while single-cell RNA sequencing measures gene expression in individual cells, providing a higher-resolution view of cellular heterogeneity. Extracted from [START_REF] Guruprasad | The current landscape of single-cell transcriptomics for cancer immunotherapy[END_REF].

Part II. Emerging analysis methods of tissue-resident immune cells

Immunostainings and flow cytometry are powerful tools for characterizing immune cells and their surface markers, but they have limitations in providing a comprehensive understanding of immune cell biology. These techniques allow for either a high phenotyping of immune cells but lacking localisation, or a mapping of immune cells but with low discriminative power.

Additionally, studies have recently shown that the function and activation status of a cell is mainly driven by its gene expression. This is where multiplexing imaging and transcriptomics 

a. Bulk RNA-seq

Standard bulk RNA-seq provides the average expression level of each transcript in a sample, which can be a mixture of various cell types. To conduct bulk RNA-seq analysis, three primary steps must be executed: RNA extraction from the sample, RNA-seq, and subsequent bioinformatic analysis.

i. RNA extraction

Initially, a biopsy is acquired either from a healthy individual or a patient and carefully preserved in a suitable medium, such as RNA later, which is crucial to protect RNA from oxidation and degradation caused by RNAses. The samples can then be stored at -80°C and processed afterwards, allowing the collection and simultaneous processing of samples.

Subsequently, the tissue is dissociated, and RNA extraction is carried out using an RNA extraction kit that breaks down the cell membranes and removes any contaminants to obtain purified RNA. The extracted RNA's quality is then assessed using indicators like RIN (RNA Integrity Number), 260/280 ratio (for DNA contamination), and 260/230 ratio (for phenol contamination). To maintain stability and avoid oxidation of hydrolytic cleavage [START_REF] Fabre | An efficient method for long-term room temperature storage of RNA[END_REF], the RNA is stored at -80°C until the sequencing process [START_REF] Kuksin | Applications of single-cell and bulk RNA sequencing in oncoimmunology[END_REF].

ii.

RNA-seq

After the extraction of RNA from the biopsy, the extracted RNAs are converted into a complementary DNA (cDNA) library suitable for sequencing. This step involves reverse transcription of RNA into cDNA, followed by library preparation through fragmentation, adapter ligation, and polymerase chain reaction (PCR) amplification. Then the cDNA libraries are subjected to high-throughput sequencing using platforms like Illumina, thus generating millions of short reads representing the RNA fragments from the original samples. The choice of the sequencing parameters, such as sequencing depth (average number of reads per transcript), type of library used (rRNA-depleted, poly(A)-enriched RNA, whole RNA-seq, small RNA-seq, etc.) and type of sequencing (single-end or paired-end), are key for the subsequent analysis and should be determined based on the biological question to answer [START_REF] Kuksin | Applications of single-cell and bulk RNA sequencing in oncoimmunology[END_REF].

iii.

Bioinformatics analysis

Following sequencing, the raw data necessitates processing through various bioinformatic tools to render it informative. This entails aligning the sequenced reads to a reference genome and generating a count table, which enumerates the read counts for each gene and each sample [START_REF] Kuksin | Applications of single-cell and bulk RNA sequencing in oncoimmunology[END_REF]. Numerous analysis tools can be employed utilizing this count matrix. Some of the primary ones are as follows: A heatmap is a graphical representation that displays the expression levels of a large number of genes across multiple samples, where colors represent the relative gene expression levels, allowing for visual identification of patterns and similarities in gene expression profiles. From Genoskin.

Dimensionality reduction consists in transforming data from a high-dimensional space, such as when each gene represents a dimension, into a lower-dimensional space. This process aims to efficiently "summarize" the dataset, making it more interpretable while preserving essential properties. Dimensionality reduction in bulk RNA-seq are mainly achieved through linear methods like Principal Component Analysis (PCA) [START_REF] Abdi | Principal component analysis[END_REF], that preserve all differences between samples by constructing sets of orthogonal vectors representing the directions of maximal variance in the data space.This method enables sample clustering and provides insights into the variance of the data.

Batch effect correction refers to the process of removing or minimizing technical variations introduced by the experimental procedure rather than reflecting true biological differences between samples. Batch effects can arise due to various factors, such as differences in experimental conditions, sample processing, or sequencing runs. Batch effect correction methods aim to normalize the data, bringing the samples from different batches onto the same scale and removing the unwanted technical variation [START_REF] Leek | svaseq: removing batch effects and other unwanted noise from sequencing data[END_REF]. By doing so, researchers can ensure that the observed differences in gene expression levels primarily result from biological factors rather than technical artifacts. There are several batch effect correction techniques available, such as ComBat (Zhang et al., 2020) or limma, that adjust the gene expression values for each sample, taking into account the batch to which it belongs.

Differential expression (DE) analysis allows detection of significant differences in gene expression levels between various experimental groups. The outputs of DE analysis include the fold-change of expression between the groups and a corrected p-value. These results are often visualized using volcano plots (Figure 28) or heatmaps (Figure 29), which emphasize genes that are significantly overexpressed or underexpressed across different groups.

DESeq2 [START_REF] Love | Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2[END_REF] and EdgeR [START_REF] Robinson | edgeR: a Bioconductor package for differential expression analysis of digital gene expression data[END_REF] are well-known R packages commonly used for DE analysis in gene expression data [START_REF] Kuksin | Applications of single-cell and bulk RNA sequencing in oncoimmunology[END_REF].

Clustering is a technique used to simplify and interpret gene expression data by categorizing samples into groups based on their similarity in gene expression profiles. This approach focuses on finding samples that exhibit greater similarity within the group rather than between different groups. Various algorithms are commonly used for clustering bulk transcriptomic profiles, including hierarchical clustering, k-means, density-based methods like DBSCAN [START_REF] Lam | Clustering[END_REF], and graph-based algorithms such as general-purpose Louvain [START_REF] Blondel | Fast Unfolding of Communities in Large Networks[END_REF] and Leiden methods [START_REF] Traag | From Louvain to Leiden: guaranteeing wellconnected communities[END_REF]. CIBERSORTx works by using a machine learning algorithm to analyze bulk RNA sequencing data and estimate the relative proportions of different immune cell types within a complex tissue or sample based on their characteristic gene expression signatures. Extracted from [START_REF] Chen | Profiling tumor infiltrating immune cells with CIBERSORT[END_REF].

Pathway analysis is a robust method used to detect the biological pathways and molecular networks influenced by differentially expressed genes [START_REF] Reimand | Pathway enrichment analysis and visualization of omics data using g:Profiler, GSEA, Cytoscape and EnrichmentMap[END_REF]. This approach involves integrating gene expression data with established databases of biological pathways and molecular interactions, such as KEGG (Kyoto Encyclopedia of Genes and Genomes), which contains a wealth of pathways information. By leveraging these databases, pathway analysis provides valuable insights into the functional implications of gene expression changes, shedding light on the key biological processes and signaling pathways that are impacted in bulk RNA-seq studies [START_REF] Kuksin | Applications of single-cell and bulk RNA sequencing in oncoimmunology[END_REF].

Finally, deconvolution refers to a computational method used to infer the cell-type composition of a heterogeneous sample based on its gene expression profile as a surrogate of what single cell RNA-seq analysis can produce [START_REF] Finotello | Quantifying tumor-infiltrating immune cells from transcriptomics data[END_REF][START_REF] Shen-Orr | Computational deconvolution: extracting cell type-specific information from heterogeneous samples[END_REF]. This method utilizes reference gene expression profiles from pure cell populations to estimate the relative proportions of different cell types in the heterogeneous sample. These methods leverage algorithms that model the gene expression data as a linear combination of the expression profiles of individual cell types, assuming that each cell type contributes to the overall gene expression in proportion to its abundance in the sample. A classical tool used for bulk RNA-seq deconvolution is CIBERTSORTx [START_REF] Newman | Determining cell type abundance and expression from bulk tissues with digital cytometry[END_REF] (Figure 30).

Recently, bulk RNA-seq has found significant application in oncology, where it has been extensively utilized. Research in this field has demonstrated that data generated from bulk RNA-seq, such as information about the immune infiltrate composition within a tumor, can have a profound impact on patient prognosis [START_REF] Buzdin | RNA sequencing for research and diagnostics in clinical oncology[END_REF]. Consequently, bulk RNAseq has emerged not only as a valuable tool for comprehending pathology mechanisms but also as a predictive and diagnostic tool with the potential to enhance patient outcomes. By providing insights into the immune microenvironment and tumor characteristics, bulk RNA-seq holds promise for improving our understanding of cancer biology and aiding in personalized treatment strategies [START_REF] Kuksin | Applications of single-cell and bulk RNA sequencing in oncoimmunology[END_REF].

b. Single cell RNA-seq

While conventional bulk population sequencing yields valuable information, mounting evidence indicates that gene expression varies significantly, even among seemingly similar cell types. This stochastic expression not only mirrors the cellular composition but also plays a role in determining cell fate decisions [START_REF] Hwang | Single-cell RNA sequencing technologies and bioinformatics pipelines[END_REF]. Single cell RNA-seq represents a recent advancement [START_REF] Tang | mRNA-Seq whole-transcriptome analysis of a single cell[END_REF] in technology that can circumvent those limitations. The pooled cDNA library is then sequenced. Extracted from (MU DNA Core Facility, no date).

It enables the measurement of gene expression levels for every transcript within each individual cell in the sample and the subsequent identification of multiple cell types [START_REF] Dobos | Exploring the role of the skin microenvironment in cutaneous T-cell lymphoma using single cell RNA-sequencing[END_REF], offering insight into the expression distribution within distinct cell subpopulations [START_REF] Kuksin | Applications of single-cell and bulk RNA sequencing in oncoimmunology[END_REF]. To conduct single cell RNA-seq analysis, three primary steps must be executed: single cell isolation, library preparation and RNA sequencing, and bioinformatic analysis.

i.

Single cell isolation

The preparation of a cell suspension for single cell RNA-seq is a critical process that involves several key steps to achieve the isolation of individual cells and preserve their RNA content.

Initially, the tissue is dissociated into individual cells, which can be accomplished through mechanical means like grinding or enzymatic digestion using enzymes such as collagenase or trypsin. Unlike bulk RNA-seq, single cell RNA-seq demands a viable cell suspension to ensure robust cell isolation, making any fixation or freezing steps unsuitable, contrary to bulk RNA-seq [START_REF] Kuksin | Applications of single-cell and bulk RNA sequencing in oncoimmunology[END_REF]. Therefore, the samples need to be processed promptly after collection. Following isolation, the total number of cells in the suspension is determined, and their viability is assessed using dyes like trypan blue or propidium iodide. This evaluation ensures that the majority of cells are alive and suitable for subsequent analysis. Finally, the single-cell suspension is loaded onto a device designed to capture individual cells, such as a microfluidics-based platform (e.g., a microfluidic chip) or a droplet-based system (e.g., dropletbased single cell RNA-seq). This step is critical as it isolates single cells into separate reaction compartments (Figure 31).

ii. Librairies preparation and sequencing

After individual cell capture, their cellular membranes are disrupted, and RNA is released using a lysis buffer or other suitable methods. It is crucial to employ lysis conditions that preserve RNA integrity and minimize degradation. The isolated RNA is then subjected to reverse transcription, converting it into cDNA using reverse transcriptase and oligo-dT primers (or random primers) that include unique molecular identifiers (UMIs) [START_REF] Trombetta | Preparation of Single-Cell RNA-Seq Libraries for Next Generation Sequencing[END_REF].

These UMIs are instrumental in correcting amplification biases during subsequent steps.

During library preparation, the cDNA is amplified, and specific adapters are introduced. These adapters facilitate indexing and multiplexing of multiple samples in the same sequencing run.

The UMIs aid in identifying individual mRNA molecules, while barcodes help in associating each mRNA with its corresponding single cell. Throughout the entire process, it is imperative to conduct quality and quantity monitoring of RNA and cDNA at various stages using techniques like qPCR or Agilent Bioanalyzer. Finally, the prepared single cell RNA-seq libraries are subjected to high-throughput sequencing using next-generation sequencing platforms [START_REF] Kuksin | Applications of single-cell and bulk RNA sequencing in oncoimmunology[END_REF].

iii.

Biocomputational analysis

After sequencing, the single cell RNA-seq data undergoes comprehensive bioinformatic analysis, encompassing several distinct steps. Initially, the obtained reads are subjected to quality control (QC) to ensure data integrity. Among the various QC tools available, FastQC is a widely-used tool for assessing the quality distributions across the entire reads. The subsequent step involves read alignment, where the same algorithmic concepts utilized in the bulk RNA-seq analysis pipeline are employed. However, when UMIs are implemented, these sequences need to be trimmed before alignment. Following alignment, the reads are assigned to exonic, intronic, or intergenic features based on transcript annotation in the General Transcript Format. Only reads that map to exonic loci with high mapping quality are considered for generating the gene expression matrix (N (cells) × m (genes)). Subsequently, the data undergo filtering based on gene count, UMI count, and the percentage of mitochondrial genes. This process aims to eliminate dead cells, low-quality droplets, and potential multiplets, where a droplet may contain more than one cell. Normalization is then applied to eliminate cell-specific biases, which could impact downstream analyses [START_REF] Lytal | Normalization Methods on Single-Cell RNA-seq Data: An Empirical Survey[END_REF]. Additionally, batch effects are corrected to enhance data accuracy [START_REF] Hwang | Single-cell RNA sequencing technologies and bioinformatics pipelines[END_REF].

Once the data is normalized, a plethora of analysis tools can be utilized, leveraging the normalized count matrix. While many bulk RNA-seq analysis techniques can be adapted for single cell RNA-seq data, there are specific considerations unique to single-cell data analysis.

In terms of dimension reduction, a similar approach to bulk RNA-seq can be used in singlecell RNA-seq. However, different methods are employed, such as non-linear techniques like t-SNE (t-distributed stochastic neighbor embedding) (van der Maaten and Hinton, 2008) or UMAP (Uniform Manifold Approximation and Projection) (Becht et al., 2019). These methods create pairwise distance similarity graphs among data points and accurately depict the underlying structure in a reduced 2D or 3D space [START_REF] Kuksin | Applications of single-cell and bulk RNA sequencing in oncoimmunology[END_REF].

Clustering is an essential stage in the analysis of single-cell data, aimed at characterizing cellular heterogeneity by defining distinct cell types and states. For instance, when clustering a gene expression matrix from single cell RNA-seq data, the outcome may reveal clusters corresponding to the origin of each identified cell type.

To cluster single-cell RNA-seq data, the K-Nearest Neighbors algorithm can be employed to connect cells with similar feature expressions and form communities based on the Euclidean distance in the PCA space. Edge weights are further refined considering the shared overlap in their local neighborhoods using the Jaccard similarity. Subsequently, the Louvain algorithm can be utilized to group the cells into clusters.

Once the partitioning is completed, the subsequent step involves identifying marker genes that exhibit differential expression across different clusters. To attribute cell types, several methods are available, with the most commonly used approaches being the use of an annotated database, using the SingleR package for example [START_REF] Huang | Evaluation of Cell Type Annotation R Packages on Single-cell RNA-seq Data[END_REF] and manual attributions based on pre-selected markers known to be specific for each cell type [START_REF] Hwang | Single-cell RNA sequencing technologies and bioinformatics pipelines[END_REF][START_REF] Kuksin | Applications of single-cell and bulk RNA sequencing in oncoimmunology[END_REF].

In contrast to bulk RNA-seq, DE analysis in single cell RNA-seq allows for the comparison of subpopulations of cells or multiple treatment conditions within a specific cell type [START_REF] Kuksin | Applications of single-cell and bulk RNA sequencing in oncoimmunology[END_REF].

Cell type prioritization represents a novel approach that allows for the ranking of cell types based on their involvement in responding to an experimental perturbation within highdimensional single-cell data. The R package Augur serves as a valuable tool for conducting such analyses. Augur leverages a machine-learning framework to assess the distinguishability of perturbed and unperturbed cells in a high-dimensional space. By transforming a genes-bycells count matrix into a prioritized list of cell types, Augur facilitates the identification of specific perturbed cell types within a complex dataset containing multiple cell types. This prioritization process serves as an initial step in the analysis, enabling the selection of relevant cell populations for further investigation and exploration [START_REF] Skinnider | Cell type prioritization in single-cell data[END_REF]Squair et al., 2021).

Recently, cellular trajectory inference has emerged as a powerful method to study dynamic processes within single cells, such as cell cycle progression, cell differentiation, or cell activation. This approach leverages single-cell data, allowing researchers to observe how individual cells transition through various states over time. Cellular trajectory inference relies on the assumption that differentiating cells exhibit a continuous spectrum of states. To achieve this, tools are employed to order the cells along a trajectory based on similarities in their expression patterns. The unit representing each cell's transcriptional progression toward the terminal state of its trajectory is referred to as "pseudotime" (Van den [START_REF] Van Den Berge | Trajectory-based differential expression analysis for single-cell sequencing data[END_REF].

Numerous trajectory inference methods have been proposed, including Monocle, STREAM, and PAGA, among others. These techniques enable researchers to gain valuable insights into the dynamic behavior of individual cells and the complex processes of cell differentiation and activation [START_REF] Kuksin | Applications of single-cell and bulk RNA sequencing in oncoimmunology[END_REF].

Bulk RNA-seq and single cell RNA-seq both provide insights into gene expression profiles but differ in the level of resolution, as bulk RNA-seq averages gene expression across a population of cells, while single cell RNA-seq allows analysis of individual cells, offering a more detailed understanding of cellular heterogeneity, but also in order field such as costs or computational aspects.

Multiplex imaging

Multiplex imaging is a cutting-edge technique revolutionizing the field of cellular imaging and are subsequently detected and quantified using mass spectrometry, enabling high-resolution, multiplexed imaging of protein expression patterns in the tissue sample. Extracted from [START_REF] Angelo | Multiplexed ion beam imaging (MIBI) of human breast tumors[END_REF].

complex cell populations and their activation status [START_REF] Severin | Multiplexed highthroughput immune cell imaging reveals molecular health-associated phenotypes[END_REF]. Additionally, like IHC, multiplex imaging retains the spatial context of analyzed molecules within tissue samples, offering insights into cellular interactions and tissue microenvironments. By synergizing these advantages, multiplex imaging transcends the limitations of each method individually, providing a more comprehensive understanding of cellular heterogeneity, tissue architecture, and the dynamic interactions of molecules within the biological context.

In recent times, there has been a growing interest in multiplex imaging, particularly within cancer research, in which it is often employed to investigate intratumor heterogeneity and tumor-immune cell interactions [START_REF] Lewis | Spatial omics and multiplexed imaging to explore cancer biology[END_REF]. The ability of multiplex imaging to handle high-throughput data has significant implications for personalized medicine and the advancement of targeted therapies, thereby enhancing patient outcomes.

Over the past few decades, several novel multiplex imaging techniques have emerged, such as CODEX (Co-detection by indexing) [START_REF] Goltsev | Deep Profiling of Mouse Splenic Architecture with CODEX Multiplexed Imaging[END_REF], MIBI [START_REF] Angelo | Multiplexed ion beam imaging (MIBI) of human breast tumors[END_REF], and t-CYCIF (Tissue-based cyclic immunofluorescence) [START_REF] Lin | Highly multiplexed immunofluorescence imaging of human tissues and tumors using t-CyCIF and conventional optical microscopes[END_REF]. The subsequent section outlines the principles, advantages, and limitations of some of these methods.

b. Overview of the main multiplex imaging methods

The main multiplex imaging techniques encompass diverse approaches, including ablation methods that selectively remove specific molecules or structures from tissue samples, such as MIBI (Multiplexed ion beam imaging) or IMC (Imaging Mass Cytometry). Additionally, there are other innovative methods like CODEX, which utilizes DNA barcodes, t-CYCIF that relies on cyclic immunostainings and bleaching, and histocytometry, exploiting the full spectral range to multiplex dyes.

i. Ablation method: the MIBI example

Principle of the method

The MIBI technology has been developed by Garry P. Nolan's team and first published in 2014 [START_REF] Angelo | Multiplexed ion beam imaging (MIBI) of human breast tumors[END_REF]. This technique relies on the use of secondary ion mass spectrometry to visualize metal isotopes attached to antibodies (Figure 32). MIBI has demonstrated its Step 1: Antibody coupling Rather than using fluorophores or enzyme-conjugated reagents, primary antibodies are linked to stable and distinct metal isotopes. Notably, this coupling process has been demonstrated not to impact the specific and non-specific staining behavior of the antibodies.

Step 2: Specimen staining

The tissues or cells are stained using the metal-coupled antibodies. Additionally, a hematoxylin counterstain can be introduced, and its elemental aluminum content is measured through imaging.

Step 3: Imaging using an ion beam

The specimens are placed in a sample holder and exposed to a rasterized oxygen duoplasmatron primary ion beam. When the ion beam interacts with the sample, metal isotopes from the bound antibodies are released as secondary ions.

Step 4: Secondary ions analysis

After liberation, the secondary ions are analyzed using a magnetic sector mass spectrometer equipped with multiple detectors, enabling simultaneous detection of numerous isotopes. This setup allows for the potential of single-cell analysis with up to 40 parameters, ensuring minimal spectral overlap between channels.

Step 5: Data analysis

The obtained data generates a two-dimensional map showing the elemental distribution of each isotope, and consequently, each corresponding antibody. Various analyses can be conducted, such as single-cell segmentation, employing CD45 or hematoxylin channels for example and using CellProfiler. This segmentation allows for the extraction of single-cell ion counts for each channel, thereby yielding individual cell expression data for each antibody.

The data can then be visualized using biaxial scatter plots to illustrate marker coexpression patterns.

Advantages and limitations

The MIBI technology presents several compelling advantages. Firstly, sample preparation involves staining with all antibodies in a single step, facilitating simultaneous acquisition of markers during a single imaging session, resulting in significant time savings. Additionally, this technique can detect histological stains like hematoxylin by measuring its elemental aluminum content, and this data can be effectively superimposed with antibody expression information.

Furthermore, the absence of background signals caused by autofluorescence is particularly advantageous for imaging human skin. MIBI's capacity to use multiple isotopes simultaneously is supported by its impressive mass accuracy, which can resolve less than a fraction of a Dalton even at the lowest resolution, ensuring no spectral overlap between adjacent elemental reporters and eliminating the need for channel compensation. Lastly, due to the stability of mass tags, MIBI samples can be preserved indefinitely, enabling remote preparation and centralized reading facilities [START_REF] Angelo | Multiplexed ion beam imaging (MIBI) of human breast tumors[END_REF].

Despite its advantages, the MIBI method does encounter certain limitations. One notable challenge is sample throughput. While a 100-μm field of view containing seven antibodies, at a resolution comparable to light microscopy (200-300 nm), can be imaged in just 5 minutes, scaling up to a 500-μm field of view would require approximately 2 hours for imaging. Acquiring more antibodies could be accomplished with repeated scans, but this would proportionally increase the overall scan time. Moreover, reagents that are poorly characterized may exhibit nonspecific binding, and certain epitopes can be challenging to target effectively using antibody-based approaches [START_REF] Angelo | Multiplexed ion beam imaging (MIBI) of human breast tumors[END_REF].

Another ablation method known as IMC is also available. IMC shares the same fundamental principle as MIBI: both methods begin with the labeling of tissue sections using antibodies conjugated to stable isotopes. The primary distinction lies in the ablation process. In IMC, the tissue is ablated using a laser with a 1 μm spot size, rasterizing over a selected region of interest, while MIBI utilizes an oxygen duoplasmatron primary ion beam. In IMC, subsequently, plumes of tissue matter are aerosolized, atomized, and ionized, and then fed into a time-offlight mass spectrometer for isotope abundance analysis. Both methods enable mapping of the isotope abundance for each "spot" back to its original coordinates, thereby generating a high-dimensional image that qualitatively resembles a fluorescence microscopy image [START_REF] Baharlou | Mass Cytometry Imaging for the Study of Human Diseases-Applications and Data Analysis Strategies[END_REF].

The IMC technology was acquired by Standard Biotools ("Hyperion Imaging System," n.d.)

and subsequently commercialized as the Hyperion technology, making both the instrumentation and reagents readily available for commercial use. CODEX works by labeling antibodies with unique DNA barcodes, where each barcode corresponds to a specific protein marker. For that purpose, the antibodies used for immunostaining are modified to introduce reactive functional groups on their surface. These functional groups serve as anchor points for attaching the DNA barcode. The DNA barcode and the functionalized antibodies are mixed and form covalent bonds with specific sites on the DNA barcode, creating a stable linkage between the two molecules. The labeled antibodies can then be used to sequentially stain the tissue section. Extracted from [START_REF] Black | CODEX multiplexed tissue imaging with DNA-conjugated antibodies[END_REF].

ii. CODEX

Principle of the method

The CODEX technology has been also developed by Garry P. Nolan's team and first published in 2018 [START_REF] Goltsev | Deep Profiling of Mouse Splenic Architecture with CODEX Multiplexed Imaging[END_REF]. This technique relies on DNA-conjugated antibodies and the cyclic addition and removal of complementary fluorescently labeled DNA probes. This method has been successfully employed on both FFPE and fresh-frozen (5-10μm thickness) tissues. Step 1: Antibody conjugation with DNA oligonucleotides (~4.5 h) (Figure 33)

Due to its polymer nature and combinatorial properties, DNA serves as an excellent foundation for creating molecular tags. Based on this concept, the conjugation of antibodies involves partially reducing the disulfide bonds present in the IgG antibody. This is followed by incubation with a distinct maleimide-modified DNA oligonucleotide and subsequent purification of the DNA-conjugated antibody [START_REF] Black | CODEX multiplexed tissue imaging with DNA-conjugated antibodies[END_REF].

Step 2: Validation and titration of DNA-conjugated antibodies by CODEX (~6.5 h)

In this stage, the tissue is prepared by undergoing antigen retrieval. It is then stained using the oligonucleotide-antibody conjugate, followed by a post-stain fixation. The next step involves hybridizing the tissue with the appropriate fluorescent oligonucleotide, and finally, the tissue is imaged [START_REF] Black | CODEX multiplexed tissue imaging with DNA-conjugated antibodies[END_REF].

Step 3: CODEX multicycle reaction (sample dependant) (Figure 34)

All tagged antibodies of the panel are applied simultaneously to stain the tissue. The microfluidics device is then prepared, and coverslips are mounted. The first three antibodies are visualized using conventional fluorescence microscopy. Subsequently, the fluorophores are cleaved using tris (2-carboxyethyl) phosphine (TCEP), and washed out, preparing the sample for the next cycle. Finally, a Hematoxylin and Eosin (H&E) staining is performed once the fluorescence imaging process is completed [START_REF] Black | CODEX multiplexed tissue imaging with DNA-conjugated antibodies[END_REF]. Step 4: Analysis of CODEX multiplexed imaging data (sample dependant)

The analysis of CODEX data encompasses several steps, including image processing, single cell segmentation, cell-type annotation, and spatial analysis.

Single-cell segmentation is being enhanced through the implementation of deep learning algorithms.

Cell-type clustering across various tissues is accomplished using clustering algorithms such as X-shift and Louvain. To visualize the clusters, dimensionality reduction techniques like UMAP and t-SNE can be employed [START_REF] Black | CODEX multiplexed tissue imaging with DNA-conjugated antibodies[END_REF].

The spatial analysis, or cellular neighborhood, that is known to impact the expression of protein receptors on immune cells for example, can be investigated using CODEX. In this context, an indexed "niche" (referred to as an i-niche) is defined as a group of cells forming a ring around a central "index" cell. The cells in this ring are Delaunay neighbors of the index cell and are not arranged in any specific circumferential order. By employing K-means clustering, the prominent i-niches can be identified based on the relative frequency of different cell types present in the surrounding ring of cells. This approach allows for the categorization of common cell types based on their cellular context or microenvironment, with the index cell being any cell at the center [START_REF] Goltsev | Deep Profiling of Mouse Splenic Architecture with CODEX Multiplexed Imaging[END_REF].

Advantages and limitations

The CODEX technology offers numerous advantages. For instance, the number of antibody markers that can be utilized is determined by the availability of unique DNA oligonucleotide sequences that do not exhibit reactivity with tissue, cellular DNA, or other oligonucleotides.

This means that the antibody panel can be expanded as new oligonucleotide sequences are discovered. Additionally, the multicycle reaction employed in CODEX does not damage the tissue specimen, allowing for subsequent traditional staining methods like H&E to be performed concurrently. CODEX is compatible with various tissue types, including FFPE, fresh-frozen, fixed-frozen tissue, and spreads of single cells. The system enables multiplexed tissue imaging analysis using a standard fluorescence microscope. CODEX experiments can be scaled up, antibody panels can be easily customized, and the system has sufficient throughput to image tissue microarrays and specimens up to 1 cm2 in size [START_REF] Black | CODEX multiplexed tissue imaging with DNA-conjugated antibodies[END_REF].

Nevertheless, the CODEX method does have some limitations. One drawback is the cost associated with antibodies and conjugation materials, and the fact that each antibody requires individual conjugation and validation within a standardized staining protocol. Additionally, certain antibodies or clones may not be suitable for multiplexing due to factors such as pH requirements for antigen retrieval that may not align with the CODEX staining protocol. While CODEX allows for the imaging of targets like immune checkpoint markers and signaling The t-CYCIF method works by applying a series of fluorescently labeled antibodies to a tissue sample, allowing specific protein markers to be visualized. After imaging, the fluorescent labels are chemically inactivated, and the tissue is stripped of antibodies, enabling the application of a new set of antibodies in a cyclical manner. This repetitive process allows the capture of high-resolution, multiplexed protein expression data from multiple cycles of staining and imaging. The sequential data are then registered and stitched to form a complete multiplex image and subsequent analysis including segmentation can be performed. Extracted from [START_REF] Lin | Highly multiplexed immunofluorescence imaging of human tissues and tumors using t-CyCIF and conventional optical microscopes[END_REF].

molecules, it lacks an amplification system necessary for detecting low-abundance proteins that play crucial roles in cellular and tissue processes, such as transcription factors and cytokines/chemokines. [START_REF] Black | CODEX multiplexed tissue imaging with DNA-conjugated antibodies[END_REF]. The implementation of CODEX requires expertise similar to that needed for IHC and immunofluorescence analyses. However, it also requires additional CODEX-specific knowledge, including the design of a multiparameter antibody panel, the conjugation of DNA oligonucleotides to purified antibodies, the execution of hybridization reactions with complementary fluorescent oligonucleotides, and skills in multidimensional image processing and data analysis [START_REF] Black | CODEX multiplexed tissue imaging with DNA-conjugated antibodies[END_REF].

Applications

CODEX has already been used to reveal single-cell biology to understand key spatial relationships in autoimmune and cancerous tissues. It has been applied to a diverse range of tissues from humans, mice, and monkeys, encompassing various healthy and diseased organs such as tonsil, spleen, lymph node, liver, stomach, colon, pancreas, brain, lung, kidney, breast, muscle, skin, and bone marrow [START_REF] Black | CODEX multiplexed tissue imaging with DNA-conjugated antibodies[END_REF]. Furthermore, the method has been validated through a comparative analysis of normal and lupus murine spleens, providing a benchmark for its effectiveness [START_REF] Goltsev | Deep Profiling of Mouse Splenic Architecture with CODEX Multiplexed Imaging[END_REF].

Stanford University has licensed the CODEX technology to Akoya Biosciences (https://www.akoyabio.com/), making the instrumentation and reagents commercially available [START_REF] Black | CODEX multiplexed tissue imaging with DNA-conjugated antibodies[END_REF].

iii.

Cyclic immunostaining method: t-CyCIF

Principle of the method

The t-CyCIF technology has been developed by Peter Karl Sorger's team and first published in 2018 [START_REF] Lin | Highly multiplexed immunofluorescence imaging of human tissues and tumors using t-CyCIF and conventional optical microscopes[END_REF]. This technique, inspired by a cyclic method first described by Gerdes et al. [START_REF] Gerdes | Highly multiplexed single-cell analysis of formalin-fixed, paraffin-embedded cancer tissue[END_REF], relies on an iterative process, or a cycle, in which conventional low-plex fluorescence images are repeatedly collected from the same sample and then assembled into a high-dimensional representation (Figure 35). This method has been successfully employed on FFPE (5μm thickness) specimens mounted on glass slides, to simultaneously visualize up to 60-plex images. The application of t-CyCIF has demonstrated its capability to quantify signal transduction cascades, tumor antigens, and immune markers in diverse tissues and tumors. The t-CyCIF technology pipeline consists of the following steps [START_REF] Lin | Highly multiplexed immunofluorescence imaging of human tissues and tumors using t-CyCIF and conventional optical microscopes[END_REF]:

Step 1: Sample preparation Samples of 5µm thickness are obtained by cutting sections from FFPE blocks. These sections are then subjected to dewaxing and antigen retrieval using standard methods, either manually or through automated slide stainers [START_REF] Lin | Highly multiplexed immunofluorescence imaging of human tissues and tumors using t-CyCIF and conventional optical microscopes[END_REF].

Step 2: Autofluorescence quenching

In order to minimize auto-fluorescence and non-specific binding of antibodies, a 'pre-staining' cycle is conducted. This process entails incubating the sample with secondary antibodies, followed by fluorophore oxidation referred to as 'fluorophore bleaching.' This bleaching step occurs in a high pH hydrogen peroxide solution under light exposure [START_REF] Lin | Highly multiplexed immunofluorescence imaging of human tissues and tumors using t-CyCIF and conventional optical microscopes[END_REF].

Step 3: Immuno-staining with antibodies against protein antigens With t-CyCIF, antibodies can be used directly conjugated to fluorophores or using a secondary antibody, commonly Alexa Fluor (AF) 488, 555, or 647 [START_REF] Lin | Highly multiplexed immunofluorescence imaging of human tissues and tumors using t-CyCIF and conventional optical microscopes[END_REF].

Step 4: DNA staining

Following the incubation with antibodies, the slide undergoes staining with a DNA dye, typically Hoechst 33342, which serves to label nuclei and aid in image registration across cycles [START_REF] Lin | Highly multiplexed immunofluorescence imaging of human tissues and tumors using t-CyCIF and conventional optical microscopes[END_REF].

Step 5: Four-channel imaging

The acquisition of the four-channel image is carried out using a conventional fluorescence microscope, which allows the visualization of the protein's localization within the cell or tissue.

This step of image acquisition can be conducted at both low and high magnifications [START_REF] Lin | Highly multiplexed immunofluorescence imaging of human tissues and tumors using t-CyCIF and conventional optical microscopes[END_REF].

Step 6: Bleaching of the fluorophores, washing, and immunostaining cycle Fluorophores are deactivated or bleached using a combination of hydrogen peroxide, light, and high pH. The typical incubation period in bleaching conditions is 60 minutes, which effectively reduces fluorescence intensity by 102 to 103-fold. The efficiency of bleaching may vary depending on the fluorophore used but shows minimal variation based on the antibody to which the fluorophore is coupled. For instance, AF488 exhibits slower inactivation compared to AF570 or 647, independently of the conjugated antibody. During the evaluation of new antibodies or analysis of new tissues, imaging is conducted after each bleaching step and prior to commencing another t-CyCIF cycle to ensure complete fluorophore deactivation [START_REF] Lin | Highly multiplexed immunofluorescence imaging of human tissues and tumors using t-CyCIF and conventional optical microscopes[END_REF].

Step 7: H&E staining Once all t-CyCIF cycles are completed, the specimen is subjected to H&E staining, allowing for conventional histopathology review [START_REF] Lin | Highly multiplexed immunofluorescence imaging of human tissues and tumors using t-CyCIF and conventional optical microscopes[END_REF].

Step 8: Image stitching and registration

To create a comprehensive image panel, individual image panels are stitched together, and sequential image tiles from each t-CyCIF cycle are registered, resulting in a unified large image panel [START_REF] Lin | Highly multiplexed immunofluorescence imaging of human tissues and tumors using t-CyCIF and conventional optical microscopes[END_REF].

Step 9: Image processing

The initial stages of image processing involve performing flat-fielding to address uneven illumination and registering images from consecutive t-CyCIF cycles. Software such as ImageJ, ASHLAR, and BaSiC can be utilized for this purpose. Following that, the image is segmented into individual cells using algorithms like watershed segmentation on the DAPI channel [START_REF] Lin | Highly multiplexed immunofluorescence imaging of human tissues and tumors using t-CyCIF and conventional optical microscopes[END_REF].

Advantages and limitations

The The histo-cytometry method relies on multiplexed antibody staining, high-resolution 3D confocal imaging, accurate spillover and deconvolution corrections, precise identification and 3D reconstruction of target cells, and graphical/positional plotting. Histo-cytometry has been successfully applied to visualize, quantify, and spatially locate diverse cellular populations and phenotypes within tissue sections. Extracted from [START_REF] Gerner | Histo-Cytometry: in situ multiplex cell phenotyping, quantification, and spatial analysis applied to dendritic cell subset micro-anatomy in lymph nodes[END_REF].

Nevertheless, the t-CyCIF method does have some limitations. Firstly, when performed on a single sample, t-CyCIF can be relatively slow. Each cycle typically takes 6-8 hours, equivalent to one cycle per day. However, this time loss can be offset by processing multiple samples in parallel under the supervision of a single operator, such as processing 30 slides in parallel or in the case of tissue microarrays. In such scenarios, the most time-consuming step is the collection of fields of view required to image each slide, although data analysis and interpretation still remain more time-consuming than data collection. Another limitation comes from the cyclic nature of t-CyCIF. Variation in the signal-to-noise ratio has been observed during cycle imaging, often increasing with each cycle due to progressive reductions in background intensity caused by multiple rounds of fluorophore bleaching. This variation raises concerns about reproducibility. Additionally, the number of t-CyCIF cycles that can be performed is dependent on the tissue's integrity. Some tissue samples are more physically robust and can withstand more staining and washing procedures than others. Furthermore, the method can provoque alteration of epitopes as the cycle number increases. Studies have shown that staining intensity, for at least a subset of antibodies, may increase rather than decrease with cycle number, indicating changes and alterations in epitope accessibility and raising questions about reproducibility based on the order of antibody usage. However, for the majority of antibodies tested, the order of use is not critical. It is important to consider these factors when developing a staining strategy [START_REF] Lin | Highly multiplexed immunofluorescence imaging of human tissues and tumors using t-CyCIF and conventional optical microscopes[END_REF].

iv. Histo-cytometry

Principle of the method

The histo-cytometry technology has been developed by Ronald N. Germain's team and first published in 2012 [START_REF] Gerner | Histo-Cytometry: in situ multiplex cell phenotyping, quantification, and spatial analysis applied to dendritic cell subset micro-anatomy in lymph nodes[END_REF]. This technique relies on the simultaneous use of multiple fluorophores which are phenotypically relevant and spectrally compatible. The method is basically based on the utilization of multiplexed antibody staining, high-resolution 3D confocal imaging, reliable spillover and deconvolution correction techniques, precise identification and 3D reconstruction of specific cells of interest (COI), and graphical/positional plotting (Figure 36). The application of histo-cytometry has proven its ability to visualize, quantify, and locate phenotypically diverse cellular populations and phenotypes directly within tissue sections from both experimental animals and humans. These analyses can be conducted using instruments and analytical tools commonly found in imaging core laboratories. Coupled to a method of tissue clearing, the histo-cytometry technique can be applied to thick tissue sections (250-600µm) (W. Li et al., 2019). The histo-cytometry technology pipeline consists of the following steps [START_REF] Gerner | Histo-Cytometry: in situ multiplex cell phenotyping, quantification, and spatial analysis applied to dendritic cell subset micro-anatomy in lymph nodes[END_REF]:

Step 1: Multiparameter confocal microscopy

First, the tissue cross-sections are stained using panels consisting of 6-8 antibodies that are phenotypically relevant and fluorophores spectrally compatible. The careful design of these panels and the appropriate selection of dyes play a crucial role in the method. To ensure subsequent accurate image processing and cell segmentation, it is essential to obtain highresolution imaging and precise allocation of signals in three dimensions. In practice, the user must strike a balance between achieving the highest possible image resolution, capturing the entire imaging volume, and managing the imaging duration effectively [START_REF] Gerner | Histo-Cytometry: in situ multiplex cell phenotyping, quantification, and spatial analysis applied to dendritic cell subset micro-anatomy in lymph nodes[END_REF].

Step 2: Deconvolution Following the confocal acquisition, an advanced deconvolution algorithm can be employed to mathematically reverse optical distortions and enhance the quality of the acquired images [START_REF] Gerner | Histo-Cytometry: in situ multiplex cell phenotyping, quantification, and spatial analysis applied to dendritic cell subset micro-anatomy in lymph nodes[END_REF].

Step 3: Fluorophore bleed-through compensation Similar to flow cytometry, highly multiplex staining using fluorophores with overlapping emission spectra can lead to significant spillover artifacts, necessitating reliable compensation correction. While certain microscopy systems can acquire hyperspectral data and eliminate fluorophore cross-talk through spectral unmixing, the histo-cytometry compensation approach involves capturing single stain control images and calculating the relative spillover of each fluorophore into the other detectors. Subsequently, a mathematical compensation correction algorithm is applied to each image post-acquisition, resembling the methodology employed in flow cytometry. This process effectively eliminates spillover signals and ensures accurate data interpretation [START_REF] Gerner | Histo-Cytometry: in situ multiplex cell phenotyping, quantification, and spatial analysis applied to dendritic cell subset micro-anatomy in lymph nodes[END_REF].

Step 4: Boolean Voxel gating

Since diffraction-limited confocal imaging does not provide molecular-level resolution, neighboring fluorescent molecules are not spatially separated and instead colocalized within the same voxel. However, this spatial photon colocalization offers an advantage in terms of identifying and isolating voxels that exhibit specific and unexpected combinations of markers through software analysis. By selecting, or "gating", voxels that are positive for fluorescent signals from antibodies specific to COI and negative for irrelevant or inappropriate cell markers, discrete image regions corresponding to COI can be distinguished from contaminating noise or irrelevant cells. This process closely resembles flow cytometric Boolean gating and the utilization of "dump" channels to exclude irrelevant cell populations.

In the histo-cytometry pipeline, this is achieved by generating a new binary channel specific to COI, using fluorescence thresholds determined visually based on positive/negative signal cutoffs and with the assistance of automated thresholding algorithms [START_REF] Gerner | Histo-Cytometry: in situ multiplex cell phenotyping, quantification, and spatial analysis applied to dendritic cell subset micro-anatomy in lymph nodes[END_REF].

Step 5: Subset visualization

The COI binary channel is subsequently employed to gate or mask all other relevant parameters, enabling a qualitative visualization of distinct cellular subsets or phenotypes. This approach effectively reduces the visual complexity of the image to focus solely on the remaining COIs [START_REF] Gerner | Histo-Cytometry: in situ multiplex cell phenotyping, quantification, and spatial analysis applied to dendritic cell subset micro-anatomy in lymph nodes[END_REF].

Step 6: Cell surface creation Lastly, 3D volumetric surface objects corresponding to individual cells are generated. This image processing step, known as "cell segmentation," is performed using semi-automatic surface rendering and watershed-based segmentation algorithms, which are commonly available in imaging software such as Imaris. However, there are alternative tools that can also be utilized for this purpose.

Step 7: Quantitative analysis and visualization

The cell segmentation process generates COI-based objects that contain diverse quantitative information. This includes the (X, Y, Z) position of the cells and the average fluorescence intensities of the imaged parameters at the voxel level. This data can be extracted and exported to Excel for further analysis. For example, by plotting these parameters graphically, it is possible to conduct quantitative analysis of phenotypic subsets, similar to flow cytometry.

Additionally, this approach provides the advantage of subset-specific positional characterization within the tissue [START_REF] Gerner | Histo-Cytometry: in situ multiplex cell phenotyping, quantification, and spatial analysis applied to dendritic cell subset micro-anatomy in lymph nodes[END_REF].

Advantages and limitations

The histo-cytometry technology offers numerous advantages. Histo-cytometry utilizes commonly available microscope equipment, image analysis platforms, fluorophores, and combinations of antibodies that are already used in conventional flow cytometry, allowing for rapid integration into existing laboratory workflows. This capacity of histo-cytometry enables the investigation of relationships between cellular subsets and their anatomical distribution, location-based function, differentiation/activation state, and intercellular interactions across different biological systems of interest and in various species [START_REF] Gerner | Histo-Cytometry: in situ multiplex cell phenotyping, quantification, and spatial analysis applied to dendritic cell subset micro-anatomy in lymph nodes[END_REF]. Nevertheless, the histo-cytometry method does have some limitations. The main constraint lies in the number of concurrent markers that can be employed. Histocytometry, in essence, is confined to utilizing only 6-8 colors, which proves inadequate for comprehensively studying the wide array of immune cells' diversity. Additionally, because there is no distinct signal separation between closely positioned cells within highly aggregated clusters, the current 3D segmentation algorithms face challenges in accurately separating phenotypically identical cellular objects based solely on membrane staining. This issue can pose difficulties when dealing with tightly packed cellular clusters that have irregular shapes. Furthermore, histocytometry is presently constrained by relatively lower signal detection capabilities and the potential for noise contamination [START_REF] Gerner | Histo-Cytometry: in situ multiplex cell phenotyping, quantification, and spatial analysis applied to dendritic cell subset micro-anatomy in lymph nodes[END_REF].

Applications

The histo-cytometry technique has been successfully employed in diverse studies. For example, it has been used to precisely identify and quantify different innate and adaptive immune populations in murine lymph nodes. Additionally, histo-cytometry has provided insights into the spatial distribution of resident and migratory DCs subsets within specialized micro-anatomical domains [START_REF] Gerner | Histo-Cytometry: in situ multiplex cell phenotyping, quantification, and spatial analysis applied to dendritic cell subset micro-anatomy in lymph nodes[END_REF].

c. Common advantages and limitations of multiplex imaging methods

Multiplex imaging methods, such as CODEX, MIBI, t-CYCIF, and histocytometry, offer several common advantages that revolutionize our understanding of complex biological systems.

Firstly, these techniques enable the simultaneous detection of multiple biomarkers within a single tissue section, providing a wealth of spatial and molecular information. Firstly, it allows researchers and clinicians to comprehensively identify complex cellular subsets and phenotypes directly within tissues, producing quantitatively comparable results to flow cytometry while also incorporating spatial information that is not available through flow methods. Additionally, these technologies could be adapted to detect other types of information, such as the cellular content and subcellular localization of specific phosphoproteins, cytokines, or the relationship between extracellular matrix components and distinct cellular subsets.

Despite their numerous and respective advantages (Table 7), multiplex imaging methods also come with certain limitations that researchers must consider. Firstly, the complexity of these techniques often requires specialized instrumentation and expertise, making them relatively expensive and not readily accessible to all research settings. Secondly, the extensive panel design and optimization process can be time-consuming and challenging, especially when dealing with novel targets. Additionally, the high dimensionality of data generated by these methods can also pose challenges for data analysis and interpretation, necessitating sophisticated computational tools and expertise in bioinformatics.

Finally, one of the biggest challenges in multiplex imaging data analysis is cell segmentation.

It is important to acknowledge that current segmentation algorithms may encounter challenges in accurately separating densely packed cellular clusters with similar phenotypes into individual cell objects, particularly when visualizing surface markers alone. Membrane staining alone poses difficulties in directly segmenting closely juxtaposed cells that share a surface phenotype. However, cellular nuclei are typically well separated in space, allowing for the segmentation of densely packed cells [START_REF] Gerner | Histo-Cytometry: in situ multiplex cell phenotyping, quantification, and spatial analysis applied to dendritic cell subset micro-anatomy in lymph nodes[END_REF].

Despite these limitations, ongoing advancements in technology and data analysis are continually addressing these challenges, further expanding the potential of multiplex imaging methods in biomedical research and clinical applications.

d. Need for multiplexed data analysis platform

Multiplex imaging generates vast amounts of data, typically represented in a large table format with each row corresponding to a single cell and each column representing a specific marker. With the continuous development of new multiplex imaging methods, the number of markers used in these datasets is exponentially increasing, resulting in increasingly complex and data-heavy outputs. Consequently, the raw multiplex imaging data cannot be directly analyzed in this form and requires preprocessing to extract relevant information.

The primary steps involve identifying cell types based on the combination of markers expressed by each cell. This attribution is mainly done manually, relying on the users' knowledge and expertise, which may introduce user-dependent biases. Subsequent analyses can then be performed, such as visualizing the attributed cells within the tissue microenvironment, calculating cell distances, studying cell infiltrates, or analyzing cellular neighborhoods.

However, conducting such analyses necessitates advanced bioinformatic knowledge to handle the vast amount of information and automate the analysis process in a non-supervised and unbiased way. Given the increasing popularity and diverse applications of multiplex imaging, there is a compelling need to develop a user-friendly and interactive tool that can take the extensive datasets generated by multiplex imaging technologies and provide valuable information for biologists, even those with limited or no bioinformatic knowledge.

Therefore, the development of an interactive tool to process and analyze the data generated by multiplex imaging is crucial to empower biologists to extract meaningful insights from their experiments.

THESIS OBJECTIVES

The objectives of my thesis were constructed into two main aims:

Aim 1: the development of a new tool, called MANTIS (Multiplexed Annotated Tissue Imaging System), allowing the analysis of cutaneous immune responses. This approach is based on adapting the histocytometry method, which has been extended to enable the simultaneous visualization of ten biological markers using a conventional confocal microscope. Additionally, an integral part of this effort involves developing a user-friendly interface that can efficiently process MANTIS data. This interface will facilitate the phenotyping and localization of immune cells within thick human skin samples, by the generation of a digital representation of the skin's immune landscape. Furthermore, the interface will allow for the visualization of single-cell quantitative data, providing valuable insights into the distribution and behavior of immune cells in the skin.

Aim 2: the analysis of ex vivo innate immune response following RNA vaccine injection. To achieve this, biostabilized and immunocompetent ex vivo human skin models were utilized to investigate the immune response following anti-COVID-19 Moderna vaccine. These models consist of epidermis, dermis, and hypodermis, enabling the study of subcutaneous and intradermal injections of various molecules, including RNA vaccines. The evaluation of the immune response was carried out at different time points, employing a combination of analysis tools, such as single-cell and bulk RNA-seq, cytokine measurements, and multiplex imaging.

These comprehensive analyses provide valuable insights into the dynamics and effects of the innate immune response elicited by the RNA vaccine and pave the way to the development of a platform that facilitates the examination of vaccine toxicity and immunogenicity.

The combination of these two objectives aims to create a multidimensional approach for analyzing cutaneous immune responses, applicable to healthy and pathological samples, as well as ex vivo human skin. Routine clinical assays, such as conventional immunohistochemistry, often fail to resolve the regional heterogeneity of complex infü1mmatory skin conditions. We introduce MANTIS fMultiplex Annotated Tissue lmaging System), a flexible analytic pipeline compatible wlth routine practice, spedflcally designed for spatially resolved immune phenotyping of the skin in experimental or clinical samples. On the basis of phenotype attribution matrices coupled to a-shape algorlthms, MANTIS projects a representatlve digital Immune landscape whlle enabling automated detection of major inflammatory clusters and concomitant single-cell data quantification of biomarkers. We observed that severe pathological lesions from systemic lupus erythematosus, Kawasaki syndrome, or COVID-19-associated skin manifestations share common quantitative immune features while displaying a nonrandom dist ribution of cells wlth the formation of disease-specific dermal immune structures. Given its accuracy and flexibility, MANTIS is designed to solve the spatial organization of complex immune environments to better apprehend the pathophysiology of skin manifestations.

RESULTS

Part I. Development of the MANTIS technology
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Herc, 1 'prcscnt an intcgrnt •d frnmcwork primarilydesigmxl for sputially rcsolv -d immune cclls phcootyping in FF l' E human ski n biopsies. We fi rst et up a. in1ple and ine~11cn, ive methnd to acquirc 1 () ll unrescent . ignal simulta neou, ly and in 3 D u ing o da_ Sica l cnnfoco.l 11110•0 cope. We nex1 designed MANTJS (M ult iplex Ann otated Tls. ue lmaging System), an a.dnptahle and ioterac1.ive ana lyt-!cal system that automaUcally generalcs a d igitalized ve rsion of the skin immune landscape and enables si ngle cell qunnlitati ve data visualiza.tion. On the basi ofthese setti ngs, MANT!S coul d be impie• menled in mosl labo ratories co upled to ex.isting co11focal equipment to bridge the gap between soph.isticated research lools
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and stnndard-of-carc dingnostlc procedure~ wilh minimal human lnlen1enlion.

RESULTS

Extraction of singl e-<ell statistics from skîn sections by combining conventional confocal laser scanning microscopy and c;omputatlonal lmaging

We developed a simple method ln gcnerate 3D multlplexed Ouoresenl images from l'FPE or fresh fro7,en (50-ft mthick) ~kin b1op îcs th,11 could be implemented in mos t reseurch or clinirnl laborntoriè~ on e:cis1i.ng cqllipmenl. Skin section• wcn, frr<t stained with different pnnel of commerci, Uy availobl fü1 rochromc-rnupl d nntlbodi s ndded simultnneously nnci theri qu nchcd 10 avoid cxc iv nutural autoOuor • cnce of •kin lruc;tural elements (Fig. 1 A). We ucquir d 3D nuores ent mul!iplexed images \\~lh a cumrenlional invcri •d conlocnl laser soenning micros •ope ~quipped with tlve laser lin~, (ive detect ,r •, and , 401< oil immer lon obj clive, uslnga stmtegyot ~equenlinl. cquisHion corn posed of fast consc utivestcps (Fig. 1 R; the detnlled de< riplion of optic11I path and la~crs or nur 11-ycar-old l.ei,n SPI!. ystcm i~ providt:d in Mnlcrials nnd MdhuJs). Thb si:lting cnnblt•,1 lh ncquisi tion of R 1 10 fluorescent channels, on a srtem prîmarlly designed for four colors, over a skln section of the following thrce dtmen sion •, 0.1'\ mm (x) b)' IJA mm (y) hy 20 pm (~), within 25 min. The obtalned 3D lmi\ge • were tlwn deconvoluted and compensa!ed 10 correct 3D fluore. cent pectral spillovers (Fig. l , andD) u ing lhe J luygens solîware (Scienlific Volume lmaging), a strJlegy rou tin lyapplled in Oow cytomctry to combln,... multiple i)uoro hromcs simullllneously (6,[START_REF] Leboux | Antigen Uptake After Intradermal Microinjection Depends on Antigen Nature and Formulation, but Not on Injection Depth[END_REF]. Gomparcd to classical egmcntalion lrale• gie,; based on nu leu • expan •ion ( 16), whlch ol\en lead to under-r over tlm~tion of cellular du.ster comp<)sl rlon, we used the general immun biomnrloer CD45 as" robusr immun stnining vi u.ilizrd in most . ~kin-residcnt immune cclls Lo cnnslitute the core of our cell segmentation stn1tegy for fui ure single immune celi sl.alisl1cs extracti n (Fig. 1, E andF L.mgl'rin• dD •, cosinophil basophils. neulrophib, ,nd 1n.1 1 i.:cll (uhle S l ). 'T11e a tivation . LM us of l>C:. Langerln' DC, and 1. , wa~ investigated using lcvels of IILA -11R expres:ion. A detailed list of ~-xcîtation/emi •ion/detection s\rategfcs is provided in table , 2.

We neJCt aimed Lo dc:velop an adap!ahle analy1ical ,ystcm !h,,1 could lntegrate and batch-pr ess ex1rac1ed single--celi database nnd enablt> nn unsupervis cl phenotyplng of immune . ~uh ets. A p~rlirnlnrly clrnllcnging , •pe t ol m11Jlipl~ed lm~giog te hnologlcs 1 ln clrcumvcnt th pntrnl di,trlhution o immune cdl with respect to longiLudin nl and polarizcd structur.il clcmcnl5 (e.g., epldcrmal appendage r !hl! kin) in thlck !Issue cc!lons. We drvcloped nn interactive softwar interfo <' th,11 contextuuli1.es the Imm une topology of the skln by rcpla lng all annotalccl single immu ne ccll wi!hln thcir 3D spatial contcxt and lcvcrnges lhc llBlllrnl utofluoresccnce of kemtinocyte~ to m del the cpldermnl lo~r 10 fodlltate blopsy orienlntl 11 (Fig. 2F und Og .• i, F and ).

The olgorlthm allow. u to u e two compl mcntary ~1111lytical ap- 
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Quantitative validation of MANTIS annotation system using healthy-looklng skin and inflammatory pathological leslons

Wlth the constant lncrease in the numb r of case , a larg panel of putalive skin manifestations of coronavirus d isease 2019 have been ob crvcd worldwidc (2 1, 22), lndudlng :111 unprecedcnted high rate of acral lcsions, wh ich rcprcscnt -75% of all cases and conunon ly named" OVfD-tocs• (23)[START_REF] Finnegan | Single-Cell Transcriptomics Reveals Spatial and Temporal Turnover of Keratinocyte Differentiation Regulators[END_REF](25)(26) . Such manife tatlons (flg. S3A), compared to non -inflamcd hcalthy-look.Ing skln (flg. S38), arc associatcd wlth an Important immune ccll infllt ratlon (fig. S3C) and tend to develop in yo ung patients with no or very mild respiratory symptoms (26, 27). Whilc somc pathological fcatures of thosc k ion • have been de çribed (3,[START_REF] Dabitao | Multiplex measurement of proinflammatory cytokines in human serum: compaiison of the Meso Scale Discovery electrochemiluminescence assay and the Cytometric Bead Array[END_REF][START_REF] Cambien | Signal transduction involved in MCP-1-mediated monocytic transendothelial migration[END_REF], a precise anal- syndrome (30) and LE (3 1). With thl in mind, we dcclded to benchmark the effective performan c of MANTIS to re olvc the inunune topology of kin lcsions of simihir clinical scvcrity from five patients wlth COVID-toe , Iwo patient \~ith the nmltl ystem lnfiammatory syndrome, which i clinically imllar to Kawasaki syndrome (I.e., a rare everc ystemic inflammatory ondition triggercd by scverc acute rcspirotory synd rome 2 info:tion, namcd hcreaftcr "Kawasaki syndrome"), and thrce patients with SLE chilblains. Abdomlnal kin biopsl from flve healthy-look.Ing contrai werc u ed to set the basclinc of a naturol stcady-state immune environmcnt, albeit from a distant anatomical reg.on. Wc validatcd the quantitative performance of MANT! to annotate immune cells by calculation of tatistical correlation with a supcrvised approach of histo -cyto metry (6, /5) applied 011 th sa mc datasets fur cach an tibud y panel in ail ski n sa mplcs. This last method consi ts of a manual gating of immw1c ,ub cts on the samc principlc u cd in traditional flow cytomctry. A t tal of 20,461 single D15 ' immune cells were idcntified with the following di~lribulion per rondilion: 1670 Immune oe lls in five hc-dlthy-look.ing We observed lhal all he-allhy-looking skin samplcs exhibiled a proportion uf immune <.:CU. aliw,ed wilh previously described sldn-rcSidcnt im.nrnnc populutions at st<!ad}' st,lte iu hu1m1n (1,32).

Howcvcr, wc noled " slightly highc1• 1cndc11cy to dctc.:t mrc population • of blood -c lrculating CD'15 c1n-cu20 B cell • or D45'HLA -OR-CDl23' igl ec8' l,asophil.s, only when 3D images were cumpulalionally unal)11.ed with MANTIS (ll,1s. S48 and 5B). TI1is is <'Ortsislenl wilh the fac! llml lhe skfo is., hîgh ly va~ culurlzcd tissue and thut r cent studics idcntlfl~d rnrc B cclls in healthy skin [START_REF] Morelli | Proteomic analysis from skin swabs reveals a new set of proteins identifying skin impairment in atopic dermatitis[END_REF]. Wc àlso obsèrwd dp co4s-cu, 1~cos•cLJ3 .. ï'CRyôand ÙII Cl.)< 15~CU!I-CD8-Cll3.'l'CRy8-T cells in all innamed and ,ome heallhy-luuking samples, a lbcil in smallcr numbers (Fig. 3, LI am] C, anù fig. S4). Such population~ ofT cc.lis wert'. oflcn undersluuied.

as cu, 1 arid COii bio,narl,.--e,•s are thought ta b mutually ~xclusive: how<'ver, they have be~n u(ten reported in auloimmW1e and chronic innammator)• di,or<len ( 19. 3,1), ïncloding ~L.E (35,36).

We neXl pcrformed an unsupervised dustcring of ail pallt:nls (Fig. 3C), with neverthele s potenllal dl e-ase-ln trinsic chamcterilies suggestcd upon analysis with a c.limcnsional rcducti o n PCA (Fig. 3D). To explore thls llypothcsis further, 1w r~ûncd our analys1s by rnvcstli;atlng the 11ct1vMfon st11tus of çonvenfl nal CD4' ~nd CD/l T oell based on thelr expression level of CDS7, a biomarker dasslcall y assoch,1rd with ~ hlgh cytotoxl potrntfol (i.e. , pro-tissue damage) during vîml înfüctions and alitoimmune di orders, îm:luding COVID -IY [START_REF] Zhang | ComBat-seq: batch effect adjustment for RNA-seq count data[END_REF]. W,• found tlu11, contparcd to othèr pathàlugi,ul condlllo n . thr e OVID-tocs ca es were part1cnh1rly enrlcb~d CD4" a!ld cos• T cefü. exh.Jbi tlug high levds of CD57 (i.e., CD57''g1,; cakulatcd as CD57 MPI z score; Fig. 3, .E to G). Du1•ing influmn1atory sk.i.t1 conditions, çytotoXic uumune clls ca11 rdocàtc nèarby to/in co111,,ct with kc.rotinoc)'tCs and contributc to severe epid rm:d damage (38,39). a calculate the anatomlc".t! luc11tion of all immune cells wilh resped lu ù,~ epi<lermal layers, wc ~cqtfücd the spatial coord1n~tcs of the modckd ,-pldmnis. We next incorporntcd lnto MANTIS a k-dimcnsiondl tree algorilhm ( '10, •11), which autorilali ~lly deco111poscs Lhc struçtural ekment wordinaLes (I.e., as exemplified here with the epî<lermis) into virluul subspa .:s a nd t<nable, us lo calculal" the nt<ar~sl neighbor Lo ead1 immune cell (llg. S6A). A batch l"Jkulalion of the dist.inoe l? of eu h individual ccll nn lhcn be vi, ualizcd 1rndcr the ~ rmnl of n '< heal.Jnap, providing a quick ovcrview of the dalaSL: t (fig. S68). We Î found lhat HLA" 111h uD Cs (ng. S6C), NK ce lls (fig. 6D), and a CDS ' cos7'"~~ T ells (fig. S6E) IVUt -. 111 ~ignificuntly t<l11i h~d : ne-Jr the epider111al layer in uses or COVID -tl1~-. cos• CDSi''" ,,.

T cclls wet'e not found c11rid1ed in the epiJcrml (Pig. type l immun e cd ls and eosinophils in alopï Ù<'rmutilis). l 'o better undershrnd the region, l hetero~eneity of pathologi~'.:11 le ions fmtn SLE. Kawasaki syndrome, and COV ID•toes, wr took uùvant~ge of tHh,1pe alg(!rilhms th~l cnab!e li~. by tuning the a parameter, tu c.lefine a precise shape u( sels of puinls by urnwing bounding polygons ba~l'd on ihe prindple of Ddaun:1y triangulari 1\ (< 12). When Olllbi11ed with the diglMl i,nmune land. c.1pe genc,.~led wilh 1\IIAN'I'IS , a-shape algoriU1ms autumalically generare polymorphie a-shapes :iround n-d usters compo:ed of a minimum uf 15 cdls (i.e., 15 being the minimum number of cells t1flen found in clusters or inllammahlry bul nul in healthy looking ~mpl<~~ Fig. 4A). This melhod ennble~ us ln aulomatically detecl and quantify lhe major in0am111otnry du,.sler., (i.e., named hereatler "llROJ:;") lv pruvîde a ltfgh -levd view "r lhe in silu ïmmune archi lt:dure oflhe skin lesion fureach pal.icnl und ,diseu.,;e. We 11c ncmteJ lymphuid (Pig. 4., Il anu C) and myel<iid (!;i~ 4, D and R) aRC1ls for ni! the ~' :I mpies. Henlthy-lnokin g cnnlrnls displaycd a few lymphoid al{Ols, and four of llve cnnlrnls did nol shnw myelnid nRO ls. T hese dntn indii:nte that, ln humnn skln lit lh~_,teady tMe, l.f:i hnw ~ ten-Jem:y Lo l'orm :ig!\reg~Les [i.e., çornpo,ed 01 perivtis~ufar T lymphocytes ( Il), while n,y~lnid cells are more lîkely lu hl! randomly We idc11tificd that the finit ,tep of the proccss. whi h conSists of the genm1tion of.good -quality JD multiplcxcd images with a gieat mtio signal ovet noise, is cri tic.il fof th~ (ei;t of the . tudy. This is why we em phasized the c-Jpabi.lily of a onventional S-)'ear-uld (noncustom-built) con focal laser scailniug srstcm to acquirc lU diffü1cnt fluor hr mes simulroncously. This mcthod of acquisition c;1 ,1 be democral"ized to most acailemic/clù1ical facilitks because it ùJVolves a co,wentio,1,1I equip mem coupl ed to b~slc sped,•JI spill wr .:ompensatiun anJ single-cdl ,.bta extraction ,trategies, via the use uf cu mmercially avatluble suflware (H uygens and lnrnri~; ùe.scrilm1 in dctnil in MQtcl'l8l5 and Melhods).
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Single-oeil scgm~11tatio1) is alsu very critical, as it will oon. sti turc the very cure of the future analysls uf immune subpopulalluns anù uKprcsSion of biumarkcrS. Possible mîslakes malle al thîs slcp, ~-Il• the inabilil to septm1le immune cdls in lariie iniîllr~tes, would then n:Sull in misinterprdàtion of MA TIS generateJ results. We lcsted dilîer,;11[ approa 1,.,, , lu au10111alicnl ly s,,gm1e11l b~alth y Juoking an<l fnna.rnmarory skin samples, indutling r,mdom foresl-based das,ifier (e.g., ila.stik machin e ltarning) . Wh ile such a melhoJ "'"" suitable Lo segment healthy lookin!l ima1;:es with a lm,• 011cenlJ"<lllo11 of immune cdls. il fai led to segment ,omplex innammatory lcsions, where large .111d pack.ed im111u n1e clusters we,•~ pres~11t We lhLLs <>pied for a semisupervised segmenta1i n11 of single Immune cel ls usi ng the ,oflwurc lmnri s. in which the seg111enlt1tiun of cach î11 -fla111malor)' cluster was 11ualit y-cu11Lrolled manuall y and wa~ in Scholae11 ,r al., Sel. Adv. 9, eodf9491 (2023) 7 June 2023 3D (Fig. lP). Whllc lhl approach is p1-obably more tlme-consu111illg, we ould ensurc a pre,;se 3D segmentatio,1 unJ further extraction uf an accuratc si ngle -cell database to be proccss~d with l\llANTL. recent study ha reported the use of an unalysis pipellnc, includl.ng a new segmentation stra legy. atlaptcd from ih~ lldd of astronomy named "A troPath" (.J6). U lng thl approach and only SiX biOJ11;1rkc,•s, thcy ould idc11tify împo,,1a1lt puthologiccl foaturcs in biopsie from patients wit-11 melanoma. The e rCsltlts. inline wllh our flndlngs, hlghllght thr Importance of c,1oefully sclectlng a list ofhlomnrkers to be studied and ofhavlng the right analyticp ipelinc to draw rclillble in-.i~m.

Bccausc ûnmu11ologists ure more commonly u,cd to idcntifyllig im1m1ne coll populationb with m~mtal gatùlg uf popul~tions bascd on flow cytometry, we val!dnted the quantitative perfon'nàJl~ of MAN'l'IS by analyzing lh • .:xlrndeù single-cell Jalabases for Lhc 15 11aticnts analyzeù with the wnveni-ional tlow cytomctr)' softwà.r<', l!lowJ . Wc ~ und that the MANTIS-bc1sc<l analysis on 3D imugcs gener:itt'd wilh two differnnt panels and jus! a minimal number of 10 :intibudles per panel were suflklenl to tli~tlngulsh 19 lm murie subsels anù idenlify ùisclasi!•spe ilk lrtnds in ~k.i n l~aicms.

Bec.1use îvlA l'IS attribution malrlces ea n be quicklyad•ustetl lo ~ any d of markers. thcy could be compatible wlth 5ingle-cell dat;i-~ bases genernted UBing technolüb'Y wilh high multiplexing capabili-t.

lies su h as CODEX (7,Il). , IMC {10), MuSIC (11), a, CyC IF (/2). Ccl l Dive (13), and olims (M). We includeJ in Î MANTIS th.: t,-shape algorilhm lhar enables u to define the ;. pr~cis~ ,ltapc fthe inflamrn~tory im.1nun~ duster~ based on the prindple of DelaWlay triangulàtion (112). When applied !o digital ;i= Immune landsc:apes, the a-shape algorllhm au10111allcally identifies ~ ul'l<l quantifies dermal and epidermal inflamnmlory dustèrs (i.e., ., !l, uRO ls) composed of a minimum of 15 immune ceUs (Fig. 4A). ~ This ,nethod ~nabk\ one tu di,•e tly ailaly,.e lhè maj11r <'.tl{Ols ,,., " provide a fast high •levcl view of the skJn immune archircct ure in ô;J a gtven le •ion. Uslng lhls method, \W could qulckly rdentify lJ 1a1 g the inununc sub,et (e.g., masl ceUs, HLA -DR 1 "~h dDGs, % C!Js~c usi"~h qtotoxk T cells. eosinuphils, etc.) was specificaUy 1 ~ e!ll'id1ed iil dertllal ai'eas only hl so me patient ~ubgroups. 'i'hese ~ preliminary ubservations suggest thal, depending un lheir eliolog)'. e p:ilhological l~sions cuuld be due to distinct patholugic:,I mt'clm-1ùsms. This type of a,1<1.ly~is opens illterestillg pc,•spectives foi• ù1e 3U c<1rtoi,N phy of complex ù1!la111Jnàtot)' skiu ksions and should be pursued by addltional studies on a large,• number of patients. White 2lJ immune lsndsca.pes ar<! rnprnsimteil hcre lu facil it alc th<' 1•isual .is~e •srnen t ln lhe figures (30 gmph, are hardly p••rceiv -11blc on steti pi~tures), the si ngle-cell segmentation 1111d extrnctio,1 of celhJ]~r sp~tial cocml inates wert' ail pc1forn1ed in 3D.

On the bas!, of OOl!X h!gh multipl eidng capatity, pr~viuus studies (8. 1/7) havi, shuwn thal il is possible lu generale a high -l~vd vi~w of lhe l-ell to,cdl inleradion lanùsrnpe 1,used on lh~ prin ciple of the DelaWlay neighborhood grnph (~8). The MANTIS a shape algoi-ithrn is cornple.nu,iHary. Mil autumalknlly id~111 il,~~ major immune structures while dedpherin11 Lheir cellular cumposllion. Combining a -shapc unJ ncighl,orhuuJ approaches coulJ help quïckly suive. the biulugy uf major lnflam nmLUry dusters i11 Lhe , kin, by dr.ll~ing the liga11d• r~ceptor i11 tcra,tüine of immune and structu ,-,,J c~ll s witltin the identified du..ste.r. Sud, a liigh -ùi,n<'n~i()nal ~n~lysi~ of the skin Immune archile.cture could prnvide.u pmmising u enu~ for understu nding the ~omp lexily u( inna111malury ski 11
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ma1ûfostatlons wlth potenllul beueflt, for patleut strutlflcation aud/ or diugn Sis.

Therc is a stro11g uecd to design ncw tools to assist dinical deci-~I 11-maklns-andJor better-apprehend the complexlty of intlammatory dermatoses. Wh ile vcry promislne, processe, have bcen made ln the fi~ld of spatial bïology ('lll-51 ), lhcr~ is an unmet nccd for a noncxpensivc a,1d standa,•dized multiplexed imugillg â11alytic11l fmmework capablc of automatic~lly risolving the: im111une ar•cl\itectur•eof a11 tnflamed ski 11. Herc, 1w show thal the MANTI analyticalsystcm ls un.iquely posltioned to exam.lne numcr us questions in the field& of skin immunobïology and shou ld lay the foundation for a fast and autom.ned analysis pipeline of relevant ln situ inffamrnatory envi-rn11111<'111s in both research and dinital facilitie.s.

MATERIALS AND METHODS

Human skin samples

'l'he palholugical biopsies wcre perfornw<l as part of roulinc carc for tl iagnosis purpOlit'S in Lyon, Reims, .inti Î< uiouse universily ho.ipîlals. Ali pulient• huvc giwn wri llcn inforrnetl Consent lu Lhoe publi cation or Lht'ir ..:ase details. Skin biopsi~s (rom patients wilh lupus erythemalosus were obtained from oui us~ niverslty H ~pital. Biopsks of COVID-toe, were ublaineJ from Tuuluusc,, Reims, antl Lyon univcrsity ho.pilais. Skin bmpsie, of mullisystem intlam 111.ilury ,yndrume were obtaineJ fro1)1 Reir115 Uniwrsit Hospital. Anonyn1ii,ed lreallhy human skin samples were ohtain~<.l frum donnr. , lhat underwtnt a bdominopb. ty procedures and had given thdr ,vritlen infurmcd cuns.ent. Donurs JiJ nol have any record uf allergies <1r dt•rmatological Jisortlers and did nol use ~orlîcoste-roiJ . ontrol hcalthy ltin biopsie wcre age-anJ gendermatched with palhological samples and obtained from Genoskin SAS (www.geno. ikin.tom/). c;enoskin has olw.,ined ~11 leg:il , uthorizalions necessary from lhe French Mi nislry of l !igher l'.duealion, lwsearch and Innovation (A -2017-289 ) and the Persona! !'rotectiorl Commiltee (2017-A0104 l-52). Ali studie, were conJudeJ a cording to Dedaralion of I ielsinki protocols.

Skin section preparation, histology, and staining

I Tu man ,kin s.,mpfos were eilhc,r frozen in optimal culling lemperarure eo,npt:,und, ( 1: 'l'issue --! ek) or formalin -lh:ed and paraffin•e111bedded. FFl'li-tissue seclions (10 11m) were heated al 95''C for 20 min. Setlions were ,ubse,1uentl y im1ner~ed into xylene fur 30 min, washed in a grn,le<l scries ul elha nol ( 100, 95, 70, 50, and 30% lor 5 min each). and 11bunclantly washed with distillecl W'Jler.

'rhey were then treated u ing :1 heat-i ntlu ed epilope retriev.il melhuJ as previously describe<l [START_REF] Schmidt | The administration route is decisi ve for the abili ty of the vaccine adjuvant CAF09 to induce antigen-specific CD8( +) T-cell responses: The immunological consequences of the biodistribution profile[END_REF].

FFPE -Lissue se.:tions were blocketl and permeabil ized with phusphnk, lrnffored saline (PBS) . 0.5% (w/v)% bovin<: s~rum ~lbumin (LISA: Sigma Aldrich), .ind 1).3% Triton • J(IO (Merck) for JO 10 60 min at room lemperalure and then in uhated wilh t1uoro phorc-coupled antibndles or 11nconjugatcd antibodies nvcrnight al 4°C i11 the tlark. The sections wcre thcn washetl threc li me, in PBS 0.5% (w/v) % BSA, 0.3% Tritnn X 100 anJ incuhnted, ir oeeded, wilh .secondai')' antibndies ln PI\S, 0. (possihility ln use experlmentnl nr t.heoretical parameters ;,nd to f aJjusl the backgrouml value). Aulom~tic t'f'oss-talk orrc~l iun esli-3 malîun was obtainl'tl, an<l the coefficienls were slightly ad"usteJ 3 111~11ually, if neeJcd, for optimal spitlovcr correction. i ~ Segmentation 0 3D musaic images were imported ioto !maris sotlware to scpamte ,;;i objects ( eUs) using u 30 surface segme11tatio 11. Bdorc creati11g the ~ surface objeo'.tJ in !maris, d:issi.:.11 imnge pmtessïng w:is requireti. J For instance, defln ing a threshold, addi ng a medjan fiJler, and/or Fi normnlï1.ing the layers were so metlmes applîed to ckan the back-~ ground. lma,ges werc dlhe r deancd using the CD45 surface l.:-l objecls or ulh~r channds by npplying ,ipprnpriale mask~ for -,ach channeL Then , segmentation w;,s .tpplied on the CD45 ch:innel surface. Statistics weru exported inlo .csv format.

Epidermls modellng

1'he ~pi<lermis wns idt'ntîH~cl usîng the natuml t1µ to(l11orescenoe of the tissue. On {be basls uf the .1u1onuuresoe111:e found in multiple apprnprial« channels, an epiJennis surface was crealed using the übîect Creation semî -au tomale<l L t,ol uf the ima ri~ sofiware. The cunrdinal<:s ol lhc ~pidermis wc:rc lhcn c:JqJUrled intu .cw fum1nt .

The modeling or the epidermis shape showed on the digital map.< Wns ohlain~d u~ing the o -shnpe algnrithm (de~ctihed he lnw).

Segmentation troubleshootlng

ln snmc: ~-;,ses, thi: •ur(aci: cr<:.rlinrt paramdcr, wcre nnl efficient in automati ally oht;,ining good ohject creatîon, or 1he modull" wns nnt ~cnsiliv~ enough ln delect low•inten, llyohJed.~. ln lhiscase, the crcatlon or small nh;ects wa.s done manually, and the t'hrcshold sclcclion was also rcduced . Ifthedetected obje,;;t w, s below l ~un. then" manual ,ihject unHÎcation with surround ing objec(s nf the same inlensity was pe.rformed.

SCIENCE AD VANCES I RE SEA.RCH ARTI CLE

Statlstical data exportation

S1a1ts1ical prope'rties of each segme11ted objcct (ccll) in the proce erl 3D !maris Multiplex image w re utomatlcally cakulated .

Object volwne, pherlcity, ârea, _cye: position, and MF! in ail chnnnels werc cxportcd as a .csv table.

Skln enzymatic digestion and grad ient separation 1 mmune cells WC'l'i' isolated from fresh skln blop les from Genoskin. Brlefly, skin was harve ted 111 predigestion medium, fragment.:<l into picccs, and incubated al 37°C 011 a rvrating plate to removc cp• ith liai ~clls ,rnd other unpuritics. The upernatan! IV-J dîscaided, and the samples we,-c digested for 115 min on a rotlting plate wilh l.25 mg of Lib~r.ise (Sigma Aldrich, l/5<10112700 1) an d 2.5 mg of deoxytiborrndca.c ! ( igina Aldri h, Il J 0](14159001) to di oggrcgate the tissue. Samplcs were flirthcr dissociated with the Milteuyi ge ,HleMA •s Llissodator. Cel!. were tht:11 cnri hed with J l'ercoll gradient, \\"Jshc<l, and used for slaini ng wilh lhc samc panels used for MA Tl . Data were acqui rcù on a 1-iA ,Symphooy (BO) cytom• eter and were analyzed u,,ing Fluwl o (Tn:e Star) sotlwnn:. FlowJo analysls and gatlng strategles ld~ntilkalion aml den ity asscssménl of immune cdl subst!ls were analyzed u~in15 da~sic-Jl hi,lo•l-ylomdry (6). Immune cell popula lions werc gat~J in Flmv/c) sùftw.ire a, fullow-.: R cells. 04 

Tissue annotation using MANTIS lmplementatlon of MANTIS re(erence panels

To enab le oell iden lilicatfon , we built n binary lab]t, con\oining n Utt'ral\lre-bai;ed theoretl -ni ignat11r~ of blomark~r expr~ssed in ca •h cru populnlion idçntificd bylh~ u~cd pane) [11a1ur-a1Jydcpcnding on the u cd et (If antlbodics), known as the rcfcrcn<•cattribution pancl. ]f ceU population îs positive lora marker, then the 1>nlue is ser to l; otherwise, it l.s er 10 0. lf a cell popufotion can be positive for a markcr, rhcn thcr arc rwo ohnun , one wllh th val oc wl t 1 ond th olhcr with th voluc . cl to O (i ... yô T clJ5 can cxprcs CD4 or not). Two refcrcnce tables wcre impkmcn tcd and dcslgm1tcd by lymphoid and myeloid rde1 •cnoe 1\lllibulion 111,1trlccs.

Dynamic adaptation of reference matrices

ampk hctcrogcrn:ity lcd to dlffcr<:nl 1icqulsitlon pammcter (laser power, galn , etc.). To •tandardlzc d:'ltn procc!iSI ng, we scukd the rcference tabl<.-s and d)•nJmlcJlly adapted, or ead1 ample, the table values according 10 the Mfl value . ln pracùce, the value "!" ln the bi11ary table wa replaced by lhc maximum MF! a.lue acqulred ln the corrcsponding channcl from the tc:;lcd sample. Scholaert el al.,Sei. Adv,9,eadf9191 (20:13) 
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Automatic cell type identification To anno1ah. ' th 5"Cgrl1tnted objccts, a corrcl11tloo matrlx bc1wecn the Mfl Mble ~nd the adapted referenoe pane.! was generated by performlng a palrwi e Spe.l..rma,1'!i ra,1k orrclauon using the R softw•.ir~ (2021 ). Bach objcct was the11 pheno typicaUy asslg ncd to the cd ! type h(IV ing the highest orrclation oeffi icnt. Objc ts with multiplt? h.iglli!St corrclation coeftkients wc1•e assigned a "üthcr" cell typ •.

Accuracy validation

Th~ accur, c-y of MANTlS Jutom~tic ceU identification was verifie.J by onlpàt'i11!\ 9uantifkat:ion r.1sul ts ta classical histo-cytomctry (6).

Bricfly, lin car regre.,siun ()f ccll type densily was cornputed betwcen both attribution methods, ,1J1d regrcssion oeffi icnts wer cakulatcd. llcijrcssio11 coefficknts ranging b~tween 0.75 and l reflcct MAN'l'lS techniqu~ robustness.

Activation status detectlon

MANTIS pands were dcsigned lu in dude nül only Ji scriminanl oiarh•rs [vr cel l .11ribuLi1111 buT al, '1 > oun<li,criminanL .,n d infonna live rnarkcrs, for lns1-: mca, aclivn1ion rnarker.,. 'rhe cdl populations i:: ufinlcn,sl (Cü4 ' and CDS ' 'I cdls in lhe l)•mphoi<l pand and DCs, '< 0.,1=.

LC:,, and co2or DCs in th e rnydoid panel) and th e acllva lîun "markcn lhol .cllo,cL Lhe adivalinn ,lalus of th ~se pnpulalilln., 2. ( .057 in the lymphoid panel and HLA DR in the myeloid panel) 0 were deflncd in the MA TIS -algorilhm. The latt er nulnmallcall y ;

Computes the MF! Jensity curve associated wilh the tlcli valion j rnarkus within Lhl!! s~leclcd population •_ Su h. ,~<1uen1 ly, the MPI "-corre.~pondlng tn fh~ fl r~I pe:ik of I he den sil)' curvi: i~ dellned as J lhe MFI value abovc which lhc cc l.l i. s considm•ed pnsitiv" fnr lhc ~-' aclivnlinn marker.

•

• o.-Shape calculatlon •i=i b . . 0 "
a -Shape wa.s cnlculated uiing the al pha.i h,1pc Python package, Brielly, Delaunay triangulation nf a given sel or poinl.s fo rmed a -~ boundin.g poly.gon llrnt wntains ~Il the p lnl f the sel. The q pa-13

rameter was defined by rt,e v ,1lue a, nnd n circlr with J/n radius w,1s ,~ drawn in ~uch a way thal Lwo points o f lhe datasel are located on the Ô bnundarle~ of the cirde a nd th e cf role i~ empty. Por each cmpl)' cirde found , lhe linc bel.veen the Iwo poinl~ fom1ed a side or the bounding polygon, I.e., th e 11-shap~. 11 decrenscd , the Clhope chongcd from ,, convcx. hull (c._g .. cpidcrmis <Nlrnpc, a -0.4 ) tn mor tigh 1ly fllting bo1indl11 g box, rcsulting in more rcfln~d q , sha1-i& [e.g,, ROI a-shap~ (aROJ), a =-0.Jj.

Cell-to•structure di$tance calculatlon and nearest• neighbor search :x-y coordinatcs of cpidcrmis a -slwpc contours wcrc slofcd usîng th e k-dilncnsional trec method, which llll ows dnln rankli1g 1111d sh11ctu allorl. , BrJcfly, data p i1H ' ere rlassifltd on the ba i of nodc and branch paco-partitloning, allowing a fa •t neare •rncighbor ,alcu lnlio n. For a glvcn point (cdl) of the data5cl. the near-est ne ghbor ln lhc cpidcrnils a -~hapc ,~ fo u11d1 ~nd the di~tnnce deflned by r 1v.i~ c.1lculn1ed uslng th ~clpy.spatla l Python packnge (./0) , The distance of ceils con lalned in the ep!dehllis n• sha~ was s~t to 0, The PDF file includes: Other Supplementary Material for this manuscript includes the following: • CD207 Ht,.A.OR"-•dOC&i1J . do101t(OI
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Supplementary infàrmation

Table S3. AH datasets corresponding to the myeloid panel. Single cell databases (.csv file) of al! healthy samples and patients used to generate the presented data are available in the nonprofit repository Dryad ( doi: 10.5061 /dryad.rxwdbrvdm).

Table S4. AH datasets corresponding to the lymphoid panel. Single cell databases (.csv file) of al! healthy samples and patients used to generate the presented data are available in the nonprofit reposit01y Dryad ( <loi: 10.5061/dryad.rxwdbrvdm).

Part II. Assessment of the immune response following anti-COVID-19 Moderna vaccine injection in HypoSkin ex vivo

human skin models

Introduction

The second part of my thesis focuses on developing the HypoSkin® Platform, a versatile framework designed primarily to study the longitudinal profiling of the human innate immune response to vaccines at the injection site. Our research demonstrated that HypoSkin® ex vivo human skin models obtained from surgical resections maintain skin viability and immunocompetence for at least 7 days when cultured in a chemically-defined gelified matrix.

The presence of the hypodermis in this model allows HypoSkin to be injectable, both subcutaneously and intradermally, making it suitable for testing the toxicity and immunogenicity of various injectable drugs using a conventional clinical syringe. We utilized the HypoSkin models to assess the immune response associated with the administration of the Anti-COVID-19 Moderna vaccine and water for injection. To comprehensively evaluate the immune response, we employed innovative methods, including multiplex cytokines dosage, bulk RNA-seq, single cell RNA-seq, and an in-silico approach to selectively track and quantify mRNA vaccine incorporation at the single cell level. All results are exposed below in the unpublished article "Multi-modal profiling of biostabilized human skin modules reveals a coordinated ecosystem response to lipid nanoparticles-based SARS-CoV-2 mRNA vaccine".

Introduction

The human immune system is composed of a plethora of specialized cell types distributed across organs and modulated throughout a person's life upon exposure to environmental triggers. This unique, adaptable feature of tissue-resident immune cells contributes to the establishment of immunological memory for each individual and to drive a coordinated and immediate defense against pathogenic stimuli 1 • The skin is one of the largest organs of the body and is composed of a wide variety of myeloid cells (e.g., dendritic cells (DCs), macrophages, Langerhans cells (LCs), mast cells, etc.) and lymphoid cells (e.g., CD4 T cells, CDS T cells, etc.) that interact with an organized network of structural elements (e.g., keratinocytes, stromal cells, blood vessels, etc.) to form a tightly-regulated ecosystem 2 . Such unique immune features of the skin make it a promising anatomical site for studying the human immune response ex vivo, while preserving the natural complexity at the organ level. Current in vitro technologies have made significant sttides in replicating selected aspects of the human skin as a tissue; however, they remain unable to capture the complexity of the native organ and the genetic diversity found in the human population 9 -11 • For example, microphysiological systems such as organ-on-a-chip technologies 12 , skin substitutes 13 and bioprinting approaches 14 can mimic important cellular and drug permeability features, yet they Jack the multifaceted 3D architecture, the cellular interactome and, most importantly, the inherent complexity of the human immune system. The accessibility to large quantities of donated human skin leftover from surgical resections has prompted scientists to use cultured skin punch biopsies to better understand the response to vaccines 15 • 16 • The existing limitations of current in vitro culture protocols make it challenging to preserve the viability of skin explants for extended periods of time, in particular the subcutaneous adipose tissue, which is an essential component for subcutaneous administration Here we describe the VaxSkin platform, a general framework primarily designed for the longitudinal profiling of the human skin ecosystem in response to vaccines at the site of injection. We first engineered a chernically-defined jellified matrix that maintains the viability and immunocompetence of the skin for a period of 7 + days and coupled to a topical silicone ring that preserves its tension ex vivo 21 . Each individual human skin "module" (i.e., association of matrix -skin biopsy-silicone ring) can be injected subcutaneously or intradermally with a conventional clinical syringe, as the system maintains the integrity of the native adipose tissue attached to the dermis. The method is scalable enough to conduct multiple parallel experiments, including transcriptomics, 3D imaging, and secretomics in one donor and then to extend to selectable cohorts based on age, gender, and ethnicity. We designed an adaptable analytical pipeline composed of integrated multiparametric analyses to extract complementary immune datasets from each individual module, including an in silico approach to selectively track and quantify mRNA vaccines incorporation at the single cell level.

Results

Biostabilized human skin modules are structurally stable and injectable subcutaneously and intradermally.

The preservation of skin viability is one of the major challenges in developing ex vivo models that accurately rnirnic the human organ outside of the body. To circumvent this limitation, we developed a series of standardized engineering steps to quickly biostabilize human skin biopsies, white preserving an air-liquid interface and the appropriate biomechanical properties of the tissue. Upon surgical excision from donors, large skin biopsies (i.e., an average size of 365 cm 2 ) were punched into individual skin explants of 23 mm diameter using a precision mechanical press in a controlled laboratory environment.

Up to 50 individual explants can be generated from one individual donor. Subsequently, we encased each expiant into a solid gel matrix and a silicone ring was placed on the top to emulate natural tension and maintain the biomechanical property found in the skin. These individual human skin "modules"

were then carefully positioned in a transwell system and bathed in a chemically-defined culture medium devoid of animal product, which was replaced on a daily basis (Fig. la).

To evaluate potential donor-intrinsic changes in global tissue architecture and cellular gene expression profiles over the culture period, we performed a combination of histochemical and single cell RNA We first used hematoxylin and eosin (H&E) staining, a commonly used method in histology to visualize most tissue structures. No apparent changes were observed in the integrity or overall cellular structure of the skin over 7 days. The epidermal and dermal layers remained visually unaltered, with preserved keratinocytes and collagen fibers , respectively. We could detect some discrete morphological changes in the epidermis-dermis junction and a tendency for dermal fibroblast to decrease in number when the skin modules were analyzed at day 10. Interestingly, the subcutaneous adipocyte layers remained morphologically unaltered over the 10-day culture period (Fig. lb). Using fluorescence microscopy, we analyzed the expression of active caspase-3, as a readout of tissue apoptosis, and the distribution of filaggrin and keratin 14 to assess changes in the distribution of key epidermal structural proteins 22 • The active caspase-3 was detected in few cells at day O and its expression did not increase over the culture period (Fig. S2a). The filaggrin and keratin 14 were expressed in the stratum corneum and the basal layers, respectively, during the entire culture period (Fig. S2b,c). We next used two-photon imaging to assess the stability of the following additional skin components at the protein level in a large field of To explore the suitability of the human skin modules as a model for studying injectable drugs, we conducted subcutaneous (s.c.) and intradermal (i.d.) infusion experiments using a clinicat grade syringe.

We introduced a colored aqueous solution directly into the adipose layer (s.c.) or the dermis (i.d.) of the skin within the modules. This allowed us to examine the distribution and diffusion patterns of the injected solutions, providing insights into the potential leakage of injectable drugs out of the tissue. We 

Longitudinal assessment of the transcriptomic program of human skin modules at the single cell

Ievel.

We next investigated potential subtle transcriptomic changes in phenotype and/or activation status of both structural and immune cells overtime. We produced human skin modules of 23 mm diameter from the same individual and performed lüx Genomics scRNAseq analysis of the dissociated skin at day 0 (i.e., within 24h after surgery), 3, 5 and 10 (Fig. S1, upper panel) to generate a longitudinal transcriptomic profile for each individual cell (all quality controls are described in the Methods section).

Using the t-distributed stochastic neighbor embedding (t-SNE) approach, we analyzed the expression patterns of 36,601 genes in 26,553 individual cells from the aggregated dataset of all time points and could unambiguously identify the presence of9 global clusters (Fig. 2a). Ali populations were annotated based on their combined expression of cardinal marker genes, such as KRT14 (undifferentiated keratinocytes), KRTJO (differentiated keratinocytes), KRTJ 7 (proliferating keratinocytes), SERPINB4

(inflammatory keratinocytes), LYVEJ (lymphatic endothelial cells, LECs), ACKRJ (vascular endothelial cells, VECs), COL6Al (fibroblasts), PTPRC and CD3E (lymphoid cells), PTPRC and CDJA (myeloid cells), and MLANA (melanocytes) (Fig. 2b). We next analyzed the distribution of ail cells on the aggregated t-SNE graph based on their time point of analysis. We observed an overall homogeneous distribution of the cells on the aggregated t-SNE based on their original phenotype, but not based on the time point of analysis (Fig. 2c). ln order to objectively evaluate any transcriptomic variations at the tissue level, we applied a pseudo-bulk transformation in the global single-cell dataset of each time point 23 . By calculating a Pearson c01Telation heatmap, we assessed the correlation between the transcriptomic profiles of day 0, 3, 5, and 10. We observed a consistently high correlation exceeding 0.995 across all time points, indicating that the overall transcriptomic program of the skin remained stable over time (Fig. 2d). ln line with these findings, we found that all identified clusters harbored similar proportions of cells in either G 1, S, or G2M phases, suggesting a conserved cell cycling capability in each population (Fig. 2e) .

The human skin undergoes continuous turnover of keratinocytes, ensuring the constant renewal of the epithelial barrier. These cells undergo a process of differentiation, transitioning from basal cells in the innermost layer of the epidermis to terminally differentiated cells in the outermost layer. This process involves sequential changes in gene expression, leading to the production of specific proteins (including keratins) and the formation of a protective barrier against externat factors 24 • We observed a thickening of the cornified layer over the culture period in the absence of mechanical exfoliation (Fig. lb), which suggests a continuous turnover of keratinocytes in the human skin module environment. We further tested this hypothesis by using Monocle3 pseudotime analysis 25 on keratinocyte single-cell datasets to reconstruct the temporal order of cellular states and identify the progression of differentiation over time.

We found that the generated pseudotime trajectory recapitulated the normal differentiation of keratinocytes through the following consecutive states: undifferentiated, proliferating, inflammatory, and differentiated (Fig. S3a-b). In line with these findings, we could identify the progressive loss or acquisition of key genes characteristic of keratinocyte maturity states along the pseudotime axis, such as KRT14, ITGA6 and ITGBJ (i.e., markers of immaturity), and DSGJ, KRTl and KRTJO (i.e., markers of maturity) (Fig. S3c).

Subsequently, we once again utilized a pseudo-bulk transformation method to assess the correlation between the transcriptomic profiles of day 0, 3, 5, and 10, but at the level of individual populations to potentially detect subtle changes over time. We observed a high correlation of more than 0.985 across all time points for melanocyte, myeloid, lymphoid, and keratinocyte populations. However, slightly lower correlations of 0.9710 and 0.9210 were found in endothelial cells and fibroblasts, respectively, after 5 days of culture of the skin modules (Fig. 2f). Finally, we applied the algorithm CellPhoneDB, a statistical framework coupled with a ligand-receptor interaction repository which allowed us the exploration of cell-cell communication within complex cellular ecosystems 26 . Through a comprehensive analysis of our datasets at each time point, we discovered that myeloid cells exhibited a significant capacity of interaction with a wide range of structural and immune cell types within the tissue, suggesting their potential pivotai role within the skin ecosystem (Fig. 2g). Consistently with our earlier correlation findings (Fig. 2f), we observed that endothelial cells displayed a propensity for intercellular communication with various cell types within the tissue, although this communication significantly decreased by day 10.

Taken together, these data demonstrate that the intercellular ecosystem naturally present in the ex vivo human skin modules remained relatively stable over 10 days of culture, at least at the microscopie and transcriptomic levels, although some variability seemed to emerge in the fibroblast and endothelial cell compartments. The prolonged stability observed in the immune compartment, particularly the myeloid cells, strongly supports the potential of natural human skin modules to be employed for comprehensive profiling of innate molecular mechanisms activated in response to vaccines at the site of injection. We injected the vaccine in natural human skin modules generated from 6 different donors and measured 36 cytokines and chemokines released from the injected tissue in the culture medium after 8h and 24h using a electrochemiluminescence assay from Meso Scale Diagnostics cytokines and chemokines known to be secreted by activated T cells, DCs, LCs, and macrophages were found to be significantly increased. This conserved secretomic signature triggered by the injection of the vaccine across the 6 donors tested includes IFN-y, the thymus and activation-regulated chemokine (TARC, also known as CCLl 7), MCP-1 (also known as CCL2) 29 • and the macrophage-derived chemokine (MDC, also known as CCL22) 30 (Fig. 3a). We then used this secretomic signature to infer which biological pathways could be regulated at the tissue level using a combination of protein-based publicly-available databases such as KEGG, GO-bp, and Reactome. We found a common signature of pathways associated with global chemotaxis, nitric-oxide biosynthesis, immune activation (e.g., Dectin-1-associated NF-KB activation or IL-17 signaling), signal transduction (e.g., C-type lectin receptor signaling pathway), nitric oxide synthase biosynthesis (i.e., innate defense mechanism that notably inhibits viral replication), and viral protein interaction with cytokines (Fig. 3b and Table Sl).

Taken together, these findings strongly suggest that immune and/or structural cells, which naturally reside in natural human skin, maintain the ability to release immunomodulatory substances in response to vaccine admini stration in the modules. They also show that the injected vaccine induces the secretion of important chemok:ines known to play arole in APCs recruitment and vaccination effectiveness. 
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Skin homeostasis (52) Genre reg1., fat_ ion and RNA processmg (35) lrnmooe response [START_REF] Serhan | House dust mites activate nociceptor-mast cell clusters to drive type 2 skin inflammation[END_REF] Vaseular response (18) Stress response (16) Ner.,:,us response (7 ) Ce~adhesion ( 1 library sva version 3.48 31 • 32 • We next analyzed our datasets and detected 65 and 332 differentially expressed genes (DEGs) at 8h and 24h, respectively, after injection of the vaccine (Fig. 3c,d). We first interrogated publicly-available databases to delineate putative biological pathways associated with the detected DEGs at 8h and 24h. We found conserved signatures of pathways associated with stress response ( e.g, PERK-mediated unfolded prote in response or A TF6 activation of chaperone genes ),

RNA processing (e.g, Insulin-like Growth Factor-2 mRNA Binding Proteins or MAPlK activation), vascular response (e.g., endothelial cells modulation), nervous response (e.g., modulation of axonal guidance), immune response (e.g, positive regulation of type 2 immunity or phagosome activation), and skin homeostasis (e.g, retinoic acid metabolic process or homotypic cell-cell adhesion). lnterestingly, at 8h after vaccine injection, we observed the early expression of genes involved in the detection and response to xenobiotic agents, i.e., molecules that are not normally present in animal's li fe (Fig. 3e and Table S2).

We next quantitatively analyzed the expression of genes associated with each biological pathway (Fig. 3f). At both 8h and 24h, we found that most DEGs were associated with the biology of keratinocytes or other structural cells. The most upregulated DEGs (25 at 8h and 52 at 24h) were reported to be involved in the global regulation of skin homeostasis such as Late Cornified Envelope 2C 33 and A (LCE2C and low-density lipoprotein receptor-related protein 8 (LRP8), two pathways previously suggested to be involved in LNP particle incorporation 39 • The genes Adrenomedulin-2 (ADM2), that encodes a member of the calcitonin gene-related peptide (CGRP)/calcitonin family of hormones, and Protein Kinase C Zeta (PRKCZ) were also strongly upregulated and previously reported to be associated with skin inflammatory processes. Finally, we also found a global signature of MYC, a key gene that participates in many cellular fonctions, including cell cycle, survival, protein synthesis, cell adhesion, and microRNA expression 4 0---4 2 (Fig. 3t).

Taken together, these data demonstrate that after s.c. injection of the COVID-19 vaccine in natural human skin modules, a global modulation of the human skin ecosystem can be detected at the transcriptomic level. By assessing subtle alterations in gene expression, we can discern the precise sequential events occurring between the exogenous substance and the skin's biological processes. These events encompass the recognition and response to a foreign agent, the adjustment of skin homeostasis, the activation of stress responses, and the initiation of immune reactions. Thus, by combining skin modules, secretome analysis, and bulk RNAseq analyses, we could gain valuable insights into how natural human skin globally adapts and responds to extemal stimuli, shedding light on the complex mechanisms governing its physiological and protective fonctions.

Single-cell profiling of skin-resident immune cells after subcutaneous vaccination enables the tracking of vaccine sequences and associated modulation of transcriptomic profiles.

To gain insight into precise innate mechanisms occurring at the site of vaccine injection, we performed a scRNAseq analysis on dissociated human skin modules enriched in skin-resident co45+ immune cells at 8h and 24h post s.c. vaccine injection (Fig. S1, lower panel). Using the Uniform Manifold Approximation and Projection (UMAP) approach, we analyzed the expression patterns of 26,248 genes in 15,564 single cells from the aggregated dataset of the two time points and could unambiguously identify the presence of 14 global immune cell clusters (Fig. 4a). Ali populations were annotated based on theircombined expression of cardinal marker genes as previously described 43 --4 5 , such as CD3E, CD4, FOXP3, CD8A, GZMB, or KLRDJ for lymphoid cells , and ITGAX, CDJA, CD207, TPSABJ, or CD68 for myeloid cells (Fig. 4b). We next developed an analytical pipeline, carefolly adapted to the amount of biological material contained in each natural human skin module, to sequentially track and quantify the presence of SARS-CoV-2 spike mRNA copies into cells and investigate associated modulations of transcriptomic states at the single cell level (Fig. S4).

As the SARS-CoV-2 spike sequence is not naturally present in the 24 chromosomes of the human genome reference database (GRCh38) 46 , we built an "in-silico 25 th chromosome" at the end of the GRCh38 that corresponds to the sequence of the vaccine (Fig. S4). To this end, we created an entry into the GRCh38-associated GTF annotation files and added the entire spike sequence as CDS (CoDing Sequence) and an exonic entry from positions 58 to 3879 to suppress the putative UTR (UnTranslated Region) defined by NAanalytic (the detailed protocol is described in the Methods section). We then aligned the scRNAseq raw data to the custom reference transcriptome, and proceeded to perform conventional analyses. We found that 8h after s.c. injection of the vaccine, the DC/macro cluster, and more surprisingly the mast cell cluster, expressed significant levels of spike mRNA (Fig. 4c-e). These data strongly suggest that, in our experimental conditions, the LNPs that vehicle the spike mRNA sequences will be preferentially incorporated into OC/macrophage and mast cell compartments after s.c.

injection.

To evaluate the potential impact of s.c. vaccination in different immune populations, we used the R package Augur, a machine-leaming-based algorithm specifically-designed to predict the populations that show the highest cellular response to perturbation between two treatment conditions (in our case, water versus vaccine) 47 . After 8 hours, the Augur analysis revealed significant transcriptornic changes in immune compartments, including OC/macrophages, mast cells (both having detectable levels of spike mRNA), LCls, LC2s, and CDS T cells (these last populations having very low/undetectable levels of spike mRNA), while at 24h, only the OC/macrophage compartment exhibited continued statistical differences (Fig. 4f). We next ext:racted the list of DEGs associated with our analysis and inferred putative biological pathways regulated in each immune compartment at 8h in OC/macrophages, mast cells, LCls, LC2s, and CDS T cells and in OC/macrophages at 24h. Across most of the cell types examined, we found conserved signatures of pathways associated with mRNA processing and translation machinery, type I immune response, Roundabout (Robo) receptors signaling (i.e., involved in actin cytoskeleton remodeling), SARS-Co V-1/2 antiviral response, and cellular stress (Fig. 4g).

Interestingly, OC/macrophage and LC2 subsets shared some common additional signatures of genes associated with clathrin-mediated endocytosis (i.e., repmted to be involved in LNP incorporation), RHO GTPase signaling, MAPK signaling, transcriptional regulation and protein modification, insulin receptor pathways, cell migration, modification of cellular homeostasis, TGF-~ signaling, regulation of neuronal compartment and activation of blood/platelet machinery. However, some pathways were found specifically upregulated in the DC/macro subset upon s.c. vaccination, such as FLT3L/FLT3 axis, NF-KB signaling, MHC-1-mediated cross-presentation 48 • 50 , epidermal growth factor (EGF)/EGF receptor signaling, response to interferon and reactive oxygen species (ROS) production. The LC2 subset also expressed a specific signature of genes associated with FcyR-mediated phagocytosis, MHC-11-mediated antigen presentation and VEGF/VEGFR, and hormone signaling (Fig. 4g).

Taken together these data demonstrate that upon s. 
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. ,. The spatial organization of the skin immune system across various anatornical Iayers is well-established.

Prior research has indicated that diverse routes of vaccine administration may selectively target specific immune subsets, leading to distinct cellular and humoral immune responses 51 • 52 • We generated several human skin modules from the same donor as in Fig. 4 to investigate potential changes in immune cells transcriptomic profiles and incorporation of spike sequences when the mRNA-1273 vaccine was administered i.d. versus s.c. Again, we detected the presence of significant levels of the spike sequence mostly at 8h, but less at 24h, after i.d. vaccine injection in OC/macro and mast cell clusters (Fig. S5a- c), confirming a natural capacity for these cells to uptake/be targeted by the LNP-loaded mRNA particles . We next used Augur to investigate potential transcriptomic changes in the immune compartment. We found that 8h after i.d. vaccination, OC/macrophages, LCl s, and CD8 T cells, but not mast cells nor LC2s, exhibited significant transcriptomic changes (Fig. S5d). However, compared to results observed upon s.c. administration, all of the myeloid compartment, including LC2, migratory APC and mast cell clusters, and a large proportion of CD4 and CD8 T cells underwent significant transcriptornic changes 24h after i.d. administration of the vaccine.

We next applied the algorithm CellPhoneDB to explore differences in cell-cell communication and ligand-receptor interactions between different immune cells when the vaccine was injected s.c. or i.d. 26 . 8h after s.c. injection of the vaccine, we found that myeloid cells, including OC/macrophages, LC ls, LC2s, and migratory APCs exhibited an increased capacity of interaction with other immune cell types within the tissue, including CD4 and CD8 T cell subsets, as compared to the clinical grade water contrai (Fig. Sa) . Such a pattern of interaction was then significantly decreased at 24h. Conversely, 8h after i.d.

injection of the vaccine, the pattern of interaction of myeloid cells with other immune cell subsets was less pronounced than that observed after s.c. injection. However, 24h after i.d. injection most myeloid cells exhibited a significant increase in their capacity to form interactions with lymphoid cells such as CD4 and CD8 T cell subsets (Fig. S6a). We next inferred the predicted ligand-receptor pairs that could be engaged between the different interacting immune cells. We found that most of the predicted interactions were either between myeloid cells or between myeloid cells and CD4 T cells, independent of the route of administration (Fig. Sb andS6b) . Interestingly, we found significantly more predicted pairs of ligand-receptor after s.c. injection than after i.d. injection of the vaccine. Among the predicted interactions, we observed that the s.c. vaccination could favor interactions between CD4 T cells and antigen presenting cells (i.e., clusters DC/macro, LC l, LC2, migratory APCs). Notably, the interactions between CD4 T cells and OC/macrophages specific to vaccine condition were: CD44 (i.e., involved in cell-cell adhesion) and TYROBP (i.e., protein tyrosine kinase involved in cell activation), TNFSF13B We finally investigated changes in the activation status of skin-resident APCs at the protein level using Multiplex ANnotated Tissue Imaging System (MANTIS®) 53 , ,.
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..!!!.. -- APCs, but also generates a complex biological response at the organ level that is likely to influence the efficacy of the immune response to carry out protection (Fig. 6, Ieft) . Exploring and manipulating the mechanisms that govem the global regulation of the skin ecosystem following vaccination, extending beyond the targeted immune cells, holds great promise for future investigations.

When analyzed through the lens of immunology at the single-cell level, we found that, under our expetimental conditions, the vaccine consistently targets dermal OC/macrophages and mast cells, irrespective of the administration route in natural human skin modules (Fig. 6, right) . One set of genes expressed by the OC/macrophage subset after vaccination was linked to clathrin-mediated endocytosis, which is one the pathways reported to be involved in LNP internalization 55 • 56 . However, this set of genes was not found to be upregulated in mast cells, despite their high propensity to incorporate vaccine LNP.

Mast cells are highly granular/vesicular cells 57 -59 , it would be interesting to gain a better understanding of how they could incorporate such quantities of LNP. These findings are in line with previous reports that LNP could efficiently transfect in vitro-cultured mast cells 60 • 6 1 . While OC/macrophages are professional APCs that can initiate the activation of the adaptive immune response, less is known about the capacity of mast cells to present antigens to T cells in the context of vaccination. Previous work suggests that mast cells could activate antigen-experienced C04 T cells in mice and humans 62 -41, to which extent such findings are applicable in the context of vaccination is still unknown. The primary fonction of mast cells is to release granule-associated mediators, a process named "degranulation" 65 and involved in drug-associated injection site reactions 66 • 67 . The COVID-19 vaccine bas been reported to induce redness, swelling, and pain in the skin after injection 68 , the extent to which these clinical manifestations are directly associated with the capacity of mast cells to incorporate LNPs remains an open question.

Beyond the above-described spike-positive immune cells, the infusion of the vaccine also triggered substantial transcriptomic changes in the entire myeloid compartment, including LC2, migratory APC, mast cell clusters, and a significant proportion of C04 and CD8 T cells. lt is possible that our in silico detection of the spike is not sensitive enough to catch smaller incorporation of the vaccine in those cell types. However, in line with our organ level analysis, it is likely that the vaccine triggers a qualitative modification of the skin ecosystem and fine tuning of "bystander non-targeted cell types" at the site of injection. lt is interesting to note that CD8 T cells were the most affected lymphoid cell type and, Both gather non-injected, water-injected or vaccine-injected conditions. The first set of experiment was sampled at 0, 8 and 24h, and split into 4 pieces: V4 of the module (including the hypodermis) was saved for paraffin embedding, V4 of the module without hypodermis was frozen in RNA latter and stored at -80°C, V4 of the module without hypodermis was embedded in OCT and stored at -80°C, and V4 of the module without hypodermis was frozen and stored at -80°C. The matrix and the culture medium of the module was collected and stored at -80°C. The second set of experiment was collected at 0, 8 and 24h

and processed for single cell RNA sequencing. Two models were used for each condition (Fig. S1, lower panel).

Histology.

5 µm formalin-fixed and paraffin embedded (FFPE)-tissue sections were rehydrated by immersing the slides in the following solutions: two washes of xylene (4 minutes each), two washes of 100% ethanol

(2 minutes each), one wash of 95 % ethanol (1 minute) and three washes of PBS. The slides were then stained with hematoxylin & eosin and dehydrated by immersion in 99%-100% ethanol solution and xylene. The slides were covered with mounting medium (Eukitt®, Orsatec), and sealed with a coverslip.

For each sample, representative images were acquired at 40x magnification with a DMil (Leica) equipped with a MC170 HD camera (Leica).

Injection and bolus observation.

The natural human skin modules were injected subcutaneously or intradermally with 1 00µL of patent blue V (E131), 0.5% (w/v) in PBS, or KI solution just before the picture acquisition or tomography acquisition respectively. For the tomography acquisition, an EasyTom X-ray microtomography machine (RX Solutions) was used. This machine is equipped with a 150 kV microfocus X-ray source (Hamamatsu). X-ray radiographs were taken with a beam power of 14 W, corresponding to an acceleration voltage of 65 kV and a current of 220 µA. The exposure time was set to 0.15 s. X-ray tomographies were obtained by acquiring 1440 images at different angles evenly distributed over 360°.

The 3D volume was reconstructed using RX Solution Software (X-Act). Post-processing of the 3D images was performed using !maris software. The diffusion area of the contrast agent, the hypodermis and the epidermis/dermis were manually segmented using 2D views, before performing 3D volumes reconstruction.

Thick section staining and biphoton imaging.

lO0µm cryo-sections were fixed with 4% PFA for 30min. Slides were 1insed, blocked and permeabilized with PBS 0.5 % (w/v) BSA (Sigma-Aldrich), 0.3 % Triton X-100 (Merck) for 1 hour at room temperature, then incubated with fluorophore -coupled antibodies or unconjugated antibodies for 24h at 4°C in the dark. The slides were rinsed with PBS 0.5 % (w/v) BSA, 0.3 % Triton X-100 and incubated with the secondary antibodies for 2h at room temperature in the dark. Finally, the slides were rinsed and mounted in Mowiol medium (Sigma-Aldrich) and sealed with a coverslip. Ali conjugated and unconjugated antibodies used in this study were validated in single immunostainings (unpublished), and are listed in Table S3. Mosaic images were acquired using an Ultima 2P plus biphotonic microscope (Bruker Corporation) equipped with a laser Chameleon Discovery NX (Coherent Inc) operating at a 770nm excitation wavelength, and a 20x objective, 1 Numerical Aperture, 2mm WD (Olympus,). The acquired images were stitched and processed using the !maris Software.

MSD analysis.

Levels of cytokines secreted in the matrix were quantified using the 36-plex kit from Meso Scale Discovery (MSD), following manufacturer's instructions. Cytokine concentrations expressed in pg/mL were calculated by comparison to the standard curve which was generated in the same biological matrix as the samples. Only values that were in the detection range were taken into account. The statistical analysis was performed using an in-bouse application . For each detected cytokine, Shapiro-Wilk and Briefly, a 4mm punch of skin was digested in Trizol using a GentleMACS™ Octo Dissociator (Miltenyi Biotec) to extract RNA from the tissue. The RNA was then purified using a RNAeasy Plus Mini Kit (Qiagen) following the manufacturer's guidelines. The concentration and quality of RNA were determined in each sample using a NanoDrop (ThermoFisher Scientific). and lower than -0.26 were considered as significant. These genes were used as an input to PathfindR R package, version 2.1.0, with default parameters to perform an active subnetwork enrichment analysis approach that represents enriched pathways. Molecular fonction and biological process of Gene-Ontology, KEGG and Reactome pathway databases were used to compute the enrichment.

Single cell RNA sequencing.

Briefly, sk:in was harvested in a pre-digestion medium, fragmented into pieces and incubated at 37°C on a rotating plate to remove impurities. The supernatant was discarded and the samples were digested for The modules viability and VaxSkin datasets were filtered to remove low-quality or dead cells, by using the Seurat R toolkit 83 version 4.3.0.1. Cells with mitochondrial gene expression higher than 12%, and cells with less than 500 or more than 3100 UMI-counts were removed (Table S4).

Modules viability study.

For each cell, the feature expression measure was normalized by the total expression, multiplied by a scale factor of 10.000 and the result was log-transformed. Feature level scaling was also performed, each feature was centered to have a mean at 0 and scaled by the standard deviation of each feature . To reduce the dimensionality of the dataset, the top 2000 of most variable features were determined from the average expression and dispersion. From these selected genes, Principal Components Analysis (PCA) was performed and the dimensionality of the dataset was determined by using elbow plots that rank principal components by their percentage of variance.

VaxSkin study. Normalization and variance stabilization were peiformed with SCtransform seurat fonction 84 using default parameters. Data were integrated using Harmony8 5 version 0.0.1 using the top 13 dimensions, four covariate parameters (sample, treatment, timepoint and site of injection) and associated lambda (0.2,1,1 and 1, respectively) were set.

From filtered and preprocessed data, K-Nearest Neighbors (KNN) algorithm was constructed to link cells with similar feature expression and create communities from the Euclidean distance of the PCA space and edge weights refining based on the shared overlap in their local neighborhoods (Jaccard similarity). Cells were then clustered using the Louvain algorithm that optimizes the standard modularity with a resolution value of 0.3 and 1.2 for VaxSkin and modules viability datasets, respectively. From the most important principal components (15 and 25 for VaxSkin and modules viability datasets, respectively), t-Distributed Stochastic Neighbor Embedding (t-SNE) were calculated to visualize and explore the dataset. Seurat cell clusters were attributed as cell types by using literature-based specific markers. A sub-clustering on myeloid, lymphoid and structural cells was performed on VaxSkin dataset to improve the cell type attribution. Myeloid, lymphoid and structural datasets were integrated using the first 14 principal components for myeloid and lymphoid datasets, and 10 for the structural datasets .

Clustering was performed using the same method with a Louvain resolution of 0.3 for ail cell types.

Comparisons between days (modules viability study) and between water and vaccine conditions (VaxSkin study) were perf01med using a logistic regression model, and the roc method that calculates the classification power of a random forest classifier, respectively. Both datasets were analyzed with the Seurat FindMarkers fonction. Only genes expressed in at least 10% of cells in each cluster were used to compute the statistical analysis. Genes with an adjusted p-value (Bonferroni correction) lower than 0.05, and, a log2 fold changes greater than 0.58 and lower than -0.58 for the modules viability dataset, or a classification power greater than 0.7 and lower than 0.3 for VaxSkin dataset, have been considered as significant. These genes were used as an input to PathfindR R package version 2.1.0, with default parameters to perform an active subnetwork enrichment analysis approach that represents enriched pathways . Gene-Ontology 73 molecular fonction and biological process, KEGG and Reactome pathway databases were used to compute the enrichment. Perturbation analysis was performed using the cell type prioritization R library Augur 47 , version 1.0.3, with default parameters. By using a random forest classifier, Augur assesses the probability of each cell to belong to a specific condition. This prediction was evaluated in cross-validation, and quantified using the Area Under the receiver operating characteristic Curve (AUC).

Interactome study was performed with CellphoneDB 26 , version 3.1.0. For each cluster, only genes expressed in at least 25% of the cells of the cluster were conserved. Using its detailed receptor-ligand database, CellphoneDB determines the mean interaction value between ligand-receptor complexes between each cell type. Cells are randomly permuted over 1000 iterations, and, at each iteration, the average of the mean expression of receptors and the average of the mean expression of ligand were calculated. The proportion of mean equal or higher than the real mean was calculated and p-values were attributed for each ligand-receptor pair highlighting the specificity of a ligand-receptor complex. If the p-value of enrichment is lower than 0.05, the pair was considered as significant. For each condition, a table gathering ail interaction pairs between all cell types was created based on the CellphoneDB 'significant_means' output. By substracting contrai sample to his corresponding vaccine sample, only celltypes with a number of interactions above 10 (in absolute value) were kept, namely: DC/macrophages, activated CD4 T cells, LCl , LC2, and migratory APC. The data were then subjected to a log2 transformation. Dotplots were generated using the ggplot2 R library version 3.4.3, with the point size representing the log2 of the significant means.

MANTIS analysis.

The MANTIS analysis was performed as in ref 53 . OCT-tissue sections were blocked and permeabilized The mosaic multicolor image was obtained and exp01ted into a .lifformat. 30 mosaic images were then imported into Huygens software (SVI) to correct the signal by applying deconvolution and cross-talk correction. The deconvolution was performed using the deconvolution wizard. For each marker, SNR and background signal levels were determined and applied to all images from the same donor. Automatic cross-talk correction estimations were obtained. 30 mosaic images were imported into !maris software (Oxford Instruments) to separate objects (cells) using a 30 surface segmentation. Before creating the surface objects in lmaris, classical image processing was required. For instance, thresholds were applied to clean the background. Then, segmentation was applied on the CD45 channel surface. For each object, MFI of each marker was extracted. The APCs panel is based on cell type attribution markers (CD45, CD207 and CDlc) and activation markers (CCR7, CD40, CD80, CD83, CD86 and pan-HLA). For bioinformatic analysis, a threshold for each cell type attribution marker was deterrnined to define if a cel1 is positive or not. For activation markers, the MFI value is raw, to evaluate the level of activation.

The epiderrnis was identified using the natural autofluorescence of the tissue. On the basis of the autofluorescence found in multiple approp1iate channel an epidermis surface was created using the Object Creation semi-automated tool of the !maris software. The coordinates of the epidermis were then exported into .csv format. Statistical properties of each segmented object (cell) in the processed 30 !maris Multiplex image were automatically calculated. Object area, xyz position, and MFI in all channels were exported as a .csv table.

Cel1 types were attributed based on the MFI of CD45, CD207 and CDlc. Distinct thresholds were determined for each of these markers and depending on the skin compartment (epidermis and dermis)

to allow the removal of autofluorescence signal and background that can be different depending on the compartment (Table S6). MFI was corrected by subtracting those specific thresholds and cell types were 15, 550 (2014). : : .. :.: : .: ~:: .. : .5: •; .. LGALS9 & HAVCR2
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Development of the MANTIS technology

Recently, numerous multiplex imaging technologies have emerged and have been particularly applied in the field of oncology. However, they often require the use of specific and expensive materials, equipment, and reagents, thereby complicating access to the analysis. Additionally, the absence of integrated tools to analyze complex multiplex imaging data hinders the utilization of these methods by biologists who lack bioinformatics skills. Given these limitations, the aim of the first part of my thesis was to develop a novel multiplex imaging method for mapping immune cells in human skin biopsies, that could be performed with classical antibodies and a confocal microscope, associated with a user-friendly interface to analyze the multiplex data.

a. Contributions of the MANTIS technology

MANTIS is a novel method for multiplexed imaging and analysis that have been recently patented ("Multiplex annotated tissue imaging system", reference GSK-B-0008-EP1), and enables high phenotyping and 3D localization of immune cells in both FFPE and cryo-section skin samples.

The two already developed panels have facilitated the analysis of the immune landscape of myeloid and lymphoid cells in various samples, including healthy and lesioned skin. Designing MANTIS panels poses a challenge as it requires careful selection of antibodies and associated fluorophores. By combining traditional flow cytometry fluorophores with those having a large Stokes shift [START_REF] Sednev | Fluorescent dyes with large Stokes shifts for superresolution optical microscopy of biological objects: a review[END_REF], MANTIS makes it possible to simultaneously visualize 9 biomarkers in a single round of labeling. Apart from the lymphoid and myeloid panels, we developed an APC panel, a 9-color panel targeting LCs, DCs and Langerin+ DCs, and their activation status. It is composed of the following markers and associated dyes: CD45 -AF532, CD1c -PerCP/eFluor710, CD207 -AF546, CCR7 -AF488, CD80 -AF594, CD83 -APC/Cy7, CD86 -BV650, CD40 -AF647 and pan-HLA -PE/Cy7; and can be of primary interest in vaccination studies.

Furthermore, this imaging method is associated with an automated and user-friendly data analysis interface, allowing non-experts in bioinformatics to explore the complex data generated from multiplexed imaging (Figure 37). It incorporates an automatic cell type attribution technique, that is based on the combination of markers expressed in each individual cell. This approach overcomes biases associated with user-dependent attribution methods, such as manual gating in flow cytometry. Additionally, MANTIS includes a spatial analysis system, enabling exploration of distances between cell types and structural elements. It also allows for a more detailed study of the composition of inflammatory infiltrates, which are often crucial elements in understanding pathology mechanisms [START_REF] Jakubowska | Diagnostic value of inflammatory cell infiltrates, tumor stroma percentage and disease-free survival in patients with colorectal cancer[END_REF]. The MANTIS interface could eventually be adapted for analyzing data from other multiplexed imaging methods such as CODEX or t-CyCIF.

Finally, MANTIS is a method that can be used in various contexts, such as studying the impact of vaccination or application of therapeutic compounds on skin explants, and can also be used to analyze the mechanisms of skin pathologies. Additionally, as demonstrated in our publication, MANTIS could be expanded and used as a diagnostic tool for skin pathologies, by identifying a specific immune signature of the pathologies or through hierarchical clustering to classify an unknown sample into a database of already characterized pathologies.

In the context of a comparison with other multiplexed imaging methods, the MANTIS technology allows for the simultaneous analysis of fewer parameters compared to, for example, CODEX. However, MANTIS enables the study of the immune composition of thick samples up to 50µm in 3D, which sets it apart from most conventional multiplexed imaging methods. Additionally, MANTIS can be employed in a wide range of imaging facilities without the need for specialized materials, equipment, or reagents. The only potential exception is the Huygens software, which might not be available in all imaging facilities. Nonetheless, MANTIS remains readily applicable in most setups with an imaging platform.

Finally, MANTIS has already been commercialized and applied to several customer studies at Genoskin in the last 2 years:

• Evommune: spatial immunoprofiling of not inflamed, type I inflammation and type II inflammation human skin biopsies using the myeloid, lymphoid and APC panels.

• Dompé Farmaceutical: spatial immunoprofiling of HypoInflammaSkin models injected with PBS versus Sponsor's compound, using an on-demand panel composed of the following markers: CD45, Tryptase, CD1c, pan-HLA, CD3e, CD4, CD8 and Ki67.

• Kyowa Kirin: characterization of mast cell markers expression pre-and postdegranulation through MRGPRX2 in HypoSkin models, using an on-demand panel composed of the following markers: CD203c, FcER1a, Siglec 8, CD107a, chymase and MRGPRX2.

• Granular therapeutics: evaluation of mast cell specific c-Kit and CD203c staining in HypoSkin models injected with PBS (ID injection), substance P (ID injection), PBS (SC injection), C48/80 (SC injection), Anakinra (SC injection), using an on-demand panel composed of the following markers: CD203c, FcER1a, c-Kit, chymase and DAPI.

• MaxiVAX: spatial immunoprofiling of APCs 3 days after the implantation of an anticancer therapy capsule consisting of a small device secreting human GM-CSF, which is placed underneath the skin, versus an empty capsule.

Although the MANTIS technology has been benchmarked and applied in several customer studies at Genoskin in the last 2 years, the technology has its limitations.

b. MANTIS improvements

One of the primary challenges in imaging human skin is dealing with tissue autofluorescence.

Human skin exhibits strong autofluorescence, particularly in the green range (350 -470nm), mainly due to elastin and collagen fibers, as well as the entire epidermis [START_REF] Zeng | Spectroscopic and microscopic characteristics of human skin autofluorescence emission[END_REF].

This sometimes makes distinguishing between cells and fibers, or cells and the epidermis, quite challenging to the naked eye. Despite using a solution for autofluorescence quenching called TrueView during MANTIS immuno-labeling [START_REF] Sakr | Characterizing and Quenching Autofluorescence in Fixed Mouse Adrenal Cortex Tissue[END_REF], autofluorescence remains significant and hinders automated image processing. To address this challenge, four potential solutions have been suggested:

• One approach involves applying distinct thresholds in the epidermis and dermis to selectively eliminate autofluorescence from keratinocytes and fibers, respectively.

However, determining these thresholds is not a straightforward process and requires manual measurement, making it time-consuming and user-dependent.

• Another solution entails using fluorescence lifetime measurements of both dyes and skin autofluorescence to distinguish and clean the image from non-specific signals (see explanation of fluorescence lifetime below).

• Incorporating a strong and bright marker within the spectra autofluorescence range could also prevent misinterpretation as the specific signal would be easily distinguishable from skin autofluorescence.

• Finally, in cases where the multiplex panel does not include a dye that emits fluorescence within the autofluorescence range, an autofluorescence channel can be acquired and subtracted from all the other channels to remove autofluorescence. A healthy human skin sample was stained using a 16-colors panel and the image was acquired using the Phasor lifetime analysis tool of the Stellaris8. Some of the dyes were separated using lifetime while others were spectrally separated. The autofluorescence of the tissue was excluded using its low lifetime.

Another limitation of the method, and more generally of all multiplexed imaging methods, is the segmentation of individual cells. Once the multichannel acquisition is done, it is often necessary to identify and delineate each individual cell in the tissue to deduce its cell type based on the expressed markers. There are many segmentation methods, but most of them struggle to accurately identify cells in 3D, especially within dense cell clusters, and on the basis of a membrane marker. In such cases, poor segmentation leads to the presence of aberrant marker colocalization, such as CD3 + CD20 + cells.

One possible solution to improve segmentation is to use a combination of a membrane marker (e.g., CD45 in our case) and a nuclear marker such as DAPI. This would require adding an additional marker to the 9-color panels or developing a virtual labeling technique that uses artificial intelligence to "create" a nuclear marker from a transmission image, for example [START_REF] Christiansen | In Silico Labeling: Predicting Fluorescent Labels in Unlabeled Images[END_REF].

Moreover, numerous new segmentation techniques have emerged in recent years, some based on machine learning, such as Ilastik [START_REF] Berg | ilastik: interactive machine learning for (bio)image analysis[END_REF], Aivia, CellPose [START_REF] Stringer | Cellpose: a generalist algorithm for cellular segmentation[END_REF], or AstroPath [START_REF] Berry | Analysis of multispectral imaging with the AstroPath platform informs efficacy of PD-1 blockade[END_REF]. Finally, new technologies that circumvent segmentation are beginning to emerge, such as a method based on clustering and pixel-level analysis rather than cell-level analysis [START_REF] Park | Cell segmentation-free inference of cell types from in situ transcriptomics data[END_REF].

The MANTIS method has other avenues for improvement, particularly the addition of steps to correct biases such as illumination biases that can occur during acquisition and distort fluorescence intensity in the section, thus affecting the quantitative analysis of fluorescent markers [START_REF] Singh | Pipeline for illumination correction of images for high-throughput microscopy[END_REF].

Furthermore, it has been observed that when acquisitions are taken from different samples, there is a bias in the selection of acquisition areas. Given the heterogeneity of immune cells distribution in the tissue, knowledge of the sample condition (healthy or pathological, control versus treated) may bias the user's selection of the area, making comparisons between conditions complicated. This bias could be corrected through the development of a method that automatically and unbiasedly selects one or more representative areas of the total sample, based, for example, on scanning a nuclear marker across the entire section. This would allow the selection of an area of interest with an average cell density relative to each sample, thereby limiting user-dependent bias in the selection of acquisition areas. 

c. Implementing a new analysis

As previously mentioned, the MANTIS technology is unable to analyze a comparable number of parameters in comparison to the 50 markers observed with the CODEX technology. This limitation primarily stems from the constraints imposed by the SP8 confocal microscope, which lacks a white laser and does not support far red detection. While 9 markers are sufficient to identify the main myeloid or lymphoid cells, it would be interesting to increase the number of parameters that can be acquired simultaneously, enabling the combination of, for example, the myeloid and lymphoid panels or the development of new, more complex panels targeting specific cell subtypes.

To achieve this, we attempted to implement the bleaching method used in cyclic multiplexed imaging techniques [START_REF] Lin | Highly multiplexed immunofluorescence imaging of human tissues and tumors using t-CyCIF and conventional optical microscopes[END_REF][START_REF] Radtke | IBEX: an iterative immunolabeling and chemical bleaching method for high-content imaging of diverse tissues[END_REF]. After bleaching the fluorophores in a multi-labeled section, residual fluorescent signals were observed in several fluorescence channels, and in some cases, fluorescence could be almost entirely restored 48 hours after bleaching. However, this method was not chosen to increase the number of markers imaged on a single tissue section as it could lead to misinterpretations during analysis.

Nonetheless, a very promising alternative on which we have been actively working for the past 2 years is the use of lifetime imaging [START_REF] Borst | Fluorescence lifetime imaging microscopy in life sciences[END_REF]. This imaging technique relies not only on measuring the fluorescence of fluorophores but also on measuring their lifetime.

The lifetime of a fluorophore corresponds to the flight time, i.e., the time it takes for a photon to travel the distance between the sample and the microscope detector. This lifetime is specific to each fluorophore, allowing differentiation between two fluorophores with the same excitation and emission spectra but different lifetimes. It is essential to note that the lifetime can also be modulated by the microenvironment in which it is located, and thus can vary depending on factors such as pH, mounting medium, or tissue [START_REF] Draxler | Lifetime-based sensing: influence of the microenvironment[END_REF].

We are currently collaborating with Leica, which proposes the Stellaris 8 microscope capable of measuring these lifetimes, and we have signed a partnership agreement to develop multiplexed imaging using lifetime imaging. This microscope could allow us to increase the number of fluorophores through a strategy based on using fluorophores with the same excitation and emission spectra but different lifetimes [START_REF] Frei | Live-Cell Fluorescence Lifetime Multiplexing Using Synthetic Fluorescent Probes[END_REF]. Utilizing this novel imaging technology, we achieved the simultaneous acquisition of 16 markers in a single tissue section (Figure 38). In theory, this strategy could ultimately double the number of observable markers simultaneously on a single tissue section. As briefly mentioned earlier, this lifetime measurement could also address one of the most significant limitations by automatically and unbiasedly removing skin autofluorescence, which has much shorter lifetimes than most fluorophores used in imaging (Figure 39). Lesional endometrium samples were cryo-sectioned and then stained using the lymphoid panel.

Subsequently, the MANTIS analysis was conducted to evaluate both the immune landscape of the lesion and the distribution of lymphoid cell types. Remarkably, no adjustments were necessary for applying MANTIS to this tissue, and the process was further facilitated by the minimal autofluorescence arising from the endometrial tissue.

Lastly, the Stellaris 8 also features a white laser and far-red detectors, which would further increase the number of observable fluorophores compared to the SP8 (Figure 40). In the case of successfully increasing the number of markers observed drastically, it would then be necessary to work on the implementation of a reliable and robust unmixing method to ensure effective separation of each fluorophore in the multiplex panel. By harnessing these advantages, it becomes theoretically feasible to envision the simultaneous acquisition of 25-30 markers in a single skin section using the Stellaris8.

Lastly, increasing the number of markers could lead to the implementation of a new spatial analysis method called "cellular neighborhood" [START_REF] Goltsev | Deep Profiling of Mouse Splenic Architecture with CODEX Multiplexed Imaging[END_REF]. This method allows the study of the close cellular environment of each cell in the tissue, thereby determining areas of interest with similar cellular neighborhoods. Currently, this method cannot be applied because the cells identified with 9 markers do not cover the entire tissue, and they do not enable the identification of very close neighborhoods. This type of neighborhood analysis has primarily been applied in oncology but could also prove to be of paramount importance in studying inflammation or vaccination.

d. Future applications

To conclude, the MANTIS method could see its scope of application expanded. Recently, the method has been applied to another human tissue, and the lymphoid cell environment of lesioned endometrium was explored (Figure 41). Because there was no autofluorescence in this tissue, the application of the MANTIS lymphoid panel was straightforward, with no need for any modification to the targets or fluorophores.

On a broader scale, MANTIS could be applied to other organisms, such as mice. Some adjustments might be necessary, though: from an image processing perspective, to adapt to the numerous autofluorescent hair follicles present in mice, or from a panel design perspective, to, for example, add a marker specific to murine dendritic epidermal T cells (DETC) that is not present in humans [START_REF] Macleod | Dendritic epidermal T cells regulate skin antimicrobial barrier function[END_REF].

Finally, MANTIS could be extended to detect targets beyond cell surface proteins, such as cytokines, chemokines, or RNA. Expanding the scope of readouts could transform MANTIS into a versatile tool capable of integrating diverse analyses performed on ex vivo human skin models, including multiomics or MSD data. The integration of such data is increasingly crucial to gain deeper insights and comprehension of cutaneous pathologies and immune response mechanisms, particularly following drug administration.

Assessment of the immune response following anti-COVID-19

Moderna vaccine injection in HypoSkin models

Developing new human skin models is of primary importance to avert the failure of clinical Composition" (application number: FR2200690).

However, it is important to note that the HypoSkin model does have certain limitations. Firstly, the skin biopsies used to form the models are derived from abdominal resections of individuals who have often been obese, indicating potential chronic inflammation of their skin [START_REF] Hirt | Skin changes in the obese patient[END_REF]. Although the tissue structure and viability have been confirmed through histology and single-cell RNA-seq, we lack a direct comparison with truly healthy skin. It is possible that the immune composition of these explants may slightly differ in terms of cell type proportion or baseline activation compared to genuinely healthy skin, even if specific immune infiltrates are not observed in the skin explants. This limitation could be partially addressed by comparing our transcriptomics data with publicly available sequencing data of healthy skin [START_REF] He | Singlecell transcriptome analysis of human skin identifies novel fibroblast subpopulation and enrichment of immune subsets in atopic dermatitis[END_REF]. This would help exclude the possibility of higher activation status in the explants compared to healthy skin, although cell type proportions may not be directly accounted for in sequencing.

Furthermore, the HypoSkin model is an explant, which means it lacks functional vascularization, and thus, there is no recruitment of immune cells from blood vessels. To address this, a new model is currently under development. FlowSkin is a perfused model that was initially developed in order to extend the model's lifespan by circulating culture medium through a porous catheter integrated into the skin biopsy, and facilitate the diffusion of large molecules within the model. [START_REF] Raude | Développement, validation et caractérisation d'un modèle ex vivo de peau humaine perfusé : FlowSkin[END_REF]. The CIMMS project builds upon the FlowSkin model and aims to circulate autologous peripheral blood components through this catheter.

This innovative approach will allow for the recruitment of autologous immune cells to the site of inflammation, enhancing the model's physiological relevance and enabling the study of immune responses in a more realistic and dynamic environment, in the case of inflammation or wound healing for example. Despite these limitations, the presence of all three layers of the skin and the ability to obtain numerous models from a single donor allow for testing various conditions within a single donor.

These conditions may include different time points, compounds, formulations, adjuvants, as well as various injection routes, such as SC or ID injections, and even new injection methods like needle-free techniques ("Ex vivo visualization and extended drug release from a dissolvable microarray," 2019). Additionally, in comparison to alternative skin models such as 2D cell culture or RHE, HypoSkin offers a notable advantage as it permits multiple analyses using just one model. This is feasible because a significant number of cells can be extracted from a single HypoSkin model, allowing for extensive research and experimentation utilizing a single donor's sample. In summary, this model serves as a comprehensive tool for determining differences and similarities in immune responses and has a wide range of applications.

b. Readouts assessment and future improvements

As demonstrated in our publication, HypoSkin enables a comprehensive analysis of the immune response, although it lacks the adaptive compartment, which is also absent in most skin models except for animal models like non-human primates.

First, the multiplex dosage of cytokines utilizing MSD allowed us to quantify the cytokines produced by the model after vaccination. These cytokines, and their concentration variations between the water and vaccine conditions, were then utilized to study the associated biological pathways. In order to enhance the analysis, our strategy involves supplementing the MSD analysis conducted with two out of the 36-plex panel (cytokines and chemokines) by incorporating the other two panels of the 36-plex MSD, namely the pro-inflammatory and Th17 panels, thus allowing for a more comprehensive examination.

Next, the bulk RNA-seq provided insight into the impact of vaccination on the skin explant, with a focus on DEGs rather than cytokines, as seen in the MSD analysis. When analyzing the biological pathways, it is essential to note that certain databases used in this analysis, such as KEGG or Gene Ontology, might be enriched in specific domains, like oncology or COVID-19 response, which could slightly bias the results by not being representative of all existing pathways [START_REF] Mubeen | The Impact of Pathway Database Choice on Statistical Enrichment Analysis and Predictive Modeling[END_REF]. Additionally, a significant gender effect was observed in the bulk RNA-seq analysis, which is challenging to correct with standard batch effect correction methods. To address this bias, utilizing a larger number of donors and studying males and females separately would be consistent with previously demonstrated differences in immune responses between genders [START_REF] Fischinger | Sex differences in vaccineinduced humoral immunity[END_REF][START_REF] Klein | Sex differences in immune responses[END_REF].

Single-cell analysis offers a more detailed view by distinguishing individual cells and enabling the analysis of cellular populations independently. In our case, we focused on immune cells and studied their role in inflammation following vaccination, employing DEG and pathways analysis, similar to bulk RNA-seq. (Squair et al., 2021).

Prior to this DEG analysis, we performed a cell type attribution that was based on specific markers of interest for each cell population. However, lymphoid cells are difficult to identify in single-cell RNA-seq due to low expression levels of some markers or even mismatch expression between mRNA and protein expression level (e.g., CD4) (J. Li et al., 2020), and challenges in finding markers exclusive to specific subpopulations. Moreover, using a single donor limited the number of total cells analyzed, making identification even more difficult.

Utilizing more donors and therefore more cells would have potentially allowed for a better identification of cell types.

Furthermore, when studying a huge number of cell populations in single cell RNA-seq, combining the DEGs extracted from all these populations results in a vast amount of information that makes it impractical to study every DEG or all associated pathways. In this case, it is essential to highlight the significant advantage of using Augur (Figure 42). Augur relies on the fact that the cell types that respond more strongly to a perturbation should become more separable, within the multidimensional space of molecular measurements, than the populations of cells that are less responsive to this perturbation. To quantify this separability, a machine-learning classifier is trained to predict the experimental condition associated with each cell, such as treatment or control. This accuration of separation thus allows Augur to prioritize the cell types most responsive to the biological perturbation of interest. To conclude, Augur offers an unbiased approach to determine the most perturbed cellular populations in response to a stimulus, such as vaccination. This analysis has enabled us to prioritize the analysis on specific cell types, such as DCs, LCs, and others.

Single-cell RNA-seq also allows for the analysis of the number of interactions between different identified cell types and the subsequent comparison of these interaction numbers over time or under different conditions. An improvement in this analysis would be to classify the extracted ligands and receptors into biological categories, facilitating more comprehensive and comparative analysis of interactions [START_REF] Jeong | Single-cell transcriptomics reveals functionally specialized vascular endothelium in brain[END_REF].

Finally, due to inconclusive results regarding the identification of spike protein on our models using immunofluorescence (data not shown), we developed a novel approach for detecting exogenous RNA in single-cell RNA-seq. This method holds great potential as a valuable tool for advancing mRNA vaccination research. It sheds light on the cellular populations, both immune and structural, that have integrated the viral RNA, enabling the study of whether there are any transcriptomic or interactome changes after the internalization of the viral RNA. This novel analytical method is currently the subject of a patent application.

The combination of these various readouts has allowed us to more precisely characterize the immune response of the skin explants following vaccine injection and compare two different injection routes, revealing distinct immune response kinetics.

c. Analysis improvements and future perspectives

In an effort to complement the data, an ongoing MANTIS study aims to investigate the expression of activation markers (CCR7, CD40, CD80, CD83, CD86, pan-HLA) on APCs following the injection of water versus vaccine, using the APC panel. The APC panel poses a novel challenge when compared to the myeloid and lymphoid panels. While the myeloid and lymphoid panels were designed to identify cell types based on specific marker expressions, the APC panel focuses on identifying only three cell types: LCs, DCs, and Langerin+ DCs, utilizing CD45, CD207, and CD1c markers. The remaining six markers are activation markers, which introduces the challenge of quantifying their expression and variations across different conditions, rather than simply determining if they are negative or positive. Consequently, the current objective involves comparing the fluorescence intensity of these markers on various skin sections. This comparison requires implementing batch effect correction and normalization between slides to ensure accurate analysis and interpretation [START_REF] Chang | RESTORE: Robust intEnSiTy nORmalization mEthod for multiplexed imaging[END_REF][START_REF] Harris | mxnorm: An R Package to Normalize Multiplexed Imaging Data[END_REF].

This MANTIS study is also expected to examine the distance between these cells and the epidermis. These distances could be correlated with the activation status of the APCs and potentially indicate the initiation of cell migration towards lymphatic vessels to reach the lymph nodes, signifying that the vaccination has indeed induced an innate immune response.

Furthermore, our investigation included an assessment of the injection site reactions following COVID vaccine administration. We conducted a study on mast cells' degranulation 1.5 hours after the injection (data not shown). Surprisingly, no significant difference was observed between the models injected with water and those receiving the vaccine. Moreover, our analyses extended beyond the Moderna vaccine to include other COVID-19 vaccines such as

Johnson & Johnson, Novavax, AstraZeneca, and Pfizer vaccines, using MANTIS imaging and MSD techniques. Notably, our publication also features a single-cell transcriptomic study conducted with the Pfizer vaccine, which is currently undergoing analysis.

Concerning transcriptomics analyses, an interesting control approach would involve studying the immune response induced by the adjuvant alone and the LNP alone, without the presence of mRNA. This control condition would serve as a more suitable reference for evaluating the specific effects of the complete vaccine as a whole.

It would also be interesting to compare transcriptomic vaccine response signatures found in the literature from clinical trials to what is observed ex vivo. However, it is quite challenging to find tissue-specific information, as most post-vaccination analyses are performed on blood and, therefore, on PBMCs sequencing, which differs from the tissue microenvironment.

Furthermore, concerning COVID-19 vaccination, the majority of vaccination signatures documented in the literature pertain to the Pfizer/BioNTech COVID-19 vaccine injection [START_REF] Arunachalam | Systems vaccinology of the BNT162b2 mRNA vaccine in humans[END_REF][START_REF] Severa | A specific anti-COVID-19 BNT162b2 vaccine-induced early innate immune signature positively correlates with the humoral protective response in healthy and multiple sclerosis vaccine recipients[END_REF], with fewer references available for the Moderna vaccine, making it less suitable for our analysis.

Additionally, the single-cell RNA-seq analysis would benefit from the inclusion of multiple donors. Currently, the analysis is conducted using data from a single donor, but it would be more comprehensive to study the vaccination response in other individuals, considering the variability of responses among different people. Notably, recent research has demonstrated the existence of pre-vaccination endotypes, characterized by varying gene expressions associated with pro-inflammatory responses, which appear to influence the immune response induced by vaccination [START_REF] Fourati | Pan-vaccine analysis reveals innate immune endotypes predictive of antibody responses to vaccination[END_REF]. Incorporating a larger number of donors into this study would, therefore, enable the identification of distinct vaccination responses, contributing to a more comprehensive analysis that accounts for the heterogeneity of immune responses within the population.

Finally, the tissue dissociation protocol preceding sequencing could be further optimized. For instance, introducing a step to remove dead cells, either through FACS or using a specialized kit, could be implemented. Additionally, it would be essential to test whether FACS-based sorting of immune cells might yield more stringent results compared to the enrichment method with beads, which only provided us with 60% of immune cells after enrichment.

Lastly, incorporating spatial transcriptomics, such as Vizgen [START_REF] Xia | Spatial transcriptome profiling by MERFISH reveals subcellular RNA compartmentalization and cell cycle-dependent gene expression[END_REF], for instance, could be valuable, as it could be coupled with MANTIS imaging to achieve a more comprehensive response assessment, combining protein and transcriptomic information.

CONCLUSION

The primary objective of the first part of my thesis was to develop an innovative multiplex imaging method for mapping immune cells in human skin biopsies. This method involves the use of conventional antibodies and a confocal microscope, combined with a user-friendly interface for analyzing the multiplex data. The intended application of this technology covers various areas, including the study of mechanisms in cutaneous pathologies. The second part of my thesis focused on characterizing the HypoSkin model in terms of viability, immunocompetence, and injectability. The ultimate goal of this project was to employ the HypoSkin model to investigate the immune response induced by mRNA vaccination in such models.

Based on the results presented throughout this manuscript, we can confidently state that the objectives of this thesis have been successfully achieved.

Firstly, the MANTIS method was developed, published, patented and adopted by Genoskin's customer as a service, enabling three-dimensional analysis of the immune landscape of the skin using materials and equipment commonly available in most laboratories or facilities.

Three panels have already been designed, facilitating the study of the majority of immune cells present in humans. These findings suggest that MANTIS can be readily adapted to analyze any human tissue without requiring major modifications. Collectively, MANTIS is a unique imaging and analysis platform that has the potential to be applied to other tissues or even other organisms. These characteristics render MANTIS technology an advanced tool with applications in both diagnostics and the exploration of immune mechanisms triggered by various stimuli, such as the impact of therapeutic compounds on the skin.

On the other hand, the HypoSkin model, serving as an alternative to animal testing while closely resembling in vivo conditions, was characterized. We demonstrated that this model remains viable for up to 7 days, is injectable, and exhibits immunocompetence. These attributes make HypoSkin an exceptionally valuable model for studying immune reactions following drug administration. Throughout this thesis, vaccination, particularly with the administration of COVID vaccines like the Moderna mRNA vaccine, was the primary focus of investigation. Various readouts, including imaging, MSD and transcriptomics, at both tissue and single-cell levels, were employed. These approaches shed light on different mechanisms involved during vaccination, allowing comparisons of different time points and injection routes.

The findings of this study, for which a patent application has been submitted, have been presented at various conferences, including the World Vaccine Congress in Washington, the Workshop on Langerhans Cells in Paris, and will also be presented during the Eurotox congress.

All together, these data show HypoSkin as an ideal model for studying immune responses induced by drug administration, such as vaccines, and could be utilized in preclinical studies to investigate various formulations, adjuvants, or injection routes, thereby enabling the selection of optimal parameters. This, in turn, has the potential to significantly reduce the failure rate in clinical phases, which currently stands at over 80%.

The potential fusion of these two innovative approaches could open the door to a more comprehensive exploration of the mechanisms underlying cutaneous pathologies or provide a deeper insight into the immune response following drug administration.

Although the thesis objectives have been achieved, there are still some limitations or areas that require attention to enhance our technologies. These limitations have been outlined in the Discussion section; however, certain points warrant further investigation.

• The number of fluorophores simultaneously used with the MANTIS technology is limited to 9, which allows for phenotyping of either myeloid or lymphoid cells. However, it would be beneficial to combine these two panels to gain a comprehensive insight into tissue immunity. To achieve this, we have been working on a collaboration with Leica for the past 2 years, and it has recently been finalized. This collaboration will provide us with a Stellaris8 microscope at Genoskin, starting from early September.

As mentioned earlier, this microscope will be a significant asset, enabling us to increase the number of parameters that can be acquired simultaneously in a skin section. This will be made possible through the utilization of lifetime imaging, as well as the availability of white-light and far-red detectors. Additionally, it will enhance the quality of the acquired images, reducing the need for extensive image processing, such as autofluorescence removal.

• Furthermore, to enhance the diversity of our panels and offer a wide range of markers for cell phenotyping and analysis of cellular activation status, it is crucial to establish a fluorescence normalization method across slides. Several methods pertaining to this subject have already been published and necessitate testing with our technology.

• Finally, the improvement of cell segmentation is also a crucial aspect, as the accuracy of cell attribution depends on this step. Moreover, segmentation becomes challenging in areas with high cellular densities, which are often the most relevant regions for understanding the immune mechanisms involved in the immune response. To address this, several options are available and can be tested, such as incorporating virtual markers and/or utilizing segmentation tools based on machine learning or deep learning algorithms.

• Regarding the HypoSkin model, the main limitation, in my view, is the lack of a functional vascular system, which hinders the recruitment of immune cells to the site of inflammation. As mentioned earlier, the development of the FlowSkin model, coupled with the circulation of autologous blood in the catheter, is a highly promising approach that could represent a significant step towards achieving greater in vivo resemblance.

• The development of a novel approach to detect exogenous mRNA Moderna vaccines in single-cell RNA-seq data represents a significant breakthrough in this project. By identifying the cellular populations that preferentially integrate vaccine RNA, this approach enables the exploration of transcriptomic or interactome changes following the internalization of this RNA. This tool, which is currently the subject of a patent application, could also be adapted to target other mRNA molecules, making it a powerful asset for advancing mRNA vaccination research.

• Finally, it would be highly valuable to continue the analysis of the injection of other tested vaccines, such as Pfizer, to offer a comparison of the immune mechanisms involved following the administration of different vaccines.

In conferences has also allowed me to expand my knowledge, whether it be in immunology or new analysis methods, and subsequently apply this knowledge to our research topics.

Additionally, the process of writing publications, especially constructing figures and detailing the materials and methods, has provided me with valuable lessons in approaching results with a critical perspective and considering the optimal means of representing data. This meticulous work has also strengthened my perseverance and rigor, both of which I believe are indispensable qualities in the domain of research.

Undertaking a CIFRE thesis allowed me to work both in a public laboratory and a private company. This experience provided insights into the functioning, sometimes distinct, of these two types of institutions, each with its own strengths and specificities. Although this format required a particular organization, it allowed me to conduct research work while keeping a concrete application of my work in sight, which has significantly contributed to maintaining my motivation throughout the project.

Finally, I would like to emphasize the significance of this multidisciplinary effort, which brought together expertise in biology, imaging, and transcriptomics, and required the collaborative efforts of an interdisciplinary team comprising technicians, scientists, and, notably, bioinformaticians.

In conclusion, my experience as a CIFRE doctoral candidate has led me to ponder fundamental questions, such as my preference for working in the public or private sector.

Additionally, this thesis has provided me with an opportunity for a position as a scientist in the Genoskin R&D department after the completion of my PhD contract. Furthermore, this threeyear project has allowed me to explore numerous biological themes and gain diverse knowledge and advanced analysis methods, particularly in imaging and transcriptomics, which are increasingly relevant to the needs of biotechnology companies, equipping me with valuable tools for my career as a researcher.
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 1 Développement d'une approche multidimensionnelle pour analyser la réponse immunitaire cutanée dans des échantillons de patients et explants de peau humaine maintenus vivants. La peau agit comme un organe barrière qui sépare le corps de l'environnement extérieur. Elle est composée d'une grande diversité de cellules myéloïdes (cellules dendritiques, cellules de Langerhans, etc.) et lymphoïdes (lymphocytes T CD4+ et T CD8+, etc.) qui interagissent avec un réseau d'éléments structuraux (kératinocytes, cellules stromales, vaisseaux sanguins, etc.). Lors d'une inflammation dans le cas de pathologies ou d'une vaccination, les cellules immunitaires cutanées participent à la mise en place d'une réponse immunitaire protectrice. La nature et le statut d'activation de ces cellules représentent alors une information biologique précieuse qui permet de mieux comprendre les mécanismes moléculaires en jeu. Ma thèse est structurée autour de deux axes complémentaires: (Axe 1) le développement d'une nouvelle méthode d'imagerie et d'analyse permettant d'étudier les réponses immunitaires de la peau et (Axe 2) l'analyse de la réponse immunitaire innée ex vivo induite par l'injection d'un vaccin de type ARN. La plupart des diagnostics de pathologies cutanées repose sur des analyses d'immunohistochimie d'une ou deux protéines et/ou de coloration hématoxyline éosine dans des tissus fins. Cependant, ces analyses ne permettent pas d'appréhender la complexité de l'environnement immunitaire de la peau, ce qui constitue une limite importante. Récemment, le développement de méthodes d'imagerie multiplexée, telles que CODEX, MIBI-TOF, IMC ou encore t-CyCIF, a permis de combiner phénotypage et localisation spatiale des cellules immunitaires au sein d'un tissu. Cependant, il est nécessaire de démocratiser ces méthodes grâce à l'utilisation d'instruments abordables et à une interface d'analyse accessible. Durant ma thèse, nous avons développé MANTIS (Multiplexed Annotated Tissue Imaging System), un outil d'analyse permettant de phénotyper et de localiser les cellules immunitaires dans des échantillons épais de peau humaine. Nous avons mis au point une méthode permettant d'acquérir simultanément et en 3D le signal de 9 fluorophores, grâce à un microscope confocal classique. Nous avons ensuite développé un système analytique, adaptable et interactif, qui permet de générer automatiquement une version digitale de l'environnement immunitaire du tissu et de quantifier le statut d'activation à l'échelle de la cellule unique.
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 1 Figure 1. Complexity of the human skin structure.

Figure 2 .

 2 Figure 2. Cellular diversity of the epidermis.

Figure 3 .

 3 Figure 3. Hematoxylin and eosin staining of a human skin section.

Figure 4 .

 4 Figure 4. The complex hair follicle immune system.

Figure 5 .

 5 Figure 5. Different types of human TLRs and their ligands allowing the detection of pathogens.

Figure 6 .

 6 Figure 6. Pathogen destruction through phagocytosis mechanism.

Figure 7 .

 7 Figure 7. Lipid nanoparticles protect mRNA from degradation, and facilitate endocytosis and endosomal escape. (A) LNPs offer a safeguard to mRNA, shielding it from degradation, while also facilitating its endocytosis and subsequent escape from the endosome. Positively charged LNPs aid in localizing the mRNA at the negatively charged cell membrane, thereby promoting efficient endocytosis into the cytosol. After endocytosis, the mRNA needs to break free from both the LNP and the endosome to carry out transcription. (B) Conversely, extracellular protein-based vaccines follow a similar endocytosis process,

Figure 8 .

 8 Figure 8. Difference between MHC class I and class II mechanisms of antigen-presentation.MHC class I is found on the cell surface of all nucleated cells and presents endogenous peptides to cytotoxic T cells in case of cell infection for example. MHC class II is specifically found on APCs and presents exogenous peptides, such as phagocytosed foreign proteins or organisms, to helper T cells.Extracted from (What is the difference between MHC class I and MHC class II proteins?, no date).
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 9 Figure 9. Macrophage and dendritic cell properties shared by LCs.

Figure 10 .

 10 Figure 10. Birbeck granules specifically found in LCs.
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 11 Figure 11. Mast cells degranulation through FcεRI receptor and immune response induction in allergy.

Figure 12 .

 12 Figure 12. Innate and adaptive component of the cutaneous immune system.
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 13 Figure 13. Diversity of T cell subsets, their associated markers, cytokine production, and their role in various diseases.

Figure 14 .

 14 Figure 14. mRNA vaccine principle of both non-amplifying and self-amplifying mRNA.

Figure 15 .

 15 Figure 15. Transfollicular immunization principle.

Figure 16 .

 16 Figure 16. Micro-needle immunization principle.

Figure 17 .

 17 Figure 17. Diversity of micro-needle types. Micro-needles include various types such as solid, hollow, dissolving and coated microneedles, each of the techniques relying on a different antigen-delivery strategy. Extracted from (Cárcamo-Martínez et al., 2021).

  of neutralizing antibodies compared to ID and IM routes. Conversely, ID and IM injections favored the induction of polyfunctional CD8+ T-cell responses. These findings highlight the importance of tailoring the route of administration to elicit the desired type of protective immune response in the context of vaccination.

  encountering various pathogens, the innate immune cell expresses specific cytokines that play a crucial role in directing lymphocytes, which are initially nonspecific, to undergo differentiation into distinct effector cells. These cytokines are produced early during an infection and determine the type of effector response in the adaptive immune system. Type 1 cytokines (such as IL-12 and IFN-γ) prompt the differentiation of T cells into Th1 effector cells, while type 2 cytokines (including IL-4 and IL-10) promote the Th2 differentiation pathway.

Functional

  tests play a crucial role in evaluating the quality and subtype of lymphocyte response elicited by antigenic stimulation. The most commonly used methods are based on analyzing the cytokine response. ○ ELISpot (enzyme-linked immunosorbent spot) ELISpot is a technique for quantifying antigen-specific lymphocytes by measuring their ability to secrete specific analytes of the immune response. It is adaptable to various cell types (B and T lymphocytes), different immune analytes (cytokines, chemokines, antibodies), different detection systems (fluorescence, immunoenzyme), and different modes of analysis (single or multiplex detection). A classic example of an ELISpot test is measuring the quantity of IFN-γsecreting T lymphocytes after antigenic stimulation. ○ Intracellular cytokine staining Flow cytometry allows for the measurement of cytokine presence within the cell cytoplasm after stimulation and blocking of vesicle migration from the Golgi apparatus to prevent cytokine secretion.

Figure 18 .

 18 Figure 18. System biology approach.

Figure 19 .

 19 Figure 19. Bioprinting technology.

Figure 20 .

 20 Figure 20. Example of pigmented Human Skin Equivalent protocol.

Figure 21 .

 21 Figure 21. HypoSkin model. The HypoSkin model is made of a skin biopsy included in a nourishing matrix, placed in an insert and culture medium to maintain the skin alive. A silicon ring is placed on the epidermis. Adapted from Genoskin.

Figure 22 .

 22 Figure 22. HypoSkin subcutaneous injection with toluidine blue.

Figure 23 .

 23 Figure 23. Flow cytometry principle. Flow cytometry allows the assessment of parameters such as size, granularity, and fluorescence in a cell suspension. Extracted from (Flow Cytometry : Introduction, Principle, Applications, Limitations -The Science Notes, no date).

The

  fluidic system functions by guiding a liquid containing particles towards the focused light source. First, the sample comprising cells is introduced into the fluidic system. The sheath fluid, typically a diluent like phosphate-buffered saline (PBS), envelops the sample stream. It helps to align the cells in a single file, ensuring precise cell-by-cell analysis. The sample stream and the sheath fluid flow together through a narrow channel. The sheath fluid flows at a faster rate, creating a hydrodynamic focusing effect that forces the cells into a tight, singlefile stream[START_REF] Adan | Flow cytometry: basic principles and applications[END_REF].The optical system of a flow cytometer consists of excitation and collection components. The excitation optics are responsible for focusing the light source onto the cells, while the collection optics capture the light scatter or fluorescent emission from the particles and direct it to an electronic network.The excitation optics includes the laser and lenses. Different laser configurations can be used, based on the specific fluorochromes used in the experiment. Common lasers include the argon laser (488 nm), UV lasers (300-400 nm) for UV-sensitive fluorochromes, and red diode lasers (around 630 nm) for far red-range fluorochromes. On the other hand, the lenses are used to shape and focus the laser beam onto the cells. Once the laser strikes the cells, light is scattered around their edges, a phenomenon known as light scattering. Two types of light scatter can be distinguished: forward scatter (FSC) and side scatter (SSC). The factors affecting total light scatter include the membrane, nucleus, granularity of the cell, cell shape and surface topography[START_REF] Adan | Flow cytometry: basic principles and applications[END_REF].

  detecting the light signals generated by particles passing through the laser beam and converting them into digital data proportional to light intensity. Photodetectors within the system convert the light signals into electrical currents, which are then amplified. The amplified analog signals are subsequently converted into digital signals for computer processing[START_REF] Adan | Flow cytometry: basic principles and applications[END_REF]. Finally, the computer is required in case of FACS and to analyze data.Cell sortingElectrostatic cell sorting involves capturing and separating cells based on predefined features into different containers, one cell at a time. Flow cell sorters utilize the principle of electrostatic deflection to achieve this. Sorting is typically based on the specific fluorescent characteristics of each cell, which are selected by the operator using a computer as the cells pass through the laser beam. According to this selection, the droplets pass through laser beams and are charged by a charging electrode simultaneously. Droplets can be deflected from the mainstream based on their given charges. Positively charged droplets are deflected towards a negatively charged platinum plate, negatively charged droplets are deflected towards a positively charged platinum plate, and uncharged droplets are collected in a waste container.

Figure 24 .

 24 Figure 24. Stokes shift of Alexa Fluor 488. The dashed line and solid line represent the excitation and emission spectra of Alexa Fluor 488, respectively. The Stokes shift represents the difference between the maximum wavelengths of absorption and emission.

Figure 25 .

 25 Figure 25. Spectral overlap between FITC and PE fluorophores.

Figure 26 .

 26 Figure 26. Immunostaining visualization techniques. (A) Immunohistochemistry relies on the use of fluorescent molecules and enzymes and subsequent incubation with a chromogenic substrate such as diaminobenzidine (DAB) that can be observed using a light microscope. (B) Immunofluorescence uses specific antibodies labeled with fluorophores that can be observed using any fluorescence microscope. Both visualization methods can be performed either directly or indirectly. Extracted from (Lager, 2020; Immunohistochemistry | Antibody Staining | IHC Detection, no date).

Figure 27 .

 27 Figure 27. Bulk versus single cell RNA sequencing.

  emerge as a valuable combination. Multiplexed imaging allows the visualization of multiple targets simultaneously within the same sample, providing spatial context and revealing cellular interactions. Complementing this with transcriptomics enables the study of gene expression patterns, uncovering the underlying molecular mechanisms driving immune cell responses.Integrating these approaches empowers researchers to explore immune cell dynamics, cellto-cell communication, and gene expression profiles, providing a more comprehensive and systems-level understanding of immune cell function and its role in health and disease.1. RNA sequencingRNA sequencing (RNA-seq) has revolutionized the field of genomics, offering a comprehensive and unbiased approach to studying the transcriptome of cells. By enabling the analysis of the entire set of RNA molecules within a sample, RNA-seq provides valuable insights into gene expression patterns. In the context of immune cells, RNA-seq plays a crucial role in unraveling the complexities of immune responses. It allows the identification of unique gene expression profiles of different immune cell subsets, assess their activation states, and understand their functional roles in immune processes. As a result, RNA-seq has emerged as an essential technique for deciphering the molecular basis of immune responses and developing more effective therapeutic strategies in immunology. This transcriptomic analysis can be performed at both tissue level (bulk RNA-seq) and single cell level (single cell RNAseq) (Figure27).

Figure 28 .

 28 Figure 28. Visualization of the Differentially Expressed Genes between two conditions using a volcano plot.A volcano plot is a graphical representation that shows the relationship between statistical significance (usually represented as the negative logarithm of the p-value) and the fold change of gene expressionbetween two experimental conditions in high-throughput gene expression data. From Genoskin.

Figure 29 .

 29 Figure 29. Visualization of the Differentially Expressed Genes between two conditions using a heatmap.

Figure 30 .

 30 Figure 30. CIBERSORTx deconvolution method.

Figure 31 .

 31 Figure 31. 10X Genomics single cell encapsulation pipeline. The concept of 10X single-cell encapsulation involves isolating cells into nanoliter-sized droplets, each containing a unique barcode-coated bead. Within these droplets, the cellular contents, including RNA, are converted into cDNA and labeled with the specific barcode, allowing for cell-specific identification.

Figure 32 .

 32 Figure 32. MIBI pipeline. MIBI combines mass spectrometry with immunohistochemistry to visualize multiple protein markers simultaneously in tissues. It works by first staining the tissue with specific antibodies labeled with metal isotopes, where each isotope corresponds to a different protein marker. The tissue is then bombarded with a focused ion beam, causing the release of metal ions from the antibody-labeled regions, which

  efficacy in analyzing FFPE samples (4 μm thickness) and offers a distinct advantage by overcoming limitations often encountered in fluorescence-based flow cytometry. Remarkably, it can simultaneously analyze up to 100 targets across a broad five-log dynamic range. The MIBI technology pipeline closely resembles the workflows of IF and IHC assays, encompassing several sequential steps:

Figure 33 .

 33 Figure 33. CODEX barcoding.

  CODEX provides a detailed examination of spatial relationships between individual cells within tissues, aiming to advance discoveries in developmental biology, disease research, and therapeutic design. It has been utilized to simultaneously visualize up to 60 markers, including 57 DNA-conjugated antibodies, a biotin-conjugated antibody detected through streptavidin phycoerythrin, and nuclear stains like Hoechst and DRAQ5. The CODEX technology pipeline consists of the following steps:

Figure 34 .

 34 Figure 34. CODEX pipeline.The CODEX imaging method works by using a series of antibody stainings, each labeled with a unique DNA barcode. These barcoded antibodies are sequentially applied to the tissue sample, binding to specific protein markers. After each round of staining, the DNA barcodes are read and chemically removed, allowing the tissue to be stained with a new set of barcoded antibodies. This iterative process enables the simultaneous visualization of multiple protein markers with high spatial resolution in the same tissue section, providing detailed insights into the cellular composition and protein expression patterns within the sample. Extracted from('PhenoCycler System | Akoya Biosciences', 2021).

Figure 35 .

 35 Figure 35. t-CYCIF pipeline.

  t-CyCIF technology offers numerous advantages. It is an open-source technique that utilizes readily available reagents, standard slide scanners, and microscopes, along with simple protocols. This means it can be easily implemented in most research or clinical laboratories using existing equipment, without the need for specialized instruments or reagents. t-CyCIF can be performed on conventionally prepared FFPE tissue specimens collected in both clinical and research settings. It is compatible with a wide range of tissue types, including normal tissues and various tumor types, and can be combined with H&E staining for fluorescence imaging and conventional histopathology review. This method allows for imaging of over 50 antigens at subcellular resolution and offers sufficient throughput to image and analyze large specimens or tissue microarrays. Additionally, t-CyCIF enables the study of cellular morphology at both low and high magnifications, facilitating the review of large histopathology specimens by pathologists and enhancing the detection of heterogeneity in signaling biomarkers. This multiscale imaging approach allows the integration of tissue-level architecture with subcellular morphology. With its compatibility with a wide range of antibodies, t-CyCIF enables investigators to customize the antibody panel based on specific research questions or tissue types. Furthermore, t-CyCIF eliminates the need for spectral deconvolution, enabling the use of highly optimized filter sets and fluorophores, resulting in enhanced sensitivity[START_REF] Lin | Highly multiplexed immunofluorescence imaging of human tissues and tumors using t-CyCIF and conventional optical microscopes[END_REF].

Figure 36 .

 36 Figure 36. Histo-cytometry pipeline.
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 11 Fig. 1. Between-stack microscope configuration allows sequential acqui:5ition of 7 + channels with classic:al image processing. (A) Sample prepa,ration FFPE-skin section s were eut <1nd stained for myeloid and lymphotd panels aher approprlate epitope retrieval and autofluorescence quenching. Sampl e images were then acquired using an SP8 confocal mkroscope from I f! ica Microsy,tems as descrlbed ln (B) . (B) Microscope configurat ion èllld acquisition senîngs. Mosaic ~uential images were acquire d using the bcrwecn stack configurat ion with tunable dctcction windows. Scquc ncC!s WC!rr: ovcrlaid and 3D .sritchcd . An cxamplc of data acqui sition is givcn for healthy (left) and pathological lsystemic lupus erythematosus (SLE)J (right) skin. (C) Deconvolution of region< or intere<tand spectral unmixing . Acquired 3D lmages were deconvoluted and compensated 10 corre« optloel aberrations and 3D Ouo,escent spemal spillovers. (Dl Represen,ative 3D mul1lpleic Image of heallhy (1op) and pathologlcal SLE (bottom) skln ,ample for lymphold ponel, stolnlng CD45, CD3, CD4, CDS, TCRy6, CD57, ond CD20. (E) Colocollutlon of DAPI (4',6-dlomldln<>-2-phenyllndole) and CD4S sta lning and respe«lve RGB profiles. (F) Segmentation and slngle-cell database <reatlon. Cell segmentation uslng the CD4S fluorescence channel allowed efficient Isolation of lndlvldual obJeas. l e, Immune cells. lndlvldual object <tatlstlcs ("}'Z coord lnaies. sphericlty, volume, and MFIJ were extracted for each sample. Scale bars, 30 µm. visuali1.ation of the ski n digilal immune landscape and then he pursued with the investigation of the immune composition of defined microregions via inslanlaneou~ recompulalion of drawn ROI. Conver ely, il is also possible Lo slarl from ail annolaled immune ells on a l-S E graph, draw around subsels of inlerest, and immediately visualize thcir anatomical di tribution in the skin digital immune land cape (Fig. 2G and movic SI). Togcther, these data ugge I thal the MANT[ interactive analytical sy lem Scholaen et al., Sa. Adv. 9, eadf9491 (2023) 7 June 2023
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Fig. 2 .

 2 Fig. 2. MANTIS algorithm allows automate<! coll type attribution and intuactlve exploration of skln myeloid Immune topo logy. (A) Automo1ed tissue onnototlon. A reference attribution mat ri)( d efining the literature-based theoretical signature of a particular cell type was constructed and d eslgnated as MANTIS attribution matrix. A correl<1tion matrhc calculating Speannan coefficient between the single-<ell da1abase and MANTIS attribution mattix wa computed. Each segmented cell was Jnnotated to the ccll type havin g the highcst corrclation cocffici~nt1 and ccll type proportions wcrc cxtractcd. (8) Single coll staining of ail uscd biomarkcrs in idcntificd mycloid cells. Scare bar, 5 .,m. {C) MANTIS..si mplified ,mribution ma1, ix for myeloid panel. {Dl Tissue anno1atlon and ccll proportion of pat hological {S LE) skin. {El Representative t• SNE plot of mycloid coll populauons (top) and MFI lovcls of uscd markers {colon>d intcnsity scale) {bon om). {F) Roproscntativo lD confocal multip lex image {top) and as,ociated digital map {bottom) of predesigned MANTIS myeloid panel of pathological {SLE ) skin. Scale bar, 5011m. (G) Inte ractive reverse-gating. A population o interest (ne urrophlls) was selected on the i-SNE plot. Recompuration of 1he correspondlng digit.l i map enabled the vlsuallzation of the anat omlcal dls-1,lbutlon of thl s partlcular population in the skin biopsy. Sc holaert et al .• Sel. Adv. 9, eadf9491 (2023) 7 June 2023
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 3 Fig. 3. 3D qu antitative and spatial analysls of skln Immune ca ll s at t he cellula r leve l provld e lnslghl lnto dlsease signatu res. (A ;md B) Representatlve 30 confocal multiplex Images (top) and assoclated digital ,naps (bonom} of predesigned MAN"TIS myeloid (Al and lymphold (Bl panels of heahhy and pathological skin. Scale bar, 50 µm. (C) Representative heatmap of LC and myeiold celi densltles ln logarlthmlc scale wlth hle1archlcal clustering. (Dl Principal componems anaiysls (PCA} of Immune signatu res of healthy and diseased skln. (E) Cell coun t percubic mllllmeterof CD57IOW and COS7"19" T ce lis. (F and G) Dot plot of CDS7 MFI z score in c04• (F) and cos• (G) T colis ln healthy and diseased ,kin. (H and 1) Representativedigital map (Hl and mean di>tance to epidermis (in µml (1) of cos• cos7'-0eftl and cos1"'"' (right)T cells in COViC>-19 skfn lestons. Means + SEM; '"P< 0.001, Mann-Whitney test. Scholaert er al. , Sd. Adv. 9, eadf9491 (2023) 7 June 2023 5 of 12
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 4 Fig. 4. Automatlc detectlon of aROI A enablu exploration of innamm1tory cluster topography ln healthy and dlseased skln. (A) O•Shape •1• gorithm. Delaunay triangulation of a given set of points formed a bounding polygon that contains all the points of rhe set. The a parameter wa s d rined by the value n, and i1 clrclo with 1/o radius was drawn around each point of the dataset The fine between two circles' meeting points formed a slde of the boundlng polygon, I.e._ the a-shape. a value defines th e de<all level of the Q-Shape and allows modeling of voluminous structures (l / ù 1) or smallcr structures (1/a,J havlng rn,, > l / '11• (B and C) Violin plot (8) and repre~enratiVl' digital maps (CJ of tymphold aROI denslty ln hcalthy and pathological skln. (0 and E) Vlolln plot (D) and ,ep,e,~nrative digital n,aps (EJ of myelold aROI density in healthy and dlseased skln. (F and G) Representative heatmaps of cell proportions in lymphoid (FJ and my<>loid (G) oRO ls ln pathological skin. A hicrarchical clustering wils applled on rows and on each paohology's column. (H ro M) Mean propo,tion of C04 * COSJ'ow T colis (H ). CD8. CDS7h .. h T cells (1), HLA DR"'°" dOCs (J). HLA•DR"'°" LCs (K), mast cells (L), and eo<lnophll< (Ml per aROI ln dlseased >kl11. Means :,: SEM; •p < 0.0S. "P < 0.01 , and , .. p < 0.001. one -way analysls of variance (ANOVA) (H to M).
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Figure S2 .

 S2 Figure S2. MANTIS and flow cytometry methods show similar proportions of immune cells, except HLA-DRhigh dDCs, eosinophils and double-negative T cells. A, MANTIS versus flow cytometry results comparison. A 23 mm-diameter human skin biopsy was eut into two pieces. One fourth of the biopsy was embedded in OCT, 50µm sections were generated and the slides were analyzed using the MANTTS pipelines previously described (myeloid and lymphoid panels). The three fourth remaining of the biopsy were digested, the resulting cell suspension was stained witb the same lympboid and myeloid panels and a flow cytometty analysis was performed. B,C, Representative 3-D confocal multiplex images of pre-designed MANTIS myeloid panel (B) and tissue annotation using MANTIS pipeline (C) ofhealtby skin. D,E, Representative 3-D confocal multiplex images ofpre-designed MANTIS lymphoid panel (D) and tissue annotation using MANTIS pipeline (E) of healthy skin. F, Representative heatmap oflymphoid and myeloid cell proportions using MANTIS and flow cytometry methods on 3 different donors in logarithrnic scale. Scale bar: 50 µm . FA CS: Fluorescence Activated Cell Sorting.

Figure S4 .

 S4 Figure S4. Quantitative validation of MANTIS myeloid tissue annotation with classical histo-cytometry. A, Gating strategies of identified myeloid cell populations using FlowJo. B-E , Comparison of cell type percentages using classical histo-cytometry or MANTTS and associated Pearson correlation coefficient in healthy skin (B) and Kawasaki (C), SLE (D) and COVID-toes (E) lesions. ***P<0.001, Pearson correlation test. F, Lollipop chart of Pearson correlation coefficients of all samples comparing histo-cytometry and MANTIS cell attribution.

Figure

  Figure SS. Quantitative validation of MANTIS lymphoid tissue annotation with classical histo-cytometry. A, Gating strategies of identified lymphoid cell populations using FlowJo. B-E, Comparison of cell type percentages using classical histo-cytometry or MANTIS and associated Pearson co1Telation coefficient in healthy skin (B) and Kawasaki (C), SLE (D) and COVID-toes (E) les ions. *P<0.05 ***P<0.001, Pearson correlation test. F, Lollipop chart of Pearson correlation coefficients of al! samples comparing histo-cytometry and MANTIS cell attribution.

  Recent advances in mRNA vaccine technology have led to the development ofhighly effective vaccines, which utilize lipid nanoparticles (LNP) to deliver the mRNA into cells. These vaccines have demonstrated remarkable efficacy in clinical trials 3 A and have been authorized for emergency use worldwide during the COVID-19 pandemic 5 • With the increasing number of academic laboratories, biotechnology, and pharmaceutical companies developing new mRNA-based vaccines and exploring alternative routes of administration through the skin6 • 7 , there is a critical need for scalable technological platforms to evaluate the immunogenicity and safety of vaccines before advancing to clinical trials.Notably, how human tissue-resident structural and immune cells interact with, and are modulated by, mRNA-loaded LNPs at the site of injection remains a promising area of investigation 8.

  sequencing (scRNAseq) longitudinal analyses, within the same individual donor (Fig. Sl, upper panel).

  view and in 3D: claudin 1 (a key component of the epidermal barrier), CD45 (an immune cell marker) , CD31 (a blood vessel marker), and ~3-tubulin (that identifies peripheral nerve endings). ln line with our previous observations (Fig. lb, S2), all analyzed fluorescent markers were detected in the skin modules following 7 days of culture, without noticeable changes in either intensity or anatomical distribution (Fig. le, Videos 1 and 2).

Fig. 1 .

 1 Fig. 1. Biostabilization and injectability of natural human skin modules. a, Schematic for ex vivo natural human skin modules bioengi neering process and analytical pipeline, from production usi ng sk.i n leftovers from surgical procedures to the extraction of human biological datasets using scaled multiomics approaches. b, Comparison of H&E staining of natural human ski n modules after 0, 7 and 10 days of culture. c, Representative 3D two-photon image of immune cells (yellow), epidermis (cyan), blood vessels (red), and nerve fi bers (green) of natural human sk.i n modules after O and 7 days of culture. d, Intraderma] (left panel) or subcutaneous (right panel) injection of blue dye in natural human sk.i n modules. Top, profile, bottom and spLit views of the mode! are presented. e, 3D representation acquired

FibroblastsFig. 2 .

 2 Fig. 2. Transcriptomic stability of structural and immune cells over time in natural human skin modules. a, t-SNE plot of the scRNAseq aggregate performed after 0, 3, 5, and 10 days of culture and cell subsets attJ.ibution. b, Expression of cell-specific markers on the scRNAseq aggregate. c, t-SNE plot of the scRNAseq aggregate colored by timepoint. d, Pseudo-bulk correlation heatmap of the scRNAseq aggregate at different time points. The correlation coefficients between each pair of timepoints are indicated in the correlation map. e, Bar plot representing the repartition of the cell cycle phases for each cell type and day of culture. f, Pseudo-bulk correlation heatmap of each cell type and day of culture. The correlation coefficients between each pair of timepoints are indicated in the correlation map. g, Heatmaps of the number of interactions between all cell types at different days of culture. Undiff. ke rat.: Undijferentiated keratinocytes; Diff. kerat.: Dijferentiated keratinocytes; Prolif. kerat.: Proliferating keratinocytes; /rifla. kerat.: l nflammatory keratinocytes; LEC: Lymphatic Endothelial Cells; VEC: Vascular Endothelial Cells; Lympho: Lymphoid cells; Myelo: Myeloid cells; Melano : Melanocytes; Fibro: Fibroblasts.

28 .

 28 When compared to control modules from the same donors injected with clinical-grade water, following vaccine administration, we observed a general increase the levels of interleukin (IL)-7, IL-12/IL-23p40, IL-15, IL-16, IL-la, IL-8(HA), IL-5, IL-17A, vascular endothelial growth factor (VEGF), macrophage inflammatory protein (MIP)la, MIP-1~, granulocyte-monocyte colony-stimulating factor (GM-CSF), interferon gamma-induced protein (IP)-10 (also known as CXCLl0), human macrophage/monocyte chemotactic protein (MCP)-4, and Eotaxin. The following cytokines were not detected under our experimental conditions: TNF-~, Eotaxin 3,[START_REF] Feldman | mRNA vaccines against Hl0N8 and H7N9 influenza viruses of pandemic potential are immunogenic and well tolerated in healthy adults in phase 1 randomized clinical trials[END_REF] 
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Fig. 3 .

 3 Fig. 3. Activation of immune pathways following COVID-19 vaccine s.c. injection through cytokines secretion in natural human skin modules. a, Heatmap of the log2 fold change of the cytokines concentrations in clinical-grade water vs vaccine injected modules after 8h and 24h on 6 different donors. b, Barplot of the biological pathways associated with the differentially regulated cytokines 8h after injection, sorted by fold enrichment. c, Differentially-expressed genes (DEGs) after s.c. injection of clinical-grade water or COVID-19 vaccine at 8h (left panel) and 24h (right panel) in 4 different donors. At 8h, ail the DEGs were presented and at 24h, the top 50 genes. d, Corresponding Volcano plots. e, Main biological pathways identified based on DEGs. f , Expression of selected genes associated with the biological pathways described in e.

LCE2A) 3 4 ,

 4 pepiplakin-1 (EPPKJ) , the protease inhibitor Serpin Family B Member 13 (SERPJNB13)35 , Aspartate Beta-Hydroxylase Domain Containing 2 (ASPHD2), Lanosterol Synthase (LSS) and Arachidonic acid 12-lipoxygenase (ALOXJ 2). A large proportion of the other DEGs was associated with the activation of the immune response in keratinocytes, RNA processing, vascular response, and stress in keratinocytes such as thermo-sensitive transient receptor potential M4 (TRPM4)36 , Cleavage and polyadenylation specificity factor subunit 1 (CPSFJ)37 , Metallothionein-lG (MTJG) and Calmodulinlike protein 5 (CALML5)38 , respectively. Interestingly, upon injection of the COVID-19 vaccine, we found a global downregulation of IL-6 signaling (i.e., Il6, IL6R) and a conserved strong expression of genes associated with the transport of lipoprotein, such as low-density lipoprotein receptor (LDLR) and

  c. injection of the vaccine, LNP-loaded spike mRNA sequences were detected at 8h, but not 24h following injection, mainly in two innate immune clusters harboring DC/macro and mast cell signatures. Nonetheless, 8h after s.c. injection of the vaccine, we could detect a general modulation of the transcriptomic programs of skin-resident OC/macrophages, mast cells, LCls, LC2s, and CDS T cells that was still maintained after 24h in OC/macrophages. In particular, OC/macrophages, and to a lesser extent LC2s, exhibited enhanced expression of genes associated with clathrin-mediated endocytosis, antiviral response, mRNA processing, antigen presentation, and general cellular activation.

  Nth factors slgnaling pathwa,ys • Other responses • Type I immune response

Fig. 4 .

 4 Fig. 4. Identification of skin-resident immune cells involved in internalization and response to s.c. injection of COVID-19 vaccine using scRNAseq. a, UMAP plots of CD45+ skin-resident immune cells in natural human skin modules. Data obtained at 8h and 24h for water and COYID-19 vaccine s.c. injected models were aggregated on the UMAP. Populations were annotated based on the expression of common specific genes. b, Dot plot of expression values of cell-type-specific marker genes. c, UMAP plots of cell attribution at 8h (top) and 24h (bottom) after injection. d, UMAP plots indicating spike RNA detection in each cluster. e, Number of cells by cell type which have incorporated spike RNA and levels of expression. f , Analysis of gene expression perturbation due to COVID-19 vaccine s.c. injection with Augur. The AUC allows the evaluation of levels of gene expression perturbation by cell type (AUC=0.5 no perturbation between conditions, the doser the AUC is to 1, the greater is the difference in gene expression within a cell type between the two conditions). g, Biological pathway analysis based on DEGs in the COVID-19 vaccine condition compared to water. Act. TCD4: Activated CD4 T cells; Act. TCDB: Activated CDB T cells; Act. T cells: Activated T cells; TCD4: CD4 T cells; TCDB: CDB T cells; DC/macro: Dendritic Ce lis/macrophages; HSP T cells: T cells expressing Heat Shock Proteins; LCJ: Langerhans Cells type 1; LC2: Langerhans Cells type 2; MAIT: Mucosal-Associated Invariant T cells; Migr. APC: Migratory Antigen Presenting Cells; NK: Natural Killer cells; T-regs: regulatory T cells.

  (i.e., BAFF involved in lymphocytes activation) and TFRC (i.e. , transferrin receptor involved in T cell activation), PTPRC (i.e. , CD45) and MRCl (i .e., mannose receptor C type 1 or CD206), LGALS9 (i.e., Galectine 9) & CD44, ILIB and ILI receptor (and ILI receptor inhibitor), ILIB and ADRB2 (i.e. , adrenergic receptor beta 2 involved in immune modulation), HGF (i.e., Hepatocyte Growth Factor) and CD44, CXCL8 (i.e., interleukine 8) and NR3Cl (i.e. , glucocorticoid receptor), CD55 (i.e., a patent activator of naïve T cells) and ADORES (i.e., CD97 involved in T cell activation), CCL3 and CCRl (Fig.Sb) .

  an interactive analytical system based on multiplexed confocal imaging, that automatically generates a digitized version of the skin immune landscape and enables single-cell quantitative data visualization. Using MANTIS®, we generated an attribution matrix to automatically annotate dermal DCs (dDCs, CD45 + CDlc+ CD207•), Langerin+ dDCs (CD4s+ CDlc+ CD2ü7+) and Langerhans cells (LCs, CD45+ CDk CD2ü7+) 54 (Fig.Sc,d) and analyzed the expression of well-established activation/maturation mark.ers such as HLA-DR, CD80, CD86, CD83, CD40, and CCR7 in modules generated from 4 donors and injected s.c. with the vaccine or water for injection control. A total of 8,166 single CD45+ immune cells were identified with the following distribution 7.4% dDCs, 26,7% Langerin+ dDCs, 33,9% LCs and 32% other immune cells across the donors (Fig.Se, f) . We found that LCs and Langerin+ dDCs significantly upregulated most of the maturation mark.ers mentioned above at 24h, but not 8h following vaccination (Fig.Sg and S7). We also observed that LCs, that are classically detected in the epiderrnis, mostly relocated to the dermal area 24h after vaccination (Fig.Sf). However, dDCs seemed to be less responsive to the vaccine and upregulated CD83 and CCR7 after 24h.Taken together, these results provide robust evidence that the mRNA-1273 COVID-19 vaccine maintains a relatively consistent tropism for dermal DC/macrophages and mast cells when analyzed by scRNAseq, regardless of the route of administration in natural human skin modules . These data also suggest that skin-resident myeloid cells acquire a mature phenotype of APCs after vaccination (in particular LCs and Langerin+ dDCs), while increasing their predicted interactions with surrounding CD4+ T cells with specific pairs of ligands and receptors (Fig.6). Here we show that the VaxSkin pipeline is uniquely positioned to assess numerous scientific questions in the field of human innate immune response to vaccines, not only in DCs, but also in a wider range of native tissue -resident myeloid and lymphoid cell populations depending on the route of administration.
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Fig 5 .

 5 Fig 5. Modifications in interactome signatures emerged 8h post-s.c. injection of the COVID-19 vaccine, preceding APCs activation manifestation within 24h. a, Analysis of the number of interactions between immune celJ types, 8h and 24h after s.c. injection of water or COVID-19 vaccine.

  currently, the investigation of how tissue-resident C08 T cells sustain themselves in the absence of antigen presentation bas become a rapidly advancing field in T cell immunology69 • Finally, previous reports in the field have shown that vaccine efficacy could be affected by the route of administration51 • 70 • 71 . Using the VaxSkin platform, we found that the i.d. injection route shows a prolonged modulation of both myeloid and lymphoid cells compared to the s.c. route, persisting from 8h to 24h after vaccine administration. These findings further demonstrate that the route of administration could lead to diverse effects on local immune cell populations within the skin, involving not only dermal DC/macrophages, but also a broader array of myeloid and Iymphoid cells. Gaining deeper insights into how the route of injection influences immune cell targeting and the potential for fine-tuning the overall regulation of the skin ecosystem after vaccination in humans holds significant promise for future research. Such multi-modal vision of skin vaccination could pave the way for the development of more effective and tailored vaccine development strategies with improved immune responses.There is a critical need for scalable technological platforms to evaluate the local immunogenicity and safety of drug and vaccine candidates in a setting that faithfully replicates a fully human environment before advancing to clinical trials. Here we show that the use of the natural human skin module technology, coupled to a scalable analytical pipeline, bas great potential to advance the study of skin physiology. In the context of drug and vaccine discovery and development, it will be especially valuable for the study of molecular mechanisms of action, prioritization of lead candidates, toxicity and safety testing, and biomarkers identification .

Figure 6 .

 6 Figure 6. VaxSkin solution provides details on the mechanism of action of mRNA -1273 COVID-19 vaccine in human skin. The ability to inject the vaccine in immunocompetent human skin modulecoupled with a multi-ornics approach, wh.i ch combined mu ltipl ex cytokine measurements, multiplex imaging, bulk and single cell RNA seq, enables data integration at the tissue and single cell levels.

Fisher

  tests were used to assess the normality and homogeneity of the data , respectively. A Student ttest, Mann-Whitney-Wilcoxon or Welch's t-test (depending on preliminary statistical tests) was then performed to evaluate the significance of the mean's differences. Cytokines were then selected according to significant changes over the 6 analyzed donors. This selection was used as an input to PathfindR 72 , version 2.1.0, R package with default parameters, to perform an active subnetwork enrichment analysis approach that represents enriched pathways. Pathways databases Gene-Ontology 73 biological process, KEGG74 and Reactome75 and Protein Interaction Network Biogrid and String were used to compute the enrichment.Bulk RNA sequencing.

  30 minutes on a rotating plate with 1.25 mg of Liberase (Sigma Aldrich) and 2.5 mg of DNAse I (Sigma Aldrich) to disaggregate the tissue. Samples were further dissociated with the GentleMACS™ Octo Dissociator. Cells were then enriched with a Percoll gradient and washed. For the modules viability study, the cell suspension resulting from the dissociation was sorted using a FACSymphony (BD Biosciences) cytometer to isolate Sytox-negative alive cells. For VaxSkin study, the cell suspension resulting from the dissociation was enriched in CD45+ cells with an EasySep Release Human CD45Positive Selection Kit (Stemcell Technologies) following the manufacturer's guidelines. For scRNAsequencing, cells were encapsulated into droplets using Chromium Next GEM Single Cel! 3' Reagent Kits v3.l with single indexing, according to manufacturer's protocol (I0 x Genomics). Briefly, after generation of nanoliter-scale Gel bead-in-EMulsions (GEMs) using Next GEM Chip G, GEMs were reverse-transcribed in a ClO00 Touch Thermal Cycler (BioRad) programed at 53°C for 45 min, 85°C for 5 min, and held at 4 °C. After reverse transcription, single-cell droplets were broken and cDNA was isolated and cleaned with Cleanup Mix containing DynaBeads (Thermo Fisher Scientific). cDNA was then amplified with a ClO00 Touch Thermal Cycler programed at 98°C for 3 min, 12 cycles of (98°C for 15 s, 63 °C for 20 s, 72°C for 1 min), 72°C for I min, and held at 4°C. Subsequently, the amplified cDNA was fragmented, end-repaired, A-tailed, index adaptor ligated, and cleaned with cleanup mix containing SPRiselect Reagent Kit (Beckman Coulter) in between steps. Post-ligation product was amplified and indexed with a ClO00 Touch Thermal Cycler programed at 98°C for 45 s, 13 cycles of (98 °C for 20 s, 54°C for 30 s, 72°C for 20 s), 72°C for 1 min, and held at 4°C. All the libraries were finally cleaned up with SPRlselect beads, and controlled on a Fragment Analyzer HS-NGS run (Agilent) . lOx libraries were pooled and charged with 1 % PhiX on one SP lane of the NovaSeq 6000 instrument (Illumina) using the NovaSeq 6000 SP Reagent Kit vl.5Raw sequencing data of the modules viability study were processed with Cellranger8°, version 6.1.1, from l0X Genomics. Transcripts were mapped on the reference human genome GRCh38, assigned to individual cells from the specific barcoding and all samples were aggregated. For VaxSkin study, water samples were processed similarly to the modules viability study data. Regarding the vaccine-injected samples, a custom genome reference was created with Cel/ranger mkref function. In order to detect the exogenic spike COVID-19 mRNA, the sequence retro-engineered by NAalytics 81 was used and added at the end of the GRCh38 genome as an artificial vaccine 'chromosome'. An entry into the GRCh38 associated GTF annotation files was created. The entire spike sequence was added as CDS (CoDing Sequence), and an exonic entry from positions 58 to 3879 was also added to suppress the putative UTR (UnTranslated Region) defined by NAanalytic (Fig.S4). Removal of ambient RNA was then performed on Vaxskin data with Cellbender 82 version 0.2.2.

  Pseudotimes of keratinocytes differentiation in the modules viability study dataset were calculated with the Monocle3 R package 86 version 1.3 .1. The pre-processed keratinocytes subset and the most variable genes from Seurat extracted with their annotations were used as an input in Monocle]. A matrix readable by monocle was created to build a cds Monocle] abject from the new_cell_data_set fonction. From this cds, monocle dimensional reduction method and clustering were performed and replaced by their Seurat equivalence in order to use the same dimensionaJ reduction. Trajectory was inferred using default parameters of Monocle after dimensional reduction and cell ordering.Seurat AggregateExpression fonction was used to create two matrices with gene expression from the modules viability study dataset:one at the whole tissue level and one at the cell-type level. From these matrices, Deseq2 87 , version 1.40.2, was used and only genes with at least 10 counts were conserved. The data were normalized with the rlogTransformation fonction and a correlation matrix was created and plotted as a correlation heatmap.

  with phosphate-buffered saline (PBS), 0.5% (w/v) bovine serum albumin (BSA; Sigma-Aldrich), and 0.3% Triton X-100 (Merck) for 1 hour at room temperature and then incubated with fluorophore-coupled antibodies overnight at 4°C in the dark. The sections were then washed three times in PBS 0.5% (w/v) BSA, 0.3% Triton X-100. Finally, sampJes were treated with an autofluorescence quenching solution named TrueVIEW (Vector Laboratories) for 5 min. The slides were mounted in Mowiol medium (Sigma-Aldrich) and sealed with a coverslip. All conjugated antibodies used in this study were validated in single immunostainings of human skin and are listed in Table SS.Z-stack images ( 512 x 512 pixel; 1 µm) were acquired using a confocal microscope SP8 (Leica Microsystems) equipped with an HC PL APO CS2 with 40x numerical aperture 1.3 oil objective, an ultraviolet diode (405 nm), and four lasers in visible range wavelengths(405, 488, 532, 552, and 635 nm). The setup was made up of five detectors [three hybrid detectors with high quantum yield compared to classical photomultiplier (PMT) detectors and two PMTs. Mosaic sequential images were acquired using the between-stack configuration to simultaneously collect individual nine channels and tiles before merging them to obtain one single image. Use of the between-stack configuration and the modulation of the detectors' detection windows help reduce the leaking offluorophores.

  attributed. For each timepoint, vaccine and water data were statistically compared following MFI transformation. The transformation was made following the formula: (MFI_Marker rnin(MFI_Marker)) / (max(MFI_Marker) -min(MFI_Marker))) to represent data between O and 1. For each couple vaccine-water samples, preliminary parametric tests of the adequacy to a normal distribution (Shapiro test) and variance homogeneity (Fisher F test) were performed to determine the most relevant statistical test to compare means (Student t-test, Welch's t-test or Wilcoxon signed-rank test). Statistical tests were performed using Prism 8 (GraphPad Software) and the Rstats R package. Data visualization. Visualization charts were obtained using the ggplot2, Pigengene, pheatmap and ComplexHeatmap R packages, and matplotlib & seaborn Python packages. 87. Love, M. 1., Huber, W. & Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Bio!.

Figures 4 and 5

 5 Figures 4 and 5

Figure S1 ..Figure S2 .

 S1S2 Figure S1. Analysis pipeline for evaluating stability and vaccine response after mRNA-1273 COVID-19 vaccine injection in natural human skin modules. The Modules viability study involved histology, biphoton imaging, and single-cell RNA sequencing to assess module stability and immunocompetence within 10 days of culture. The immunological reaction to the vaccine was examined using multiplex cytokine measurement and bulk RNA sequencing for an overall immune response perspective. Single-cell analysis techniques, including MANTIS and single-cell RNA sequencing, were employed to investigate the cellular responses triggered at 8-and 24-hours after vaccination.

30 Figure S3 .Figure S4 .Fig

 30S3S4 Figure S3. Pseudo-lime analysis ofkeratinocytes subsets. a, UMAP plot of the keratinocyte's subsets of scRNAseq aggregate performed on natural human skin modules after 0, 3, 7 or 10 days of culture, colored by cell type (left panel), and the associated pseudo-time visualization (right panel). b, Pseudotime heatmap of gene expression along keratinocytes differentiation. c, Expression of undifferentiated (KRT14, ITGA6, ITGBl) and differentiated (KRTl, KRTl0, DSG 1) specific markers along the pseudotime trajectory.

Figure S6 .

 S6 Figure S6. Analysis of interactome between immune cell types after i.d. injection. a, Analysis of the number of interactions between immune cell types 8 and 24 hours after i.d. injection of water or COVID-19 vaccine. b, Dot plot of the Iigand-receptor interaction scores between immune cell types most affected by vaccine injection 24h after i.d. injection. Only statistically significant scores are presented.

Figure S7 .Figure 37 .

 S737 Figure S7. Cellular activation of APC 8 hours post-vaccination. a, Representative 3D confocal multiplex images (top) and associated digital maps (bottom) of MANTIS APC panel of subcutaneous

Figure 38 . 16 -

 3816 Figure 38. 16-colors acquisition of a healthy human skin sample using the Stellaris8.

Figure 39 .

 39 Figure 39. Removal of human skin autofluorescence signal using lifetime imaging. (A) With the Phasor tool, users can select a Region of Interest (ROI) on the image and measure the lifetime value for each pixel within the ROI. By doing so, it becomes feasible to differentiate pixels originating from specifically stained cells and those arising from tissue autofluorescence on the Phasor tool (lower panel). (B) Using the lifetime values obtained from the previous step, two channels were generated, resulting in two distinct images: the upper panel displays the stained cells, while the lower panel represents the skin autofluorescence. This process effectively eliminates undesirable signals, simplifying subsequent data analysis.

Figure 40 .

 40 Figure 40. Comparison of the fluorophores panel design depending on the microscope used. (A) When utilizing the SP8 microscope, the limitation in the number of fluorophores simultaneously used is mainly due to the restricted number of lasers and thus excitation wavelengths available. Moreover, the far red range remains underutilized as the maximum detection range is limited to 800 nm. (B) On the contrary, with the Stellaris8 microscope, it becomes feasible to use fluorophores with similar excitation and emission spectra simultaneously. Additionally, the far red range is optimally exploited by employing far red emitting dyes like Alexa Fluor790 or Brilliant Violet 786, which cannot be utilized with the SP8 microscope.

Figure 41 .

 41 Figure 41. Application of the MANTIS technology to endometrium lesional samples, using the lymphoid panel.

  trials and enhance the efficacy of medical research. Traditional animal models often fail to accurately represent human skin physiology and responses, leading to misleading results during preclinical testing. By investing in innovative human skin models, researchers can mimic the complexity of human skin more effectively. These advanced models provide a closer representation of human physiology, enabling researchers to better predict how drugs, cosmetics, and medical treatments will interact with human skin.One of those innovative and promising human skin models involves the utilization of ex vivo human skin. It offers significant advantages for studying immune responses, and especially vaccination, thanks to the presence of all three skin layers and the natural immune landscape of the tissue. In this context, the second part of my thesis aimed to characterize the HypoSkin model in terms of viability, immunocompetence, and injectability. Additionally, it sought to explore the effective use of this model in investigating the immune response induced by mRNA vaccination in such models.a. The HypoSkin model: advantages and limitationsHypoSkin is an ex vivo human skin model comprising all three layers of the skin. As demonstrated in our publication, HypoSkin is an immunocompetent model that can be maintained alive for at least 7 days. These characteristics make it a suitable model for studying immune responses following the administration of pharmaceutical compounds, such as vaccine injections or other injectable agents, as well as the topical or systemic application of other substances. The findings of this research are currently undergoing a patent application under the title "Ex vivo Human Model for the Evaluation of Vaccination Potential of a

Finally, addressing the

  absence of muscle tissue in the HypoSkin model, which hinders IM vaccination and complicates clinical data comparisons, can be achieved through various approaches, such as incorporating bioprinted muscle cells beneath the tri-layered human skin models. Moreover, the lack of secondary lymphoid organs can be overcome by developing an organ-on-chip system that combines both skin and tonsils. Such a model would replicate key germinal center features, such as antibody production, somatic hypermutation, plasmablast differentiation, and class-switch recombination. Recent work demonstrated the effectiveness of such a model in evaluating immune responses to antigens and different adjuvants[START_REF] Wagar | Modeling human adaptive immune responses with tonsil organoids[END_REF]. This innovative model offers a comprehensive understanding of adaptive immunity beyond what skin alone can provide.

Figure 42 .

 42 Figure 42. Overview of the workflow for cell-type prioritization in single-cell data. (A), Schematic overview of the experimental basis to identify the cell types responsive to biological perturbations with Augur. (B) Schematic overview of the machine-learning framework for cell-type prioritization implemented by Augur. Extracted from(Squair et al., 2021).

  addition to the results, it is essential to highlight what this thesis has brought to my development as a researcher. Firstly, I had the opportunity to attend several conferences and thematic schools throughout these three years, such as MiFoBio and SFI (Société Française d'Immunologie). At the SFI conference in 2022, I had the chance to present a short oral presentation on MANTIS, and I will be presenting a poster on the HypoSkin study at this same conference in September 2023. Finally, I will soon assist at the World Vaccine Congress in Barcelona. These brief presentations have taught me how to synthesize my work effectively and summarize three years of research in a few minutes while conveying the main message without overwhelming the audience with unnecessary details. Participating in these
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  , has generated significant interest, given the crucial role of these responses in combating systemic and mucosal infections. CLRs are not only involved in antibacterial immune defense but also contribute to antiviral immunity. For instance, CTLs expressed by NK cells play a crucial role in regulating cytotoxic responses by detecting virusinduced changes in the expression of MHC class I molecules on infected cells. Moreover,

CTLs also participate in the defense against parasites, as several well-characterized CTLs like MBL (Mannose-Binding Lectin), DC-SIGN, and MMR (macrophage mannose receptor) exhibit broad recognition capabilities towards diverse parasite species

[START_REF] Vázquez-Mendoza | Parasitic Infections: A Role for C-Type Lectins Receptors[END_REF] 

[START_REF] Brown | C-type lectins in immunity and homeostasis[END_REF]

.

• DNA receptors DNA receptors refer to specific molecules or cytosolic receptors that are responsible for recognizing and detecting DNA-based PAMPs. These receptors play a crucial role in the innate immune response by identifying foreign DNA derived from pathogens such as bacteria or viruses. Several cytosolic DNA sensors have been identified, including cyclic GMP-AMP synthase (cGAS), IFN-γ inducible (IFI) 16, absent in melanoma 2 (AIM2), and DNA-dependent activator of IRFs (DAI). These DNA sensors are responsible for initiating various innate immune responses, which encompass not only anti-viral immunity through type I IFN but also programmed cell death. For instance, cGAS-STING (Stimulator of interferon genes) can trigger apoptosis, while IFI16 and AIM2 can induce pyroptosis
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Table 7 . Comparative analysis of 4 multiplex imaging technologies.

 7 

		MIBI	CODEX	t-CyCIF	Histo-cytometry
	Technique principle	Antibodies coupled to metal isotopes and secondary ion mass spectrometry	DNA-conjugated antibodies and cyclic stainings using complementary fluorescently labeled DNA probes	Iterative process of conventional low-plex fluorescence imaging	Simultaneous use of multiple fluorophores phenotypically relevant and spectrally compatible
	Number of parameters	Up to 40	Up to 60	Approximately 30	6-8
	Section thickness and type	FFPE / 4 μm	FFPE and fresh frozen / 5-10μm	FFPE / 5μm	FFPE and fresh frozen / up to 600 (tissue clearing)
	Equipment	Metal-coupled			
	and	antibodies and	DNA-conjugated	No specific	No specific
	reagents	mass	antibodies	requirement	requirement
	requirement	spectrometer			
	Time	++	+	+++	++

3-D deconvolution of human skin immune architecture with Multiplex Annotated Tissue Imaging System

  

	1. Introduction IMMUNOLOG Y This first part of my thesis aims at developing a novel multiplex imaging method called Che<>k roi Updatè.s C<11>Yrighl Cl 20H MANTIS (Multiplex ANnotated Tissue Imaging System) for mapping immune cells in human 3D
	skin biopsies. This method allows for the simultaneous visualization of up to 9 biological
	markers, enabling the assessment of immune cell spatial localization in human skin tissue
	samples. In order to evaluate MANTIS performance on both pathological and healthy tissues,
	skin biopsies were collected from individuals with systemic lupus erythematosus (SLE)
	chilblains, patients with a multisystem inflammatory syndrome resembling Kawasaki

syndrome, and individuals with COVID-19-associated skin manifestations known as "COVIDtoes." Additionally, skin biopsies from healthy donors provided by Genoskin served as healthy controls. By combining the MANTIS pipeline with in-house bioinformatics image analysis, the myeloid and lymphoid immune landscape of both pathological and healthy samples was investigated. The study demonstrated that severe pathological lesions in SLE, Kawasaki syndrome, and COVID-19-associated skin manifestations share common quantitative immune features. Furthermore, these lesions exhibited a nonrandom distribution of cells, leading to the formation of disease-specific dermal immune structures. All results are exposed below in the article "3-D deconvolution of human skin immune architecture with Multiplex Annotated Tissue Imaging System", published in Science Advances, in June 2023.
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  17 • 18 • Additionally, classical floating culture conditions can lead to the escape of immune cells into the culture medium, directly affecting the accuracy of the results under investigation

  19 • 20 • 

  The extracted RNA was stored at -80°C until library preparation. mRNA library preparation was realized following manufacturer's recommendations (Illumina Stranded mRNA Prep from Illumina) . Final samples pooled library prep were sequenced on Novaseq 6000 Illumina with SP-200cycles cartridge (2x800Millions of 100 bases reads) , corresponding to 2x30Millions of reads per sample after demultiplexing. Read quality control was performed with MultiQC 76 , version 1. Ail samples passed this quality check, and reads were aligned with STAR 77 version 2.7.2b on the human GRCh38 reference genome. Aligned reads were ordered and indexed using SAMtools 78 , version 1.16.1. Genes counts were computed with HTSeq 79 counts version 0.12.4. DESeq2 version 1.40.2 was used to process raw count. DESeq object was created from a sample table with a design that takes into account the condition (treatment and time point) and the donor. A variance stabilization was performed on gene count using the vst fonction, to plot samples on PCA. Donor and gender biases were cmTected using Combat-seq 31 from R library sva 32 version 3.48 with default settings. Corrected count matrices were analyzed with DESeq2 version 1.40.2. Genes with an

	adjusted p-value (Benjamini-Hochberg correction) lower than 0.1 , a log2 fold change greater than 0.26
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Data clustering and aROI analysis ROl5 (et ROI , i.e .. inOa111matory ccll du, tcrs) wcrc ldcntlfied u. lng the a -shape algorilhm wilh a tuned et parametcr (o.= 0.1 ), allowing correct dete,Hon of hlgh-all denslty areas. aROl with le s than tcells were removed from the analysls. For each elected nROI , speclfk characterf tic were calcu l ted ;md extracted, u,h J arca, total munber of cell cil numbcr, proportion by cil type, and nROI cenler coordinate .

Data vlsualizatlon

Viwalizatlon hnrt-s wcre obraincd usmg th ggplot2, Ptg ngene, and ComplcxHcatmap R package and matplotlib and scaborn Python packages. t-SNE was computcd with R1s11c.

Statistics

Statîstic,il test wcre pcrformcd using Prism 8 (GraphPad oftwarc) and the Rstat and r tatix Rpackagc. Onc-wayanalys1s fv-ariancc (ANO A) with Tukcy•s lest for multiple compariso11s or Mann-Whitney test w<1s p~r~ rmed on s:impk as noted in the I' spective figure lcgends. A !'value ofless tha.i10.05 wa s considered stati tically slgnificant. 
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