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Skin, the largest human organ, is part of the first line of physical and immunological defense against many pathogens. Understanding how skin antigen-presenting cells (APCs) respond to viruses or virus-based vaccines is crucial to develop antiviral pharmaceutics, and efficient and safe vaccines.

Here, we discuss the way resident and recruited skin APCs engage adenoviruses and the impact on innate immune responses.

INTRODUCTION

Skin

The skin is the body's first physical barrier against external elements. It is structurally composed of the epidermis, dermis, and hypodermis, each with distinct roles. The epidermis, the outer layer of the skin, can be further divided in 4 to 5 layers and contains epithelial cells, melanocytes, keratinocytes, Merkel cells and resident professional antigen-presenting cells (APCs), including Langerhans cells (LCs). LCs are skin-resident myeloid cells, derived from primitive erythro-myeloid progenitors from the yolk sac and fetal liver. Postnatal self-renewal of LCs is via myeloid precursors that restore the population following an inflammatory response. The dermis is typically thicker and contains fibroblasts, macrophages, and mast cells that are surrounded by fibrous proteins including collagen and elastin, which make up the extracellular matrix. The mechano-and thermoreceptors found in the dermis are involved in the detection of changes in pressure and temperature, respectively, and breaches in homeostasis. In contrast to the epidermis, the dermis is vascularized and contains lymphatic vessels, which allow the emigration of resident APCs to the lymph nodes and recruitment of circulating immune cells to the site of inflammation or infection. Finally, the hypodermis contains fibroblasts, macrophages, and adipocytes, which are a major site of fat storage in the body.

When pathogens create a breach in skin homeostasis, the APCs detect PAMPs and DAMPs (pathogen-, or damage-associated molecular patterns) through PRRs (pattern recognition receptors) on the cell surface, in the cytoplasm, in cytoplasmic vesicles, or even in the nucleus [START_REF] Lee | Pattern-recognition receptor signaling initiated from extracellular, membrane, and cytoplasmic space[END_REF]. These events induce APCs to release cytokines/chemokines that recruit immune cells via the lymphatic and vascular systems [START_REF] Hamilos | Antigen presenting cells[END_REF][START_REF] Takeuchi | Pattern Recognition Receptors and Inflammation[END_REF]. Local cytokine secretion also induces neighboring and recruited dendritic cells (DC), macrophages, LCs and B lymphocytes to upregulate the expression of MHC class II molecules. Eventually, maturing APCs migrate to the secondary lymphoid organs to present antigens to naive CD4+ T lymphocytes (Figure 1). By this mechanism, APCs link the innate immune responses to the establishment of adaptive, antigen-specific memory immunity.

Adenoviridae

Adenoviruses (AdVs), are nonenveloped, icosahedral particles containing a linear double-stranded DNA genome of 34 ± 8 kilobase pairs. Human AdVs (HAdVs), i.e. those that have been isolated initially from humans, were initially described almost 70 years ago [START_REF] Rowe | Isolation of a cytopathogenic agent from human adenoids undergoing spontaneous degeneration in tissue culture[END_REF]. HAdVs belong to the family Adenoviridae and genus Mastadenoviridae, and are divided into 7 species (A to G), representing more than 110 "types" classified by serological or genetic criteria [START_REF] Harrach | Adenoviruses (Adenoviridae)[END_REF]. HAdV-induced disease tends to follow a pattern based on species: species A causing gastrointestinal, respiratory and urinary infections; species B causing gastrointestinal, respiratory, urinary tract and occular infections; species C can be responsible for gastrointestinal, respiratory, urinary and liver infections; species D (which contains the largest number of types) typically cause occular and gastrointestinal infections; species E results in occular and respiratory infections; and finally, species F and G are responsible for gastrointestinal infections. Although HAdV infections in humans are generally self-limiting, infections can be fatal in immunocompromised individuals [START_REF] Lion | Adenovirus infections in immunocompetent and immunocompromised patients[END_REF].

The external part of the capsid is composed of multiple proteins, including hexon, penton, pIX and fibre. The most striking morphological difference between AdV types is the length and flexibility of the homotrimeric fibres. The fibre shaft length varies from 6 to 23 beta-repeats (1 repeat = ~14 aa) [START_REF] Chroboczek | Adenovirus fiber[END_REF] and the number of hinges can be 0 -2 [START_REF] Schoehn | Three-Dimensional Structure of Canine Adenovirus Serotype 2 Capsid[END_REF]. Both characteristics likely impact tissue/cellular tropism in a handful of ways that are not completely characterized [START_REF] Lasswitz | Glycomics and Proteomics Approaches to Investigate Early Adenovirus-Host Cell Interactions[END_REF], including the ability to simultaneously engage multiple receptors, synergize affinity and avidity, and access integrins that can aid internalization. Although rare, some AdV types can have two fibres of different lengths and receptor binding capabilities [START_REF] Hung-Yueh | Human adenovirus type 41 contains two fibers[END_REF][START_REF] Lenman | Human adenovirus 52 uses sialic acid-containing glycoproteins and the coxsackie and adenovirus receptor for binding to target cells[END_REF][START_REF] Nakamura | Reduction of natural adenovirus tropism to the liver by both ablation of fiber-coxsackievirus and adenovirus receptor interaction and use of replaceable short fiber[END_REF]. Thus, the interaction of cell surface proteins with HAdVs is rarely binary and the multiple points of interactions certainly affect uptake (Arnberg, Pring-Åkerblom, et al., 2002b;[START_REF] Burmeister | Crystal structure of species D adenovirus fiber knobs and their sialic acid binding sites[END_REF]. In view of the dynamic process cells, and specifically APCs, bind the hundreds of AdV types, we present a description of the high and low affinity interactions that are relevant to cells of the skin.

RECOGNIZED ADV RECEPTORS

Understanding how HAdVs interact with APCs increases our ability to treat HAdV-induced diseases and better exploit AdV-based vaccines and vectors. With respect to human and nonhuman AdVbased vaccines and vectors, in some cases, it will be advantageous to choose an AdV type that will be poorly taken up by APCs, or generate a robust innate immune response [START_REF] Sprangers | Quantifying adenovirus-neutralizing antibodies by luciferase transgene detection: addressing preexisting immunity to vaccine and gene therapy vectors[END_REF][START_REF] Weaver | Low seroprevalent species D adenovirus vectors as influenza vaccines[END_REF][START_REF] Zhu | Immunogenicity and safety of a recombinant adenovirus type-5vectored COVID-19 vaccine in healthy adults aged 18 years or older: a randomised, doubleblind, placebo-controlled, phase 2 trial[END_REF]. In many instances, specific proteins on the cell surface determine their ability to bind viruses. In the case of AdV-protein interactions, the affinity can be relatively high (nanomolar range), or low (micromolar) and be compensated by increasing avidity.

CAR (coxsackievirus and adenovirus receptor)

CAR, encoded by CXADR, is a 46-kDa type 1 transmembrane protein whose prototypic role is as a cell adhesion molecule (CAM) [START_REF] Loustalot | Membrane Dynamics and Signaling of the Coxsackievirus and Adenovirus Receptor[END_REF]. Present on the surface of many mammalian and non-mammalian cells, CAR plays a role in the integrity of many organs, and a particularly critical role during mouse heart development [START_REF] Lisewski | The tight junction protein CAR regulates cardiac conduction and cell-cell communication[END_REF]. Indeed, prototypic functions of CAMs help maintain interactions between cells, and between cells and the extracellular matrix [START_REF] Cavallaro | Adhesion molecule signalling: not always a sticky business[END_REF]. As the name suggests, CAR is an attachment molecule for coxsackieviruses (subgroup B) and some human and nonhuman (e.g., canine type 2) AdVs, with a notable exception of species B HAdVs [START_REF] Bergelson | Isolation of a common receptor for Coxsackie B viruses and adenoviruses 2 and 5[END_REF][START_REF] Roelvink | The coxsackievirus-adenovirus receptor protein can function as a cellular attachment protein for adenovirus serotypes from subgroups A, C, D, E, and F[END_REF]Soudais et , 2000). Of note, the use of CAR has recently been implicated in species E HAdV uptake [START_REF] Tsoukas | A Human In Vitro Model to Study Adenoviral Receptors and Virus Cell Interactions[END_REF]. AdV attachment to high affinity receptors is typically, but not exclusively, mediated by the fibre knob [START_REF] Louis | Cell-binding domain of adenovirus serotype 2 fiber[END_REF]. The extracellular N-terminal domain (D1) of CAR interacts with the trimeric fibre knob [START_REF] Bewley | Structural analysis of the mechanism of adenovirus binding to its human cellular receptor[END_REF][START_REF] Howitt | Adenovirus interaction with its cellular receptor CAR[END_REF][START_REF] Philipson | Virus-receptor interaction in an adenovirus system[END_REF][START_REF] Seiradake | The cell adhesion molecule "CAR" and sialic acid on human erythrocytes influence adenovirus in vivo biodistribution[END_REF]. The interaction of the RGD motifs of the penton base with integrins can increase internalization efficacy in some cell types [START_REF] Nemerow | Role of alpha(v) integrins in adenovirus cell entry and gene delivery[END_REF][START_REF] Storm | Human Adenovirus Type 37 Uses α V β 1 and α 3 β 1 Integrins for Infection of Human Corneal Cells[END_REF][START_REF] Wickham | Integrins alpha v beta 3 and alpha v beta 5 promote adenovirus internalization but not virus attachment[END_REF]. Of note, monocytes, and monocyte-derived, myeloid, and plasmacytoid DCs (moDC, mDC, pDC, repectively) are CAR-negative [START_REF] Chéneau | Lactoferrin Retargets Human Adenoviruses to TLR4 to Induce an Abortive NLRP3-Associated Pyroptotic Response in Human Phagocytes[END_REF][START_REF] Eichholz | Immune-Complexed Adenovirus Induce AIM2-Mediated Pyroptosis in Human Dendritic Cells[END_REF][START_REF] Soudais | Canine adenovirus type 2 attachment and internalization: coxsackievirus-adenovirus receptor, alternative receptors, and an RGDindependent pathway[END_REF][START_REF] Thu | Humoral immune response to adenovirus induce tolerogenic bystander dendritic cells that promote generation of regulatory T cells[END_REF][START_REF] Tran | IgG-Complexed Adenoviruses Induce Human Plasmacytoid Dendritic Cell Activation and Apoptosis[END_REF]. Exceptions to this trend of CAR-negative immune cells are LCs and dermal DCs (Adams et al., 2009). Blocking CAR with a monoclonal antibody had no effect on the percentage of HAdV-C5 infection in circulating immune cells, while it significantly decreased, but did not eliminate, the infection in resident cells isolated from the skin. These data suggest that dermal DCs and LCs take up HAdVs via one or more receptors (Adams et al., 2009).

On a side note, CAR -"free" fibre interactions can also aid virus spread: some CAR-binding HAdVs produce excess fibre during propagation. The excess fibre can either bind CAR in the cytoplasm during its trafficking, or the fibre can be released from the cell and disrupt epithelial cell tight junctions allowing HAdVs to access the inner cell layers [START_REF] Coyne | CAR: a virus receptor within the tight junction[END_REF][START_REF] Walters | Adenovirus fiber disrupts CAR-mediated intercellular adhesion allowing virus escape[END_REF]. It is unknown if this potentially "pro-viral" phenomenon occurs during AdV infections in the skin.

Cluster of differentiation 46 (CD46)

CD46 is a type I transmembrane protein present on the surface of all nucleated human cells (N.B. mice do not express CD46). It is involved in the regulation of the complement system [START_REF] Liszewski | Control of the complement system[END_REF] and in cross-talk with other PRRs, such as Toll-like receptors (TLRs) [START_REF] Cardone | CD46 in innate and adaptive immunity: an update[END_REF]. In addition to being a receptor for species B HAdVs, CD46 is a receptor for bovine viral diarrhea virus and human herpesvirus 6 [START_REF] Maurer | CD46 is a cellular receptor for bovine viral diarrhea virus[END_REF][START_REF] Santoro | CD46 is a cellular receptor for human herpesvirus 6[END_REF]. CD46 contains four complement control protein (CCP) domains, of which CCP1 and CCP2 form the HAdV binding site [START_REF] Gaggar | CD46 is a cellular receptor for group B adenoviruses[END_REF][START_REF] Wu | Membrane cofactor protein is a receptor for adenoviruses associated with epidemic keratoconjunctivitis[END_REF]. Despite the numerous studies, its role as a receptor for species B HAdVs is still evolving. While some studies describe an interaction with all species B HAdVs [START_REF] Gaggar | CD46 is a cellular receptor for group B adenoviruses[END_REF] via the fibre knob, others limited this interaction with only some HAdV types, including B3 and 7 [START_REF] Fleischli | Species B adenovirus serotypes 3, 7, 11 and 35 share similar binding sites on the membrane cofactor protein CD46 receptor[END_REF][START_REF] Segerman | Adenovirus Type 11 Uses CD46 as a Cellular Receptor[END_REF][START_REF] Sirena | The Human Membrane Cofactor CD46 Is a Receptor for Species B Adenovirus Serotype 3[END_REF][START_REF] Wang | Identification of CD46 binding sites within the adenovirus serotype 35 fiber knob[END_REF],-D37 and -D49 [START_REF] Lemckert | Generation of a novel replication-incompetent adenoviral vector derived from human adenovirus type 49: manufacture on PER.C6 cells, tropism and immunogenicity[END_REF][START_REF] Wu | Membrane cofactor protein is a receptor for adenoviruses associated with epidemic keratoconjunctivitis[END_REF] and possibly -D26 and D56.

As HAdV-CD46 interactions are reportedly low affinity, the level and location of CD46 on the cell surface likely influence the avidity, which should influence whether cells can take up species B HAdVs [START_REF] Marttila | CD46 is a cellular receptor for all species B adenoviruses except types 3 and 7[END_REF][START_REF] Trinh | Avidity binding of human adenovirus serotypes 3 and 7 to the membrane cofactor CD46 triggers infection[END_REF]. HAdV-D26, currently used as a vaccine vector due to its low seroprevalence in Europe and North America [START_REF] Mennechet | A review of 65 years of human adenovirus seroprevalence[END_REF], interacts with CD46 via hexon (Persson et al., 2021;[START_REF] Hemsath | Ex Vivo and In Vivo CD46 Receptor Utilization by Species D Human Adenovirus Serotype 26 (HAdV26)[END_REF]. Of note, CD46 can help deliver species B HAdVs toward vesicular TLR9 in macrophages and DCs [START_REF] Iacobelli-Martinez | Preferential activation of Toll-like receptor nine by CD46-utilizing adenoviruses[END_REF]. TLR9 engagement upregulates MHC II expression and the production of pro-inflammatory cytokines.

Desmoglein 2 (DSG2)

Given the complexity of species B HAdV-cell interactions, and the recurrent fact that not all the receptors had been identified [START_REF] Tuve | A new group B adenovirus receptor is expressed at high levels on human stem and tumor cells[END_REF], the Lieber lab continued the search for host proteins involved in their uptake. DSG2 was identified in 2011 as a receptor for a subset of species B types (-3, -7, and -14) responsible for respiratory infections, and HAdV-B11, which is responsible for kidney and urinary tract infections [START_REF] Wang | Desmoglein 2 is a receptor for adenovirus serotypes 3, 7, 11 and 14[END_REF][START_REF] Wang | Structural and Functional Studies on the Interaction of Adenovirus Fiber Knobs and Desmoglein 2. 11346 Jvi[END_REF]. DSG2, an ~100-kDa highly posttranslationally modified member of the cadherin family, is located in cell-cell junctions, particularly in epithelial tissues and the heart [START_REF] Chitaev | Direct Ca2+-dependent heterophilic interaction between desmosomal cadherins, desmoglein and desmocollin, contributes to cell-cell adhesion[END_REF]. The identification of DSG2 inspired a reclassification of species B HAdVs according to their receptor engagement (Table 1). An emerging HAdV type, -B55, has high affinity (nM range) interaction with DSG2 (Y. [START_REF] Feng | Human Desmoglein-2 and Human CD46 Mediate Human Adenovirus Type 55 Infection, but Human Desmoglein-2 Plays the Major Roles[END_REF][START_REF] Zhang | Desmoglein 2 (DSG2) Is A Receptor of Human Adenovirus Type 55 Causing Adult Severe Community-Acquired Pneumonia[END_REF]. Indeed, blocking DSG2 decreases HAdV-B55 infection of human cells, and the expression of human DSG2 in transgenic mice induced a significant increase in HAdV-B55 uptake. It is currently unknown whether the low levels (4 nTPM (normalized transcript per millions)) found on dermal DCs and LCs (https://www.proteinatlas.org), are sufficient for HAdV binding or uptake. 

Integrins

Integrins are class 1 transmembrane heterodimers (a and b chains) that interact with the extracellular matrix and/or neighboring cells [START_REF] Doyle | Cell-extracellular matrix dynamics[END_REF]. At least 23 different integrin heterodimers have been identified on multiple cell types, and these combinations influence their function and ligand. One of their prototypic roles is adhesion, however integrin engagement and activation also induces signal transduction that influences the cell cycle, cytoskeleton organization, and cell surface proteins [START_REF] Ginsberg | Integrin activation[END_REF].

HAdV-integrin interactions are typically low affinity. Prototypic HAdV -integrin interactions occur through an arginine-glycine-aspartic acid motif found in a protruding loop of the penton base. In some cases, binding to a high affinity receptor may be a pre-requirment for efficient uptake [START_REF] Kremer | Adenovirus tales: from the cell surface to the nuclear pore complex[END_REF]. Integrin αMβ2 (CD11b/CD18) was reported to be responsible for the binding and uptake of HAdV-C2 by haematopoietic cells [START_REF] Huang | Adenovirus interaction with distinct integrins mediates separate events in cell entry and gene delivery to hematopoietic cells[END_REF]. While integrin αVβ5 (CD51) appears to interact with species A and E [START_REF] Mathias | Interactions of Soluble Recombinant Integrin αvβ5 with Human Adenoviruses[END_REF], and may be involved in species B [START_REF] Summerford | αVβ5 integrin: co-receptor for adeno-associated virus type 2 infection[END_REF] and species C [START_REF] Lyle | Integrin αvβ5 is a primary receptor for adenovirus in CAR-negative cells[END_REF] binding, αVβ1 and α3β1 integrins (CD49c/CD29) are low affinity coreceptors for species C HAdVs [START_REF] Li | Integrin alpha(v)beta1 is an adenovirus coreceptor[END_REF][START_REF] Salone | Integrin α3β1 Is an Alternative Cellular Receptor for Adenovirus Serotype 5[END_REF]. αVβ3 (CD61) also has a role in interaction with HAdV-D26 [START_REF] Nestić | αvβ3 Integrin Is Required for Efficient Infection of Epithelial Cells with Human Adenovirus Type 26[END_REF], as do CD49c/CD29 and αVβ1 with HAdV-D37 [START_REF] Storm | Human Adenovirus Type 37 Uses α V β 1 and α 3 β 1 Integrins for Infection of Human Corneal Cells[END_REF]. Importantly, the majority of HAdVs interact via αV integrins [START_REF] Arnberg | Initial Interactions of Subgenus D Adenoviruses with A549 Cellular Receptors: Sialic Acid versus α v Integrins[END_REF] which are expressed by LCs. HAdV-D56 and HAdV-F40, -F41 are the exceptions, as they bind to α7-and α6-containing integrins [START_REF] Duffy | Generation and characterization of a novel candidate gene therapy and vaccination vector based on human species D adenovirus type 56[END_REF][START_REF] Rajan | Enteric Species F Human Adenoviruses use Laminin-Binding Integrins as Co-Receptors for Infection of Ht-29 Cells[END_REF], respectively.

Cluster of differentiation 80 and 86 (CD80 and CD86)

CD80 and CD86, also known as B7.1 and B7.2, respectively, are type 1 membrane proteins of the immunoglobulin superfamily [START_REF] Freeman | B7, a new member of the Ig superfamily with unique expression on activated and neoplastic B cells[END_REF][START_REF] Lanier | CD80 (B7) and CD86 (B70) provide similar costimulatory signals for T cell proliferation, cytokine production, and generation of CTL[END_REF]. CD80 and CD86 are costimulatory molecules expressed on the surface of mature dermal DCs and LCs, which, when in contact with CD28 + T cells, induce their activation and survival [START_REF] Bar-On | Dendritic cell-restricted CD80/86 deficiency results in peripheral regulatory T-cell reduction but is not associated with lymphocyte hyperactivation[END_REF][START_REF] Caux | B70/B7-2 is identical to CD86 and is the major functional ligand for CD28 expressed on human dendritic cells[END_REF][START_REF] Zheng | CD86 and CD80 differentially modulate the suppressive function of human regulatory T cells[END_REF]. CD80 and CD86 appear to be low affinity attachment molecule, via the fibre knob, for some species B HAdVs [START_REF] Short | Adenovirus serotype 3 utilizes CD80 (B7.1) and CD86 (B7.2) as cellular attachment receptors[END_REF][START_REF] Short | Members of adenovirus species B utilize CD80 and CD86 as cellular attachment receptors[END_REF].

IMPACT OF POST-TRANSLATIONAL MODIFICATIONS OF CELL-SURFACE PROTEINS

Post-translational modification of cell surface proteins can also play a role in virus binding by generating low affinity (micro to millimolar), but high avidity, interactions that increase the ability of cells to take up HAdVs.

Sialic acids

Sialic acids (SAs), a collection of ~50 different sugars with a 9-carbon base, are present on all glycosylated proteins on the cell surface. Functionally, sialic acids modifications can be protectors of proteins, or represent the signal that induces phagocytosis of dead cells.

Cells use sialic acids to take up of influenza, rota-, corona-, and polyoma viruses [START_REF] Delorme | Glycosphingolipid binding specificities of rotavirus: identification of a sialic acid-binding epitope[END_REF][START_REF] Isa | Role of sialic acids in rotavirus infection[END_REF][START_REF] Schwegmann-Weßels | Sialic acids as receptor determinants for coronaviruses[END_REF][START_REF] Springer | The relationship of the influenza virus inhibitory activity of glycoproteins to their molecular size and sialic acid content[END_REF], as well as some species D HAdVs (types 8, 19, 26, 37, 53 and 64) [START_REF] Baker | Human adenovirus type 26 uses sialic acid-bearing glycans as a primary cell entry receptor[END_REF][START_REF] Arnberg | Initial Interactions of Subgenus D Adenoviruses with A549 Cellular Receptors: Sialic Acid versus α v Integrins[END_REF].

The law of parsimony would suggest that, because sialic acids are so abundant on cells from so many organisms, using it as an attachment molecule would give some viruses an evolutionary advantage via a large host range.

Of note, HAdV capsid -SA interactions are typically low affinity and charge dependent. For example, the positively-charged HAdV-D37 knob interacts with SAs, while the neutrally-charged D19p knob does not (Arnberg, Kidd, et al., 2002a;[START_REF] Burmeister | Crystal structure of species D adenovirus fiber knobs and their sialic acid binding sites[END_REF]. This principle of chargedependent HAdV-SA interactions is similar to that of the above viruses [START_REF] Delorme | Glycosphingolipid binding specificities of rotavirus: identification of a sialic acid-binding epitope[END_REF][START_REF] Springer | The relationship of the influenza virus inhibitory activity of glycoproteins to their molecular size and sialic acid content[END_REF]. Of note, the CAV-2 knob has a SA binding site, which may mediate CAV-2 capsid interactions with sialic acids present on human erythrocytes [START_REF] Seiradake | The cell adhesion molecule "CAR" and sialic acid on human erythrocytes influence adenovirus in vivo biodistribution[END_REF]. HAdV-G52, isolated from a patient with gastroenteritis and the first member of the species G, is also taken up by some cells via sialic acid interactions [START_REF] Lenman | Human adenovirus 52 uses sialic acid-containing glycoproteins and the coxsackie and adenovirus receptor for binding to target cells[END_REF][START_REF] Lenman | Polysialic acid is a cellular receptor for human adenovirus 52[END_REF]. Thus, ubiquitous sialic acids could provide skin APCs, (whose surface sialic acids changes during differentiation and activation) a means to engage HAdVs [START_REF] Crespo | Effect of sialic acid loss on dendritic cell maturation[END_REF]. ST8 α-N-acetyl-neuraminide α-2,8sialyltransferase 4 (ST8SIA4) is highly expressed LCs, while ST3 β-galactoside α-2,3sialyltransferase 2 (ST3GAL2) is the most expressed in dermal DCs. Concomitantly, α2,8-sialylated glycoproteins are the most present in LCs, while the sialic acids in α2,3 linkage are most abundant in DCs.

HSPG (heparan sulfate proteoglycans)

Polysaccharides of the glycosaminoglycan (GAG) family are present on the surface of all cells and the extracellular matrix, have numerous roles including the recruitment of immune cells and the maturation of APCs [START_REF] Kodaira | Phenotypic and functional maturation of dendritic cells mediated by heparan sulfate[END_REF]. GAG are therefore a "natural" adjuvant [START_REF] Collins | Heparan sulfate as a regulator of inflammation and immunity[END_REF]. Consequently, HSPGs are present on LCs (19 nTPM) but expressed more weakly in dermal DCs (3 nTPM) according to single cell RNAseq on the human protein atlas database (HPA) (https://www.proteinatlas.org). HSPG-species B and C HAdV interactions are low affinity, and similar to SAs, likely influence uptake by avidity. CHO cells constitutively expressing HSPGs more efficiently take up HAdV-C2 and -C5 [START_REF] Dechecchi | Heparan sulfate glycosaminoglycans are receptors sufficient to mediate the initial binding of adenovirus types 2 and 5[END_REF] and -B3 and -B35 [START_REF] Tuve | Role of cellular heparan sulfate proteoglycans in infection of human adenovirus serotype 3 and 35[END_REF]. However, HSPG interactions were not necessary for HAdV-C5 to be taken up by hepatocytes in vivo [START_REF] Zaiss | Hepatocyte Heparan Sulfate Is Required for Adeno-Associated Virus 2 but Dispensable for Adenovirus 5 Liver Transduction In Vivo[END_REF].

Generally, HAdV -HSPG interaction are via the knob domain. However, HAdV-B35 engagement appears to be via an undetermined capsid protein. HSPGs also interact with the short fibre protein of HAdV-F40 and -F41 (their long fibre proteins interact with the CAR) [START_REF] Rajan | Heparan sulfate is a cellular receptor for enteric human adenoviruses[END_REF]. Because skin APCs contain significant levels of HSPGs, they are unlikely involved in interactions with species B, C and F HAdVs. Finally, a HSPG-binding site (KKTK) in the fibre shaft of some HAdV types may be involved in cell engagement [START_REF] Nicol | Effect of adenovirus serotype 5 fiber and penton modifications on in vivo tropism in rats[END_REF][START_REF] Smith | Adenovirus serotype 5 fiber shaft influences in vivo gene transfer in mice[END_REF].

PATTERN-RECOGNITION RECEPTORS

In the skin, conventional DCs, macrophages, and LCs, are among the first APCs impacted during vaccinations [START_REF] Banchereau | Dendritic cells and the control of immunity[END_REF]. While they possess some of the abovementioned high and low affinity HAdV receptors, they are also equipped with scavenger receptors (SRs) and C-type lectin receptors (CLRs), which are specialized in pathogen uptake. Moreover, Toll-like receptors (TLRs), the quintessential PRRs, can be involved in HAdV internalization in surprising ways.

Two HDPs (host defense proteins) are involved in APCs -HAdVs interactions (Figure 2) by binding PRR on APCs and hexon on HAdVs. HDPs are effector molecules of the innate immune system, and act via antibiotic-like properties against numerous bacteria and viruses [START_REF] Brice | Antiviral Activities of Human Host Defense Peptides[END_REF][START_REF] Jenssen | Therapeutic potential of HDPs as immunomodulatory agents[END_REF]. Epithelial cells and neutrophils are a rich source of HDPs: ~20%

of the cytoplasmic content of neutrophils can be HDPs [START_REF] Calabro | Vaccine adjuvants alum and MF59 induce rapid recruitment of neutrophils and monocytes that participate in antigen transport to draining lymph nodes[END_REF][START_REF] Moretta | Antimicrobial Peptides: A New Hope in Biomedical and Pharmaceutical Fields[END_REF].

Lactoferrin (Lf), an 80 kDa globular protein present in mucus and most body fluids, and HNP1

(human neutrophil protein 1), an α-defensin, have anti-viral activities [START_REF] Berlutti | Antiviral properties of lactoferrin--a natural immunity molecule[END_REF][START_REF] Van Der Strate | Antiviral activities of lactoferrin[END_REF]. 

TLR4

Most of us initiatially think of virus-receptors interactions as binary: a cellular protein and a capsid protein bind, then other interactions may occur to help internalize the capsid. Yet, in the case of HAdVs, soluble host proteins play important roles [START_REF] Chéneau | Lactoferrin Retargets Human Adenoviruses to TLR4 to Induce an Abortive NLRP3-Associated Pyroptotic Response in Human Phagocytes[END_REF][START_REF] Chéneau | Adenovirus-Extracellular Protein Interactions and Their Impact on Innate Immune Responses by Human Mononuclear Phagocytes[END_REF][START_REF] Eichholz | Adenovirus-α-Defensin Complexes Induce NLRP3-Associated Maturation of Human Phagocytes via Toll-Like Receptor 4 Engagement[END_REF]. Some TLRs are present on the plasma membranes of resident and circulating APCs and recognize an array of DAMPs and PAMPs [START_REF] Essakalli | Toll-like récepteurs[END_REF]. TLR4 is the most thoroughly characterized PRR, whose prototypic ligand is lipopolysaccharides from gramnegative bacteria. The initiation of the innate immune response is linked to the signaling cascade that passes through MyD88 and NFkB and leads to the production of pro-inflammatory cytokines [START_REF] Saikh | MyD88 and beyond: a perspective on MyD88-targeted therapeutic approach for modulation of host immunity[END_REF].

While a direct interaction between TLRs and HAdVs has not, to the best of our knowledge, been detected, TLR4 is involved in HAdV capsid uptake in APCs via bridges made up of HDPs (Adams et al., 2009;[START_REF] Chéneau | Lactoferrin Retargets Human Adenoviruses to TLR4 to Induce an Abortive NLRP3-Associated Pyroptotic Response in Human Phagocytes[END_REF][START_REF] Chéneau | Adenovirus-Extracellular Protein Interactions and Their Impact on Innate Immune Responses by Human Mononuclear Phagocytes[END_REF][START_REF] Eichholz | Adenovirus-α-Defensin Complexes Induce NLRP3-Associated Maturation of Human Phagocytes via Toll-Like Receptor 4 Engagement[END_REF]. Lf is capable of enhancing the uptake of viruses by initially binding to epithelial cells [START_REF] Marchetti | Inhibition of herpes simplex virus infection by lactoferrin is dependent on interference with the virus binding to glycosaminoglycans[END_REF] or directly to viruses [START_REF] Swart | Antiviral effects of milk proteins: acylation results in polyanionic compounds with potent activity against human immunodeficiency virus types 1 and 2 in vitro[END_REF]. Lf was first implicated in species C HAdV uptake by epithelial cells by Arnberg and colleagues [START_REF] Johansson | Adenoviruses use lactoferrin as a bridge for CAR-independent binding to and infection of epithelial cells[END_REF].

In epithelial cells, α-defensins impair HAdV-C5, -A12, and -B35 infection by stabilizing an intrinsically disordered region of the capsid vertex and thus prevent the disassembly of the metastable HAdV capsid [START_REF] Flatt | An intrinsically disordered region of the adenovirus capsid is implicated in neutralization by human alpha defensin 5[END_REF][START_REF] Nguyen | Direct evidence from single-cell analysis that human {alpha}-defensins block adenovirus uncoating to neutralize infection[END_REF][START_REF] Smith | Mechanism of adenovirus neutralization by Human alphadefensins[END_REF].

However, in APCs, Lf and HNP1 act as bridges between HAdV-C5, -D26, and -B35 and TLR4, and increase uptake by a hexon-based interaction [START_REF] Chéneau | Lactoferrin Retargets Human Adenoviruses to TLR4 to Induce an Abortive NLRP3-Associated Pyroptotic Response in Human Phagocytes[END_REF][START_REF] Eichholz | Adenovirus-α-Defensin Complexes Induce NLRP3-Associated Maturation of Human Phagocytes via Toll-Like Receptor 4 Engagement[END_REF].

Interestingly, in contrast to monocyte-derived DCs, human LCs from the skin, monocyte-derived LCs and dermal DCs do not (or only weakly) express TLR4 on their surface (van der [START_REF] Van Der Aar | Cutting Edge: Loss of TLR2, TLR4, and TLR5 on Langerhans Cells Abolishes Bacterial Recognition[END_REF] but Lf still appears to increase HAdV uptake.

Coagulation factor X (FX) is produced by the liver and present in blood. The ability of coagulation factors to bind HAdVs and modify their tropism in mice has been well described [START_REF] Baker | FX and host defense evasion tactics by adenovirus[END_REF]. The anchor point is the hypervariable loops on hexon, which is the most abundant protein present on the HadV capsid [START_REF] Kalyuzhniy | Adenovirus serotype 5 hexon is critical for virus infection of hepatocytes in vivo[END_REF][START_REF] Waddington | Adenovirus serotype 5 hexon mediates liver gene transfer[END_REF].

Doronin and colleagues [START_REF] Doronin | Coagulation factor X activates innate immunity to human species C adenovirus[END_REF] also showed that in mice, murine FX binds to some

HadV types and acts as a bridge to TLR4 to increase uptake. However, this mechanism could not be reproduced using human FX, HadVs and human APCs [START_REF] Eichholz | Human coagulation factor X-adenovirus type 5 complexes poorly stimulate an innate immune response in human mononuclear phagocytes[END_REF].

MARCO (macrophage receptor with collagenous structure)

MARCO, a scavenger receptor, is a membrane protein whose prototypic function is recognition of bacteria [START_REF] Elomaa | Cloning of a novel bacteria-binding receptor structurally related to scavenger receptors and expressed in a subset of macrophages[END_REF] and certain enveloped viruses [START_REF] Fierro | Scavenger Receptors in the Pathogenesis of Viral Infections[END_REF][START_REF] Macleod | Vaccinia virus binds to the scavenger receptor MARCO on the surface of keratinocytes[END_REF][START_REF] Macleod | HSV-1 exploits the innate immune scavenger receptor MARCO to enhance epithelial adsorption and infection[END_REF].

Of note, MARCO can also regulate immune responses by blocking TLR activation [START_REF] Kissick | The scavenger receptor MARCO modulates TLRinduced responses in dendritic cells[END_REF] and is involved in the detection of HadV in mice [START_REF] Maler | Key Role of the Scavenger Receptor MARCO in Mediating Adenovirus Infection and Subsequent Innate Responses of Macrophages[END_REF][START_REF] Stichling | Lung macrophage scavenger receptor SR-A6 (MARCO) is an adenovirus type-specific virus entry receptor[END_REF].

Indeed, MARCO + murine alveolar macrophages were significantly more efficient at taking up some species C HadVs than MARCO-deficient bone marrow-derived macrophages. The presumably low affinity contact between HadV and MARCO takes place via hexon [START_REF] Maler | Key Role of the Scavenger Receptor MARCO in Mediating Adenovirus Infection and Subsequent Innate Responses of Macrophages[END_REF][START_REF] Stichling | Lung macrophage scavenger receptor SR-A6 (MARCO) is an adenovirus type-specific virus entry receptor[END_REF]. While no studies seem to have been conducted in human cells or tissues, it is possible that this observation is relevant as MARCO is present on the surface of human monocyte-derived DCs [START_REF] Matsushita | Targeting MARCO can lead to enhanced dendritic cell motility and anti-melanoma activity[END_REF]. Of note, MARCO is expressed (47 nTPM) in skin LCs (https://www.proteinatlas.org).

DC SIGN (CD209)

DC SIGN, also known as CD209, is a member of the C-type Lectin Receptor (CLR) family and binds mannose groups with high affinity [START_REF] Gao | Comparative binding and uptake of liposomes decorated with mannose oligosaccharides by cells expressing the mannose receptor or DC-SIGN[END_REF][START_REF] Rahimi | C-type Lectin CD209L/L-SIGN and CD209/DC-SIGN: Cell Adhesion Molecules Turned to Pathogen Recognition Receptors[END_REF]. CLRs are involved in tumor recognition, mannose recognition and antigen presentation. DC SIGN is present on the surface of circulating and tissue-resident DCs. CLRs are also involved in viral responses as it has been described as a receptor for a variety of viruses [START_REF] Feng | DC-SIGN: binding receptor for HCV?[END_REF][START_REF] Geijtenbeek | DC-SIGN, a dendritic cell-specific HIV-1-binding protein that enhances trans-infection of T cells[END_REF][START_REF] Geijtenbeek | DC-SIGN: a novel HIV receptor on DCs that mediates HIV-1 transmission[END_REF][START_REF] Lozach | DC-SIGN as a receptor for phleboviruses[END_REF][START_REF] Simmons | DC-SIGN and DC-SIGNR bind ebola glycoproteins and enhance infection of macrophages and endothelial cells[END_REF][START_REF] Tassaneetrithep | DC-SIGN (CD209) mediates dengue virus infection of human dendritic cells[END_REF]. Some APCs use DC SIGN to take up HadV-C5 via the above-mentioned Lf bridge (Adams et al., 2009;[START_REF] Günther | CD209/DC-SIGN mediates efficient infection of monocyte-derived dendritic cells by clinical adenovirus 2C isolates in the presence of bovine lactoferrin[END_REF].

Langerin (CD207)

Similar to DC SIGN, langerin is a CLR that can be used to engage viruses [START_REF] De Witte | Langerin is a natural barrier to HIV-1 transmission by Langerhans cells[END_REF][START_REF] Ng | The C-type Lectin Langerin Functions as a Receptor for Attachment and Infectious Entry of Influenza A Virus[END_REF]. This transmembrane protein is strongly expressed in LCs and some DCs. Langerin is associated with a unique intracellular structure dubbed "Birbeck granules", which are supposedly involved in antigenic peptide priming on MHC II. Our unpublished results suggest that monocytederived LCs, which do not express CAR (unlike the skin-resident LCs), take up HadV-C5 and -D26.

However, transient expression of langerin on CHO cells did not induce a significant increase in uptake. These data do not exclude the possibility that langerin is an attachment molecule, or that it is linked to HadV internalization. Whether langerin behaves like DC SIGN and can take up HadVs via a bridging factor is unknown.

CONCLUSION AND PERSPECTIVES

Human and nonhuman AdVs are among the most widely used viral vectors, particularly in the use as vaccines. A thorough understanding of AdV uptake and induced immunity is sine qua non if we want to continue to develop AdVs as vaccines. Human and nonhuman adenoviruses interact, directly and indirectly, with a wide range of cell surface proteins (Figure 2). As with many viruses, highly conserved cellular proteins are often implicated in virus engagement. Each AdV type has its quirks, which is both intruiging and expected. Even single amino acid changes can modify the charge of a domain and induce or prevent electrostatic interactions with proteins, SAs, or HSPG.

Uptake and immunogenicity are also important when one contemplates using AdV-based vectors for long-term gene transfer. While attending a "gene therapy" conference, we will be bombarded with a refrain similar to -adenovirus vectors are highly immunogenic. The refrain has been repeated so often that too few are left standing to point out that this blanket statement is "pathologically" wrong. Yes, some AdV types induce strong immune responses -but not all and not in all tissues.

Two striking examples are HAdV-B35 and CAV-2. Finding an individual with HAdV-B35 neutralizing antibodies is exceedingly difficult compared to the likely prevalence of this HAdV type. What about CAV-2 vectors? Transgene expression of a foreign protein with ∆E1 CAV-2 vectors can last for at least 5 months in rodents, and at least 12 months when using a helper-dependent vector [START_REF] Del Rio | CAV-2 Vector Development and Gene Transfer in the Central and Peripheral Nervous Systems[END_REF][START_REF] Li | Retrograde optogenetic characterization of the pontospinal module of the locus coeruleus with a canine adenoviral vector[END_REF][START_REF] Soudais | Longterm in vivo transduction of neurons throughout the rat CNS using novel helper-dependent CAV-2 vectors[END_REF]. In this review, we give a summary of what is known about HAdV receptors on APCs, focusing on skin DCs and LCs, which are the first immune cells present at the subcutaneous injection site of Adv-based vaccines. Understanding how AdVs induce APC activation and innate immune response allows insight into why some AdV types are, and are not, immunogenic (Figure 3).

For example, in the context of vaccination or long-term gene tranfer, exploiting or evading HDP redirection of HAdVs to PRR could be of interest for the induction, or circumvention, of the innate and then adaptive immune response, and of the immune memory that follows. The use of HDPs as vaccine adjuvants remains to be investigated, and other questions need to be addressed. For example, >20 years ago the class I immunohistocompatibility complex was suggested to bind HAdV-C5 [START_REF] Hong | Adenovirus type 5 fiber knob binds to MHC class I alpha2 domain at the surface of human epithelial and B lymphoblastoid cells[END_REF]. To date, it is still unclear whether MHC-I is used to engage some HAdVs. The selective use of some MHC-I haplotypes would explain the significant variations of transduction efficacy seen in cells isolated from blood bank donors [START_REF] Eichholz | Immune-Complexed Adenovirus Induce AIM2-Mediated Pyroptosis in Human Dendritic Cells[END_REF][START_REF] Perreau | Frequency, proliferation, and activation of human memory T cells induced by a nonhuman adenovirus[END_REF][START_REF] Thu | Humoral immune response to adenovirus induce tolerogenic bystander dendritic cells that promote generation of regulatory T cells[END_REF]. One issue not addressed in this review is the ability of APCs to take up antibody-complexed HAdVs via Fcg receptors. This is particularly relevant for HAdV types with a low seroprevalence to optimize vector and vaccine efficacy [START_REF] Sprangers | Quantifying adenovirus-neutralizing antibodies by luciferase transgene detection: addressing preexisting immunity to vaccine and gene therapy vectors[END_REF][START_REF] Weaver | Low seroprevalent species D adenovirus vectors as influenza vaccines[END_REF][START_REF] Zhu | Immunogenicity and safety of a recombinant adenovirus type-5vectored COVID-19 vaccine in healthy adults aged 18 years or older: a randomised, doubleblind, placebo-controlled, phase 2 trial[END_REF].

FIGURE 1 .

 1 FIGURE 1. Schematic representation of the potential role of skin-resident DCs and LCs in enhancing innate immunity and initiating adaptive immunity during intradermal injection of adenovirus vectors. DC, dendritic cell; LC, Langerhans cell

  of differentiation; HAdV, human adenovirus.

FIGURE 2 .

 2 FIGURE 2. Global APCs receptors and coreceptors -HAdVs capsid proteins interactions. Lf, HNP1 and FX are extracellular factors which can mediate certain APCs-HAdVs interactions. HAdV, human adenovirus; APC, antigen-presenting cell; CAR, coxsackievirus and adenovirus receptor; CD46, Cluster of differentiation 46; SAs, sialic acids; HSPG, heparin sulfate proteoglycans; DSG2, desmoglein2; CD80/86, cluster of differentiation 80 and 86; TLR4, toll-like receptor 4; MARCO, Macrophage Receptor with Collagenous Structure; DC SIGN, cluster of differentiation 209; Langerin, cluster of differentiation 207.

FIGURE 3 .

 3 FIGURE 3. Cellular proteins used by APCs for direct or indirect binding to HAdVs. Lf, HNP1 and FX are extracellular factors that can bridge HAdVs and cell surface proteins. The orientation of the virus particles indicates if fibre or hexon capsid protein is used in the interaction. The low affinity of HAdVs for the sialic acids and heparan sulfates that adorn the proteins suggests an interaction with several at the same time to increase the stability of the interaction. DC SIGN, cluster of differentiation 209; Langerin, cluster of differentiation 207; APC, antigen-presenting cell; CAR, coxsackievirus and adenovirus receptor; CD46, cluster of differentiation 46; CD80/86, cluster of differentiation 80 and 86; DC, dendritic cell; DSG2, desmoglein 2; FX, factor X; HAdV, human adenovirus; HNP1, human neutrophil protein 1; HSPG, heparin sulfate proteoglycans; Lf, lactoferrin; MARCO, macrophage receptor with collagenous structure; SA, sialic acid; TLR4, toll-like receptor 4
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 1 Classification of some species B HAdVs according to their receptor engagement
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