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CHAPTER 1. HUMAN PAPILLOMAVIRUS

The Papillomaviridae family comprises small non-enveloped DNA viruses that have a tropism for epithelial cells and have co-evolved for over millions of years with their different animal host species [START_REF] Willemsen | Origin and evolution of papillomavirus (onco)genes and genomes[END_REF]. More than 200 Human Papillomavirus (HPV) types have been identified so far, which are divided in 5 genera (Alpha, Beta, Gamma, Delta, Mu and Nu) according to their nucleotide sequence of L1 gene (de Villiers, 2013; [START_REF] Mühr | Towards quality and order in human papillomavirus research[END_REF] (Figure 1)

and are further classified into mucosal or cutaneous depending on their replication site. They are also subdivided between low and high-risk viruses, based on their oncogenic potential, particularly for the Alpha HPV [START_REF] Bzhalava | International standardization and classification of human papillomavirus types[END_REF][START_REF] Egawa | The low-risk papillomaviruses[END_REF][START_REF] Mcbride | Oncogenic human papillomaviruses[END_REF].

Figure 1. HPV phylogenetic tree based on L1 sequence alignment

Alpha HPV are divided in cutaneous (pink) and mucosal (light blue) low-risk, and mucosal high-risk (group 1 written in red, and group 2, in orange). This group division corresponds to the HPV classification by the International Agency for Research on Cancer (IARC) as carcinogenic to humans (Group 1) and probably carcinogenic (Group 2). Beta, Gamma, Nu and Mu target cutaneous epithelial sites. Adapted from [START_REF] Mcbride | Oncogenic human papillomaviruses[END_REF][START_REF] Doorbar | Host control of human papillomavirus infection and disease[END_REF].

As for many other viruses that have co-evolved with their hosts, most HPV infections are asymptomatic. Indeed, many HPV types are detected in healthy individuals and are associated with non-apparent infections or manifest as benign lesions [START_REF] Alizon | Why human papillomavirus acute infections matter[END_REF]. Thus, HPV are part of the skin and mucosal virome and I will discuss the non-pathogenic aspect of HPV in the last section of this chapter. Their life cycle is non-lytic as viral particles are released to the outside with the naturally-occurring shedding of the terminally differentiated cells of the epithelial upper layer [START_REF] Doorbar | Host control of human papillomavirus infection and disease[END_REF]. As a consequence, HPV infections are poorly immunogenic (e.g. absence of inflammation and restricted access to viral antigens) leading to the survival of the infected cell and subsequent genome persistence. This might contribute to the development of pre-malignant lesions and for a small proportion of those, progression to cancer.

GENOME ORGANIZATION AND VIRAL PROTEINS

HPV particles display a non-enveloped icosahedral structure that contains a double-stranded (ds) circular DNA genome. Genome organization among HPV types is very similar, with few exceptions that I will detail below. Of note, for the in vitro studies performed during this thesis, I used HPV18 as a model of mucosal high-risk HPV and as such, Figure 2 depicts HPV18 genome organization as an example. HPV genome is organized in one regulatory region named upstream regulatory region (URR) or long control region (LCR) and several ORFs (between 6-8, their number depending on the HPV type) divided in early (E) and late (L) ORFs, according to the use of different transcription start sites (Figure 2). The regulatory region contains the replication origin and several transcription factorbinding sites, which allow viral transcription to be regulated by cellular and viral factors. Most HPV proteins arise from alternative splicing events to overcome the small viral genome size, which ranges between 6800 and 8400 bp. [START_REF] Chakravorty | Long-distance communication: Looping of human papillomavirus genomes regulates expression of viral oncogenes[END_REF].

There are some well-conserved ORFs, also known as core ORFs, whose sequences are used to build phylogenetic trees (Figure 1). Other ORFs display a higher level of diversity between HPV types. Among the core ORFs, E1 is a viral DNA helicase involved in replication and genome amplification [START_REF] Bergvall | The E1 proteins[END_REF] while E2, a viral transcriptional regulator, also plays an important role in episomal segregation [START_REF] Mcbride | The Papillomavirus E2 proteins[END_REF]. The two other core genes, L1 and L2, constitute the viral capsid with the L1 protein being organized in pentamers while L2, the minor capsid protein, localizes underneath the pentamers. L2 is also important for virus entry and transport to the nucleus as well as for viral genome encapsidation [START_REF] Buck | The papillomavirus major capsid protein L1[END_REF][START_REF] Wang | L2, the minor capsid protein of papillomavirus[END_REF]. E4, which is expressed during the late phases of the life cycle usually as an E1^E4 fusion protein, controls viral particle release from the upper cornified layer of epithelium [START_REF] Doorbar | The E4 protein; structure, function and patterns of expression[END_REF] and is considered as a marker of viral production together with the capsid proteins (L1 and L2) (see also Figure 4). The remaining HPV genes are known as accessory ORFs and their sequences are more divergent between HPV types. For example, E5 ORF is absent in the Beta genus and because of sequence differences, E6 and E7 proteins from low and high-risk HPV do not display the same interactions with cellular proteins [START_REF] Egawa | The low-risk papillomaviruses[END_REF]. The replication of HPV genome occurs in cells that have exited the cell cycle and are committed to differentiation. The activity of the E5, E6 and E7 proteins is thus necessary for the completion of the productive life cycle as they are able to drive cell cycle re-entry. Briefly, E7 inactivates proteins from the Retinoblastoma (Rb) family and E6 mediates p53 degradation, bypassing cell cycle checkpoints. In addition, E5 drives proliferation in absence of growth factors [START_REF] Dimaio | The E5 proteins[END_REF][START_REF] Mittal | Molecular mechanisms underlying human papillomavirus E6 and E7 oncoprotein-induced cell transformation[END_REF]. I will describe these strategies in regard to their contribution to the oncogenic process in more detail in section 1.4.1.

HPV INFECTION AND LIFE CYCLE

The timely-regulated expression of the viral proteins is linked to the differentiation status of the infected cell. In the following section, I will describe the HPV life cycle in the context of epithelial differentiation.

EPITHELIAL TROPISM

HPV displays a strict tropism for keratinocytes (KC), either at keratinized places as the skin or non-keratinized ones like the mucosal epithelium found in cavities, for instance the cervix, the anal canal or the oral mucosa. The cellular and molecular mechanisms responsible for these differences in tropism are not well understood, and it is particularly puzzling for Alpha HPV, which despite similar genomic sequence, can be found either in cutaneous or mucosal sites [START_REF] Egawa | Human papillomaviruses; Epithelial tropisms, and the development of neoplasia[END_REF][START_REF] Egawa | The low-risk papillomaviruses[END_REF]. HPV life cycle is tightly linked to the differentiation program of pluristratified squamous epithelium, a tissue with several cell layers. The stratification process naturally occurs to renew the epithelial cell layers, which are constantly exposed to environmental insults. The best example is found in the skin epidermis, which is organized in the following layers, from bottom to top (Figure 3):

• Stratum basale. Cells from the basal layer are attached to the lamina basal and have a high proliferative capacity, thus providing with new cells via asymmetric mitosis.

• Stratum spinosum. Cells that commit to differentiation enter the spinous layer where they lose their proliferation capacity. Numerous cell junctions maintain cell-cell contacts (e.g. desmosomes and gap junctions). In this layer, Langerhans cells (LC) can be found extending their dendrites to interact with KC. The immune component of the skin will be further developed in another chapter (see Chapter 2, Figure 14).

• Stratum granulosum. This layer is characterized by the presence of keratohyalin granules, composed of pro-filaggrin, and keratin filaments that cause a flat cell shape. Involucrin is also expressed in the granular layer.

• Stratum corneum. The cornified layer consists of terminally differentiated dead cells, known as corneocytes. They are made of cross-linked proteins and lipids that help create an impermeable and flexible barrier.

Figure 3. Schematic representation of the skin

The different cell layers are indicated on the left and the main structural proteins (K, keratin; FLG, filaggrin; IVL, involucrin) on the right. LC and dermal dendritic cells (DC) are shown, among many other immune cell types present in the skin, due to their relevance in my PhD. Other immune cell populations are described in Chapter 2. The dermis also presents abundant fibroblasts. KC are interconnected through desmosomes and gap junctions among several types of cell junctions. Adapted from [START_REF] Nestle | Skin immune sentinels in health and disease[END_REF].

The renewal of the full-thickness epithelium depends on the proliferation rate of the basal layer and the desquamation rate and this cycle is usually completed in 28 days in normal skin. In the ectocervix, the pluristratified epithelium is divided in basal and suprabasal layer, and the cornified layer is absent, being replaced with a superficial layer of terminally differentiated living KC (see Figure 9).

HPV takes advantage of the stratification process and the specificity of each cell layer in terms of transcriptional profile and differentiation status. It has developed strategies to modify the cellular microenvironment and the differentiation program for its benefit, that is, maintenance of the viral genome in the host cells and completion of its life cycle. These strategies include the cell cycle re-entry in otherwise non-proliferative cells of the spinous layer to allow for viral genome replication using the cellular machinery and the disruption of the keratin network to allow the release of viral particles with the natural desquamation.

HPV LIFE CYCLE: PRODUCTIVE INFECTION

In the classical view of HPV infection, virions are proposed to access to the basal cell layer of pluristratified epithelium, such as ectocervix, through microwounds (Figure 4). However, this view can be challenged by the fact that HPV can also infect other epithelial cells and anatomical places than the ectocervix (see section 1.4.1) and by findings supporting the concept of HPV virome, which is acquired early in life (see section 1.6).

Although the cellular receptor for HPV is still unknown, some molecular mechanisms accounting for HPV entry have been identified. HPV interacts with the extracellular matrix, in particular with heparan sulphate proteoglycans, via L1 capsid protein [START_REF] Day | Concepts of papillomavirus entry into host cells[END_REF]. This results in a conformational change that exposes L2, allowing its cleavage by furin proteases and the uptake of the virus upon a macropinocytic process that is clathrin and caveolin independent [START_REF] Schelhaas | Entry of human papillomavirus type 16 by actindependent, clathrin-and lipid raft-independent endocytosis[END_REF]. Viral uncoating occurs along the endosomal pathway and L2 plays a role in capsid trafficking, delivery to the nucleus and viral DNA tethering to cellular chromosomes [START_REF] Day | Concepts of papillomavirus entry into host cells[END_REF]. After entry into the cell, initial genome amplification takes place in the basal epithelial cell to maintain the viral genome as an episome in low copy numbers. HPV genome replicates during cell division and E2 allows for correct episome segregation between the daughter cells, ensuring that HPV genome is maintained in the basal cells. As mentioned above, cells in the differentiating epithelial layers have exited the cell cycle and HPV must reactivate the cellular machinery to further replicate its genome. E6 and E7 drive cell cycle re-entry by E7-mediated pRb inactivation and E6-mediated p53 degradation, among several strategies as described later (see section 1.4.1).

Consequently, amplification of HPV genome in the differentiating layers to reach high copy numbers is ensured. The last phase of HPV life cycle occurs in the upper layers of the epithelium, where L1 and L2 are expressed to generate viral capsids encapsidating viral genome. E4 plays an important role in this last phase by destabilizing the cytoskeleton in the granular and cornified layers (in the skin) to favour HPV virion release, which will take place during the natural desquamation of the epithelium. Adapted from [START_REF] Egawa | Human papillomaviruses; Epithelial tropisms, and the development of neoplasia[END_REF][START_REF] Doorbar | Host control of human papillomavirus infection and disease[END_REF].

IN VITRO MODELS TO STUDY HPV LIFE CYCLE: 3D ORGANOTYPIC CELL

CULTURES

The strict tropism of HPV for human KC and its dependence upon the epithelium stratification to complete a productive life cycle put in evidence the need of a complex model to study HPV. Using a collagen-based dermal equivalent and human KC, 3D organotypic cell cultures (3D-epithelial cell cultures, 3D-EpC) have been developed to mimic the stratification process that occurs in the epithelium (Lambert et al., 2005) (Figure 5). They have been modified or customized to address the different phases of the HPV life cycle and the interplay with host cellular factors. 3D-EpC, commonly called rafts, support the propagation of viral particles but they are still limited to the study of mucosal high-risk HPV. At this moment, no robust model for Beta cutaneous or Alpha low-risk HPV types is available. Furthermore, the possibility to integrate LC-like cells in full-thickness skin equivalents opens up the possibility to characterize the interplay between KC and the immune system in the context of HPV infection [START_REF] Kosten | MUTZ-3 langerhans cell maturation and CXCL12 independent migration in reconstructed human gingiva[END_REF][START_REF] Jackson | An epithelial organoid model with Langerhans cells for assessing virus-host interactions[END_REF]. More details regarding the specific methodology used during my PhD are provided in the Results section. 

HPV-INDUCED PATHOGENESIS

Most HPV cause asymptomatic infections and only a small percentage of those infections will progress to pre-cancerous lesions and eventually cancer as exemplified in Figure 6 for cervical cancer. The multistep cancerous process, which can take decades between the initial infection and the first symptoms, can be influenced by several factors: i) the HPV type, ii) the site of infection, iii) environmental cofactors such as smoking, hormone levels or UV, iv) the immune status of the individual and v) host susceptibility factors (see Chapter 4).

Depending on the HPV type(s), the outcome of the eventual clinical manifestations is different. Beta and Gamma HPV are associated with benign cutaneous lesions as well as the few HPV from Mu and Nu genera (Figure 1). Of note, some Beta HPV infections are associated with cancer in immunocompromised individuals (for more details, see Chapter 4). Alpha types are found in both cutaneous and mucosal areas (Figure 1). Cutaneous types are associated with warts at hands and feet whereas infection with mucosal low-risk Alpha HPV can manifest as genital warts [START_REF] Doorbar | The Biology and Life-Cycle of Human Papillomaviruses[END_REF]. Mucosal high-risk Alpha types are also associated with lesions in the anogenital area but there is a strong association with pre-cancerous lesions that eventually may develop in cancer (Figure 6).

Normally, around 90% of HPV infections become undetectable within two years. Even if HPV infection progresses to pre-cancerous lesions, in most cases, a cell-mediated immune response causes the clinical regression of such lesions.

Although very rare, HPV transcripts can still be detected in some areas [START_REF] Hammer | Whole tissue cervical mapping of HPV infection: Molecular evidence for focal latent HPV infection in humans[END_REF]. However, if the host is not able to control the infection that then becomes persistent, together with the deregulation of viral gene expression, there is a higher risk for neoplasia. Indeed, HPV is the cause of 5% of all cancers worldwide. High-risk HPV16 and HPV18 are responsible together for almost 70% of cervical cancers, a subset of other anogenital cancers and an increasing proportion of oropharyngeal cancers [START_REF] Roberts | Modelling human papillomavirus biology in oropharyngeal keratinocytes[END_REF]. There are more than 500,000 new cases of cervical cancer per year and it the third most frequent cancer among women worldwide [START_REF] Bruni | Human Papillomavirus and Related Diseases Report[END_REF], being a substantial disease burden [START_REF] Alizon | Towards a multi-level and a multi-disciplinary approach to DNA oncovirus virulence[END_REF]. Cervical intraepithelial neoplasias (CIN) are pre-cancerous lesions graded from CIN1 to CIN3 according to the level of dysplastic epithelium (Figure 6, bottom panel). Other grading systems following different classification criteria (e.g. cytology versus histology) might identify cervical lesions with a different nomenclature (LSIL or HSIL, low and high-grade squamous intraepithelial lesions, respectively) (Figure 6) (Schiffman et al., 2016).

Figure 6. Multistep progression to cervical cancer Development of cervical cancer is a multistep process: infection with oncogenic HPV types, persistence and deregulation of oncoprotein expression can lead to the appearance of pre-cancerous lesions. HPV infection (green line) prevalence peaks around sexual activity onset. The first lesions (blue line) can take years to appear

and there is a small prevalence of cervical cancer (orange line), that is, only a small percentage of infections progress to invasive cancer. However, the low infection virulence at the individual level becomes a burden at the population scale considering the high infection prevalence. Adapted from (Schiffman et al., 2016). Bottom panel shows schematic representation of pluristratified cervical epithelium along the multistep carcinogenic process. Histological images are from National Cancer Institute (NCI).

The potential mechanisms underlying why highly prevalent infections are asymptomatic are still largely unknown and it could be linked to the role of HPV as part of our virome (section 1.6). It might involve a crosstalk between the infected KC and both the innate and adaptive immune responses. Furthermore, it highlights the apparent paradox between this very low percentage of infections that progress to cancer and the massive disease burden at the population level [START_REF] Alizon | Towards a multi-level and a multi-disciplinary approach to DNA oncovirus virulence[END_REF].

HPV-INDUCED CARCINOGENESIS

In the following section, I will discuss the recent views regarding the underlying mechanisms for HPV-induced carcinogenic process. Currently, there is no model able to faithfully reproduce the shift between a productive infection and carcinogenesis, as this process takes decades in the natural host, humans. It is important to underscore that information about this process is based on transformed or immortalised cells, overexpressing systems or mouse models mimicking HPV-induced dysplasia. I will further discuss the latter in section 1.5.

Furthermore, most research on HPV has been primarily driven by, and focused in, the study of mucosal high-risk HPV and therefore, we have a better understanding of the underlying molecular mechanisms for those HPV types. Research on cutaneous HPV is more limited due to the lack of proper models to study both the life cycle and the host-virus interactions together with their potential transformation capacity.

Viral oncoproteins

The three accessory proteins (E5, E6 and E7) from mucosal high-risk HPV are considered as viral oncoproteins because they contribute to the oncogenic potential of HPV by modifying the cellular environment. E5 is a transmembrane protein that can interact with epidermal growth factor receptor (EGFR) and by doing so, E5 stimulates cell proliferation in absence of mitogen signals [START_REF] Wasson | Human papillomavirus type 18 E5 oncogene supports cell cycle progression and impairs epithelial differentiation by modulating growth factor receptor signalling during the virus life cycle[END_REF]. E5 favours immune evasion by inhibiting major histocompatibility complex (MHC) class I and MHC class II exposure at cell surface and thus, viral peptide presentation by KC (DiMaio et al., 2013;[START_REF] Müller | Human papillomavirus E5 oncoprotein: function and potential target for antiviral therapeutics[END_REF]. It can also interfere with apoptosis pathways as it downregulates cell surface Fas receptors [START_REF] Kabsch | The Human Papillomavirus Type 16 E5 Protein Impairs TRAIL-and FasL-Mediated Apoptosis in HaCaT Cells by Different Mechanisms[END_REF][START_REF] Kabsch | The HPV-16 E5 protein inhibits TRAIL-and FasLmediated apoptosis in human keratinocyte raft cultures[END_REF]. Both E6 and E7 oncogenic activities deregulate the tight control of cell proliferation. These oncoproteins are able to interact with a wide array of cellular proteins through particular binding motifs in their amino acid (aa) sequence [START_REF] Suarez | Structural insights in multifunctional papillomavirus oncoproteins[END_REF]. These proteins are involved in processes such as cell cycle and apoptosis, cell adhesion, cell polarity and cell differentiation (Figure 7 and Figure 8). The outcome of these interactions can be protein sequestering or protein degradation.

On one hand, E6 recruits ubiquitin ligase E6-associated protein (E6AP) (Figure 7) through a domain that recognizes LxxLL peptides. High-risk HPV can also bind to p53 and this complex favours the ubiquitination of p53 by E6AP, targeting it to proteasome-mediated degradation [START_REF] Vande Pol | Papillomavirus E6 oncoproteins[END_REF][START_REF] Martinez-Zapien | Structure of the E6/E6AP/p53 complex required for HPV-mediated degradation of p53[END_REF]. This is one of the most well-studied functions of E6. Usually, p53 is activated in response to stress signals to ensure cell cycle arrest and apoptosis, which is hampered with E6-mediated p53 loss. High-risk HPV E6 also contains a PDZ (PSD95, Dlg1, ZO-1)-binding motif and therefore, can bind to PDZ domain-containing proteins and sometimes promote their degradation, as well as their partners. Such cellular targets, for example hDlg, Scribble or MAGI-1, are involved in cell adhesion, apoptosis, mitotic stability and cell polarity, among several processes (James et al., 2016;[START_REF] Marsh | Mitotic control of human papillomavirus genome-containing cells is regulated by the function of the PDZ-binding motif of the E6 oncoprotein[END_REF][START_REF] Suarez | Structural insights in multifunctional papillomavirus oncoproteins[END_REF] (Figure 7). Lastly, E6 can also inhibit cell apoptosis by degrading pro-apoptotic Bcl2 family members, such as BAK (Figure 7), and inactivate the caspase cascade [START_REF] Vande Pol | Papillomavirus E6 oncoproteins[END_REF][START_REF] Mittal | Molecular mechanisms underlying human papillomavirus E6 and E7 oncoprotein-induced cell transformation[END_REF].

On the other hand, E7 interacts with cell cycle regulators of the retinoblastoma (Rb) protein family (pRb, p107 and p130) (Figure 8) [START_REF] Roman | The papillomavirus E7 proteins[END_REF]. E7 contains a conserved LxCxE motif, which specifically recognizes a domain in the Rb proteins. It targets them for proteasomal degradation and consequently, E2F transcription factors are released, activating cell cycle re-entry genes. This could in turn activate p53 pathway, so the concerted activities of both E6 and E7 contribute to cell survival and proliferation [START_REF] Mittal | Molecular mechanisms underlying human papillomavirus E6 and E7 oncoprotein-induced cell transformation[END_REF]. E7 can also bind to p21 and p27 cell cycle inhibitors (cyclin-dependent kinase (CDK) inhibitors) abrogating their inhibitory activities on CDK2 (Figure 8). This contributes to the further deregulation of the cell cycle.

Figure 7. E6 interactome

Schematic representation of the interacting partners of high-risk HPV E6 and the cellular functions that they regulate. Some targets of interest are highlighted in a bigger font size. For example, E6 induces hTERT transcription contributing to cell immortalization. E6 binds to interferon regulatory factor 3 (IRF3) inhibiting antiviral functions (see more details in Chapter 2). Furthermore, E6 interacts with E6AP to induce p53 ubiquitination and subsequent degradation. Adapted from [START_REF] Mittal | Molecular mechanisms underlying human papillomavirus E6 and E7 oncoprotein-induced cell transformation[END_REF]. NFX1,Nuclear Transcription Factor,hTERT,human Altogether, these viral oncoproteins modify a broad range of cellular signalling pathways that are believed to contribute to cell transformation and carcinogenesis [START_REF] Mittal | Molecular mechanisms underlying human papillomavirus E6 and E7 oncoprotein-induced cell transformation[END_REF], which will be further discussed below.

Figure 8. E7 interactome

Schematic representation of the interacting partners of high-risk HPV E7 and the cellular functions they regulate. Some targets of interest are highlighted in a bigger font size. For example, E7 interacts and degrades pRb family members (p107 and p130), thereby releasing transcription factors (E2F family) that promote cell cycle reentry. This is supported by the blockade of CDK2 inhibitors (p21, p27). E7 also targets the NF-κB and interferon pathway (see also Chapter 2). E7 also targets the epigenetic program through DNMT1, a DNA methyltransferase and p300, a transcriptional co-activator. From [START_REF] Mittal | Molecular mechanisms underlying human papillomavirus E6 and E7 oncoprotein-induced cell transformation[END_REF]. p600, a E3 ubiquitin-protein ligase; TGF-β, transforming growth factor beta; IGF, insulin-like growth factor; PcG, polycomb group; interferon alpha;p48,IRF9. Mucosal low-risk HPV infections, such as HPV6 and HPV11 (Figure 1), can manifest as recalcitrant genital warts which rarely progress to cancer [START_REF] Egawa | The low-risk papillomaviruses[END_REF]. They ensure their life cycle and propagation in the epithelium through strategies distinct from those described for HPV16 and 18. E6 and E7 oncoproteins from low-risk HPV show key differences from those of high-risk. E6 weakly binds to p53 and is unable to degrade it nor can it bind to PDZ-domain proteins. However, it is still able to inhibit p53 transcriptional activity, therefore blocking the transcription of pro-apoptotic genes. Similarly, E7 can only weakly bind to pRb family proteins without triggering any degradation. It does induce cell cycle re-entry in the upper epithelial layers ensuring the amplification of the viral genome [START_REF] Egawa | The low-risk papillomaviruses[END_REF]. Last but not least, given the biological activities of E6 and E7 from low-risk HPV, they are not able to immortalize KC as well as high-risk oncoproteins, therefore limiting the availability of research models and knowledge of their life cycle.

Molecular mechanisms: deregulation of E6/E7 expression of mucosal highrisk HPV and cellular consequences

HPV-induced carcinogenesis by mucosal high-risk HPV results as a consequence of a shift in the viral life cycle from a productive infection, featuring a controlled viral gene expression, towards a deregulation of E6 and E7 expression that promotes cell transformation. Continuous and deregulated E6 and E7 oncoprotein expression is indeed essential for initiation and maintenance of transformation, their expression being upregulated with cancer progression. E6/E7 overexpression sometimes results from HPV genome integration into the cellular genome [START_REF] Harden | Human papillomavirus molecular biology[END_REF], as integration events usually disrupt E2 expression, which is the repressor of E6/E7 expression. Integration can also be associated with amplification of E6/E7 sequences. In addition, integration of HPV genome can also contribute to malignant progression by disrupting the expression of cellular genes, for example, the MYC gene locus. There is not a clear signature for HPV integration sites, but integration usually occurs at fragile sites, with inherent genomic instability and susceptible to replication stress as well as transcriptionally active sites [START_REF] Mcbride | Oncogenic human papillomaviruses[END_REF].

Regulation of E6/E7 expression also depends on the nature of the infected cell since some epithelial sites allow for a controlled expression while others favour deregulation. For example, infections at the ectocervical pluristratified epithelium usually results in productive infections with ordered viral gene expression and are ranked as CIN1. However, other vulnerable places such as the squamouscolumnar junction (SCJ) (see section 1.4.1), with a distinct transcriptional profile, might provide a cellular environment that inhibits HPV productive life cycle. Therefore, CIN2 or CIN3 dysplastic lesions can be observed at these places.

The consequences of uncontrolled E6 and E7 expression are deregulation of cell cycle and apoptosis pathways. E7 has been proposed as the initiating oncogenic hit in HPV-induced carcinogenesis [START_REF] Munger | Human Papillomavirus Carcinogenesis: an Identity Crisis in the Retinoblastoma Tumor Suppressor Pathway[END_REF]. E7 overexpression triggers an oncogenic cellular stress that leads to p16 INK4a (p16) expression [START_REF] Von Knebel Doeberitz | Biomarkers for cervical cancer screening: the role of p16 INK4a to highlight transforming HPV infections[END_REF]. p16 overexpression has been observed in high-grade neoplasias [START_REF] Kalof | p16INK4a immunoexpression: surrogate marker of high-risk HPV and high-grade cervical intraepithelial neoplasia[END_REF] and it normally would drive cell cycle arrest via pRb activation. However, E7 targets pRb for degradation and ensures cell cycle re-entry thanks to the transcription of E2F targets. This would activate p53 pathway to promote cell apoptosis and E6 has evolved to overcome that by degrading p53. E6 also induces telomerase (hTERT) activity to prevent telomere erosion during repeated cell divisions (see Figure 7). Thus, E6 and E7 favour uncontrolled cell proliferation, which can induce DNA breaks and replicative stress. To bypass that, HPV oncoproteins also hijack DNA damage repair pathways, which leads to the accumulation of chromosomal abnormalities, genomic instability and eventually the apparition of somatic mutations that contribute to the carcinogenesis process. Lastly, HPV can also target chromatin modifiers (methylation and acetylation), thereby modifying the epigenetic program of the infected epithelial cell [START_REF] Mittal | Molecular mechanisms underlying human papillomavirus E6 and E7 oncoprotein-induced cell transformation[END_REF]. In conclusion, mucosal high-risk HPV E6 and E7 oncoproteins are essential in driving HPV-induced cellular immortalization, transformation and carcinogenesis, as demonstrated by mouse model in which the expression of only E7 can lead to epithelial dysplasia [START_REF] Choyce | Expression of a Single, Viral Oncoprotein in Skin Epithelium Is Sufficient to Recruit Lymphocytes[END_REF].

Cutaneous HPV: hit-and-run mechanism

Beta HPV are usually associated with asymptomatic infections and can manifest as benign cutaneous lesions in the general population. There is growing evidence of Beta HPV having a role in non-melanoma skin cancer in sun-exposed body areas. Beta HPV genome can be detected in skin of healthy individuals, even early in life (de [START_REF] De Koning | Betapapillomaviruses frequently persist in the skin of healthy individuals[END_REF]. It is therefore part of the skin virome and I will come back to this topic in section 1.6. Beta HPV is barely detected in squamous cell carcinoma (SCC) cells, but it is present in pre-malignant lesions like actinic keratosis. This suggests a role of Beta HPV in the early stages of carcinogenesis.

There is limited information on the expression of viral genes in these lesions, but once KC are transformed, Beta HPV may no longer be required for maintenance and progression of the malignant phenotype.

Accordingly, it has been proposed that Beta HPV promote carcinogenesis through a hit-and-run mechanism, which is illustrated using HPV38 transgenic mouse model expressing E6 and E7 under the K14 promoter [START_REF] Viarisio | Beta HPV38 oncoproteins act with a hit-and-run mechanism in ultraviolet radiation-induced skin carcinogenesis in mice[END_REF].

Beta HPV, through different strategies described just below, may favour accumulation of DNA damage mediated by ultraviolet (UV) radiation exposure.

Beta HPV achieve this because their E6 and E7 oncoproteins inhibit pro-apoptotic and DNA damage repair pathways. Similar to low-risk HPV, E6 does not degrade p53, but it binds to p53 co-transcriptional activator p300 inhibiting pro-apoptotic functions of p53. E7 from Beta HPV38 promotes hyperphosphorylation of pRb, which then loses its affinity for E2F transcription factors, driving cell cycle re-entry.

In addition, it promotes the transcription of a p53 inhibitor, ΔNp73 [START_REF] Accardi | Skin human papillomavirus type 38 alters p53 functions by accumulation of ΔNp73[END_REF] resulting in p53 function alterations. Furthermore, in vitro studies have established the immortalizing capacity of E6 and E7 oncoproteins from several Beta HPV (e.g. HPV38 and HPV49) [START_REF] Caldeira | The E6 and E7 Proteins of the Cutaneous Human Papillomavirus Type 38 Display Transforming Properties[END_REF][START_REF] Westphal | Cutaneous human papillomavirus E7 type-specific effects on differentiation and proliferation of organotypic skin cultures[END_REF] in KC and their transforming potential in transgenic mouse models [START_REF] Viarisio | Beta HPV38 oncoproteins act with a hit-and-run mechanism in ultraviolet radiation-induced skin carcinogenesis in mice[END_REF]. However, a replication system for Beta HPV is still missing. 3D-EpC have only been used to study their oncoproteins rather than the full genome expression.

Cellular factors in cervical cancer development

Cervical cancer encompasses a heterogeneous group of malignancies caused by HPV. As previously mentioned, the outcome of HPV infection in the cervix depends on the HPV type(s) but also the anatomical site including the epithelial cell type that is infected. For example, HPV-associated cancers arise more frequently at vulnerable epithelial sites such as the transformation zone (as described just below), where cells are more easily accessible and more prone to allow viral gene deregulation. Another example is the infection of reserve stem-like cell, which hinders HPV elimination. The cervix is divided in ectocervix, a squamous pluristratified epithelium, and the endocervix, a single-cell layer of mucin-secreting columnar epithelium. Between them, we find the SCJ, the place where stratified epithelium becomes columnar, within the transformation zone, an area that undergoes metaplasia during puberty.

Figure 9. Vulnerable epithelial sites for HPV infection in the cervix

Schematic representation of the anatomy of cervix. Ectocervix epithelial layers are indicated on left. Here, HPV infections usually lead to a productive life cycle. Most cervical cancers arise from the transformation zone and the adjacent SCJ, presumably due to the susceptibility of the cell in these areas (reserve or cuboidal) to HPV infection and -induced carcinogenesis. Adapted from (Schiffman et al., 2016;[START_REF] Herfs | Deciphering the Multifactorial Susceptibility of Mucosal Junction Cells to HPV Infection and Related Carcinogenesis[END_REF].

Most cervical cancers arise in the transformation zone, more specially from a subpopulation of cuboidal cells in the SCJ as discovered by Herfs and colleagues [START_REF] Herfs | A discrete population of squamocolumnar junction cells implicated in the pathogenesis of cervical cancer[END_REF]. These cells have an immature columnar phenotype and could give rise to reserve-like cells [START_REF] Herfs | A discrete population of squamocolumnar junction cells implicated in the pathogenesis of cervical cancer[END_REF] (Figure 9), representing a vulnerable site for HPV infection [START_REF] Herfs | Deciphering the Multifactorial Susceptibility of Mucosal Junction Cells to HPV Infection and Related Carcinogenesis[END_REF][START_REF] Doorbar | Refining our understanding of cervical neoplasia and its cellular origins[END_REF]. In addition, if they become infected, it could create a reservoir for HPV. Their vulnerability can also be due to host susceptibility factors, the lack of expression of innate molecules that could block the intracellular steps after HPV entry or the high expression of proteins involved in endosomal trafficking, which would result in efficient transport of HPV capsid and rapid delivery to the nucleus [START_REF] Herfs | Deciphering the Multifactorial Susceptibility of Mucosal Junction Cells to HPV Infection and Related Carcinogenesis[END_REF]. Altogether, the susceptibility and vulnerability of SCJ cells is translated into abortive infections, as compared to the productive infections occurring in the ectocervix, and higher grade neoplasias [START_REF] Doorbar | Refining our understanding of cervical neoplasia and its cellular origins[END_REF].

In conclusion, in cervical carcinogenesis, persistent HPV infection, most probably supported by reserve cells, and deregulation of oncoproteins expression are key processes for cancer development and progression. The vulnerability issues observed in the cervix mucosa can be applied to other epithelial sites and could in turn account for the HPV-associated cancers of the anal and oropharyngeal areas [START_REF] Roberts | Modelling human papillomavirus biology in oropharyngeal keratinocytes[END_REF].

MODELS OF HPV-INDUCED CARCINOGENESIS

There are several model systems currently available to investigate HPVinduced carcinogenesis, the evolution of pre-cancerous lesions and the role of the immune system (Arbeit et al., 1994;Coussens et al., 1996;[START_REF] Doorbar | Model systems of human papillomavirus-associated disease[END_REF]. These include HPV transgenic mice, animal papillomavirus models in their natural host, pseudovirus (PsV) infection models to investigate the early steps of virus entry and establish proof-of-concept studies of vaccination as well as 3D-EpC [START_REF] Pastrana | Crossneutralization of cutaneous and mucosal Papillomavirus types with anti-sera to the amino terminus of L2[END_REF][START_REF] Roberts | Genital transmission of HPV in a mouse model is potentiated by nonoxynol-9 and inhibited by carrageenan[END_REF][START_REF] Çuburu | Intravaginal immunization with HPV vectors induces tissue-resident CD8+ T cell responses[END_REF][START_REF] Handisurya | Murine skin and vaginal mucosa are similarly susceptible to infection by pseudovirions of different papillomavirus classifications and species[END_REF].

Transgenic mice have been developed to express one or several HPV genes (particularly of HPV16) under the control of basal keratin promoters (keratin 5, keratin 14, see Figure 3) (Arbeit et al., 1994;Coussens et al., 1996) to investigate the impact of deregulated persistent oncogene expression in epithelia on KC proliferation and immune infiltrate in dysplastic lesions [START_REF] Visser | De novo carcinogenesis promoted by chronic inflammation is B lymphocyte dependent[END_REF][START_REF] Mattarollo | Invariant NKT Cells in Hyperplastic Skin Induce a Local Immune Suppressive Environment by IFN-Production[END_REF]Chandra et al., 2016). HPV38 transgenic mice, which express the oncoproteins E6 and E7 under the K14 promoter, constitute another model of HPV-induced carcinogenesis, in this case in combination with UVradiations [START_REF] Viarisio | Human papillomavirus type 38 E6 and E7 act as tumour promoters during chemically induced skin carcinogenesis[END_REF]. Animal papillomavirus together with their natural host (e.g. rabbit or canine papillomavirus) have also been used to study general aspects of papillomavirus biology. In addition, the recent discovery of a papillomavirus that naturally infects mice (Mus Musculus, MmuPV) without symptoms and only develops lesions in immunosuppressed mice [START_REF] Handisurya | Characterization of Mus musculus Papillomavirus 1 Infection In Situ Reveals an Unusual Pattern of Late Gene Expression and Capsid Protein Localization[END_REF], provides new opportunities to decipher the role of the immune system in the surveillance of papillomavirus infections, how virus escape from it and the shift from replication to disease. Furthermore, another papillomavirus has been identified in another rodent, the Mastomys Coucha, in which a latent infection is established early in life and has a role in skin cancer [START_REF] Hasche | Mastomys Species as Model Systems for Infectious Diseases[END_REF]. Both Mus Musculus and Mastomys papillomavirus could be used as model of beta HPV infections.

Each of these models display some limitations due to the restricted tropism of HPV to humans or the evolutionary distance between HPV and other animal papillomavirus, but collectively they allow to build a picture of the complex relationships between papillomavirus, the infected epithelial cell and the immune system.

HUMAN VIROME AND HPV

Throughout this first chapter I have discussed several mechanisms of HPVinduced carcinogenesis, but it is important to remark that most infections are asymptomatic, and many HPV types are not associated with any known risk for cancer development (low risk types), suggesting a symbiotic relationship with their host. These observations hint towards a role of HPV in the human virome that remains largely unknown, particularly whether this relationship is beneficial for both the host and the virus or only the virus.

The virome is the viral component of the microbial communities that reside in different anatomical places (skin, gut, oral cavity) [START_REF] Lecuit | The human virome: New tools and concepts[END_REF]. A first study analysing the human skin microbiota using high-throughput sequencing found a high diversity in the cutaneous microbiome with several HPV types being detected in healthy skin (Foulongne et al., 2012). Using whole-genome shotgun and metagenomic analysis, dsDNA viruses, including HPV, were characterized from healthy individuals of the Human Microbiome Project cohort [START_REF] Wylie | Metagenomic analysis of double-stranded DNA viruses in healthy adults[END_REF].

These recent powerful sequencing methods have allowed the identification of new HPV types and putative variants which are present in the healthy population and can persist in epithelial sites (Byrd et al., 2018). This had already been formally demonstrated for Beta and Gamma HPV, which are found in skin swabs or plucked hairs of healthy individuals [START_REF] Antonsson | Prevalence and type spectrum of human papillomaviruses in healthy skin samples collected in three continents[END_REF][START_REF] De Koning | Betapapillomaviruses frequently persist in the skin of healthy individuals[END_REF][START_REF] Chen | Human papillomavirus type spectrum in normal skin of individuals with or without a history of frequent sun exposure[END_REF][START_REF] Aldabagh | Cutaneous Squamous Cell Carcinoma and Human Papillomavirus: Is There an Association?[END_REF]. HPV DNA is highly prevalent in skin samples from children, suggesting that HPV is acquired early in life [START_REF] Antonsson | General Acquisition of Human Papillomavirus Infections of Skin Occurs in Early Infancy[END_REF], and it can persist, as determined with plucked eyebrow hair biopsies in a healthy cohort over 6 months [START_REF] De Koning | Betapapillomaviruses frequently persist in the skin of healthy individuals[END_REF]. Most studies are focused on the detection of HPV DNA [START_REF] Hampras | Prevalence and Concordance of Cutaneous Beta Human Papillomavirus Infection at Mucosal and Cutaneous Sites[END_REF] and little is known about viral gene expression in asymptomatic infections and whether HPV is in a latent state or in contrast, is replicating without any apparent lesion. Detection of HPV DNA at the superficial epithelial cell layers may be indicative of the latter. In addition, HPV was detected in cervical swabs of ~50% of healthy women with normal cervical cytology (Gao et al., 2013) and up to 77% using more sensitive detection methods [START_REF] Brotman | Interplay Between the Temporal Dynamics of the Vaginal Microbiota and Human Papillomavirus Detection[END_REF].

Different anatomical epithelial sites may show different HPV communities or prevalence. Indeed, in a parallel study from the Human Microbiome Project cohort, the complex HPV community that was deeply analysed [START_REF] Ma | Human Papillomavirus Community in Healthy Persons, Defined by Metagenomics Analysis of Human Microbiome Project Shotgun Sequencing Data Sets[END_REF], authors show that HPV prevalence was around 70% and the skin was the organ with the highest prevalence followed by the vagina and the mouth. Another study focusing of Beta HPV determined that HPV prevalence was highest in genital skin (>80%) followed by forearm skin and eyebrow hairs (around 62%), with oral and anal mucosa showing lower prevalence (around 34%) [START_REF] Hampras | Prevalence and Concordance of Cutaneous Beta Human Papillomavirus Infection at Mucosal and Cutaneous Sites[END_REF]. This could be in accordance with the preferential tropism of Beta HPV towards cutaneous sites.

To support the importance of the virome within the microbiota, those studies based on sequencing techniques have also found other eukaryotic viruses and prokaryotic ones (phages). Indeed, early work divided the skin microbiota eukaryotic viral sequences into the Papillomaviridae (Beta and Gamma HPV), Polyomaviridae and Circoviridae families and few bacteriophage sequences (Foulongne et al., 2012). Using shotgun metagenomics, a recent report indicated that skin samples from healthy individuals is abundant in sequences from the bacterial kingdom while viral abundance is low (phages represented 8.7% and eukaryotic virus, 6.4%) [START_REF] Tirosh | Expanded skin virome in DOCK8deficient patients[END_REF]. Herpesvirus have also been identified in healthy skin [START_REF] Wylie | Metagenomic analysis of double-stranded DNA viruses in healthy adults[END_REF]. This illustrates the complexity and variety in the skin virome and the potential interactions between different virus [START_REF] Guidry | The interaction between human papillomavirus and other viruses[END_REF].

To further elaborate on this complexity, we need to take into account that skin microbiota is also composed of bacterial and parasite species, whose distribution may vary in different anatomical sites, for example the microbiota composition in cervical mucosal is not the same as in the skin, which also varies among locations (hands, forehead, elbow). This is based on whether the surface is moist, dry or oily.

The potential interactions between HPV and the microbial communities are not clearly defined and whether HPV establish a commensal or mutualistic relationship with its host with putative impact on epithelial-immune homeostasis is unknown.

Recent literature illustrate the role of the bacterial communities in shaping host immunity and stimulating immune response, thereby offering a protective function towards pathogenic microorganisms [START_REF] Belkaid | The influence of skin microorganisms on cutaneous immunity[END_REF][START_REF] Barnard | Shaping of cutaneous function by encounters with commensals[END_REF].

Although it is still not well known, the eukaryotic virome and HPV as the most prominent component of skin or mucosal viral communities, could establish interactions within other components of the microbiota and contribute to tissue homeostasis. In Figure 10, I propose a representation of the potential interactions in the skin microbiota, including the virome. In the future, it will be relevant to determine whether the crosstalk between HPV and the host is one-way relationship, that is, only HPV benefits from it, or whether it is mutualistic, and the host benefits from the presence of HPV. (Byrd et al., 2018).

CHAPTER 2. SKIN IMMUNITY AND ANTI-HPV RESPONSES

The following chapter is dedicated to the host response towards HPV infection and the strategies developed by HPV to overcome host defences and evade the immune response. I will highlight two main levels of HPV control: the intrinsic response of infected KC and the local as well as systemic immune responses that are mounted. The available information on the mechanisms is based on surrogate models of HPV infection or carcinogenesis such as overexpression of oncoproteins in KC, human biopsies or mouse models. Besides, most of our knowledge is related to high-risk HPV16 and HPV18, with few exceptions.

PREAMBLE

In the course of its infectious process, HPV encounters a first physical barrier determined by its tropism. The target cell is usually protected by several layers of KC, for example, the squamous stratified epithelium of skin or ectocervix. In addition, KC can be surrounded by a protective mucus or a cornified layer and they can produce antimicrobial peptides such as defensins [START_REF] Crack | Human antimicrobial peptides LL-37 and human β-defensin-2 reduce viral replication in keratinocytes infected with varicella zoster virus[END_REF]. Once virus has entered its target cell, HPV replicative cycle is optimized for the benefit of the virus at several levels. First, its association with stratified epithelium differentiation together with the release of the newly synthetized particles from the cornified or superficial layer to the outside prevents viremia. Second, the fact that HPV replicative cycle is intracellular and non-lytic minimizes on one hand the local inflammation, and on the other hand, the exposure of potential antigens to the immune system.

As introduced in the previous section (Figure 3), the skin is divided in epidermis, where 95% of the cells are KC and the other 5% immune cells, and dermis, which is composed of fibroblasts, an extracellular matrix of collagen and a network of blood and lymphatic vessels through which immune cells migrate in and out of the skin [START_REF] Nestle | Skin immune sentinels in health and disease[END_REF][START_REF] Nielsen | γδ T cells in homeostasis and host defence of epithelial barrier tissues[END_REF][START_REF] Kabashima | The immunological anatomy of the skin[END_REF].

In steady state, there are several immune cell populations that reside and patrol the skin, but in case of infection or inflammation, additional cells are rapidly recruited. Together, KC and immune cells ensure the skin integrity by surveying and clearing infections while preserving tissue integrity.

KERATINOCYTE INTRINSIC RESPONSE

KC are critically positioned at the interface between the host and its environment. They behave as immune sentinels and contribute to innate immune responses. They can respond to danger signals, such as UV radiation, cell stress and injury, and can sense pathogens [START_REF] Bitschar | Keratinocytes as sensors and central players in the immune defense against Staphylococcus aureus in the skin[END_REF][START_REF] Kabashima | The immunological anatomy of the skin[END_REF]. KC, both in the skin and the cervical mucosa, express pattern recognition receptors (PRR) that recognize pathogen-and damage-associated molecular patterns (PAMPs and DAMPs respectively) [START_REF] Hong | Manipulation of the innate immune response by human papillomaviruses[END_REF]. I will first provide a general description of the signalling pathways involved in KC intrinsic response and the different types of PRR they express, with an emphasis in those that can recognize dsDNA, that is, HPV genome. Then, I will focus on how HPV can activate them and the evasion strategies that the virus has developed.

Detection of viral infection by PRR triggers activation of adaptor proteins, usually leading to the phosphorylation, dimerization and translocation to the nucleus of interferon (IFN) regulatory factor (IRF). IRF family members (IRF1-9) promote transcription of IFN, which consists in type I (α, β, ϵ, κ and ω), type II (γ) and type III (λ) families, which are then secreted. Type III IFN-λ is important in mucosal immunity [START_REF] Stanifer | Differential Regulation of Type I and Type III Interferon Signaling[END_REF]. Signalling pathways downstream of PRR can also result in the activation of NF-κB transcription factor, which promotes transcription of pro-inflammatory cytokines such as tumour necrosis factor (TNF) or IL-6 [START_REF] Pires | NF-kappaB: Two Sides of the Same Coin[END_REF]. NF-κB translocates to the nucleus after degradation of its inhibitors (IκB) through ubiquitination and proteasomal degradation, upon their phosphorylation by specific kinases (IKK). These kinases are in turn activated downstream of PRR.

Secreted IFN can then signal through IFN receptors in an autocrine or paracrine manner through the receptor-associated Janus kinase (JAK)/signal transducer and activator of transcription (STAT) signalling pathway (Figure 11). In the case of type I and III IFN, STAT-1 and 2 heterodimers can recruit IRF9 and bind to IFN stimulatory response elements (ISRE) to activate transcription. Type II IFN signals through STAT-1 homodimers, which bind to IFN-γ activated sequence (GAS). This amplifies IFN production and induces the expression of IFN-stimulated genes (ISG, i.e. genes that are induced after signal transduction by IFN receptors).

It also alerts nearby cells, which prepare themselves for a potential infection by expressing restriction factors and ISG, thereby entering an antiviral state [START_REF] Schneider | Interferon-Stimulated Genes: A Complex Web of Host Defenses[END_REF]. STAT form complexes (ISGF3 and GAF) that translocate to the nucleus to activate ISG transcription. From [START_REF] Schneider | Interferon-Stimulated Genes: A Complex Web of Host Defenses[END_REF].

IFNAR1 and 2, IFN-alpha receptor 1 and 2; IL-10R2, interleukin-10 receptor 2; IFNLR1, IFNlambda receptor; IFNGR1 and 2, IFN-gamma receptor 1 and 2.

PRR include transmembrane Toll-like receptors (TLR) and intracellular nucleotide-binding oligomerization domain (NOD)-like receptors (NLR) and retinoic acid-inducible 1 (RIG-I)-like receptors (RLR) [START_REF] Heaton | Ubiquitin in the activation and attenuation of innate antiviral immunity[END_REF] (Figure 12).

• TLR members, present either at the cell surface or in the endosomes, have different agonists. Of relevance here, unmethylated ds DNA is detected by TLR9, which is located in the endosomal compartment. Activation of TLR9 leads to the activation of IRF7 and production of type I IFN-α. It also can activate NF-κB, which results in transcription of proinflammatory cytokines such as IL-1β.

• RLR, such as RIG-I and melanoma differentiation-associated protein 5 (MDA5), recognize viral RNA and signal through mitochondrial antiviral signalling protein (MAVS). MAVS coordinates the formation of an adaptor protein complex in which TANK-binding kinase 1 (TBK1) activation leads to the phosphorylation of IRF3 and IRF7 and results in type I and III IFN transcription [START_REF] Odendall | Diverse intracellular pathogens activate type III interferon expression from peroxisomes[END_REF][START_REF] Unterholzner | Camouflage and interception: how pathogens evade detection by intracellular nucleic acid sensors[END_REF].

• NLR recognize various PAMPs and DAMPs. For example, NOD1 or 2 detect viral RNA and DNA. These NLR activate NF-κB pathway and through their interaction with MAVS adaptor protein, type I and III IFN production [START_REF] Heaton | Ubiquitin in the activation and attenuation of innate antiviral immunity[END_REF]. NLR proteins can also trigger the formation of the inflammasome, a multiprotein complex composed of a PRR, the adaptor protein apoptosis-associated speck-like containing a caspase recruitment domain (ASC) and pro-caspase 1 [START_REF] Lamkanfi | The inflammasome turns 15[END_REF]. Activation of the latter cleaves pro-IL1β and pro-IL-18 into their active forms, which have proinflammatory properties. Apart from NLR family, other sensors can also trigger inflammasome complexes upon recognition of specific PAMPs and DAMPs, such as bacterial toxins or ultraviolet light. These other sensors include absent in melanoma 2 (AIM2) and the AIM2-related protein, IFN-γ inducible protein 16 (IFI16). They sense viral cytosolic DNA [START_REF] Hornung | AIM2 recognizes cytosolic dsDNA and forms a caspase-1-activating inflammasome with ASC[END_REF] and it has been described that IFI16 can also detect exogenous DNA in the nucleus [START_REF] Unterholzner | IFI16 is an innate immune sensor for intracellular DNA[END_REF]. Relevant PRR or adaptor proteins for HPV context are highlighted with a red square. From [START_REF] Heaton | Ubiquitin in the activation and attenuation of innate antiviral immunity[END_REF].

Lastly, another cytosolic DNA sensor, was identified in 2013 [START_REF] Sun | Cyclic GMP-AMP Synthase Is a Cytosolic DNA Sensor That Activates the Type I Interferon Pathway[END_REF]. Cyclic GMP-AMP (cGAMP) synthase (cGAS) binds to DNA and catalyses the synthesis of cGAMP, a second messenger that binds to and induces the conformational change of stimulator of IFN genes (STING) (Q. Chen et al., 2016).

STING is a transmembrane protein in the endoplasmic reticulum that trafficks towards the Golgi apparatus when it is activated by cGAMP. During this process, STING can recruit TBK1, which then phosphorylates STING. Phosphorylated STING recruits IRF3, which is then activated upon phosphorylation by TBK1, as described before [START_REF] Motwani | DNA sensing by the cGAS-STING pathway in health and disease[END_REF]. STING can also activate the kinase IKK, which stimulates NF-κB pathway. Therefore, and as described before, the outcome of NF-κB and IRF3 activation is the transcription pro-inflammatory cytokines and type I and III IFN, respectively. While IFI16 is related to inflammasome formation, it can also cooperate with cGAS to activate STING and initiate type I IFN responses, at least IFN-β [START_REF] Almine | IFI16 and cGAS cooperate in the activation of STING during DNA sensing in human keratinocytes[END_REF].

It has been reported that the transfer of cGAMP can activate STING downstream signalling in adjacent cells [START_REF] Almine | IFI16 and cGAS cooperate in the activation of STING during DNA sensing in human keratinocytes[END_REF] and that this can be mediated by gap-junctions, in particular, connexin 43 and connexin 45 (Ablasser et al., 2013). This is particularly relevant in the context of my PhD project (see Article II), in which I investigated the consequences of HPV18 expression in gap junction expression and cell-cell communication. This transfer of molecules can also be extended to the transfer of other small peptides or antigens between KC and immune cells [START_REF] Neijssen | Gap junction-mediated intercellular communication in the immune system[END_REF], which underscores the importance of the epithelia-immune cell crosstalk.

In the particular context of HPV infection, dsDNA HPV genome can be detected by the main DNA sensors TLR9, AIM2, IFI16 and cGAS (as seen in Figure 12) [START_REF] Christensen | Viral evasion of DNA-stimulated innate immune responses[END_REF][START_REF] Unterholzner | Camouflage and interception: how pathogens evade detection by intracellular nucleic acid sensors[END_REF]. The activation of these different sensors leads to the production of cytokines, including IFN, with antiviral properties. IFI16 has been described as a restriction factor for HPV18 [START_REF] Lo Cigno | The Nuclear DNA Sensor IFI16 Acts as a Restriction Factor for Human Papillomavirus Replication through Epigenetic Modifications of the Viral Promoters[END_REF] and in HPV16 infected skin, caspase 1 and IL-1β are detected, accordingly with the capacity of HPV16 DNA to activate AIM2 and IFI16 in KC [START_REF] Reinholz | HPV16 activates the AIM2 inflammasome in keratinocytes[END_REF]. Furthermore, in vitro IFN-γ treatment can inhibit HPV16 viral particles entry in KC [START_REF] Day | Interferon Gamma Prevents Infectious Entry of Human Papillomavirus 16 via an L2-Dependent Mechanism[END_REF] and IFN-β treatment reduces the number of episomal copies [START_REF] Herdman | Interferon-treatment of cervical keratinocytes naturally infected with human papillomavirus 16 episomes promotes rapid reduction in episome numbers and emergence of latent integrants[END_REF]. Nevertheless, HPV has developed strategies to counteract the intrinsic host response and it downregulates many genes involved in such pathways (inflammasome, IFN production, etc.) [START_REF] Karim | Human papillomavirus deregulates the response of a cellular network comprising of chemotactic and proinflammatory genes[END_REF]. Some examples are described below in the next section.

EVASION STRATEGIES OF THE KC INTRINSIC RESPONSE BY HPV

HPV has developed different strategies that interfere with the KC intrinsic antiviral response, targeting the signalling pathways at several points [START_REF] Stanley | Epithelial cell responses to infection with human papillomavirus[END_REF][START_REF] Westrich | Evasion of host immune defenses by human papillomavirus[END_REF]. First, HPV targets DNA sensors. TLR9 is downregulated in KC by epigenetic changes in the promoter that lead to gene silencing (Figure 13). Infection of KC with HPV16 quasivirions (viral particles obtained in transfection systems) results in the recruitment of a complex formed by NF-κB and histone demethylase and deacetylase to TLR9 promoter, which is E7mediated [START_REF] Hasan | The Human papillomavirus type 16 E7 oncoprotein induces a transcriptional repressor complex on the Toll-like receptor 9 promoter[END_REF]. Similarly, HPV38 E7 oncoprotein induces ΔNp73 accumulation and recruitment of a negative transcriptional regulatory complex including EZH2 to TLR9 promoter [START_REF] Pacini | Downregulation of Toll-Like Receptor 9 Expression by Beta Human Papillomavirus 38 and Implications for Cell Cycle Control[END_REF]. Moreover, HPV18 genome expression results in the transcriptional repression of several innate sensors such as RIG-I, cGAS and the adaptor protein STING [START_REF] Albertini | HPV18 Persistence Impairs Basal and DNA Ligand-Mediated IFN-β and IFN-λ 1 Production through Transcriptional Repression of Multiple Downstream Effectors of Pattern Recognition Receptor Signaling[END_REF]. HPV18 E7 oncoprotein has been reported to bind to STING through LxCxE motif, the same motif needed for pRb binding, acting as a STING inhibitor [START_REF] Lau | DNA tumor virus oncogenes antagonize the cGAS-STING DNA-sensing pathway[END_REF] (Figure 13).

Second, HPV can interfere with IRF activities, which regulate IFN transcription. HPV16 E6 binds to IRF3 [START_REF] Ronco | Human papillomavirus 16 E6 oncoprotein binds to interferon regulatory factor-3 and inhibits its transcriptional activity[END_REF], repressing its activity.

IFN-κ, together with ISG15 and MxA (another ISG), are also downregulated via HPV16 E6 oncoprotein [START_REF] Reiser | High-Risk Human Papillomaviruses Repress Constitutive Kappa Interferon Transcription via E6 To Prevent Pathogen Recognition Receptor and Antiviral-Gene Expression[END_REF]. Furthermore, HPV18 reduces IFN-β and IFN-λ by KC production due to the downregulation of IRF1 and IRF7 [START_REF] Albertini | HPV18 Persistence Impairs Basal and DNA Ligand-Mediated IFN-β and IFN-λ 1 Production through Transcriptional Repression of Multiple Downstream Effectors of Pattern Recognition Receptor Signaling[END_REF]. Lastly, type III IFN-λ1 expression is induced in low-risk HPV cervical biopsies and not in samples from high-risk HPV, presumably because high-risk HPV counteract type III IFN actions, by downregulation of both IFN-λ1 expression and its receptor [START_REF] Cannella | Interferon lambda 1 expression in cervical cells differs between low-risk and high-risk human papillomavirus-positive women[END_REF].

Third, HPV also blocks the signal transduction downstream of IFN receptors. HPV16 E7 can bind to IRF9 and IRF1, inhibiting further transcription of IFN genes and other ISG [START_REF] Um | Abrogation of IRF-1 response by high-risk HPV E7 protein in vivo[END_REF][START_REF] Antonsson | The Human Papillomavirus Type 16 E7 Protein Binds Human Interferon Regulatory Factor-9 via a Novel PEST Domain Required for Transformation[END_REF]. HPV18 E6 interacts with a member of JAK family, non-receptor tyrosine-protein kinase 2 (TYK2), resulting in reduced signal transduction through IFN-α receptor (Figure 13).

Figure 13. HPV immune evasion strategies

Selection of some of the targeted pathways by HPV oncoproteins to block intrinsic immune responses. For example, HPV downregulated TLR9 expression through chromatin modifications. HPV blocks the cGAS-STING pathway and interferes with IFN signal transduction pathways. HPV also suppresses the NF-κB transcriptional activity. HPV can also hijack the antigen presentation process (see also 2.3.1). Adapted from [START_REF] Westrich | Evasion of host immune defenses by human papillomavirus[END_REF][START_REF] Zhou | Papillomavirus Immune Evasion Strategies Target the Infected Cell and the Local Immune System[END_REF].

Fourth, HPV16 has also developed inflammasome immune evasion strategies. It can target pro-IL-1β to degradation through E6AP-mediated ubiquitination [START_REF] Niebler | Post-Translational Control of IL-1β via the Human Papillomavirus Type 16 E6 Oncoprotein: A Novel Mechanism of Innate Immune Escape Mediated by the E3-Ubiquitin Ligase E6-AP and p53[END_REF]. Recently, a new strategy has been described. p53 regulates IRF6 transcription and HPV16 E6 oncoprotein, by inhibiting p53 transcriptional activity, downregulates IRF6, thereby blocking the production of IL-1β [START_REF] Ainouze | Human papillomavirus type 16 antagonizes IRF6 regulation of IL-1β[END_REF].

The impact of HPV on other inflammatory cytokines is more controversial. KC constitutively secrete some pro-inflammatory cytokines (such as IL-6, IL-8 or TNF), which are under the control of NF-κB activity. HPV has been described to reduce the inflammatory microenvironment [START_REF] Westrich | Evasion of host immune defenses by human papillomavirus[END_REF]. HPV16 targets NF-κB pathway by E7-mediated acetylation of the p65 subunit, thereby reducing the nuclear translocation of NF-κB upon TLR7 stimulation with an agonist (imiquimod). In addition, binding of E6 and E7 to NF-κB cofactors leads to a reduction of NF-κB activity. Paradoxically, E6 from HPV16 and HPV18 upregulates IL-6 expression and secretion in a p53-independent manner [START_REF] Artaza-Irigaray | E6/E7 and E6* From HPV16 and HPV18 Upregulate IL-6 Expression Independently of p53 in Keratinocytes[END_REF], suggesting that in some cases, HPV E6 oncoprotein can promote a proinflammatory environment. This might foster chronic inflammation and could be beneficial during carcinogenesis [START_REF] Mangino | Inflammatory microenvironment and human papillomavirus-induced carcinogenesis[END_REF][START_REF] Iuliano | Human Papillomavirus E6 and E7 oncoproteins affect the cell microenvironment by classical secretion and extracellular vesicles delivery of inflammatory mediators[END_REF].

SKIN IMMUNE CELLS

This section will be focused on immune cell populations that reside in the skin, and the potential interplay with HPV infections, carcinogenesis and lesion regression. This is relevant in the context of my work in cutaneous immune cells in a mouse model of HPV-induced dysplastic skin lesions (see Article III).

The other 5% of cells that are in the epidermis corresponds to LC and skinresident T cells (Figure 14). Skin LC have DC-like functions while being ontogenically defined as epidermal resident macrophages. In inflammatory state, such as atopic dermatitis, UV-induced injury or psoriasis, circulating monocytes from the bone marrow can also give rise to LC-like cells that populate the epidermis [START_REF] Otsuka | Uncovering the Mysteries of Langerhans Cells, Inflammatory Dendritic Epidermal Cells, and Monocyte-Derived Langerhans Cell-Like Cells in the Epidermis[END_REF]. Recently, it has been described that mucosal LC originate from bone marrow precursors (i.e. pre-DC and monocytes) and that their entry and differentiation in the epithelium depends on BMP7 and TGF-β1, respectively [START_REF] Capucha | Sequential BMP7/TGF-β1 signaling and microbiota instruct mucosal Langerhans cell differentiation[END_REF][START_REF] Hovav | Mucosal and Skin Langerhans Cells -Nurture Calls[END_REF] . In the epidermis, T cell subsets include αβ T cells, among which skin-resident CD8 + memory T cells (TRM) [START_REF] Seidel | Skin resident memory CD8 + T cells are phenotypically and functionally distinct from circulating populations and lack immediate cytotoxic function[END_REF][START_REF] Dijkgraaf | Tissue patrol by resident memory CD8+ T cells in human skin[END_REF] and γδ T cells. TRM get activated in secondary lymph nodes and then migrate to and seed in peripheral tissues, where they respond rapidly to antigens and have a protective role against pathogens. In human skin biopsies they have been located in the stratum basale and can also patrol in the dermis [START_REF] Dijkgraaf | Tissue patrol by resident memory CD8+ T cells in human skin[END_REF]. In mouse epidermis, 90% of the epidermal T cells are a specialized subset of γδ T cells known as dendritic epidermal T cells or DETC, which is absent in human skin (Figure 14) [START_REF] Nielsen | γδ T cells in homeostasis and host defence of epithelial barrier tissues[END_REF]. However human epidermal T cells present functions similar to DETC. For example, they are both important in wound healing through the production of growth factors (KC and fibroblast growth factor (KGF and FGF, respectively)) [START_REF] Toulon | A role for human skinresident T cells in wound healing[END_REF]. They also contribute to pathogen control through the production of antimicrobial peptides, for example, cathelicidins and β-defensins, by themselves or by stimulating KCs to produce them.

Figure 14. Immune cell populations in the skin

Among the cells that reside in the skin, LC and T cells are found in the epidermis. In mouse epidermis, the predominant T cell subset is dendritic epidermal T cells (DETC). Dermis-resident immune cell populations include dermal dermal DC, γδ T cells, αβ T cells, innate lymphoid cells (ILCs), mast cells, macrophages, B cells and natural killer (NK) cells. From [START_REF] Nielsen | γδ T cells in homeostasis and host defence of epithelial barrier tissues[END_REF].

The dermis has greater immune cell diversity. Cells residing in the dermis include dermal DC, T cells, macrophages and mast cells, among others (Figure 14). Of note, in the stroma of the non-inflamed cervix there are T cells (mostly CD8 + ) and antigen presenting cells (APC), which are most prevalent in the cervical transitional zone [START_REF] Pudney | Immunological Microenvironments in the Human Vagina and Cervix: Mediators of Cellular Immunity Are Concentrated in the Cervical Transformation Zone1[END_REF]. Dermal DC correspond to conventional DC (cDC). cDC are professional APC that originate from myeloid progenitors in the bone marrow and migrate as pre-cDC into both non-lymphoid and lymphoid tissues where they undergo final differentiation. Being the most efficient APCs in vivo, cDC play a critical role in priming and polarizing T-cell responses (Eisenbarth, 2019). cDC are divided in type 1 and type 2 subsets (cDC1 and cDC2), according to their ontogeny and specialization for T-cell polarization. Briefly, in mouse dermis, cDC1 subset can be identified by the expression of CD103 cell surface marker as well as CD207 (or langerin), a marker shared with LC. cDC2 subset can be identified by the expression of CD11b, which is also expressed in LC. These cDC subsets, together with LC, patrol the skin to sample antigens and upon their activation, migrate to skin-draining lymph nodes to maintain tolerance or initiate and polarize adaptive immune responses, depending on the type of antigen and the potential danger signals they have collected. cDC1 cells are specialized in crosspresentation of antigens to CD8 + T cells while cDC2 are more oriented towards CD4 + T cell priming (Eisenbarth, 2019). These three APC subsets (cDC1, cDC2 and LC) have been deeply investigated during the course of my PhD project and those results are shown in Article III.

There are also skin appendages, such as hair follicles, which have their own immunological anatomy. Here, KCs from the follicle upper part produce CCL20 for LC recruitment as well as IL-15 and IL-7, which are required for TRM homeostasis [START_REF] Adachi | Hair follicle-derived IL-7 and IL-15 mediate skin-resident memory T cell homeostasis and lymphoma[END_REF][START_REF] Kabashima | The immunological anatomy of the skin[END_REF]. The hair follicle is characterized by low levels of MHC class I and the production of TGB-β and IL-10, which create a immunosuppressive environment [START_REF] Kabashima | The immunological anatomy of the skin[END_REF]. The hair follicle is also populated by regulatory T cells (Tregs) and it excludes effector T cells, thereby constituting a site of immune privilege.

HPV TARGETS THE EPITHELIAL-IMMUNE CROSSTALK

KC and immune cells communicate with each other to inform about the environment or to send alert signals in pathological conditions. For example, KC secrete chemokines, such as CXCL9 or CXCL10 to attract effector T cells [START_REF] Albanesi | Keratinocytes in Inflammatory Skin Diseases[END_REF] and IFN secretion can activate innate immune cells, to initiate adaptive responses. HPV16 has also developed strategies to block the epithelial-immune crosstalk. Expression of E6 and E7 is inversely correlated with expression of CCL20, a chemoattractant for LC precursors to epidermis [START_REF] Guess | Decreased Migration of Langerhans Precursor-Like Cells in Response to Human Keratinocytes Expressing Human Papillomavirus Type 16 E6/E7 Is Related to Reduced Macrophage Inflammatory Protein-3 Production[END_REF][START_REF] Sperling | Human papillomavirus type 8 interferes with a novel C/EBPβ-mediated mechanism of keratinocyte CCL20 chemokine expression and langerhans cell migration[END_REF][START_REF] Jiang | Correlation of E6 and E7 levels in high-risk HPV16 type cervical lesions with CCL20 and Langerhans cells[END_REF] . In addition, HPV creates an immunosuppressive environment, through the production of IL-10 and TGF-β, which has been detected in cervical neoplasias [START_REF] Torres-Poveda | Role of IL-10 and TGF-β1 in local immunosuppression in HPV-associated cervical neoplasia[END_REF].

HPV has also developed strategies to counteract antigen presentation by KC [START_REF] Westrich | Evasion of host immune defenses by human papillomavirus[END_REF], as described in the previous chapter (see 1.4.1, viral oncoproteins). Antigen presentation is critical to create a cell-mediated adaptive immune response against viral epitopes. To briefly recapitulate, HPV E5 expression in KC downregulates MHC class I surface expression and it also inhibits MCH class II-restricted presentation [START_REF] Zhang | The E5 protein of human papillomavirus type 16 perturbs MHC class II antigen maturation in human foreskin keratinocytes treated with interferonγ[END_REF] by preventing antigenic peptide loading to the receptor. Furthermore, E7 oncoprotein has also been associated with MHC class I expression downregulation [START_REF] Cicchini | High-Risk Human Papillomavirus E7 Alters Host DNA Methylome and Represses HLA-E Expression in Human Keratinocytes[END_REF] (Figure 13).

HPV TARGETS APC FUNCTIONS

HPV can also interfere with APC functions [START_REF] Bashaw | Modulation of antigen presenting cell functions during chronic HPV infection[END_REF]. As previously mentioned, HPV downregulates CCL20 chemokine secretion. As a consequence, HPV-positive lesions display lower numbers and frequency of LC [START_REF] Jimenez-Flores | High-risk human papilloma virus infection decreases the frequency of dendritic Langerhans' cells in the human female genital tract[END_REF][START_REF] Leong | Loss of Epidermal Langerhans Cells Occurs in Human Papillomavirus α, γ, and μ but Not β Genus Infections[END_REF][START_REF] Jiang | Correlation of E6 and E7 levels in high-risk HPV16 type cervical lesions with CCL20 and Langerhans cells[END_REF]. This has been corroborated in mouse models expressing HPV16 E7 under the promoter of K14, which mimic HPV-induced dysplasia [START_REF] Abd Warif | Langerhans Cell Homeostasis and Activation Is Altered in Hyperplastic Human Papillomavirus Type 16 E7 Expressing Epidermis[END_REF]Chandra et al., 2016) as well as by our own findings (see Article III). Besides, transgenic skin chronically expressing HPV16 E7 is not rejected when transplanted in immunocompetent mice [START_REF] Dunn | Presentation of the HPV16E7 Protein by Skin Grafts Is Insufficient to Allow Graft Rejection in an E7-Primed Animal[END_REF], despite the expression of the viral protein that should act as a minor antigen. This lack of rejection is due to an immunosuppressive environment characterized by expression of IFN-γ, indoleamine 2,3-dioxygenase (IDO) 1 and arginase-1 by DC (Mittal et al., 2013;[START_REF] Abd Warif | Langerhans Cell Homeostasis and Activation Is Altered in Hyperplastic Human Papillomavirus Type 16 E7 Expressing Epidermis[END_REF]Chandra et al., 2016).

In addition, DC are abnormally activated, featuring a tolerogenic phenotype characterized by low levels of MHC class II, while expression of co-stimulatory molecules is high. This contributes to HPV evasion of host immunity (Mittal et al., 2013).

ADAPTIVE IMMUNITY: ANTI-HPV RESPONSES

Observations during natural history of HPV have established that the majority of HPV lesions regress within months or in 1-2 years. While HPV vaccination efficacy relies on high antibody titres (discussed in Chapter 5), the host humoral response towards natural HPV infection yields very low antibody titres that cannot eliminate infected cells. Cell-mediated immunity has been studied in patients with regressing cervical lesions and in PsV-infected mouse models. There is an association between the regression rate of HPV-induced lesions and the presence of cytotoxic CD8 + T cells [START_REF] Masterson | CD8 + T cell response to human papillomavirus 16 E7 is able to predict survival outcome in oropharyngeal cancer[END_REF] and CD4 + T cells [START_REF] Peng | HLA-DQB1*02-Restricted HPV-16 E7 Peptide-Specific CD4+ T-Cell Immune Responses Correlate with Regression of HPV-16-Associated High-Grade Squamous Intraepithelial Lesions[END_REF], thus establishing a pivotal role for T cell -mediated immunity in the host control of HPV-induced lesions. This has also been corroborated in in vivo infection experimental model, where infection with PsV carrying an model antigen in the cervical mucosa elicited a CD8 + T response (Çuburu et al., 2012).

Furthermore, memory T cell cells specific for HPV E6 antigens have been detected in individuals with regressing cervical lesions [START_REF] Wang | Memory T Cells Specific for Novel Human Papillomavirus Type 16 (HPV16) E6 Epitopes in Women Whose HPV16 Infection Has Become Undetectable[END_REF] as well as E7specific CD8+ T cells in transgenic mouse models [START_REF] Jazayeri | HPV16-E7-Specific Activated CD8 T Cells in E7 Transgenic Skin and Skin Grafts[END_REF]. However, expression of HPV E7 oncoprotein modifies the cytotoxic mechanisms by which CD8+ T cells kill KC [START_REF] Bhat | Human papillomavirus E7 oncoprotein expression by keratinocytes alters the cytotoxic mechanisms used by CD8 T cells[END_REF]. E7 expression favoured perforin-and caspase-independent pathways, while classical mechanisms of cell death are dependent on these two factors.

To conclude on this chapter, as a pathogen that can be recognized by PRR, HPV sets in motion a series of host antiviral mechanisms to hinder HPV infection and replication. However, as other viruses [START_REF] Hernáez | A virus-encoded type I interferon decoy receptor enables evasion of host immunity through cell-surface binding[END_REF], HPV has developed strategies to evade this intrinsic innate response and to create an immune environment that helps avoiding immune detection. Some of the immune evasion strategies developed by other viruses include chemokine sequestering through viral chemokine-binding proteins [START_REF] Heidarieh | Immune modulation by virusencoded secreted chemokine binding proteins[END_REF], thus hijacking the host chemokine system, which is the topic of the next chapter.

CHAPTER 3. THE CHEMOKINE SYSTEM: CXCL12 SIGNALLING AXIS IN HOMEOSTASIS AND PATHOLOGY THE CHEMOKINE SYSTEM

Chemokines form a family of small, secreted proteins (molecular weight from 8 to 14 kDa) with chemotactic properties, that is, they provide directional guidance to cells expressing their receptors through a concentration gradient towards specific locations [START_REF] Murphy | Chemokines and Chemokine Receptors[END_REF]. This is particularly relevant during development, for leukocyte trafficking at steady state and immune cell recruitment during infection or inflammation [START_REF] López-Cotarelo | Beyond Chemoattraction: Multifunctionality of Chemokine Receptors in Leukocytes[END_REF]. Chemokines bind to and signal through receptors, which are seven-transmembrane, mostly G proteincoupled receptors (GPCR). Another additional family comprises several atypical chemokine receptors (ACKR), with 5 receptors described (Bachelerie et al., 2014) (Figure 15). ACKRs are considered atypical because they do not elicit G proteindependent signalling and in some cases, they signal through non-canonical pathways. Furthermore, they are also decoy receptors that bind, internalize and drive their ligands toward degradation pathways, thus regulating the chemokine availability in the extracellular medium [START_REF] Borroni | Chemoattractant receptors and leukocyte recruitment: more than cell migration[END_REF][START_REF] Nibbs | Immune regulation by atypical chemokine receptors[END_REF][START_REF] Hughes | A guide to chemokines and their receptors[END_REF]. Chemokines are classified according to the configuration and spacing between the two cysteine residues closest to their N-terminal part and are divided in CC, CXC, CX3C and XC subfamilies. Chemokine receptors are then named according to the main type of chemokine they bind (Figure 15).

The chemokine system may seem promiscuous, as one chemokine can bind to several chemokine receptors and one receptor can have several chemokine ligands; and thus, redundant. However, this translates into a very robust system given that interactions between a receptor and a chemokine are highly specific.

Another hypothesis is that this redundancy is an evolutionary adaptation because many viruses hijack and interfere with the host chemokine system (Feng et al., 1996;Freitas et al., 2014;[START_REF] Heidarieh | Immune modulation by virusencoded secreted chemokine binding proteins[END_REF][START_REF] Murphy | Viral chemokine receptors[END_REF]Szpakowska et al., 2016;[START_REF] Pontejo | Chemokines encoded by herpesviruses[END_REF]. [START_REF] Bachelerie | International Union of Pharmacology. LXXXIX. Update on the Extended Family of Chemokine Receptors and Introducing a New Nomenclature for Atypical Chemokine Receptors[END_REF][START_REF] Murphy | Chemokines and Chemokine Receptors[END_REF].

Besides their role in the immune system, chemokines are also involved in cell proliferation, survival and differentiation, for example, in KC [START_REF] Quan | Dermal fibroblast expression of stromal cell-derived factor-1 (SDF-1) promotes epidermal keratinocyte proliferation in normal and diseased skin[END_REF]. In addition, migration of non-haematopoietic cells during development also requires the action of chemokines/chemokine receptors. For example, the CXCL12/CXCR4/ACKR3 trio is required for neuron positioning during brain development (Sánchez-Alcañiz et al., 2011;[START_REF] Abe | CXCR7 prevents excessive CXCL12-mediated downregulation of CXCR4 in migrating cortical interneurons[END_REF]Saaber et al., 2019) and for cell migration of the lateral line primordium during zebrafish embryogenesis (Dambly-Chaudière et al., 2007;Donà et al., 2013). Furthermore, chemokines are also implicated in diseases such as autoimmunity [START_REF] Bryant | Chemokines, their receptors and human disease: The good, the bad and the itchy[END_REF][START_REF] Richmond | T-cell positioning by chemokines in autoimmune skin diseases[END_REF] or cancer [START_REF] Balkwill | The chemokine system and cancer[END_REF]Nagarsheth et al., 2017), where both tumour and stromal cells can express chemokines and chemokine receptors, which in turn can regulate invasion or metastasis [START_REF] Marcuzzi | Chemokines and Chemokine Receptors: Orchestrating Tumor Metastasization[END_REF].

During my PhD, I have focused on the axis formed by the CXCL12 chemokine and its two receptors, CXCR4 and ACKR3. In the next sections, I will describe their structure, signalling capacities and functions. In the last section, I will emphasize their role in skin (patho)physiology as well as in virus-related cancer.

THE CXCL12 CHEMOKINE AND ITS RECEPTORS CXCR4 AND ACKR3

CXCL12 is one of the most evolutionary conserved chemokines and for a long time, CXCR4 was its only known receptor. In the early 2000s, ACKR3 was characterized as the second receptor for CXCL12 [START_REF] Balabanian | The chemokine SDF-1/CXCL12 binds to and signals through the orphan receptor RDC1 in T lymphocytes[END_REF]. ACKR3 was initially known as the orphan receptor RDC1 (Heesen et al., 1998) and then, deorphanized by my team as the chemokine receptor CXCR7 [START_REF] Balabanian | The chemokine SDF-1/CXCL12 binds to and signals through the orphan receptor RDC1 in T lymphocytes[END_REF]). Later, it was discovered that CXCL11 can also bind to ACKR3 (Burns et al., 2006), a chemokine that is shared with CXCR3, which has CXCL9 and CXCL10 as other ligands. The CXCL12/CXCR4/ACKR3 trio is essential for life as knock-out (KO) mouse models of any of them are embryonically or perinatally lethal and these mice display defects in haematopoiesis, the cardiovascular system, brain development and neuronal migration, among others [START_REF] Moriuchi | Cloning and analysis of the promoter region of CXCR4, a coreceptor for HIV-1 entry[END_REF][START_REF] Ma | Impaired B-lymphopoiesis, myelopoiesis, and derailed cerebellar neuron migration in CXCR4-and SDF-1-deficient mice[END_REF][START_REF] Zou | Function of the chemokine receptor CXCR4 in haematopoiesis and in cerebellar development[END_REF]Sierro et al., 2007;Gerrits et al., 2008;Sánchez-Alcañiz et al., 2011;Wang et al., 2011;Yu et al., 2011).

EXPRESSION AND TRANSCRIPTIONAL REGULATION

CXCL12 locus is located on human chromosome 10 whereas CXCR4 and ACKR3 are both located on chromosome 2. The corresponding proteins are highly conserved between mammalian species and are expressed in both haematopoietic (bone marrow, spleen, lymph nodes, leukocytes) and non-haematopoietic compartments (brain, lungs, stroma). Of note, ACKR3 expression pattern has been more difficult to determine (Berahovich et al., 2010) due to its predominant intracellular location. This topic is discussed in the mini-review that I co-wrote [START_REF] Koenen | Atypical chemokine receptor 3 (ACKR3): a comprehensive overview of its expression and potential roles in the immune system[END_REF] (see Annex) and I will further discuss it in the following sections.

CXCL12 promoter contains binding sites for Sp1 transcription factor [START_REF] García-Moruja | Functional Characterization of SDF-1 Proximal Promoter[END_REF]. CXCL12 expression in the bone marrow follows circadian rhythms (see Annex) and its downregulation is dependent on Sp1 degradation (Méndez-Ferrer et al., 2008). In addition, Ying Yang 1 (YY1) and poly [ADP-ribose] polymerase 1 (PARP-1 ) have been described as positive and negative regulators, respectively, of CXCL12 gene transcription in rat cells [START_REF] Marković | PARP-1 and YY1 Are Important Novel Regulators of CXCL12 Gene Transcription in Rat Pancreatic Beta Cells[END_REF]. Of importance, CXCL12 promoter is repressed with aging by EZH2-mediated epigenetic changes [START_REF] Nishiguchi | Aging Suppresses Skin-Derived Circulating SDF1 to Promote Full-Thickness Tissue Regeneration[END_REF]. This is relevant for skin biology and will be further discussed in the corresponding section. Lastly, there are six isoforms of CXCL12 in humans as a result of alternative splicing and that share the first three exons and differ in the fourth exon. These isoforms are differentially expressed in tissues and display different biological properties in regard to receptor activation, although this is not completely characterized.

CXCR4 expression is positively regulated by Nuclear Respiratory Factor-1 (NRF-1), whereas YY1 is a negative regulator [START_REF] Moriuchi | Cloning and analysis of the promoter region of CXCR4, a coreceptor for HIV-1 entry[END_REF][START_REF] Moriuchi | USF/c-Myc enhances, while Yin-Yang 1 suppresses, the promoter activity of CXCR4, a coreceptor for HIV-1 entry[END_REF]. CXCR4 promoter also contains Sp1-binding sites [START_REF] Wegner | Genomic Organization and Functional Characterization of the Chemokine Receptor CXCR4 , a Major Entry Co-receptor for Human Immunodeficiency Virus Type 1[END_REF] Cytokines and growth factors, such as IL-2 or vascular endothelial growth factor (VEGF), can also induce CXCR4 expression [START_REF] Pozzobon | CXCR4 signaling in health and disease[END_REF]. YY1 also seems to negatively regulate ACKR3 expression, at least in tumoral cell lines (Tarnowski et al., 2010).

Furthermore, both receptors are upregulated in hypoxic conditions through hypoxia-inducible factor 1 (HIF-1) [START_REF] Nakashiro | Hypoxia enhances CXCR4 expression by activating HIF-1 in oral squamous cell carcinoma[END_REF][START_REF] Liu | Hypoxic preconditioning advances CXCR4 and CXCR7 expression by activating HIF-1α in MSCs[END_REF] and in other pathological conditions such as cancer (further discussed at the end of this chapter).

POST-TRANSLATIONAL REGULATION

CXCR4 and ACKR3 have similar structures: an extracellular N-terminal part, where binding occurs; a body with seven transmembrane (7TM) domains that allows signal transduction through conformational changes and a cytoplasmic Cterm (C-term) part that contains phosphorylation and ubiquitinylation sites. 7TM are connected via extracellular loops (ECLs) and intracellular loops (ICLs) that participate in ligand binding and interaction with intracellular proteins (for example G proteins and β-arrestins (β-arr)), respectively. Post-translation modifications in the chemokine or the receptors, the binding of other non-canonical ligands (i.e. non-chemokine ones), the interactions with other receptors or with intracellular proteins are highly dependent on the cellular microenvironment since not all cell types will express the same set of proteins.

One layer in the regulation of CXCR4 and ACKR3 functioning is the ligand diversity (Figure 16). First, CXCL12 can be subjected to cleavage by proteases in the extracellular medium, which can modify its activity (Janssens et al., 2018).

CXCL12 interacts with glycosaminoglycans (GAGs), such as heparan sulfate, present at the cell surface and extracellular matrix. This interaction immobilizes CXCL12 and it is believed that it protects the chemokine from degradation. It also helps to create CXCL12 gradients [START_REF] Proudfoot | Glycosaminoglycan Interactions with Chemokines Add Complexity to a Complex System[END_REF]. Bioavailability of CXCL12 can be further controlled by the scavenging activity of ACKR3, which is discussed later. CXCR4 has other non-chemokine ligands such as extracellular ubiquitin [START_REF] Pawig | Diversity and inter-connections in the CXCR4 chemokine receptor/ligand family: Molecular perspectives[END_REF] or Macrophage migration inhibition factor (MIF), which can also bind to ACKR3. There is a crosstalk between ACKR3 activity and glucocorticoid oscillations because BAM22, an opioid peptide, can bind to ACKR3.

Although it is still debated whether adrenomedullin (ADM) binds to ACKR3, it has been suggested that ACKR3 acts a scavenger receptor for this ligand. This has been further elaborated in the mini-review [START_REF] Koenen | Atypical chemokine receptor 3 (ACKR3): a comprehensive overview of its expression and potential roles in the immune system[END_REF] (see Annex). Each interaction may induce different signalling outcomes, with consequences at the cellular and tissue level, depending where and when each ligand is expressed. CXCR4 and ACKR3 can form homo-and heterodimers, which increases the complexity of chemokine-mediated responses. We are still lacking evidence for the existence of these structures in endogenous settings and their functional consequences in vivo. However, overexpressing systems have provided clues on their interactions and potential crosstalk. CXCR4 was the first chemokine receptor to be crystalized and the structures revealed CXCR4 homodimers [START_REF] Wu | Structures of the CXCR4 Chemokine GPCR with Small-Molecule and Cyclic Peptide Antagonists[END_REF] and this is also supported in ectopically CXCR4 expressing systems (Levoye et al., 2009). Co-expression of CXCR4 and ACKR3 results in heterodimer formation as demonstrated by energy transfer techniques (Levoye et al., 2009). Even though ACKR3 does not elicit G protein-mediated signalling it can modulate that of CXCR4. Indeed, expression of ACKR3 impairs CXCL12-induced CXCR4mediated Gαi activation as measured by calcium mobilization (Levoye et al., 2009) (Figure 17). CXCR4 and ACKR3 interact with β-arr (among other proteins) through the receptor intracellular domains. Prediction models and experimental data show that co-expression of both receptors in the same cell decreases β-arr recruitment to CXCR4 while minimally altering it to ACKR3 [START_REF] Coggins | CXCR7 controls competition for recruitment of ??-arrestin 2 in cells expressing both CXCR4 and CXCR7[END_REF]. Although the exact molecular mechanisms are not well characterized, it has been shown that co-expression of these receptors enhances β-arr-mediated MAPK signalling pathway in comparison to the expression of each receptor alone [START_REF] Décaillot | CXCR7/CXCR4 heterodimer constitutively recruits beta-arrestin to enhance cell migration[END_REF]. I will detail these signalling pathways in the next section. Of note, CXCR4 can also interact with other chemokine receptors (CCR2 or CXCR3) with negative effects on chemokine binding [START_REF] Heuninck | Contextdependent signalling of CXC chemokine receptor 4 (CXCR4) and atypical chemokine receptor 3 (ACKR3)[END_REF] or with adrenergic receptors [START_REF] Gao | Partial agonist activity of α1-adrenergic receptor antagonists for chemokine (C-X-C motif) receptor 4 and atypical chemokine receptor 3[END_REF].

Besides the physical crosstalk between each other, there is an indirect modulation of CXCR4 by ACKR3. ACKR3 can compete with CXCR4 for CXCL12 binding and "win" given its high affinity for CXCL12 and constitutive recycling (see later). This tightly regulates the availability of CXCL12 in the extracellular medium as well as CXCL11 levels and thus, impact both CXCR4 and CXCR3 functioning. 3) CXCL12 binds to ACKR3, which acts as a decoy receptor and due to its constitutive recycling, ( 4) it internalizes CXCL12 and targets it for degradation, thus, scavenging the chemokine away.

RECEPTOR ACTIVATION AND SIGNALLING

Ligand binding

The binding of CXCL12 to CXCR4 has been classically considered as a twostep/two-site model [START_REF] Crump | Solution structure and basis for functional activity of stromal cell-derived factor-1; dissociation of CXCR4 activation from binding and inhibition of HIV-1[END_REF]. First, the interaction of the CXCL12 residues 12-17 with CXCR4 N-terminal causes a conformational change. This exposes a binding pocket for the second interaction between the first CXCL12 aa and the ECLs of CXCR4. Data from CXCR4 crystal structure have confirmed this two-site interaction model [START_REF] Wu | Structures of the CXCR4 Chemokine GPCR with Small-Molecule and Cyclic Peptide Antagonists[END_REF]. More recently, crystallization of CXCR4 complexed with a viral chemokine antagonist (vMIP-II), from Kaposi's sarcoma-associated herpesvirus (KSHV or HHV-8) revealed a more extensive binding interphase than just the two-site model [START_REF] Qin | Crystal structure of the chemokine receptor CXCR4 in complex with a viral chemokine[END_REF]. Currently, it is believed that some chemokine/receptor interactions are more complex and follow a multi-site model [START_REF] Kleist | New paradigms in chemokine receptor signal transduction: Moving beyond the two-site model[END_REF], in which different extracellular domains are required for efficient ligand binding and the activation of the receptor. The little information we have regarding CXCL12 binding to ACKR3 relies on mutagenesis studies and homology models [START_REF] Gustavsson | Structural basis of ligand interaction with atypical chemokine receptor 3[END_REF].

G protein activation and dependent signalling

Upon ligand binding, classical GPRCs as CXCR4 undergo a conformational change that activates heterotrimeric G proteins, which are bound to the ICLs. G proteins are composed of three subunits, α, β and γ. There are four major families of α subunits (Gαi,Gαs,. Gα is normally bound to a GDP molecule and after receptor activation, there is an exchange with GTP, which results in the dissociation of the Gα subunit from the Gβγ dimer. Each of them can activate different downstream effectors [START_REF] Fonin | Multi-functionality of proteins involved in GPCR and G protein signaling: making sense of structure-function continuum with intrinsic disorder-based proteoforms[END_REF]. Hydrolysis into GDP by the GTPase activity of Gα brings G protein subunits together again in an inactive state.

CXCR4 has a DRYLAIV motif in the second ICL, which is important for G protein activation (Figure 18), while ACKR3 harbours a DRYLSIT sequence in the same position (Figure 18). Although ACKR3 was reported to interact with G proteins, it does not to activate them (Levoye et al., 2009). Substitution of the DRYLSIT for the conserved DRYLAIV motif fails to allow for G proteins activation [START_REF] Naumann | CXCR7 functions as a scavenger for CXCL12 and CXCL11[END_REF][START_REF] Hoffmann | Rapid uptake and degradation of CXCL12 depend on CXCR7 carboxyl-terminal serine/threonine residues[END_REF], indicating that ACKR3 might have other structural determinants accounting for the lack of G protein activation. [START_REF] Teicher | CXCL12 (SDF-1)/CXCR4 Pathway in Cancer[END_REF].

β-arr-dependent signalling and receptor desensitization

β-arr are scaffold proteins that are also involved in GPCRs signalling. In particular, β-arr are required for CXCR4-induced chemotaxis toward CXCL12 (Lagane et al., 2008). β-arr interact with CXCR4 through the SHSK motif in the third ICL of CXCR4 [START_REF] Cheng | β-Arrestin Differentially Regulates the Chemokine Receptor CXCR4mediated Signaling and Receptor Internalization, and This Implicates Multiple Interaction Sites between β-Arrestin and CXCR4[END_REF]Lagane et al., 2008)(Figure 18). This promotes β-arr-mediated MAPK signalling particularly through ERK1/2 and p38 pathways (Figure 19). Deletion of SHSK motif reduced G protein coupling and early ERK1/2 phosphorylation (Lagane et al., 2008) highlighting the importance of β-arr for signal transduction. Although it is still debated, ACKR3 has been described as a β-arr-biased signalling receptor through Akt and MAPK pathways [START_REF] Balabanian | The chemokine SDF-1/CXCL12 binds to and signals through the orphan receptor RDC1 in T lymphocytes[END_REF]Burns et al., 2006;Rajagopal et al., 2010). The lethal phenotype of ACKR3 KO mice supports the hypothesis of ACKR3 being a fully functional receptor, particularly in development (Sierro et al., 2007;Wang et al., 2011) (see Annex, Mini-review). However, as it lacks the SHSK motif present in CXCR4 (Figure 18), the molecular mechanisms accounting for ACKR3 signalling capacity remain unknown. We can hypothesize that the structural determinants for ACKR3 reside in the C-term as deletion of this region abrogates β-arr recruitment [START_REF] Canals | Ubiquitination of CXCR7 controls receptor trafficking[END_REF] (see below).

Figure 20. CXCR4 and ACKR3 C-term structural features

In the intracellular C-term, serine/threonine (S/T) residues are highlighted in orange. Lysine residues are in green. Grey residues indicate the last aa of the different Cterm deleted mutants, identified with Δ followed by the number of deleted aa. Of note, Δ33 is the mutant used during this PhD. The S/T clusters of ACKR3 as well as the fragment that is sufficient for constitutive internalization.

Besides their signalling ability, β-arr were first known for their critical role in the desensitization process of activated GPCRs. After CXCR4 activation, GPCR kinases (GRKs), particularly GRK2, 3, 5 and 6, phosphorylate its C-term in serine/threonine (S/T) residues [START_REF] Fumagalli | CXCR4/ACKR3 phosphorylation and recruitment of interacting proteins: key mechanisms regulating their functional status[END_REF] (Figure 20). Little is known about the regulation of ACKR3 but GRK2 and GRK5 have been identified as being able to phosphorylate ACKR3 C-term (Saaber et al., 2019). Phosphorylation induces a conformational change in CXCR4, which is no longer able to couple to G proteins. This negative regulation is called desensitization and terminates G protein signalling. Phosphorylated residues constitute a docking site for β-arr that target desensitized receptors for endocytosis-mediated internalization (Figure 19).

Internalized receptors are then degraded or recycle back to the membrane.

Although, CXCR4 can recycle, it is mostly degraded. On the contrary, ACKR3 normally recycles back to the membrane.

Relevance of C-term in ACKR3 biology

ACKR3 is usually located at the inner part of the cell membrane and in endosomal compartments due to a rapid turnover and even in the absence of ligand, it is constitutively internalising and recycling [START_REF] Naumann | CXCR7 functions as a scavenger for CXCL12 and CXCL11[END_REF][START_REF] Canals | Ubiquitination of CXCR7 controls receptor trafficking[END_REF] (Figure 17). This hinders ACKR3 detection and study in native tissues.

Although we are far from completely understanding ACKR3 biology, in vitro studies using mutant ACKR3 with different C-term deletions and aa substitutions have provided insights into the structural determinants for its atypical behaviour and concluded that this region is critical for receptor localization and internalization (Table 1).

Table 1. Impact of ACKR3 C-term modifications

Summary of the consequences of ACKR3 C-term modifications. They were selected from the in vitro studies and include deletion of the C-term (Δ16-43, number of deleted aa starting from the last aa) or part of it (Δ320-338), in which the first 19 aa were deleted while preserving the last 24 aa. STS/A indicates the substitution of STS for alanine (A). 

Δ43

Impaired internalization (ligand-induced) (Zabel et al., 2009) C-term deletion resulted in abnormal ACKR3 accumulation at the cell surface [START_REF] Naumann | CXCR7 functions as a scavenger for CXCL12 and CXCL11[END_REF], although authors did not report the number of missing aa. This cell surface detection was already seen with a 16 aa deletion and was stronger with a 40 aa deletion [START_REF] Ray | Carboxy-terminus of CXCR7 regulates receptor localization and function[END_REF]. Furthermore, receptor internalization, both ligand-dependent and -independent (constitutive), was affected by C-term part deletion (41 aa) as demonstrated by energy transfer techniques [START_REF] Levoye | A broad G proteincoupled receptor internalization assay that combines SNAP-tag labeling, diffusion-enhanced resonance energy transfer, and a highly emissive terbium cryptate[END_REF]. As expected, deletion of the final 43 aa of ACKR3 abolished ligand-induced internalization, as demonstrated by the absence of intracellular radioactivity when measuring radioactive CXCL12 internalization (Zabel et al., 2009). In-depth mutational analyses revealed that the last 24 aa are sufficient to trigger ligand-independent internalization [START_REF] Hoffmann | Rapid uptake and degradation of CXCL12 depend on CXCR7 carboxyl-terminal serine/threonine residues[END_REF].

(Figure 20 and Table 1). As previously mentioned, the C-term contains S/T residues that can be phosphorylated and be a docking site for β-arr, which drive internalization. Accordingly, deletion of the complete C-term or substitution of S/T residues for alanine abrogated β-arr recruitment, thereby explaining impaired receptor and CXCL12 internalization [START_REF] Canals | Ubiquitination of CXCR7 controls receptor trafficking[END_REF][START_REF] Hoffmann | Rapid uptake and degradation of CXCL12 depend on CXCR7 carboxyl-terminal serine/threonine residues[END_REF].

In neurons from transgenic mice with the same S/T substitutions, ACKR3 showed i) constitutive internalization but ii) impaired radioactive CXCL12 internalization (Saaber et al., 2019). This conflicting data underscores the complexity of understanding ACKR3 biology in vivo. Furthermore, ACKR3 displays two clusters of S/T (STT and STS, Figure 20). The second cluster (STS) is associated with CXCL12 internalization at early time points and it is important for the degradation of CXCL12. Lack of the first cluster (STT) did not significantly impact CXCL12 internalization or degradation [START_REF] Hoffmann | Rapid uptake and degradation of CXCL12 depend on CXCR7 carboxyl-terminal serine/threonine residues[END_REF]. Lastly, it has been reported that ubiquitination is associated with ACKR3 trafficking and stability. Lack of lysine residues led to intracellular retention [START_REF] Canals | Ubiquitination of CXCR7 controls receptor trafficking[END_REF] and slowed down receptor degradation [START_REF] Hoffmann | Rapid uptake and degradation of CXCL12 depend on CXCR7 carboxyl-terminal serine/threonine residues[END_REF]. The latter was associated with an intracellular accumulation of radioactive CXCL12 and reduced release of degradation products [START_REF] Hoffmann | Rapid uptake and degradation of CXCL12 depend on CXCR7 carboxyl-terminal serine/threonine residues[END_REF]. Thus, although ubiquitination of ACKR3 occurs at lysine residues in the C-term part, the exact role of this posttranslational modification is unclear.

Collectively, these studies show that the C-term of ACKR3 is important for its location and internalization, constitutively and in the presence of ligand, for its association with β-arr and potentially for its signalling capacity. Thus, C-term deleted mutants are a useful tool to study the impact of ACKR3 function in other more (patho)physiologically relevant contexts, such as tumour metastasis (Zabel et al., 2009) or in virus life cycle, which is the focus of one of my PhD research axis (Results section, Article I).

BIOLOGICAL FUNCTIONS OF THE CXCL12 AXIS

The first clues on the role of CXCL12/CXCR4/ACKR3 trio in the organism came from the KO mouse models. CXCL12/CXCR4 pair plays a role in the haematopoietic system, where they are essential for B lymphopoiesis and myelopoiesis. CXCL12/CXCR4 also regulate haematopoietic stem cell proliferation, quiescence and homing to the bone marrow (BM) and are important for neutrophil retention in and egress from BM (see Annex, Mini-Review). In nonhaematopoietic compartments, CXCL12/CXCR4 axis is important for the development of the cardiovascular system and neurogenesis. Later, it was shown that ACKR3 also plays a role in those processes, which is non-redundant in comparison to the role of CXCL12/CXCR4. For example, ACKR3 is essential for neuronal migration and positioning in the cerebral cortex of the mouse, where it can act both as a scavenger and signalling receptor (Sánchez-Alcañiz et al., 2011;Wang et al., 2011;Saaber et al., 2019) (see Annex, Mini-Review). Another example is the role of ACKR3 as a decoy receptor in cell migration. This has been elegantly illustrated in the cell migration of the lateral line primordium in zebrafish models. ACKR3 activity removed CXCL12 excess to create a gradient towards which CXCR4-positive cells migrated.

In conclusion, understanding how CXCR4 and ACKR3 function and cooperate can shed light into their roles in health and disease. In the next sections I will discuss some examples of the relevance of the CXCL12 signalling axis in (patho)physiology such as skin homeostasis and virus-related cancer.

CXCL12 SIGNALLING AXIS IN (PATHO)PHYSIOLOGY

CXCL12 AXIS IN WOUND HEALING

Although mice with specific Cxcr4 deletion in basal KC (K14 promoter) do not display any obvious skin defect [START_REF] Takekoshi | CXCR4 negatively regulates keratinocyte proliferation in IL-23-mediated psoriasiform dermatitis[END_REF], wound healing studies suggest that CXCL12/CXCR4 play an essential role in epithelial homeostasis. This is still highly debated due to conflicting data [START_REF] Bollag | CXCR4 in epidermal keratinocytes: Crosstalk within the skin[END_REF]. One discrepancy is the source of CXCL12 in injury models. Some reports showed that expression of CXCL12 was upregulated in the wound margin in human skin [START_REF] Toksoy | Biphasic expression of stromal cell-derived factor-1 during human wound healing[END_REF] and it was mostly detected in the stroma, with fibroblasts being the main source of CXCL12. Accordingly, CXCL12 was also detected in fibroblasts in skin inflammatory conditions, such as cutaneous lupus (Pablos et al., 1999). CXCL12

production by fibroblasts acts as a mitogen on CXCR4-expressing KC and promotes KC proliferation, both in vitro and in vivo (Florin et al., 2005;Avniel et al., 2006;[START_REF] Quan | Dermal fibroblast expression of stromal cell-derived factor-1 (SDF-1) promotes epidermal keratinocyte proliferation in normal and diseased skin[END_REF]. Others have reported upregulation of CXCL12 in KC upon injury [START_REF] Leung | A cellular, molecular, and pharmacological basis for appendage regeneration in mice[END_REF][START_REF] Nishiguchi | Aging Suppresses Skin-Derived Circulating SDF1 to Promote Full-Thickness Tissue Regeneration[END_REF]. Interestingly, injury-induced CXCL12 upregulation is observed in young skin while being diminished in aged skin due to EZH2-mediated epigenetic changes (i.e. gene silencing) [START_REF] Nishiguchi | Aging Suppresses Skin-Derived Circulating SDF1 to Promote Full-Thickness Tissue Regeneration[END_REF]. Another discrepancy is the effect on wound healing. On one hand, CXCL12 topical application on wounds resulted in an accelerated wound healing [START_REF] Rabbany | Continuous Delivery of Stromal Cell-Derived Factor-1 From Alginate Scaffolds Accelerates Wound Healing[END_REF][START_REF] Henderson | Stromal-derived factor-1 delivered via hydrogel drug-delivery vehicle accelerates wound healing in vivo[END_REF][START_REF] Sarkar | Combination of stromal cell-derived factor-1 and collagen-glycosaminoglycan scaffold delays contraction and accelerates reepithelialization of dermal wounds in wild-type mice[END_REF], sometimes with reduced scar formation. On the other hand, inhibition of CXCR4 also led to an accelerated wound healing [START_REF] Nishimura | CXCR4 Antagonist AMD3100 Accelerates Impaired Wound Healing in Diabetic Mice[END_REF][START_REF] Leung | A cellular, molecular, and pharmacological basis for appendage regeneration in mice[END_REF]. CXCR4

blockade was achieved upon topical treatment with or systemic delivery of a selective CXCR4 antagonist, the small molecule AMD3100, which displaces CXCL12. Aged mice, which show low induction of CXCL12 expression levels upon injury, healed faster and with thinner scars [START_REF] Nishiguchi | Aging Suppresses Skin-Derived Circulating SDF1 to Promote Full-Thickness Tissue Regeneration[END_REF] than young mice, in which wound healing associated with re-epithelialization and scar formation. Then, basal KC-specific Cxcl12 deletion (K5 promoter) in young mice resulted in better tissue regeneration. Of note, skin defects (in the absence of injury) were not assessed in these mice [START_REF] Nishiguchi | Aging Suppresses Skin-Derived Circulating SDF1 to Promote Full-Thickness Tissue Regeneration[END_REF].

These controversial findings could be due the complexity of the skin, where several cell types (KC, fibroblasts, endothelial and immune cells) can be involved in the different stages of the wound healing process. In addition, topical versus systemic treatment could impact differently on these cell types and thus, have different consequences on the process. Excessive CXCL12 concentration delivered by topical treatments could downregulate CXCR4 by the mechanisms described before (i.e. desensitization). Furthermore, these studies did not explore the contribution of ACKR3, which can also mediate CXCL12 signalling. Besides, AMD3100 is described as an allosteric agonist for ACKR3. Nevertheless, despite the conflicting results, this data reveals that CXCL12/CXCR4 plays an important role in epithelial homeostasis. Our group has also provided evidence to support this. We have observed that systemic treatment with AMD3100 reduced KC proliferation in a mouse model of HPV-induced dysplasia (Meuris, Gaudin, et al., 2016). This is in line with a previous report where AMD3100 systemic treatment protected from UV radiation-induced skin cancer in mice, reducing tumour incidence and burden [START_REF] Sarchio | Pharmacologically antagonizing the CXCR4-CXCL12 chemokine pathway with AMD3100 inhibits sunlight-induced skin cancer[END_REF]. In both cases, the outcomes were associated with reduced infiltration of mast cells.

CXCL12 AXIS IN CUTANEOUS IMMUNE CELL TRAFFICKING

In the previous chapter, I introduced the skin as a natural barrier that is populated by different immune cell types. Chemokines and their receptors orchestrate the trafficking of immune cells at steady state to seed peripheral tissues such as the skin or the lungs. Although literature is not extensive, it has been suggested that CXCL12/CXCR4 pair could play role in cutaneous immune cell trafficking within and out of the skin. Skin inflammation models lead to an upregulation of CXCL12 in lymphatic vessels that could attract CXCR4-expressing dermal DC. In particular, CXCL12 was detected in lymphatic vessels after immunization with a skin irritant (2,4-Dinitro-1-Fluorobenzene (DNFB)) and CXCR4

was upregulated in migratory DC from lymph nodes in a model of acute inflammation (FITC painting, see Article III) (Kabashima et al., 2007). In the latter, the number of migratory DC was reduced upon AMD3100 injection, although the cell subset identification in this report lacked other cell surface markers that are normally used to discriminate DC subsets, such as CD103 (see Article III) (Kabashima et al., 2007). The potential role of CXCL12/CXCR4 axis in the migration of LC has also been proposed in in vitro 3D-EpC that contain LC-like cells (MUTZ-3 cell line) (Ouwehand et al., 2008). Similarly, CXCL12 is produced by fibroblasts in the dermis upon allergen exposure and activated LC upregulate CXCR4. Authors proposed a model in which CXCL12/CXCR4 pair is important for the migration of LC from the epidermis to the dermis. In this doctoral thesis, we have deepened our knowledge on the role of CXCL12/CXCR4 in cutaneous immune cell biology in a model of HPV-induced dysplasia (see Article III).

CXCL12 AXIS IN CANCER

The CXCL12/CXCR4/ACKR3 trio has been extensively studied in cancer [START_REF] Hattermann | An Infernal Trio: The chemokine CXCL12 and its receptors CXCR4 and CXCR7 in tumor biology[END_REF]. CXCL12 can be expressed by tumour and stromal cells, with cancer-associated fibroblasts being again a source of CXCL12 (Orimo et al., 2005). CXCR4 is deregulated in over 20 types of cancer including breast, lung, pancreatic, prostate and ovary cancer [START_REF] Marcuzzi | Chemokines and Chemokine Receptors: Orchestrating Tumor Metastasization[END_REF][START_REF] Teixidó | The good and bad faces of the CXCR4 chemokine receptor[END_REF] and ACKR3 has been reported as highly deregulated in most cancers including breast, lung and brain cancer (Neves et al., 2019) and it is particularly highly expressed in tumour-associated vasculature [START_REF] Miao | CXCR7 (RDC1) promotes breast and lung tumor growth in vivo and is expressed on tumor-associated vasculature[END_REF]Maishi et al., 2012).

As ACKR3 was identified later, most literature is focused on the CXCL12/CXCR4 signalling axis which has been implicated in tumour cell proliferation and survival, invasion and metastasis, immune evasion and, together with VEGF, in angiogenesis [START_REF] Kryczek | CXCL12 and vascular endothelial growth factor synergistically induce neoangiogenesis in human ovarian cancers[END_REF][START_REF] Kryczek | Stroma-derived factor (SDF-1/CXCL12) and human tumor pathogenesis[END_REF]Nagarsheth et al., 2017).

For example, CXCL12 production within the tumour can create an autocrine loop that supports tumour proliferation and growth. At the same time, it can be a chemoattractant signal for endothelial cell precursors, which would promote angiogenesis [START_REF] Hattermann | An Infernal Trio: The chemokine CXCL12 and its receptors CXCR4 and CXCR7 in tumor biology[END_REF]. Furthermore, CXCL12 could be a cue for the recruitment of immune cells with immunosuppressive phenotype, such as myeloid-derived suppressor cells [START_REF] Yang | Abrogation of TGFβ Signaling in Mammary Carcinomas Recruits Gr-1+CD11b+ Myeloid Cells that Promote Metastasis[END_REF], favouring immune evasion and metastasis. Conversely, highly producing CXCL12 distant places, such as BM or the lung, could attract CXCR4-expressing, contributing to metastasis (Chatterjee et al., 2014).

In light of the functional crosstalk of ACKR3 and CXCR4 through heterodimerization and/or scavenging of CXCL12, a growing body of literature is now revisiting the potential contribution of ACKR3 to the aforementioned processes. For instance, its role in breast cancer was discussed in the mini-review that I co-wrote [START_REF] Koenen | Atypical chemokine receptor 3 (ACKR3): a comprehensive overview of its expression and potential roles in the immune system[END_REF] as well as in another mini-review from the same issue (Neves et al., 2019), which included ACKR3 role in brain and lung cancer.

CXCL12 AXIS IN VIRUS-RELATED PATHOLOGIES

As mentioned at the beginning of this chapter, virus can hijack the chemokine system, for instance, HIV-1 uses CXCR4 as a co-receptor for entry and this is blocked by CXCL12 binding [START_REF] Bleul | The lymphocyte chemoattractant SDF-1 is a ligand for LESTR/fusin and blocks HIV-1 entry[END_REF] and as seen before, KSHV encodes for a CXCR4 antagonist chemokine. Furthermore, ACKR3 is upregulated by several cancer-related viruses (Freitas et al., 2014;[START_REF] Desnoyer | Expression pattern of the CXCL12/CXCR4-CXCR7 trio in Kaposi sarcoma skin lesions[END_REF], and

HPV is an example of such virus. Indeed, the CXCL12 signalling axis has been implicated in cervical cancer and in oral squamous cell carcinoma (OSCC), HPV being one of the causes for these cancers, even though HPV status is not always reported.

Our team has provided evidence for the interplay between CXCL12

signalling axis and HPV (see also section 4.2). CXCL12 is abnormally expressed in cutaneous and anogenital lesions caused by HPV [START_REF] Balabanian | WHIM syndromes with different genetic anomalies are accounted for by impaired CXCR4 desensitization to CXCL12[END_REF]. In vitro expression of HPV oncoproteins in KC upregulates ACKR3 but also CXCR4 and CXCL12. This creates an autocrine signalling loop that supports KC proliferation and survival and probably favours HPV-induced immortalization (Chow et al., 2010). Other studies have also reported ACKR3 upregulation in several cervical cancer cell lines such as HeLa [START_REF] Miekus | Role of I-TAC-binding receptors CXCR3 and CXCR7 in proliferation, activation of intracellular signaling pathways and migration of various tumor cell lines[END_REF]. ACKR3 sustains the proliferative and invasive capacities of SiHa, another cervical cancer cell line [START_REF] Kurban | Role of CXCR7 and effects on CXCL12 in SiHa cells and upregulation in cervical squamous cell carcinomas in Uighur women[END_REF]. ACKR3 and CXCL12 expression is upregulated in cervical cancer compared to pre-cancerous lesions or normal biopsies and their expression was correlated with a more aggressive tumour phenotype [START_REF] Kurban | Role of CXCR7 and effects on CXCL12 in SiHa cells and upregulation in cervical squamous cell carcinomas in Uighur women[END_REF]. Indeed, ACKR3, which was co-expressed with CXCR4 in cervical cancer, was positively associated with tumour size and lymph node metastasis, resulting in a correlation with poor disease-free survival [START_REF] Schrevel | CXCR7 expression is associated with disease-free and disease-specific survival in cervical cancer patients[END_REF]. It has also been reported that the CXCL12 axis promotes motility and invasiveness of OSCC cell lines [START_REF] Ishikawa | CXCR4 expression is associated with lymph-node metastasis of oral squamous cell carcinoma[END_REF][START_REF] Rehman | CXCL12/SDF-1 alpha activates NF-kappaB and promotes oral cancer invasion through the Carma3/Bcl10/Malt1 complex[END_REF]N. Chen et al., 2016). CXCR4 expression was detected in 30% of cancer biopsies [START_REF] Ishikawa | CXCR4 expression is associated with lymph-node metastasis of oral squamous cell carcinoma[END_REF] and although CXCR4 expression was already correlated with lymph node metastasis [START_REF] Uchida | Possible role of stromal-cellderived factor-1/CXCR4 signaling on lymph node metastasis of oral squamous cell carcinoma[END_REF], others did not find such correlation later on [START_REF] O'donnell | Gene expression signature predicts lymphatic metastasis in squamous cell carcinoma of the oral cavity[END_REF].

Lastly, genetic studies have linked CXCL12 polymorphisms with cervical cancer, in particular, the polymorphism rs1801157 in the 3' untranslated region (UTR) of CXCL12. A recent case-control study in Brazilian population concluded that the allele A (for adenine) was associated with HPV infection and with HSIL development [START_REF] Okuyama | Genetic variant in CXCL12 gene raises susceptibility to HPV infection and squamous intraepithelial lesions development: a case-control study[END_REF]. On the contrary, a previous case-control study in a USA-resident population had determined that allele A was not associated with cervical cancer [START_REF] Maley | Genetic variation in CXCL12 and risk of cervical carcinoma: A population-based casecontrol study[END_REF], but in this case, they studied invasive carcinomas and HPV status was not determined. The differences between studies hinder concluding whether CXCL12 genetic variants confer HPV infection susceptibility, but it remains an interesting and unanswered question.

Altogether, these observations points toward CXCL12/CXCR4/ACKR3 as potential prognostic markers and therapeutic targets. Indeed, combination of radiotherapy with AMD3100 improved the primary tumour response in a mouse model of cervical cancer xenografts while eliminating the detrimental side effects of radiotherapy [START_REF] Lecavalier-Barsoum | Targeting CXCL12/CXCR4 and myeloid cells to improve the therapeutic ratio in patient-derived cervical cancer models treated with radio-chemotherapy[END_REF]. In addition, AMD3100 treatment also inhibited lymph node metastasis of OSCC cell lines when injected in mice [START_REF] Uchida | Blockade of CXCR4 in oral squamous cell carcinoma inhibits lymph node metastases[END_REF]. This is in line with our own results, as previously mentioned, in which AMD3100 improved disease progression in a model of HPV-induced dysplasia (Meuris, Gaudin, et al., 2016).

To conclude on this chapter and to put it in the framework of my PhD, the axis formed by CXCL12/CXCR4/ACKR3 is essential for development and it plays important roles in health and disease, particularly in HPV-related malignancies.

Thus, CXCL12 signalling axis emerges as a potential host susceptibility factor in HPV pathogenesis, a concept supported by studies in immunodeficiencies with selective HPV susceptibility and that I will describe in the next chapter. It is therefore a necessary task to understand the mechanisms by which CXCL12/CXCR4/ACKR3 function and control HPV life cycle.

CHAPTER 4. ROLE OF CXCL12 SIGNALLING AXIS IN THE SUSCEPTIBILITY TO HPV PATHOGENESIS

As mentioned in Chapter 1, HPV infection can be acquired early in life or at the onset of sexual activity and it is present virtually in all individuals. Most infections are asymptomatic, few of them show clinical manifestations that usually regress over time and only 5 to 10% of those infections become persistent. A small proportion of those might progress to cancer. The risk factors and mechanisms associated with this process, believed to be multistep, are not fully understood and there is a need to elucidate the host factors that control HPV infection. Some primary immunodeficiencies (Table 2) are associated with selective susceptibility to HPV pathogenesis and patients show severe and recurrent HPV infections. 

WHIM SYNDROME

My laboratory, led by Françoise Bachelerie, has had a long-standing interest in studying the WS and has made substantial contributions to the field, especially with the generation of the sole mouse model so far (Balabanian et al., 2012), in which one Cxcr4 allele harbours a mutation identified in patients. WS is a rare autosomal immunodeficiency caused by heterozygous gain-of-function mutations in the CXCR4 gene (Hernandez et al., 2003), being the only Mendelian disorder associated with a chemokine receptor. Patients share common clinical traits that give rise to the WHIM acronym: HPV-induced Warts, Hypogammaglobulinemia, recurrent Infections and Myelokathexis, but there is some clinical and genetic heterogeneity, as described below. Adapted from [START_REF] Rezaei | Primary immunodeficiency diseases associated with increased susceptibility to viral infections and malignancies[END_REF][START_REF] Leiding | Warts and all: Human papillomavirus in primary immunodeficiencies[END_REF][START_REF] Sri | Generalized verrucosis: A review of the associated diseases, evaluation, and treatments[END_REF] 

MOLECULAR PATHOLOGY OF WS: CXCR4 MUTATIONS AND DYSFUNCTION IN CXCL12/CXCR4 SIGNALLING

Sequencing of WS patients revealed in most cases heterozygous mutations in CXCR4 affecting the C-term part of the receptor (Hernandez et al., 2003) (Figure 21). Most of these mutations result in a premature stop codon or a frameshift, which cause the truncation of the last 10-19 aa of the receptor. This region encompasses aa that play a key role in regulating receptor functioning. Critical serine and threonine residues, which are subjected to phosphorylation events by GRKs, are lost due to the mutations (Figure 21) and this prevents β-arr recruitment to the C-term, which is even enhanced toward the third ICL (Figure 22). Consequently, CXCL12-induced receptor internalization does not occur. This lack of proper CXCR4 desensitization is associated with enhanced and prolonged CXCR4-mediated signalling via G protein activation as well as increased recruitment of β-arr (Lagane et al., 2008). Indeed, C-term truncations expose the third ICL of CXCR4, where β-arr (i.e. β-arr 2) can bind and promote ERK1/2 phosphorylation (Lagane et al., 2008). Abnormal maintenance of this interaction could account for the exacerbated CXCR4 signalling upon CXCL12

binding. As a consequence, leukocytes derived from WS patients display enhanced chemotaxis towards CXCL12 even at low concentrations, hence sensitivity to CXCL12 is magnified in WS cells [START_REF] Balabanian | WHIM syndromes with different genetic anomalies are accounted for by impaired CXCR4 desensitization to CXCL12[END_REF][START_REF] Kawai | Enhanced function with decreased internalization of carboxy-terminus truncated CXCR4 responsible for WHIM syndrome[END_REF]. Impaired internalization and gain of function of CXCR4 are also observed in cells derived from a WS-like patients with wild type CXCR4

receptor [START_REF] Balabanian | Leukocyte analysis from WHIM syndrome patients reveals a pivotal role for GRK3 in CXCR4 signaling[END_REF][START_REF] Kawai | WHIM syndrome: congenital immune deficiency disease[END_REF]. In this case, low GRK3 protein levels might be the underlying cause for the dysfunction of the CXCL12/CXCR4 signalling axis. GRK3 activity deficiency may result in reduced CXCR4 C-terminal phosphorylation and inefficient β-arr recruitment. Reexpression of GRK3 in patient's leukocytes restored CXCR4 desensitization and normalized CXCL12-induced chemotaxis [START_REF] Balabanian | Leukocyte analysis from WHIM syndrome patients reveals a pivotal role for GRK3 in CXCR4 signaling[END_REF]. Of note, one of the patients was later diagnosed with GATA2 deficiency [START_REF] Pasquet | High frequency of GATA2 mutations in patients with mild chronic neutropenia evolving to MonoMac syndrome, myelodysplasia, and acute myeloid leukemia[END_REF], another primary immunodeficiency with CXCL12/CXCR4 axis dysfunctions and susceptibility to HPV infections [START_REF] Maciejewski-Duval | Altered chemotactic response to CXCL12 in patients carrying GATA2 mutations[END_REF].

Figure 22. Gain of CXCL12/CXCR4 function in WS In healthy individuals, wild-type CXCR4 (green) is activated by CXCL12 and triggers intracellular signalling (1). Then, GRK-mediated C-term phosphorylation and β-arr docking result in desensitization (2) and internalization (3). Receptor can then be recycled or degraded. In the context of WS patients, WS-associated mutations in

CXCR4 result in enhanced G protein and β-arr-dependent signalling associated with impaired desensitization and internalization. Alternatively, deficiency of GRK3 activity may also contribute to impaired desensitization and internalization.

WS patients only have one mutated CXCR4 allele. Cells express both the wild type and mutant CXCR4, but the mutant exerts a transdominant effect over the wild type counterpart. While the wild type and mutant CXCR4 form heterodimers in transfection experiments (Lagane et al., 2008), whether this occurs in endogenous settings is not known but it seems plausible, as structural studies suggest that CXCR4 forms dimers [START_REF] Kufareva | Stoichiometry and geometry of the CXC chemokine receptor 4 complex with CXC ligand 12: Molecular modeling and experimental validation[END_REF][START_REF] Qin | Crystal structure of the chemokine receptor CXCR4 in complex with a viral chemokine[END_REF]. The exact molecular mechanisms on how both receptors operate, and the consequences of their interaction remain unclear. Besides, whether mutant CXCR4 can heterodimerize with ACKR3 and the potential impact on ACKR3 function has not been investigated yet.

CLINICAL FEATURES OF WS

Most WS patients present panleukopenia, that is, reduced white blood cell counts, but the common feature is neutropenia and lymphopenia. This results in a combined innate and adaptive immunodeficiency [START_REF] Majumdar | Adaptive immunodeficiency in WHIM syndrome[END_REF]) (Figure 23). Myelokathexis is the key to diagnosis to distinguish WS from other congenital neutropenias. Myelokathexis refers to the increased number of mature myeloid cells [START_REF] Zuelzer | Phenotype: Perinatal death of .95% Ackr3 2/2 mice. Thickened semilunar valves. Normal development of B cells and granulocytes. Altered neuron migration during embryonic development[END_REF], in WS patients mature neutrophils, in the bone marrow. This is the reason for the low neutrophil counts in peripheral blood. Neutrophils in the bone marrow present an aberrant and apoptotic morphology and can be mobilized during infection and their function is preserved, providing a protective role. This could explain why invasive and life-threatening infections are not frequent in WS patients despite immunodeficiency. However, WS patients do suffer from recurrent and severe bacterial infections, particularly in the respiratory tract (e.g. [START_REF] Cohen | Description and outcome of a cohort of 8 patients with WHIM syndrome from the French Severe Chronic Neutropenia Registry[END_REF][START_REF] Heusinkveld | Pathogenesis, diagnosis and therapeutic strategies in WHIM syndrome immunodeficiency[END_REF], and display selective susceptibility to HPV pathogenesis. 60 to 70% of WS patients are at high-risk of profuse and recurrent HPV-induced skin warts, in the hands or feet, and anogenital areas (e.g. condyloma), which can progress to intraepithelial neoplasias and cancer. These lesions are usually intractable, as they are resistant to conventional treatments such as imiquimod, a TLR7 agonist, or surgery (McDermott and Murphy, 2019). WS patients also display B lymphopenia, especially memory B cells and in most cases T lymphopenia, which can be due to defects in lymphopoiesis or T cell trafficking [START_REF] Gulino | WHIM syndrome: a genetic disorder of leukocyte trafficking[END_REF]. Defects in plasmacytoid DC have also been reported (Tassone et al., 2010). WS patients can respond to vaccination but fail to maintain humoral responses over time due to B cell defects, which display a delay in IgG-class switching upon vaccination [START_REF] Mc Guire | Oligoclonality, impaired class switch and B-cell memory responses in WHIM syndrome[END_REF][START_REF] Badolato | How I treat warts, hypogammaglobulinemia, infections, and myelokathexis syndrome[END_REF]. This could support the hypogammaglobulinemia observed in patients. Hypogammaglobulinemia is the least penetrant phenotype and refers to the low levels of immunoglobulins which, while variable among patients, can be associated with IgA and/or IgM deficiencies [START_REF] Heusinkveld | Pathogenesis, diagnosis and therapeutic strategies in WHIM syndrome immunodeficiency[END_REF].

S. pneumoniae, H. influenzae) (Beaussant

Our understanding on how CXCL12/CXCR4 axis deregulations account for the clinical manifestations observed in patients has greatly improved with studies using the WS mouse model, which I will describe in the next section.

MOUSE MODEL OF WS: UNDERSTANDING THE IMMUNOPATHOGENESIS

A mouse model of WS was conceived and generated by Françoise Bachelerie and colleagues (Balabanian et al., 2012) and it constitutes a valuable tool to investigate the underlying mechanisms of the disease. The knock-in mouse model (Cxcr4 +/1013 ) harbours the equivalent nonsense mutation identified in patients (S338X) and was initially generated in C57Bl/6 genetic background, but through speed congenics, we also obtained Cxcr4 +/1013 mice in FVB/N background.

Mice reproduce the panleukopenia, including peripheral neutropenia despite normal bone marrow architecture and granulopoiesis (Balabanian et al., 2012).

Hypogammaglobulinemia was not observed (Balabanian et al., 2012). Leukocytes displayed impaired CXCR4 internalization and enhanced chemotaxis to CXCL12 (Balabanian et al., 2012). It has not been investigated yet if Cxcr4 +/1013 mice are more susceptible to bacterial or HPV infection, the latter not being feasible as HPV only infects human. However, Cxcr4 +/1013 mice are being used to explore the susceptibility to MmuPV (Paul. F. Lambert, personal communication).

Cxcr4 +/1013 mice showed defects in the differentiation and homing of antigenspecific long-lived plasma cells (antibody-secreting cells) to the bone marrow (Biajoux et al., 2016). Indeed, lack of CXCR4 desensitization led to the accumulation of immature plasmablasts and mice did not maintain antibody levels after immunization (Biajoux et al., 2016). This may explain the reduced humoral response in WS patients. Defects in B cell responses can also be explained by defective T cell activation. In vivo studies using bone marrow cells expressing WSmutated CXCR4 suggested that lack of CXCR4 desensitization impaired immunological synapses between T cells and antigen presenting cells [START_REF] Kallikourdis | The CXCR4 mutations in WHIM syndrome impair the stability of the T-cell immunologic synapse[END_REF]. Cxcr4 +/1013 mice also displayed defects in the differentiation of haematopoietic stem cells into progenitors of the lymphoid lineage (Freitas et al., 2017). Lastly, cross-breeding Cxcr4 +/1013 (FVB/N) mice with K14-HPV16 transgenic mice resulted in a worsened phenotype of HPV-induced lesions, including increased KC proliferation, upregulation of oncogenesis markers (p16) and increased immune infiltration (Meuris, Gaudin, et al., 2016). This cross-breeding has been further explored in regard to the myeloid compartment during the course of my PhD (Article III).

TREATMENT OF WS PATIENTS

The treatment provided to WS patients aims at alleviating the clinical symptoms of the disease (Figure 23). Current therapies include intravenous immunoglobulin infusions and antibiotics to fight infections, granulocyte or granulocyte macrophage colony-stimulating factor (G-CSF or GM-CSF respectively) to promote the mobilization of granulocytes from the bone marrow into the blood and wart surgical removal [START_REF] Badolato | How I treat warts, hypogammaglobulinemia, infections, and myelokathexis syndrome[END_REF]. There is one study in which HPV vaccination (see Chapter 5 for more details) was tested in a young WS patient which did not show warts at the time of presentation [START_REF] Handisurya | A quadrivalent HPV vaccine induces humoral and cellular immune responses in WHIM immunodeficiency syndrome[END_REF], although immunogenicity was lower compared to control individuals. In a French cohort, two young WS patients have also received an HPV vaccine and authors reported that they did not shown HPV-associated lesions a few years later (Beaussant Cohen et al., 2012). Other therapeutic options are haematopoietic stem cell transplantation, by which three WS patients have been clinically cured [START_REF] Kriván | Successful umbilical cord blood stem cell transplantation in a child with WHIM syndrome[END_REF][START_REF] Moens | Successful hematopoietic stem cell transplantation for myelofibrosis in an adult with wartshypogammaglobulinemia-immunodeficiency-myelokathexis syndrome[END_REF][START_REF] Kawahara | Transient marked increase of γδ T cells in WHIM syndrome after successful HSCT[END_REF].

There is one case of a spontaneous clinical cure of WS (McDermott et al., 2015). A WS patient underwent a chromothriptic event in one haematopoietic stem cell (HSC) that resulted in the deletion of the mutated CXCR4 allele together with a copy of other 163 genes. This led to a restoration of the myeloid compartment that corrected neutropenia and monocytopenia while still presenting B and T lymphopenia. In vivo experiments demonstrated that CXCR4 haploinsufficiency conferred HSC with a growth and engraftment advantage which could be used as a benefit for HSC transplants. These findings also open the possibility of gene therapy to cure WS. Besides, upon this fortuitous deletion, HPV warts in the patient had spontaneously resolved WS (McDermott et al., 2015). This highlights the role of myeloid cells in the control of the HPV pathogenesis, which is particularly relevant in regard to our studies in mouse models (see Article III).

Figure 23. WS clinical manifestations and treatments

Current treatments only alleviate the symptoms (green). Haematopoietic stem cell transplant (HSCT) has been successfully performed in four patients (yellow). The only therapeutic approach that targets the cause of WS is AMD3100, an approach that is currently in clinical trials (purple). Moreover, potential gene therapy approaches to correct or eliminate the disease allele is envisioned. IVIG: intravenous immunoglobulin.

Lastly, in view of the lack of selective treatment and the causative role of CXCR4 mutation, blocking gain of CXCR4 function constitutes an attractive option (Figure 23). As I previously described, AMD3100 is an orthoesteric CXCR4

antagonist that inhibits the binding of CXCL12. It has been approved in combination with G-CSF for mobilising haematopoietic stem cells to use in bone marrow transplants in lymphoma and multiple myeloma patients [START_REF] Cashen | AMD3100: CXCR4 antagonist and rapid stem cell-mobilizing agent[END_REF][START_REF] De Clercq | Mozobil® (Plerixafor, AMD3100), 10 years after its approval by the US Food and Drug Administration[END_REF]. AMD3100 is one of the two antagonists of chemokine receptors used in the clinic, the other being Maraviroc®, a CCR5 antagonist, used in patients infected with CCR5-tropic Human Immunodeficiency Virus (HIV)-1 strains [START_REF] Kanmogne | Maraviroc: a review of its use in HIV infection and beyond[END_REF]. AMD3100, also known as plerixafor or Mozobil®, has been tested in a phase I clinical trial for WS patients [START_REF] Mcdermott | A phase 1 clinical trial of long-term, low-dose treatment of WHIM syndrome with the CXCR4 antagonist plerixafor[END_REF] and it can mobilize neutrophils, correct myelokhatexis and panleukopenia without adverse effects at the doses used [START_REF] Dale | The CXCR4 antagonist plerixafor is a potential therapy for myelokathexis, WHIM syndrome[END_REF][START_REF] Mcdermott | The CXCR4 antagonist plerixafor corrects panleukopenia in patients with WHIM syndrome[END_REF][START_REF] Mcdermott | A phase 1 clinical trial of long-term, low-dose treatment of WHIM syndrome with the CXCR4 antagonist plerixafor[END_REF].

AMD3100 treatment also improved HPV warts in combination with imiquimod and reduced infections frequency [START_REF] Mcdermott | A phase 1 clinical trial of long-term, low-dose treatment of WHIM syndrome with the CXCR4 antagonist plerixafor[END_REF][START_REF] Mcdermott | Plerixafor for the treatment of WHIM syndrome[END_REF]. However, AMD3100 treatment did not fully rescue hypogammaglobulinemia [START_REF] Mcdermott | A phase 1 clinical trial of long-term, low-dose treatment of WHIM syndrome with the CXCR4 antagonist plerixafor[END_REF].

INTERPLAY BETWEEN THE CXCL12 SIGNALLING AXIS AND HPV

As mentioned earlier, studies in the context of WS can provide insights into the control mechanisms of HPV pathogenesis, which are relevant to the general population. The beneficial use of CXCR4 antagonist, AMD3100, in regard to HPVinduced warts underscores the interplay between the CXCL12 signalling axis and HPV (Figure 24), which occurs both at the KC and immune cell levels. This is supported by accumulating evidence from my laboratory (introduced in section 3.3.4). CXCL12 is abnormally expressed in HPV-induced lesions in both immunocompetent and WS individuals, but not in other dermatological conditions (e.g. seborrheic keratosis and epidermoid carcinoma). [START_REF] Balabanian | WHIM syndromes with different genetic anomalies are accounted for by impaired CXCR4 desensitization to CXCL12[END_REF]. Thus, HPV is associated with CXCL12 deregulation and in WS, aberrant CXCL12/CXCR4 signalling could modify the cellular environment that might predispose WS patients to higher incidence of HPV infections.

The interplay between CXCL12 axis and HPV was further illustrated by the upregulation of CXCL12 and its receptors CXCR4 and ACKR3 upon HPV oncoprotein expression in KC (Chow et al., 2010) (Figure 24). This created an autocrine signalling loop that favours cell survival and proliferation, notably through the activation of the PI3K/Akt pathway downstream of ACKR3 (Chow et al., 2010).

In addition, WS-associated CXCR4 mutation (S338X) conferred HPV-immortalized KC a transforming capacity, which were then able to produce tumours in nude mice in xenograft models (Chow et al., 2010). The role of CXCR4 in promoting HPV oncogenesis was also observed in 3D-EpC in vitro studies. Here, expression of WS-mutated CXCR4 receptor promoted the overexpression and stabilization of viral oncoproteins resulting in impaired productive life cycle and expression of oncogenic markers such as p16 (Meuris, Carthagena, et al., 2016). This precancerous context was reversed by CXCR4 antagonist, AMD3100 (Figure 24); which underscores the benefits of targeting CXCR4 in regard to HPV pathogenesis. As I previously said, WS-mutated CXCR4 displays enhanced signalling both through G-proteins and β-arr (Figure 22). Blockade of CXCR4 with AMD3100 could be blocking one or another. Deletion of the SHSK motif where βarr bind restored the productive life cycle, thereby providing mechanistic clues on the role of β-arr in HPV pathogenesis. This suggest that the aberrant β-arr signalling may be responsible for the permissive environment toward HPV oncogenesis. This is particularly relevant in the context of ACKR3, which is reported to be a β-arr-biased receptor. The question of how ACKR3 might interact with WS-mutated CXCR4 or its contribution -together with CXCR4 or on its ownto HPV replication and/or oncogenesis has not been addressed yet.

The observations made in the context of WS can also be relevant to the general population. Similar to our results in 3D-EpC expressing WS-mutated CXCR4, chronic systemic treatment of HPV transgenic mice with AMD3100 (Meuris, Gaudin, et al., 2016) reduced KC proliferation and lesion progression, and diminished in the immune infiltrate. Conversely, WS-associated CXCR4 mutation worsened HPV-induced dysplasia, in line with the in vitro studies where we observed oncogenic marker expression. these observations put forward CXCR4 as a target in HPV pathogenesis beyond the WS. In conclusion, although evidence suggests that the myeloid compartment is important for the resolution of HPV-induced warts given the spontaneous cure of a WS patient, KC also play a role in the control of HPV pathogenesis and it is therefore important to investigate the host intrinsic response, as I described in Chapter 2. Collectively, these seminal studies that I just presented provide insights into the role of CXCL12/CXCR4 as a host susceptibility factor in HPV pathogenesis and nicely illustrate the immune-epithelial cell crosstalk in HPV pathogenesis. It is from here that my PhD emerges with the aim to address the unanswered question regarding the contribution of ACKR3 in the interplay between CXCL12/CXCR4 and the control of HPV (see Article I).

OTHER IMMUNODEFICIENCIES/SUSCEPTIBLE SITUATIONS FOR HPV INFECTION

Recurrent, extensive and severe HPV-induced lesions are also observed in other primary immunodeficiencies or acquired immunocompromised states (Table 2), some of which I will describe in this section

EPIDERMODYSPLASIA VERRUCIFORMIS AND BETA HPV

Epidermodysplasia verruciformis (EV) is a chronic skin condition that is characterized by an increased susceptibility to certain cutaneous HPV types from the Beta genus [START_REF] Rezaei | Primary immunodeficiency diseases associated with increased susceptibility to viral infections and malignancies[END_REF]. While Beta HPV usually cause asymptomatic infections in the general population, in EV patients they can cause severe diseases. There are at least 20 HPV types that have been implicated in the development of EV [START_REF] Orth | Genetics of epidermodysplasia verruciformis: Insights into host defense against papillomaviruses[END_REF]. EV patients display extensive cutaneous lesions of different morphology in hands, feet and trunk (Sarah J. de Jong et al., 2018).

Lesions with greater malignant characteristics can progress to invasive SCC or other skin cancers, especially in sun-exposed areas. These are mostly caused by HPV5 [START_REF] Orth | Host Defenses Against Human Papillomaviruses: Lessons from Epidermodysplasia Verruciformis[END_REF].

EV has an autosomal recessive inheritance and it is caused by homozygous loss-of-function mutations in EVER genes, identified in 75% of patients [START_REF] Ramoz | Mutations in two adjacent novel genes are associated with epidermodysplasia verruciformis[END_REF][START_REF] Orth | Genetics of epidermodysplasia verruciformis: Insights into host defense against papillomaviruses[END_REF]. The genetic cause for other patients remains unknown.

EVER1 and EVER2 are transmembrane channel-like proteins that interact with zinc transporters and are therefore involved in cellular zinc homeostasis. EVER proteins are expressed in both KC and immune cells. Loss of EVER1 and EVER2 function can increase transcription factor activity (e.g. AP-1), which could enhance viral oncogene expression in KC [START_REF] Lazarczyk | The EVER Proteins as a Natural Barrier against Papillomaviruses: a New Insight into the Pathogenesis of Human Papillomavirus Infections[END_REF] proteins [START_REF] Lazarczyk | Regulation of cellular zinc balance as a potential mechanism of EVERmediated protection against pathogenesis by cutaneous oncogenic human papillomaviruses[END_REF]. In the general population, infection with Beta HPV, which lack E5 ORF, might be controlled by CIB1-EVER1-EVER2 axis.

However, in EV patients, CIB1 or EVER deficiency results in a defect in the control of Beta HPV infections. Besides the role of EVER proteins in KC intrinsic response, zinc homeostasis is also necessary for immune cell functioning [START_REF] Hojyo | Roles of Zinc Signaling in the Immune System[END_REF], supporting the defects in cell-mediated immunity that EV patients show. These defects, including T lymphopenia, could contribute to the inability of the host to control Beta HPV infections. Altogether, the selective HPV susceptibility of EV patients highlights the epithelial-immune cell crosstalk in HPV pathogenesis, as observed in WS.

OTHER PRIMARY IMMUNODEFICIENCIES

Other primary immunodeficiencies associated with HPV susceptibility include GATA2 and DOCK8 deficiencies and idiopathic CD4 + lymphocytopenia (ICL), among others (Table 2). Mutations in DOCK8 cause a combined immunodeficiency associated with high levels of IgE and high susceptibility to skin infections, mainly by HPV, herpes simplex virus and others, resulting in extensive and refractory cutaneous lesions [START_REF] Chu | Cutaneous Manifestations of DOCK8 Deficiency Syndrome[END_REF] . GATA2 is a transcription factor involved in haematopoiesis and its deficiency has been associated to several immunodeficiency syndromes [START_REF] Dotta | Primary immunodeficiencies appearing as combined lymphopenia, neutropenia, and monocytopenia[END_REF][START_REF] Maciejewski-Duval | Altered chemotactic response to CXCL12 in patients carrying GATA2 mutations[END_REF] featuring monocytopenia, high incidence of myelodysplasia and leukemia and severe and extensive HPV-induced warts. Lastly, ICL is characterized by low counts of CD4+ T lymphocytes and it is usually detected after opportunistic infections [START_REF] Stetson | CD4+ T lymphocytopenia with disseminated HPV[END_REF]. The genetic cause of ICL remains unknowns.

Patients display HPV-induced warts in extremities and the genital area, and it can progress to carcinoma.

ACQUIRED IMMUNODEFICIENCIES

HIV infection

Infection with human immunodeficiency virus (HIV) can lead to a state of immunodepression, in particular, low counts of CD4+ lymphocytes. Some cases of HIV-positive patients with HPV susceptibility have been reported [START_REF] Sri | Generalized verrucosis: A review of the associated diseases, evaluation, and treatments[END_REF][START_REF] Guidry | The interaction between human papillomavirus and other viruses[END_REF], and the lesions and HPV types that have been identified are similar to those observed in EV patients. This supports the role of cell-mediated immunity in the control of Beta HPV infection [START_REF] Sri | Generalized verrucosis: A review of the associated diseases, evaluation, and treatments[END_REF].

Organ transplant recipients

Organ transplant recipients receive strong immunosuppressant to avoid the complications from graft versus host disease. Therefore, they are more likely to suffer from opportunistic infections and are more susceptible to HPV infections [START_REF] Bouwes Bavinck | Human papillomavirus infection and skin cancer risk in organ transplant recipients[END_REF][START_REF] Reusser | HPV Carcinomas in Immunocompromised Patients[END_REF]. HPV-induced warts are common in these patients.

CHAPTER 5. PREVENTION AND TREATMENT OF HPV-ASSOCIATED DISEASE

In this section, I will highlight the prevention methods for HPV infection with a focus on the prophylactic vaccines that have been developed. Currently, there is not a specific treatment for HPV-induced cancers, which rely on general therapeutic approaches used in carcinomas.

PREVENTION

PRIMARY PREVENTION: PROPHYLACTIC VACCINES

The earliest prevention strategy is the vaccination with HPV prophylactic vaccines, which have been developed to provide protective immunization against some high-risk mucosal HPV types associated with cervical cancer. These vaccines are based on the ability of L1 capsid protein to assemble itself in viruslike particles (VLPs) devoid of oncogenic potential due to the lack of genomic material. L1 is highly immunogenic and vaccination with VLP yields high titres of neutralizing antibodies (nAb) [START_REF] Harro | Safety and Immunogenicity Trial in Adult Volunteers of a Human Papillomavirus 16 L1 Virus-Like Particle Vaccine[END_REF]. These nAb are type-restricted, that is, they neutralize the HPV types included in the vaccine but they can also show weak cross-neutralization against other closely related types [START_REF] Harari | Crossprotection of the Bivalent Human Papillomavirus (HPV) Vaccine Against Variants of Genetically Related High-Risk HPV Infections[END_REF]. HPV vaccination induces sterilizing immunity, which means that nAb completely neutralize the virus so that no infection occurs.

Currently, there are three VLP-based vaccines in the market: Cervarix®, by GlaxoSmithKline, a bivalent vaccine targeting HPV16 and HPV18; Gardasil®, a quadrivalent vaccine containing VLPs from HPV16, 18, and two of the most prevalent low-risk HPV in genital warts, HPV6 and 11; and Gardasil-9®, a nonavalent product targeting the four previous types plus HPV31, 33, 45, 52 and 58, which are the next five most common types in cervical cancer [START_REF] Stanley | Tumour virus vaccines: Hepatitis B virus and human papillomavirus[END_REF][START_REF] Roden | Opportunities and challenges for human papillomavirus vaccination in cancer[END_REF]. The two latter have been developed by Merck.

These vaccines have undergone extensive clinical trials and they have proven to be safe. The efficacy end point of these clinical trials (Cervarix® and Gardasil®) was the presence CIN2/3 lesions. Preventing the apparition of these pre-cancerous lesions was taken as an indicative of ultimately preventing cervical cancer [START_REF] Muñoz | Impact of Human Papillomavirus (HPV)-6/11/16/18 Vaccine on All HPV-Associated Genital Diseases in Young Women[END_REF][START_REF] Lehtinen | Overall efficacy of HPV-16/18 AS04-adjuvanted vaccine against grade 3 or greater cervical intraepithelial neoplasia: 4-year end-of-study analysis of the randomised, double-blind PATRICIA trial[END_REF]. Gardasil-9® underwent a phase IIb-III clinical trial that included Gardasil® treatment as the control arm [START_REF] Joura | A 9-valent HPV vaccine against infection and intraepithelial neoplasia in women[END_REF]. The study included more than 14000 young (16-26 years old) women, with a follow-up of more than 4 years, and the efficacy of Gardasil-9® in preventing high-grade cervical, vulvar and vaginal disease associated with the new HPV types was more than 90%. The antibody response was not inferior as the one elicited by Gardasil. Although the three vaccines are based in VLPs, the expression system, the vaccine composition, the concentration of L1 and the adjuvants are different (Table 3). Of note, Cervarix uses the TRL4 agonist monophosphoryl lipid A (MPL)

as an adjuvant and this enhances innate and adaptive immune responses.

Differences in the adjuvants may account for the different immunogenicity. For example, Cervarix is associated with a TH1 response, while Gardasil favours TH2biased response [START_REF] Einstein | Comparative humoral and cellular immunogenicity and safety of human papillomavirus (HPV)-16/18 AS04-adjuvanted vaccine and HPV-6/11/16/18 vaccine in healthy women aged 18-45 years: Follow-up through Month 48 in a Phase III randomized study[END_REF][START_REF] Herrin | Comparison of adaptive and innate immune responses induced by licensed vaccines for human papillomavirus[END_REF]. These vaccines are now approved for protection against anogenital infection and associated diseases.

However, due to the lack of criteria to define precursor lesions of OSCC, these vaccines are not approved yet for the prevention of HPV-associated OSCC [START_REF] Roden | Opportunities and challenges for human papillomavirus vaccination in cancer[END_REF]. Adapted from [START_REF] Pinto | Immunogenicity of HPV prophylactic vaccines: Serology assays and their use in HPV vaccine evaluation and development[END_REF][START_REF] Roden | Opportunities and challenges for human papillomavirus vaccination in cancer[END_REF].

Vaccines were initially conceived for a three-dose schedule, but studies have demonstrated that a two-dose schedule results in sufficiently high nAb titres [START_REF] Kreimer | Efficacy of fewer than three doses of an HPV-16/18 AS04-adjuvanted vaccine: combined analysis of data from the Costa Rica Vaccine and PATRICIA trials[END_REF][START_REF] Sankaranarayanan | Immunogenicity and HPV infection after one, two, and three doses of quadrivalent HPV vaccine in girls in India: a multicentre prospective cohort study[END_REF] and the World Health Organization (WHO) now recommends two doses for 9-15-year-old girls and three doses for girls older than 15 years old (last update on March 2018). Thus, the target population is young females before sexual activity onset. However, prevention is also important in men, as high-risk HPV infection is associated with other anogenital cancer, not only cervical, such as penile cancer as well as OSCC.

Therefore, young boys should also be included in vaccination programs [START_REF] Stanley | HPV vaccination in boys and men[END_REF]. The coverage of the current vaccination programs varies among countries, with low and middle-income countries having the lowest vaccination rates while having the highest morbidity of HPV-associated diseases [START_REF] Roden | Opportunities and challenges for human papillomavirus vaccination in cancer[END_REF]. It has been now ten years since the first HPV vaccination programs were established and a systematic review of these studies has provided evidence of the beneficial impact of HPV vaccination at the population level. HPV infection, anogenital wart and CIN2 incidence rates have declined among girls and women [START_REF] Drolet | Population-level impact and herd effects following the introduction of human papillomavirus vaccination programmes: updated systematic review and meta-analysis[END_REF]. Furthermore, anogenital wart diagnosis also decreased among boys and men, presumably due to herd immunity.

Lastly, as I mentioned before, cross-protection is limited to the target HPV, or closely related types, included in the vaccine but immunity can be broadened using a combination of L1-based VLPs containing L2 epitopes [START_REF] Huber | A chimeric 18L1-45RG1 virus-like particle vaccine crossprotects against oncogenic alpha-7 human papillomavirus types[END_REF], which can also target cutaneous HPV [START_REF] Huber | Chimeric L2-based virus-like particle (VLP) vaccines targeting cutaneous human papillomaviruses (HPV)[END_REF]. L2-based VLPs yield lower antibody titres which can be cross-neutralising [START_REF] Schellenbacher | Developments in L2-based human papillomavirus (HPV) vaccines[END_REF].

SECONDARY PREVENTION: SCREENING AND HPV TESTING

Progression of HPV-related lesions in the cervix (CIN1 to 3) to invasive cancer can be monitored by implementing annual cervical screenings including cervical cytology and HPV testing in case of abnormal cytology. For CIN1 lesions, which usually regress within 1-2 years, a follow-up is recommended. More advanced lesions, such as CIN2 and CIN3 may require surgical approaches to prevent cervical cancer, as described below.

TREATMENT

Treatment of high-grade pre-cancerous lesions or cancer in the anogenital area includes surgical excision of the dysplastic area, laser ablation or cryotherapy.

Hysterectomy is only recommended for patient in post-reproductive age. However, elimination of the malignant tissue does not mean elimination of the HPV infection, and lesions can be recurrent. Invasive carcinomas may be treated with a combination of surgery together with radiotherapy and/or chemotherapy as an adjuvant [START_REF] St Guily | Oropharyngeal cancer prognosis by tumour HPV status in France: The multicentric Papillophar study[END_REF]. Standard therapy for OSCC includes a combination of radiotherapy and chemotherapy regardless of HPV status, but it is well documented that HPV-positive patients have better prognosis than HPVnegative ones, which usually respond less well to therapies [START_REF] St Guily | Oropharyngeal cancer prognosis by tumour HPV status in France: The multicentric Papillophar study[END_REF]. The enhanced sensitivity of HPV-positive tumour in oropharyngeal sites can be due to altered DNA repair pathways, so cells cannot repair radiation-induced DNA damage; or due to deregulation of cell cycle, by which more cells are in mitosis and are radiosensitive (Liu et al., 2018;[START_REF] Pan | HPV-driven oropharyngeal cancer: current knowledge of molecular biology and mechanisms of carcinogenesis[END_REF].

POTENTIAL THERAPEUTIC APPROACHES

Vaccination with L1 or L2-based VLPs is not therapeutic as it cannot treat pre-existing infections. This is because nAb can only neutralize the virus before infection occurs, but already infected cells are not eliminated. There are other approaches aiming at stimulating a cell-mediated immune host response to treat lesions [START_REF] Hancock | Therapeutic HPV vaccines[END_REF]. For example, E6 and E7 can be exposed into VLPs to promote an immune response against these oncoproteins. A study reported enhanced T cell immunity using a vaccine based on HPV16 VLP with L2E6E7 fusion protein [START_REF] De Jong | Enhancement of human papillomavirus (HPV) type 16 E6 and E7-specific Tcell immunity in healthy volunteers through vaccination with TA-CIN, an HPV16 L2E7E6 fusion protein vaccine[END_REF], which produces humoral response against L2 together with a cell-mediated response against E6E7 [START_REF] Karanam | Vaccination with HPV16 L2E6E7 fusion protein in GPI-0100 adjuvant elicits protective humoral and cell-mediated immunity[END_REF]. As cancerous cells express high levels of the oncoproteins, they would be targeted and eliminated. Other approaches include DNA vaccination or the use of vectors, such as adenovirus, to transduce cells. Others are based on peptide or protein immunization. For example, the product GTL001 consists of E7 oncoprotein from HPV16 and HPV18. Together with imiquimod as an adjuvant, it induced a CD8 + T cell response in mice [START_REF] Esquerré | GTL001, a bivalent therapeutic vaccine against human papillomavirus 16 and 18, induces antigenspecific CD8+ T cell responses leading to tumor regression[END_REF] but there were no statistical differences in Phase II clinical trials (NCT01957878, press release by Genticel).

This illustrates the difficulties for developing therapeutic vaccines, which showed disappointing clinical trial results while being promising at pre-clinical stages [START_REF] Hancock | Therapeutic HPV vaccines[END_REF].

OTHER TREATMENTS FOR HPV

Lastly, and in line with my last comment, research regarding the host susceptibility factors for HPV infection and cancer progression could provide insights into new therapeutic targets. The CXCL12 axis has emerged as a host susceptibility factor and treatment with CXCR4 antagonist AMD3100 has provided beneficial outcomes not only in immunocompetent mouse models of HPV-induced carcinogenesis, but also in immunodeficient patients suffering from WS. On one hand, AMD3100 treatment in WS patients improved panleukopenia, the frequency of infections decreased and HPV-induced wart burden was reduced (McDermott, Pastrana, et al., 2019). In addition, one of the patients described in this report had also benefited from HPV prophylactic vaccines. (Meuris, Gaudin, et al., 2016).

Although the doses at which AMD3100 was used in patients or mice was not toxic, it has a short half-life in vivo, around 5 hours in circulation [START_REF] Mcdermott | Plerixafor for the treatment of WHIM syndrome[END_REF]. Therefore, a topical and local administration of AMD3100 may seem more suitable to treat HPV-induced lesions. This could be the starting point for a therapeutic approach, and we have performed preliminary experiments using hydrogel as an adjuvant to create a topical application for AMD3100 to treat K14-HPV16 mice (unpublished data, collaboration with Kawthar Bouchemal, Université Paris-Sud).

In conclusion, although there is still no specific treatment for HPV-induced disease, prophylactic vaccines sound promising in reducing HPV-related anogenital disease incidence rates [START_REF] Drolet | Population-level impact and herd effects following the introduction of human papillomavirus vaccination programmes: updated systematic review and meta-analysis[END_REF]. Moreover, the study of host susceptibility factors might provide rationale for new therapeutic approaches selectively targeting HPV infection.

OBJECTIVES

This doctoral thesis has been carried out in the framework of a European

Innovative Training Networks (ITN) fellowship named ONCORNET, which focused on the role of the CXCL12/CXCR4/ACKR3 trio in cancer. This network offered a multidisciplinary training to early stage researchers in the field of GPCRs. The general aim of ONCORNET was to develop and characterize CXCR4/ACKR3 modulators, such small molecules, pepducins and nanobodies that could be used as tools in order to investigate CXCR4/ACKR3 signalling pathways and their role in oncogenic processes. In the context of this consortium, the aim of our team was to study CXCR4 and ACKR3 functions in (patho)physiological contexts using in vitro and in vivo models.

In our laboratory, we are interested in virus-host interactions and previous studies from my team had identified the CXCL12/CXCR4 axis as a host susceptibility factor in HPV pathogenesis. In a normal context, CXCL12/CXCR4 act as gatekeepers of HPV life cycle but when deregulated (e.g. impaired CXCR4

desensitization and gain of CXCL12/CXCR4 function in the WS immunodeficiency) they can contribute to the shift of HPV life cycle toward oncogenesis. Working on the physiopathology of the WS, including potential therapeutic approaches targeting CXCL12/CXCR4, allowed us to establish that this signalling axis participates to the host control over HPV, which is exerted at two levels: the infected KC intrinsic response and the immune system. Additionally, in light of their functions in epithelial and immune cell homeostasis, and disease, we propose that CXCL12/CXCR4 are key factors in establishing a crosstalk between intrinsic and immune responses that contain HPV infections and limit the associated carcinogenesis. In this perspective, we have to consider the contribution of ACKR3, which is viewed as a receptor critically involved in cancer progression and metastasis occurrence. ACKR3 can come into play either as a modulator of CXCL12/CXCR4 functions through potential oligomerization with CXCR4 or CXCL12 scavenging that controls the chemokine bioavailability, and/or as a signalling receptor upon CXCL12 engagement.

trio in the control over HPV from an integrative point of view with the goal to provide insights into the interactions between this important component of the human virome and its host. 

RESULTS

This section is organized in three parts corresponding to three future articles;

the first one being in the last phase of experimental work, the second and the third ones being in preparation for submission to peer-reviewed journals.

The productive HPV life cycle relies on the stratification and differentiation HPV-induced carcinogenic process can be modelled with transgenic mice that express the early region of HPV16 under the control of the K14 promoter (Arbeit et al., 1994;Coussens et al., 1996). Here, we were interested in the role of For the third part (see Article III), we performed DC immunophenotyping studies in K14-HPV16 transgenic mice crossbred with Cxcr4 +/1013 mice, together with their non-transgenic control littermates. As mentioned in Chapter 4, Cxcr4 +/1013 mice, developed by Françoise Bachelerie's group (Balabanian et al., 2012), 

constitute

ARTICLE I PREAMBLE

The hypothesis of a role of ACKR3 in HPV life cycle first emerges due to the large body of evidence that my laboratory has been accumulating regarding the interplay between the CXCL12 signalling axis and the HPV life cycle and carcinogenesis, which has been described along the introduction, especially in Chapter 4. These studies point towards a role of CXCL12 and its receptor CXCR4

as gatekeepers of the HPV life cycle.

To briefly recapitulate, deregulation of this signalling axis is associated with HPV pathogenesis as exemplified in the WS where the CXCR4-associated mutation (CXCR4 1013 ) acts as a susceptibility factor that confers transforming capacity to HPV-expressing KC (Chow et al., 2010) and increases viral oncoproteins expression in 3D-EpC at the expense of a productive HPV life cycle (Meuris, Carthagena, et al., 2016). This shift was accompanied by the expression of oncogenic markers such as p16 and the phenotype could be reversed using a selective CXCR4 antagonist (i.e. AMD3100). This highlights the critical role of this axis in controlling the HPV life cycle.

Furthermore, in line with the vast literature reporting upregulation of ACKR3 expression in cancer (Freitas et al., 2014;Neves et al., 2019), our group reported the upregulation of ACKR3 upon expression of the viral oncoproteins in KC (Chow et al., 2010). Given the capacity of ACKR3 to modulate the CXCL12/CXCR4 pathway, either directly through the potential interaction of ACKR3 with CXCR4 to form heterodimers, or indirectly through the scavenging of CXCL12, we addressed the unknown role of ACKR3 in HPV pathogenesis.

We first aimed at generating ACKR3-KO KC using CRISPR-Cas9 strategy, but this approach resulted to be technically very challenging in primary-like cells (NIKS cell line), as ACKR3-KO KC seemed to be not viable. I will come back to this issue in my Discussion. We then modulated ACKR3 expression and function using a lentiviral-based strategy and found that ACKR3 overexpression triggered HPV-induced oncogenesis, while impairing the productive life cycle, suggesting that this receptor displays a pro-oncogenic potential. This occurred in a signallingdependent manner, as the phenotype was reversed upon deletion of the C-terminal part of ACKR3, which is essential for receptor functioning (see Chapter 3). Figure 27 illustrates the results and the main message of this work. In the following section, I will present my ongoing results in a manuscript format taking into account that this work will be completed during the following months. 

ACKR3 signalling is pro-oncogenic

We had previously observed that CXCL12/CXCR4 gain of function shifted the productive HPV life cycle toward oncogenesis by modifying KC proliferation, cell cycle and DNA damage repair pathways (Meuris, Carthagena, et al., 2016).

Here, while proliferation was similar in all HPV 3D-EpC, we detected that p16 expression was increased in ACKR3-WT 3D-EpC as compared to the control ones, Nevertheless, the minute amounts of secreted levels of CXCL11 did not allow us to formally validate these differences.

Blockade of endogenous ACKR3 favours HPV replication at the expense of viral-driven oncogenesis

We next blocked endogenously expressed ACKR3 in HPV 3D-EpC with a specific irreversible antagonist, the only one described so far and kindly provided in the context of an industrial collaboration (Idorsia Ltd). In line with our findings in HPV 3D-EpC ectopically expressing WT or dead-signalling ACKR3, the levels of the productive HPV life cycle markers E4 and L1 were upregulated 1. 

CONCLUSIONS AND WORK IN PROGRESS

Collectively, our data suggest that ACKR3 signalling acts as a prooncogenic signal hijacked by HPV to favour oncogenesis by modifying the cellular environment. In contrast to the CXCL12/CXCR4 gain of function-induced pathogenic mechanisms (Meuris, Carthagena, et al., 2016), these modifications occurred independently of viral oncoproteins expression suggesting that they are driven directly by ACKR3 signalling. Consistent with this hypothesis, we found that ACKR3 signalling increased the levels of p16, which is directly linked to cell cycle deregulation and oncogenesis. Additionally, ACKR3 signalling could also set in motion an antiviral response, which could at least partly account for the inhibition of the productive life cycle, as suggested by the high levels of CXCL10 detected in 3D-EpC media. In support of this hypothesis, expression levels of genes from the IFN pathway (IFI27, IFIT2) were also increased in ACKR3-WT and are currently being investigated at the mRNA and protein levels. The other candidates that include genes with functions relevant to cell migration (SLIT2 and NTN1) and to epithelial homeostasis (BMP7 and CRNN) will be characterized as well (mRNA in situ hybridization) (Fig 3B).

The results we obtained with a selective ACKR3 antagonist further support the pro-oncogenic potential of ACKR3 in endogenous settings and allows extrapolating the physiological relevance of ACKR3 signalling in the context of natural HPV infections. This highlights that a tight regulation of ACKR3 expression and signalling is essential for epithelial tissue homeostasis and that its blockade could be beneficial by fostering the replication of this microbiota-associated virus. FCS and 1% penicillin/streptomycin. Cells were regularly checked for mycoplasma contamination using MycoAlertTM Mycoplasma Detection Kit (cat#LT07-218, Lonza) and kept at 37ºC, 5% CO2.

FIGURES

Generation of modified NIKS cells

NIKS cells expressing ACKR3-WT or ACKR3-ΔCt (lacking the last 33 amino acids)

were obtained with a lentivirus-mediated strategy (Lagane et al., 2008). Briefly, cDNAs were cloned in pTRIP vectors [START_REF] Balabanian | The chemokine SDF-1/CXCL12 binds to and signals through the orphan receptor RDC1 in T lymphocytes[END_REF] and lentiviral particles were obtained (Plateforme de Vectorologie, Biocampus Montpellier). NIKS cells were transduced and 72 hours after, cell populations expressing similar levels of ACKR3 at the cell surface were sorted (FACSAria, BD Biosciences).

Generation of HPV18-expressing NIKS cells

Circular HPV18 genome was prepared as previously described (Lambert et al., 2005). NIKS were plated (~5. 

3D epithelial cell cultures (3D-EpC)

Non-transfected and HPV18-positive NIKS cells were used to generate skin equivalents that mimic the 3D architecture of a stratified epithelium (3D-EpC)

following previously described protocol (Lambert et al., 2005). Briefly, a dermal equivalent, made of rat-tail collagen type I (cat#08-115, Merck) and 0.75 x 10 6 /mL NHDF cells, was placed onto transwell inserts and 1. 

Calcium-induced differentiation

NIKS cells were induced to differentiate in high-calcium (1.5 mM CaCl2) FI medium without FCS as described in (Meuris, Carthagena, et al., 2016). Briefly, cells were plated in absence of 3T3 MMC in FI medium. 18h post-seeding, medium was switched to high-calcium medium and cells were harvested at 0h, 48h or 96h postseeding. Medium was changed every day.

Western blotting

Cell pellets and epidermal sheets were resuspended in lysis buffer ( 10 Millipore) and images were acquired and analyzed with UVP imaging system.

Histological analysis

Paraffin-embedded 3D-EpC sections (5 μm thick) were deparaffinized and rehydrated. Tissue architecture was evaluated with hematoxylin-eosin coloration.

Antigen retrieval was done in citrate buffer (pH 6.0) and sections were blocked with PBS 5% BSA or PBS 5% BSA 0.2% Triton X-100 (permeabilization buffer for nuclear antigens). Sections were incubated overnight at 4ºC in a humid chamber with the following primary antibodies diluted in PBS 5% BSA: anti-filaggrin (1/100, Abcam, cat# ab218395), anti-Ki-67 (1/100, Abcam, cat# ab16667), anti-HPV18-E4 

In situ hybridization

As previously detailed (Mirkovic et al., 2015;Herfs et al., 2018), carcinogenic HPV DNA was detected in paraffin-embedded raft cultures by in situ hybridization using the Ventana INFORM HPV III family 16 probes (Ventana Medical Systems, Tucson, AZ, USA). This kit allows the detection of 12 high-risk HPV genotypes (HPV16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58 and 66). The manufacturer's recommendations were strictly followed and at the end, Red Counterstain II (Ventana Medical Systems) was used.

Electron microscopy

3D-EpC were harvested at day 18 and fixed for 72h in 4% paraformaldehyde and 1% glutaraldehyde (Sigma, St. Louis, MO) in 0.1 M phosphate buffer (pH 7.2).

Samples were washed with PBS and post-fixed by incubation with 2% osmium tetroxide (Agar Scientific, Stansted, UK) for 1 h. 3D-EpC were then fully dehydrated in a graded series of ethanol solutions (70%, 90% and 100%) and propylene oxide (100%). The samples were impregnated with a 1:1 mixture of propylene oxide/Epon resin (Sigma) and then incubated overnight in pure resin. They were then embedded in Epon resin and left to polymerize for 48 h at 60°C. Ultrathin sections (80 nm) were cut with an EM UC7 ultramicrotome (Leica Microsystems, Wetzlar, Germany). Contrast staining was performed with 2% uranyl acetate (Agar Scientific) and 5% lead citrate (Sigma), and sections were then observed in a transmission electron microscope (JEOL 1400 Plus, Tokyo, Japan) equipped with a digital camera (Gatan OneView, Pleasanton, CA).

Microarray and data processing

RNA integrity evaluated by capillary electrophoresis using RNA 6000 Nano kit (Agilent Technologies) per manufacturer's instructions using a 2100 Bioanalyzer (Agilent Technologies). We selected two 3D-EpC per condition from one experiment based on RIN (RNA Integrity Number). Global gene expression analysis was performed using 8x60k SurePrint G3 Unrestricted human whole genome oligo microarrays (Agilent Technologies). Target preparation and hybridization were done according to the manufacturer's instructions (Agilent Technologies). Raw data were normalized and principal component analysis (PCA) was performed to visualize clustering of the samples. Then, one-way analysis of variance (ANOVA) statistical test was applied for each gene and foldchange (fc) between groups was calculated. Data was filtered based on signal-tonoise ratio and genes with p-value>0.05 and fc>3 were selected. We combined the filtered genes using Venny online tool (https://bioinfogp.cnb.csic.es/tools/venny/index.html) [START_REF] Oliveros | VENNY. An interactive tool for comparing lists with Venn Diagrams[END_REF].

Statistical analysis

All Considering these results, we aimed at assessing cell-cell communication in 3D-EpC. However, setting up FLIP experiments, the microscopy technique used to measure the communication process, in 3D-EpC resulted to be technically very challenging, with the added hardship of long, time-consuming and expensive cultures. We were not able to assess all of our experimental conditions and we restricted our second in vitro study to investigate cell-cell communication in native conditions. Thus, we characterized how HPV modifies connexin expression profile in KC and the consequences at the tissue level. In the following paragraphs, I am going to introduce connexin proteins and cell-cell communication in stratified epithelium.

CONNEXINS IN STRATIFIED EPITHELIUM

Stratified squamous epithelial, like the skin or the ectocervix, are highly dynamic tissues that offer a protective barrier against pathogens and environmental insults. Epidermal stratification results from the asymmetric division of basal cells, which give rise to daughter cells that exit the cell cycle and commit to differentiation [START_REF] Simpson | Deconstructing the skin: Cytoarchitectural determinants of epidermal morphogenesis[END_REF] (see Figure 3, in Introduction, Chapter 1).

Epithelial cell differentiation is a finely-tuned program in which gene expression is controlled by epigenetic changes [START_REF] Qu | Mutant p63 Affects Epidermal Cell Identity through Rewiring the Enhancer Landscape[END_REF][START_REF] Gatti | ΔNp63 in squamous cell carcinoma: defining the oncogenic routes affecting epigenetic landscape and tumour microenvironment[END_REF][START_REF] Miroshnikova | Epigenetic gene regulation, chromatin structure, and force-induced chromatin remodelling in epidermal development and homeostasis[END_REF]. As KC move upwards, there is also a reorganization of the cytoskeleton and cell junctions. Consequently, the epidermis displays a tissue polarity with an asymmetric distribution of cell shape, transcriptomic profile and signalling along the cell layers.

Cell communication is important to maintain tissue homeostasis by promoting metabolic coordination, cell growth and differentiation. Gap junctions (GJ) are intercellular channels formed by the docking of two connexons or hemichannels at the cell membrane. GJ create a direct link between the cytoplasm of adjacent cells and allow the passage of small molecular weight molecules (up to 1 kDa) such as ions, second messenger and metabolites, which is the basis of gap junction intercellular communication (GJIC). Each connexon is an oligomer of six connexins, a family of four-transmembrane proteins with 21 conserved connexin genes in humans. Connexins also display channel-independent functions related to their capacity of being signalling hubs due to a large protein interaction network, with roles in wound healing, barrier formation and cell proliferation (Martin et al., 2014;[START_REF] Wong | The role of connexins in wound healing and repair: Novel therapeutic approaches[END_REF][START_REF] Chanson | Connexin communication compartments and wound repair in epithelial tissue[END_REF].

In stratified epithelia, Cx26, Cx43, Cx30, Cx30.3, Cx31, Cx31.1 (Aasen et al., 2005;Martin et al., 2014) are expressed with a different pattern according to the cell layer, with Cx43 being the predominant connexin in both skin epidermis [START_REF] Wiszniewski | Differential expression of connexins during stratification of human keratinocytes[END_REF][START_REF] Djalilian | Connexin 26 regulates epidermal barrier and wound remodeling and promotes psoriasiform response[END_REF] and cervical mucosa (Aasen et al., 2005).

Mutations in several connexins have been associated with skin pathologies [START_REF] Kelly | Mechanisms linking connexin mutations to human diseases[END_REF][START_REF] Srinivas | Human diseases associated with connexin mutations[END_REF]. Connexins can assemble into homo or heterotypic GJ. This increases the functional diversity, as GJ display unique properties of conductance, gating and selectivity depending on the type of connexin forming the connexons [START_REF] Ye | Junctional delay, frequency, and direction-dependent uncoupling of human heterotypic Cx45/Cx43 gap junction channels[END_REF].

There is evidence of connexin downregulation in cervical dysplastic areas compared to normal epithelia with eventually a loss of GJIC (King et al., 2000;Aasen et al., 2005). The potential role of HPV, as causal agent for cervical cancer, as well as the functional impact of connexin downregulation remain unclear.

Whether the latter is an early stage event, or a consequence of the dysplastic process is still a matter of debate. Furthermore, the quality of GJIC in the course of HPV life cycle has not been assessed in tissue or skin equivalents.

In this study, we investigated those questions in 3D-EpC as a model of stratified epithelium in the context of HPV18 expression, where we observed dramatic Cx43 downregulation (Figure 28 and Figure 29). To our knowledge we are the first to measure GJIC in 3D-EpC. Our results from FLIP assay unexpectedly indicated that HPV18-associated Cx43 loss does not impair cell-cell communication and was even associated with an increase in communication speed. Therefore, we investigated the expression of other connexin family members. We found an upregulation of Cx45 expression at the mRNA level as well as its relocalization to the cell membrane in HPV18-expressing 3D-EpC (Figure 29). Thus, we propose the existence of dynamic equilibrium in connexin expression and localization that takes place in HPV-induced neoplasia and allows cell-cell communication. 

RESULTS

Reduced Cx43 levels in pre-cancerous HPV-induced cervical lesions

As members of microbiota, HPV are prevalent in human skin and mucosal epithelia already in early childhood [5] and are mostly associated with asymptomatic infections. However, persistent infection with high-risk types can lead to precancerous lesions and eventually cancer in very rare cases as exemplified by HPV16

or 18, which are responsible for almost 70% of cervical cancers [6,7]. Considering the mixed findings regarding Cx expression and its outcome in tumor microenvironment [1], we compared the levels of Cx43, a major epithelial Cx, in HPVinduced lesions with those in normal cervix. As for other pluristratified epithelia, normal cervical tissue displayed Cx43 expression mainly in the suprabasal layers as a punctuated staining detected at the cell membrane (Fig 1A -B) [8] in contrast to single cell layer epithelium (Fig S1). Among HPV-induced cervical lesions (CIN), which are graded from 1 to 3 according to the level of dysplasia, we focused on HPV18-positive pre-cancerous CIN1 that are still replicating the virus. We delineated the lesion areas according to p16 expression [9], considered as a surrogate marker of the E7 viral oncoprotein [10,11]. In those regions, Cx43 expression was barely detected in contrast to adjacent p16-negative areas (Fig 1C ) indicating that HPVinduced dysplasia is associated with a loss of Cx43 expression.

3D epithelial models of CIN reproduce the loss of Cx43

To investigate the outcomes of Cx43 loss in terms of cell-cell communication and interplay with HPV life cycle, we generated 3D-EpC from spontaneously immortalized human keratinocytes that keep normal growth and differentiation features [12,13].

Accordingly, control 3D-EpC reproduced a pluristratified epithelium in which Cx43

was mostly expressed at the keratinocyte membrane and displayed a punctuated staining pattern indicating gap junction plaque formation [2,14] Additionally, in a 3D-EpC model biased toward HPV18-induced oncogenesis that we previously reported [13],

Cx43 expression was decreased to the same extent as in the context of productive viral life cycle (Fig S4). This indicates that late viral products needed for HPV life cycle completion (i.e. E4, L1) and infectious viral particle production which is not achieved in this 3D-EpC model of HPV18-induced oncogenesis [13], are not required for the loss of Cx43 expression. To conclude, this process only takes place in stratified tissue in the context of HPV infection.

Gap junction intercellular communication in 3D epithelial cultures

We next investigated GJIC in 3D-EpC by setting up Fluorescence Loss in Photobleaching (FLIP) assay, based on diffusion of gap junction-permeable fluorescent calcein dye, which was used so far to measure GJIC in real time in monolayer cultures [18]. Fluorescence loss of the target cells upon laser bleaching was displayed as a one-phase decay curve along the acquisition time ( 

Reprogramming of the Cx family expression profile in HPV-3D-EpC

Electron microscopy images confirmed well-preserved gap junction plaques in the supra basal layers where GJIC was assessed in both control and HPV-3D-EpC (Fig 4A). We thus aimed at characterizing if other members of the Cx family, relevant for epithelium homeostasis [8,19], might account for efficient GJIC in HPV-3D-EpC. 

DISCUSSION

Investigating the dynamics of gap junction intercellular communication in living 3D models of epithelium was possible by adapting an imaging method based on fluorescence loss in photobleaching. Using this sensitive approach, we were able to demonstrate GJIC in 3D-EpC whether they were replicating HPV18 or not. These results, further supported by detection of gap junction plaques along the suprabasal layers of both 3D cultures, were unexpected considering the dramatic decrease of Cx43 levels in HPV-3D-EpC. Indeed, the lack of Cx43 expression previously reported in dysplastic regions of cervical carcinomas and intraepithelial neoplasia [2,14] was interpreted in the light of the deficit in gap junction numbers, described 50 years ago in cervical carcinomas [3,4]. To our knowledge, the McNutt et al conclusions, based on electron microscopy-based observations, were not confirmed by quantitative approaches. Moreover, in the rare studies investigating the potential relationship between the loss of Cx43 expression and GJIC, cell-cell communication was assessed by the semiquantitative methods in HeLa and W12 cells that derived from an HPV18-associated cervical adenocarcinoma and an HPV16-associated CIN, respectively [2,20]. This correlation is however questionable considering the large spectrum of Cx43 protein levels reported in those cells, ranging from normal to very low ones [20][21][22] most likely as a consequence of the highly heterogeneous nature of these cell lines.

Whether regulation of Cx43 expression is simply the outcome of HPV expression or whether it relates to a specific function for Cx43 in the course of HPV life cycle remains unclear. Our findings, obtained in cells that maintain primary keratinocyte growth and differentiation features in 3D-EpC [12], highly suggest that Cx43 downregulation in HPV-3D-EpC is not directly linked to HPV expression and is rather critically dependent on the dynamic interactions that take place between keratinocytes in the course of the epithelium stratification process. An indirect control of Cx43 expression by the E6 oncoprotein has been reported in HPV16-positive CINderived cells, where E6 expression might affect the trafficking of Cx43 to the cell membrane by binding to the cell polarity regulator hDlg (human homologue of Drosophila Discs Large) that can form complexes with Cx43 [22][23][24]. Our data indicate however that most of the Cx43 loss occurred already at the mRNA level and that expression of other Cx genes was also modified in HPV-3D-EpC (Cx26, Cx31.1, Cx30 and Cx45). This raises the possibility that transcriptional re-programming mechanisms take place in these epithelia (e.g. cis-and trans-regulatory elements, microRNA or epigenetic mechanisms) at the expense of the normal expression pattern reported for the nine Cx expressed in pluristratified epithelia [8,25]. We provide evidence that the mRNA levels of the beta subgroup of Cx (e.g. Cx26,

Cx31.1 and Cx30) were significantly reduced in HPV-3D-EpC, in line with data from monolayer keratinocyte cultures expressing the HPV16 genome including viral late genes as a consequence of their long term differentiation [26]. Of note, the fact that neither Cx43 nor Cx45 were modified in those 2D cultures [26] is a strong indication that the changes we observed in the expression levels of these two Cx are dependent upon the full stratification and differentiation that can only be achieved in 3D-EpC.

Current knowledge identifies a spatial distribution of the Cx expressed within human stratified epithelia, principally in differentiated keratinocytes, with Cx43 and Cx45 being both localized in the spinous layers while Cx43 displays also high levels in the granular layer and is the main Cx expressed in basal proliferating cells [2,8,19,27,28]. In HPV-3D-EpC, the deregulated expression of Cx45 was associated with the redistribution of Cx45 to all layers together with a shift of its cellular localization toward the cell membrane. Considering the loss of Cx43, the main epithelial Cx, these results are consistent with Cx45 being responsible for cell-cell communications that we report in HPV-3D-EpC. The contribution of Cx43 to GJIC in HPV-3D-EpC is most probably very limited considering the remaining tiny amounts of Cx43 in HPV-3D-EpC. Nevertheless, as a phosphorylated form of Cx43 that reflects gap junction plaque assembly and communication was detected in HPV-3D-EpC [17,18], Cx43 may still contribute to GJIC. This may be accomplished through interactions between Cx45 and Cx43 that have the propensity to form heteromeric and heterotypic gap junction channels with specific properties as a mean to regulate intercellular communication [29] as reported in cardiac tissue [30] but not in epithelia to our knowledge. Such process might thus account for the intrinsic acceleration in GJIC between HPV-positive cells as compared to control cells. However, although our data indicate that Cx45 and Cx43 coexist at the keratinocyte membrane in HPV-3D-EpC, their potential oligomerization and relative contribution to cell-cell communications remain to be assessed. In addition, although the phosphorylated form of Cx43 is broadly distributed in control 3D-EpC, its main contribution to GJIC is awaiting a formal demonstration by selective blockade of Cx43-associated channels. In conclusion, setting up imaging of the GJIC dynamics in 3D-EpC allowed us to establish that cell-cell communication takes place in HPV expressing tissues. These findings were associated with changes in the Cx landscape and most notably with an opposite trend between Cx43 and Cx45 expression, an observation that was extended to biopsies of CIN suggesting original re-arrangement of Cx to support GJIC in these infected tissues. The physiological significance of GJIC maintenance may be related to host responses toward infection that would, in the case of HPV, tightly control the balance between productive life cycle and oncogenesis. These responses may implicate either gap junctions as a way to propagate second messengers [31] or peptides [32] for the sake of antiviral responses or non-junctional functions of Cx associated for instance to Cx-interacting proteins [1,25]. Such questions will be important future avenues to explore. 

STAR METHODS

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Géraldine Schlecht-Louf (geraldine.schlechtlouf@u-psud.fr).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human subjects

Cervical tissue specimens were retrieved from the Biobank of the University hospital center of Liege (Belgium) with the approval of the local ethics committee. All samples contained areas of normal squamous epithelium (ectocervix/transformation zone) and low-grade dysplasia (CIN1). The original diagnoses were reevaluated by experienced pathologists. The diffuse immunoreactivity for p16 as well as the detection of HPV18 in all tissue specimens (Abbott RealTime High Risk HPV test, Abbott, Chicago, IL, USA) further confirmed the diagnosis.

Cell lines

NIKS (nearly-diploid immortalized keratinocytes), a primary-like keratinocyte cell line, [12] were maintained sub-confluent on mitomycin C-treated 3T3 (3T3 MMC) feeder cells (both cell lines kindly provided by Dr. Paul F. Lambert) as described earlier [16].

Briefly 

METHOD DETAILS

Generation of HPV18-expressing NIKS cells

Circular HPV18 genome was prepared as previously described [16]. NIKS were plated (~5.54 x 10 4 cells/cm 2 ) on blasticidin-resistant 3T3 MMC feeders and cotransfected the next day with 0.8 μg of circular HPV18 genome and 0.2 μg of blasticidin-resistance plasmid pcDNA6 per million of cells using Effectene Transfection Reagent (cat#301425, QIAGEN), according to manufacturer's instructions. Blasticidin selection (cat#ant-bl-1, Invivogen, 7μg/mL) was performed for 6 days.

3D epithelial cell cultures (3D-EpC)

HPV18-positive and control (non-transfected) NIKS cells were used to generate skin equivalents that mimic the 3D architecture of a stratified epithelium (3D-EpC)

following previously described protocol [16]. Briefly, a dermal equivalent, made of rattail collagen type I (cat#08-115, Merck) and 0.75 x 10 6 /mL NHDF cells, was placed onto transwell inserts and 1.5 x 10 6 NIKS cells were seeded on top of it. Inserts were then submerged in deep wells containing keratinocyte plating medium (FI with 0.5 % FCS and 1.88 mM CaCl2) and after 4 days, cultures were lifted to expose them to the air-liquid interface. Medium was changed every other day (FI with 10 µM of C8:0

(1,2-dioctanoyl-sn-glycerol, cat#317505, Calbiochem EMD Millipore)) and cultures were harvested at day 18 post-seeding. 3D-EpC were fixed in 4% paraformaldehyde and then embedded in paraffin before sectioning. Cell pellets from NIKS (day 0) and epidermal sheets from day 18 were recovered and frozen at -80ºC for further RNA and protein extraction.

Calcium-induced differentiation.

NIKS cells were induced to differentiate in high-calcium (1.5 mM CaCl2) FI medium without FCS as described in [13]. Briefly, cells were plated in absence of 3T3 MMC in FI medium. 18h post-seeding, medium was switched to high-calcium medium and cells were harvested at 0h, 48h or 96h post-seeding. Medium was changed every day.

RNA extraction

Total RNA was extracted from cells or epidermal sheets using RNeasy Mini Plus kit or RNeasy Fibrous Tissue Mini kit (cat#74134 and cat#74704, QIAGEN), respectively, according to manufacturer's instructions. RNA quantity and quality were assessed using NanoDrop TM One (ThermoFisher Scientific).

Real time quantitative PCR

cDNA synthesis was done using M-MLV reverse transcription (cat#28023-013, Invitrogen) and quantitative PCR was performed using SybrGreen I or Probes Master 480 mix (cat#04707516001 and cat#04707494001, Roche) together with Taqman Gene Expression Assays (Applied biosystems, ThermoFisher Scientific) or Universal ProbeLibrary probes (Roche, Sigma-Aldrich) in a LightCycler® 480 Instrument II (Roche). Gene expression was normalized to GAPDH expression levels. Primers, probes and assay IDs are listed in Table S1.

Western blotting

Cell pellets and epidermal sheets were resuspended in lysis buffer (10 mM Tris-HCl pH 7.4, 1% Triton X-100, supplemented with Protease and Phosphatase Inhibitor Tablets (cat#A32961, Pierce TM , ThermoFisher Scientific)). Protein concentration was determined with the BCA Protein Assay kit (cat#23227, Pierce TM ThermoFisher Scientific). Equal amounts of protein were loaded and resolved in SDSpolyacrylamide gel (Nupage 4%-12% Bis-Tris, cat#NP0322, Invitrogen, ThermoFisher Scientific) and transferred to PVDF membrane (Immobilon-P cat#IPVH00010, Merck Millipore). Membranes were incubated at 4ºC overnight with the following primary antibodies: anti-connexin43 (1/10000, Sigma-Aldrich) and anti-HPV18-E6 (1 µg/mL, Arbor Vita Corporation). Alpha-tubulin was used as a loading control (1/2000, Sigma-Aldrich). They were then incubated with the corresponding HRP-conjugated secondary antibodies (anti-mouse and anti-rabbit, cat#NA9340 and cat#NA9310, GE Healthcare). Protein detection was performed using Immobilon Western Chemiluminescent HRP kit (cat#WBKLS0500, Merck Millipore) and images were acquired and analyzed with UVP imaging system.

Histological analysis

Paraffin-embedded tissue sections (5 μm thick) were deparaffinized and rehydrated.

Tissue architecture was evaluated with hematoxylin-eosin (HE) coloration. Antigen retrieval was done in citrate buffer (pH 6.0) and sections were blocked with PBS 5%

BSA or PBS 5% BSA 0.2% Triton X-100 (permeabilization buffer for nuclear antigens). Sections were incubated overnight at 4ºC in a humid chamber with the following primary antibodies diluted in PBS 5% BSA: anti-Cx43 ( 

In situ hybridization

As previously detailed [34,35], carcinogenic HPV DNA was detected in paraffinembedded raft cultures by in situ hybridization using the Ventana INFORM HPV III family 16 probes (Ventana Medical Systems, Tucson, AZ, USA). This kit allows the detection of 12 high-risk HPV genotypes (HPV16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58 and 66). The manufacturer's recommendations were strictly followed and at the end, Red Counterstain II (Ventana Medical Systems) was used. 

Fluorescence loss in photobleaching (FLIP)

To evaluate GJIC, FLIP microscopy technique was set up in 3D-EpC. Epidermal sheets were recuperated from 3D-EpC and incubated dermal side floating down in µ-Dish 35 mm (cat#81156, ibidi) with 10 µM calcein Red-Orange AM (cat#C34851, Invitrogen, ThermoFisher Scientific) for 1 h at room temperature in an orbital shaker.

They were washed in PBS and any remaining liquid was removed by aspiration.

Epidermal sheets were placed inside the temperature-controlled chamber (temperature and CO2) of the microscope and imaged for FLIP analysis according to previous protocols [18] with the following modifications: images were acquired through a 40x 1.3NA objective and an area of ~22 µm 2 was photobleached using a 561 nm laser delivering 2.5mW. Images were acquired every time point with an attenuated 561 nm laser.

QUANTIFICATION AND STATISTICAL ANALYSIS

Gene expression analysis and heatmap

Normalized gene expression was displayed in the heatmap as fold change to one control sample of each experiment. Color baseline (black) was established at value 1.

Lower expression was mapped to magenta and higher expression to green. Out of range values were displayed as bright green.

FLIP analysis and quantification

Fluorescence loss images were acquired at every time point processed with

Metamorph software to generate time-lapses, which were then analyzed with ImageJ software. HPV epidermal sheet time-lapse was corrected for sample drifting using Motion 2D software (corresponding to Figure 3B). Mean gray intensity was measured for each cell type (described in Figure 3) during the first 280 s of bleaching.

Background values were taken from areas where no cells were observed (white circles in Figure 3A andB). Initial fluorescence was considered 100% after subtraction of background values and correction for autobleaching and fluorescence over time was calculated as percentage of the initial fluorescence. One-phase decay curves adjustment was done in GraphPad Prism and half-life values and span (mobile fraction) were extracted from the analysis.

Statistical analysis

All statistical analyses were done in GraphPad Prism (version 7 

DATA AND CODE AVAILABILITY

This study did not generate or analyze datasets or code. Gallego et al. To briefly contextualize my work, a role of the myeloid compartment, including DC, in the control of HPV pathogenesis has been suggested by the spontaneous cure of a WS patient, in which a chromothriptic event in a myeloid progenitor had deleted the mutated CXCR4 allele (along with other genes) (McDermott et al., 2015). In addition, in a model of HPV-induced epithelial dysplasia (K14-HPV16), our group has shown that targeting CXCR4 with an antagonist improved disease progression and reduced DC infiltrate in the lesions (Meuris, Gaudin, et al., 2016). These arguments prompted us to investigate the contribution of CXCR4 desensitization to DC function in vivo, using K14-HPV16 mice crossbred with those harbouring WS-associated CXCR4 mutation (Cxcr4 +/1013 ), which results in worsened dysplasia and increased inflammatory infiltrate (mast cells and CD3+ cells) (Meuris, Gaudin, et al., 2016). My results have been included in a manuscript to complement previous findings on the role of CXCR4 desensitization in plasmacytoid DC functions.

In the present study, we performed an in-depth analysis of the distribution and phenotype of cDC subsets and LC in the skin and skin-draining lymph nodes of K14-HPV16 mice and their Cxcr4 +/1013 counterparts to shed light on possible alterations that may contribute to the selective susceptibility of WHIM patients to HPV pathogenesis. The chronic inflammation associated with the constitutive expression of HPV early proteins promoted a tolerogenic phenotype of cDC and LC in the skin (Figure 30), in accordance with previous reports (Mittal et al., 2013;[START_REF] Abd Warif | Langerhans Cell Homeostasis and Activation Is Altered in Hyperplastic Human Papillomavirus Type 16 E7 Expressing Epidermis[END_REF]Chandra et al., 2016). This phenotype was similar in the skin of K14-HPV16 mice compared to their Cxcr4 +/1013 counterparts. However, the lack of CXCR4 desensitization strongly reduced cDC subset and LC migration from skin to lymph nodes, in both the steady state and in HPV-associated dysplasia.

This resulted in a higher activation of the Cxcr4 +/1013 DC that reached the draining lymph nodes from dysplastic skin, which could enhance inflammation and contribute to the development of HPV-associated dysplasia. 

Introduction

Dendritic cells (DC) exert a central function in the immune system by initiating and shaping innate and adaptive immune responses (1). Three well-defined DC subsets have been identified in both human and mouse, upon ontogenic, phenotypic and functional criteria (2,3). These subsets encompass plasmacytoid DC (pDC), known for their prominent role in antiviral immunity ( 4) and conventional DC (cDC), which are the most efficient antigen presenting cells and are further subdivided in type 1 and 2 cDC according to their functional specialization (3). In inflammatory settings, monocytes can also differentiate into DC-like cells and contribute to T-cell priming (5). In epidermis, Langerhans Cells (LC) form an additional DC-like subset ontogenically identified as resident macrophages that display DC antigen presenting functions ( 6). Together, these DC and DC-like subsets closely cooperate to maintain tolerance or initiate and activate appropriate immune responses toward physiologic or pathologic situations respectively.

DC originate from the bone marrow (BM), where hematopoietic precursors engage in the DC lineage before entering the bloodstream, either as myeloid-derived precursors (i.e. pre-cDC) or as differentiated lymphoid-derived pDC (7,8), to reach and populate peripheral tissues and lymphoid organs (3,9). Within tissues, resident cDC (resDC) collect antigens and sense potential dangers. Then, they traffic to secondary lymphoid organs, where they orchestrate adaptive immune responses towards tolerance or immunity depending on the context of their activation (10,11). Disruption of DC migration has been associated with pathology in several disorders (11). Thus, DC-driven functions critically depend upon appropriate homeostatic distribution of pDC and pre-cDC throughout the body, as well as on efficient DC patrolling in tissues and directed migration to target destinations (12) where they need to deliver adequate integrated activation signals.

DC positioning is governed by the combinatorial use of adhesion and traffic molecules and their receptors. In particular, several chemokines and their receptors play a key role in both the homeostatic homing of pre-DC and pDC to lymphoid and non-lymphoid tissues and their recruitment as well as migration in inflammatory settings (11). CCR7 and its ligands CCL19 and CCL21 constitute the main chemokine receptor axis controlling DC migration from tissues to and inside lymphoid organs (11,(13)(14)(15). Besides, other chemokine receptors and their ligands have been reported to contribute to the regulation of DC subsets localization (12,(16)(17)(18)(19), among which the CXCR4/CXCL12 receptor/ligand pair (10,11,18,20,21).

CXCR4 is a broadly expressed G protein-coupled receptor, whose activation by its sole chemokine ligand CXCL12 is essential for myelopoiesis (22). CXCL12 is highly produced in a wide range of organs and tissues (23), including the BM and the skin. Its expression has been essentially reported in stromal cells, including dermal fibroblasts as well as in endothelial cells and DC (24)(25)(26)(27)(28)(29). All DC subsets express CXCR4. This receptor is required for pDC differentiation from Flt3 + progenitors at early hematopoietic stages (30,31), and further regulates pDC egress from BM (32). It also regulates pDC migration in splenic white pulp in synergy with CCR7 (33) and mediates inhibition of pDC function by natural amines (34). As for the skin antigen presenting cells (APC), CXCR4 engagement by CXCL12 drives LC migration from the epidermis to the dermis (35) and could also contribute to cDC migration from the skin (10,27). However, the specific roles of CXCR4 in DC subset homeostasis and its contribution to their functions remain poorly described.

CXCR4 engagement by CXCL12 induces typical activation of Gαi proteindependent signaling pathways (10), followed by the recruitment of β-arrestins to phosphorylated docking sites in the carboxyl-terminal domain of the receptor. This leads to CXCR4 desensitization through the arrest of G-protein activation and to receptor internalization. A deregulation of the CXCL12 signaling pathway is responsible for the rare WHIM immunodeficiency syndrome (WS), characterized by Human Papilloma Virus (HPV)-induced Warts, Hypogammaglobulinemia, recurrent Infections with respiratory encapsulated bacteria and Myelokathexis, an abnormal retention of senescent neutrophils in the BM (36,37). Dominant heterozygous autosomal mutations in CXCR4 [START_REF] Hernandez | Mutations in the chemokine receptor gene CXCR4 are associated with WHIM syndrome, a combined immunodeficiency disease[END_REF], leading to truncation of the receptor carboxyl-terminal domain, have been identified in most WHIM patients.

WS-associated CXCR4 mutants display impaired desensitization and internalization upon CXCL12 binding, leading to enhanced and prolonged G proteinand β-arrestin-dependent responses (26,[START_REF] Lagane | CXCR4 dimerization and beta-arrestin-mediated signaling account for the enhanced chemotaxis to CXCL12 in WHIM syndrome[END_REF]. The selective HPV pathogenesis affecting the WHIM patients manifests as profuse intractable cutaneous and genital warts that often evolve towards carcinoma (26, 40, 41, 42 , 43, 44), as a consequence of the pro-carcinogenic role of the gain of CXCR4 function in HPV-infected keratinocytes (36,[START_REF] Chow | A pivotal role for CXCL12 signaling in HPV-mediated transformation of keratinocytes: clues to understanding HPV-pathogenesis in WHIM syndrome[END_REF][START_REF] Meuris | The CXCL12/CXCR4 Signaling Pathway: A New Susceptibility Factor in Human Papillomavirus Pathogenesis[END_REF][START_REF] Meuris | Symptomatic Improvement in Human Papillomavirus-Induced Epithelial Neoplasia by Specific Targeting of the CXCR4 Chemokine Receptor[END_REF]. While WS-associated gain-offunction mutations have been associated to defects in immune responses (48,49), the contribution of CXCR4 to the selective susceptibility of WHIM patients to HPVinduced pathogenesis remains unclear. Tassone et al. reported DC defects in WHIM patients and suggested that pDC dysfunctions could contribute to their susceptibility toward HPV [START_REF] Tassone | Defect of plasmacytoid dendritic cells in warts, hypogammaglobulinemia, infections, myelokathexis (WHIM) syndrome patients[END_REF]. In addition, a critical role of myeloid immune cells in HPV pathogenesis resolution was shown in a WHIM patient who spontaneously cured upon fortuitous genetic deletion encompassing the diseased allele [START_REF] Mcdermott | Chromothriptic cure of WHIM syndrome[END_REF].

Collectively, this suggests that CXCR4 mutations may critically compromise DC functions.

Here we have used the gain of CXCR4 function as a tool to shed light on the contribution of the CXCL12/CXCR4 signaling axis to DC subset homeostasis and function. We have conducted our study using both WHIM patients' samples and Cxcr4 +/1013 knock-in mice that replicate WS-associated immune-hematological defects (26,[START_REF] Balabanian | Proper desensitization of CXCR4 is required for lymphocyte development and peripheral compartmentalization in mice[END_REF]. We report major defects in peripheral pDC in the context of CXCR4 gain of function, which were due to their entrapment in the BM. ResDC were overall preserved. However, Cxcr4 +/1013 skin DC migration to lymph nodes (LN) was dramatically reduced in the steady sate as well as in a model of HPVinduced dysplasia. In addition, Cxcr4 +/1013 migratory DC (migDC) recovered from LN were markedly more activated than their controls, as a likely consequence from the selective egress of the most activated DC from the skin of Cxcr4 +/1013 mice.

Altogether, our results point to the critical and specific importance of proper CXCR4 signaling for pDC and DC egress from CXCL12-containing environments and thus host immune homeostasis. They also shed light on the processes that are controlled by CXCR4 in DC, whose alteration may underlie the selective susceptibility of WHIM patients to HPV pathogenesis.

Results

WHIM patients display quantitative defects in circulating pDC but not cDC

We analyzed cDC1, cDC2 and pDC subsets in the blood of four WHIM patients and nine healthy controls. WHIM patients were panleukopenic as expected (Fig. 1A, upper panel; ( 42)). Plasmacytoid DC frequencies and counts were severely reduced in patients' blood (Fig. 1B and1C), as previously reported [START_REF] Tassone | Defect of plasmacytoid dendritic cells in warts, hypogammaglobulinemia, infections, myelokathexis (WHIM) syndrome patients[END_REF]. However, cDC1 and cDC2 frequencies were increased and preserved, respectively, resulting in no significant quantitative defect for these blood DC subsets (Fig. 1B and1C),

as opposed to what Tassone et al. observed for the whole myeloid DC subset [START_REF] Tassone | Defect of plasmacytoid dendritic cells in warts, hypogammaglobulinemia, infections, myelokathexis (WHIM) syndrome patients[END_REF].

Thus, WS-associated mutations of CXCR4 were associated with a quantitative defect of pDC but not cDC subsets in the blood of the 4 patients we analyzed.

Cxcr4 +/1013 mice reproduce WS-associated DC subsets alterations

We next analyzed splenic DC subsets of knock-in Cxcr4 +/1013 mice (Fig. 2A), which harbor the CXCR4 1013 mutation described in a WHIM patient (26) and reproduce the WS-associated gain of CXCR4 function and panleukopenia reported in patients [START_REF] Balabanian | Proper desensitization of CXCR4 is required for lymphocyte development and peripheral compartmentalization in mice[END_REF]. Cxcr4 +/1013 mice displayed reduced splenocyte numbers, as previously reported (Fig. S1A). Both pDC frequency and cellularity were reduced in Cxcr4 +/1013 mice (Fig. 2B andC). Conversely, splenic cDC frequency was significantly increased (Fig. 2B), with no significant imbalance between cDC subsets (Fig. S1B) and cDC numbers were preserved in the spleen (Fig. 2C). The analysis of pDC markers expression, including SiglecH, CD4, CD8α, CD9, CCR9 and CXCR4 did not reveal major differences between Cxcr4 +/1013 and control mice, except the presence of a SiglecH lo subset in Cxcr4 +/1013 mice (Fig. S2A andB) that might reflect a bias toward myeloid pDC-like cells (8). Splenic pDC and cDC from Cxcr4 +/1013 mice displayed enhanced migration towards CXCL12 in transwell assay which was blocked by the CXCR4 antagonist AMD3100 (Fig. S2C), as reported for other immune cells [START_REF] Balabanian | Proper desensitization of CXCR4 is required for lymphocyte development and peripheral compartmentalization in mice[END_REF]. Further analyses also revealed drastic reductions in pDC frequencies and numbers in inguinal LN and thymuses from Cxcr4 +/1013 mice as compared to their controls while LN resDC and thymic cDC frequencies were preserved (Fig. 2D-H and Fig. S1C andD). Moreover, in Cxcr4 +/1013 mice blood, pDC frequency and pDC concentrations were lower than in control mice, while pre-cDC frequencies were preserved and their concentration tended to diminish (Fig. S3). Thus, Cxcr4 +/1013 mice display alterations in DC subsets distribution, with a general pDC loss, that prompted us to further investigate the impact of CXCR4 signaling on their homeostasis and trafficking in vivo.

Impaired CXCR4 desensitization reduces pDC egress from the BM

The CXCL12-CXCR4 signaling pathway controls pDC differentiation from medullar progenitors at early development stages (30) as well as their egress from BM (32,[START_REF] Schmid | Bone marrow dendritic cell progenitors sense pathogens via Toll-like receptors and subsequently migrate to inflamed lymph nodes[END_REF]. We thus analyzed pDC in the BM from Cxcr4 +/1013 and control mice, to determine whether reduced peripheral Cxcr4 +/1013 pDC numbers result from a defect in their differentiation (Fig. 3A). We did not detect any quantitative difference in pDC frequencies and numbers (Fig. 3B), suggesting that the gain of CXCR4 function does not hamper pDC differentiation. Similar results were obtained for pre-cDC, in accordance with the preserved myeloid differentiation reported by Freitas et al. in Cxcr4 +/1013 mice [START_REF] Freitas | Lymphoid differentiation of hematopoietic stem cells requires efficient Cxcr4 desensitization[END_REF]. Injection of the CXCR4-specific AMD3100 inhibitor led to peripheral mobilization of pDC and normalization of their circulating concentration in Cxcr4 +/1013 mice (Fig. 3C). Of note, CXCR4 expression levels were similarly low in medullar pDC from Cxcr4 +/1013 and control mice (Fig. S4A), in accordance with data from splenic pDC (Fig. S2B). Besides, pDC from the BM of Cxcr4 +/1013 mice displayed reduced proliferation and increased apoptosis as compared to pDC from control mice, as potential consequence of their trapping in the BM (Fig. S4B andC). Thus, blockade of the WS-associated gain of CXCR4 function normalized pDC counts in the blood of Cxcr4 +/1013 mice. This supported the conclusion that pDC quantitative defect in circulation and secondary lymphoid organs resulted from their retention in the BM due to CXCR4 gain of function and impaired desensitization, as described for neutrophils and B cells [START_REF] Balabanian | Proper desensitization of CXCR4 is required for lymphocyte development and peripheral compartmentalization in mice[END_REF].

To further investigate the impact of CXCR4 desensitization on pDC trafficking and entry into lymphoid organs, we established parabiosis between CD45.2 Cxcr4 +/1013 and CD45.1 control mice (Fig. 3D-F). As previously reported, non-host chimerism was limited for pDC in the blood of parabionts (Fig. 3E) in accordance with their short half-life in the circulation [START_REF] Liu | In vivo analysis of dendritic cell development and homeostasis[END_REF][START_REF] Liu | Origin of dendritic cells in peripheral lymphoid organs of mice[END_REF]. Nevertheless, blood pDC displayed a 2fold higher non-host chimerism in Cxcr4 +/1013 parabionts than in WT ones, likely as a consequence of their altered egress from BM as observed for non-classical Ly6C lo monocytes (Fig. 3E and ( 56)). The relative increase of WT pDC was however not observed in the spleen of Cxcr4 +/1013 parabionts suggesting a possible role of CXCR4 desensitization on pDC entry into the spleen. To investigate this possibility, we compared homing ratios (i.e. cells in non-host organ/circulating cells in non-host blood) between Cxcr4 +/1013 and WT parabionts as previously described by Chong et al. (56). No difference was observed in the spleen and the BM homing ratios supporting the conclusion that CXCR4 desensitization is not critical for pDC homing into these organs, in contrast to the situation for non-classical Ly6C lo monocytes (Fig. 3F and ( 56)). The lack of increase in pDC non-host chimerism in the spleen of Cxcr4 +/1013 parabionts was therefore not due to differential entry of Cxcr4 +/1013 and WT pDC in this organ but might result from differential survival and/or proliferation between Cxcr4 +/1013 and WT pDC in Cxcr4 +/1013 spleen.

Collectively, our data support the conclusion that the quantitative defects in peripheral pDC in the context of a gain of CXCR4 function mainly results from the poor pDC egress from the BM due to inefficient receptor desensitization, while their differentiation and entry in spleen is essentially preserved. Pre-DC differentiation is also preserved despite the gain of CXCR4 function.

Plasmacytoid DC display efficient innate functions despite impaired CXCR4 desensitization

Most WS patients suffer from severe HPV-associated pathogenesis, suggesting impaired anti-viral responses. We thus investigated the impact of CXCR4 desensitization on pDC functions. Upon TLR9 engagement, splenic pDC from Cxcr4 +/1013 mice tended to produce less IFN-α than control pDC (Fig. 4A).

However, they also died more rapidly in the course of the culture, an observation that was consistent with the higher level of cleaved caspase 3 detected in these cells as compared to control pDC (Fig. 4B). Plasmacytoid-like BM-derived DC generated ex vivo from Cxcr4 +/1013 and control mice produced similar level of IFNα (Fig. 4C), suggesting that Cxcr4 +/1013 pDC display preserved antiviral responses.

We next tested the impact of CXCR4 desensitization on pDC capacity to initiate immune responses in vivo in a model of CpG-induced inflammation, in which pDC are instrumental for both myeloid cells recruitment to the peritoneum and NK cells activation [START_REF] Guillerey | Pivotal role of plasmacytoid dendritic cells in inflammation and NK-cell responses after TLR9 triggering in mice[END_REF]. Upon CpG injection, both Cxcr4 +/1013 mice and their controls showed increased peritoneal lavage cellularity and marked changes in the type of cells recovered as compared to the vehicle (Veh) treated mice (Fig. 4D andE). A massive recruitment of inflammatory myeloid cells as well as a marked decrease in the numbers of resident macrophages were observed in the peritoneum of both CpG-injected Cxcr4 +/1013 and WT mice, albeit less pDC were recovered in Cxcr4 +/1013 mice (Fig. 4F). Accordingly, concentrations of inflammatory chemokines were increased in the sera of both Cxcr4 +/1013 and control CpG-injected mice (Fig. 4G). Cxcr4 +/1013 and WT splenic pDC displayed similar overexpression of MHC2 molecules and CD86 (Fig. 4H andI). CD69 + activated NK cells were also detected in similar frequency (Fig. 4J). Thus, despite their quantitative defect, Cxcr4 +/1013 pDC were able to efficiently initiate local inflammation, supporting the conclusion that CXCR4 desensitization is not required for their innate functions.

Impaired CXCR4 desensitization does not reduce skin DC numbers but promotes skin inflammation

The spontaneous cure of HPV-induced warts reported upon myeloid compartment restoration in a WHIM patient [START_REF] Mcdermott | Chromothriptic cure of WHIM syndrome[END_REF] may reflect a role for CXCR4 desensitization over skin myeloid cell functions. We thus investigated the impact of the gain of CXCR4 function on skin DC and LC in K14-HPV16 transgenic (HPV) mice ( 47), used as a model of HPV-induced epidermal dysplasia [START_REF] Arbeit | Progressive squamous epithelial neoplasia in K14-human papillomavirus type 16 transgenic mice[END_REF][START_REF] Coussens | Genetic predisposition and parameters of malignant progression in K14-HPV16 transgenic mice[END_REF]. The marked increase in flank epidermis thickness of HPV-transgenic mice was worsened in the Cxcr4 +/1013 background (Figure S5A), with increased numbers of dermal CD3 + T cells as compared to HPV mice as we previously reported [START_REF] Meuris | Symptomatic Improvement in Human Papillomavirus-Induced Epithelial Neoplasia by Specific Targeting of the CXCR4 Chemokine Receptor[END_REF], that were CD3 dim as expected [START_REF] Van Hede | Human papillomavirus oncoproteins induce a reorganization of epithelial-associated gammadelta T cells promoting tumor formation[END_REF], suggesting that there is an increased inflammation in the skin of K14-HPV16 Cxcr4 +/1013 (HPV+/1013) mice (Figure S5). In epidermal sheets, LC density was reduced, and their morphology reflected their activation state in both HPV and HPV+/1013 mice (Fig. 5A). We next analyzed DC subsets and LC in skin cell suspensions (Fig. 5B). HPV-induced dysplasia led to an accumulation of both LC and DC subsets. The frequencies of cDC1, cDC2 and LC among CD45 + cells and their numbers per mg of tissue did not differ significantly between HPV and HPV+/1013 mice (Fig. 5C andD), albeit cDC1 and LC tended to accumulate in the context of the gain of CXCR4 function. HPV-associated dysplasia markedly altered LC and DC subsets phenotype. As compared to WT mice, MHC2 levels were decreased by 40% and 15% in cDC2 and LC from both HPV and HPV+/1013 mice, respectively. MHC2 level reduction was also observed in cDC1 from HPV but not HPV+/1013 mice (Fig. 5E). LC, cDC1 and cDC2 displayed highly upregulated CD80 levels in HPV and HPV+/1013 mice as compared to their non-HPV counterparts (Fig. 5F), and CD86 expression was similarly upregulated in LC and cDC1 from HPV and HPV+/1013 mice (Fig. 5G). Taken together, these results

suggest that skin DC compartment is generally preserved in the Cxcr4 +/1013 context, in terms of both quantity and activation in steady state as well as in an inflammatory state, but that the local inflammation is worsened by the lack of CXCR4 desensitization.

Defect of CXCR4 desensitization impairs skin DC migration to LN

We next assessed whether the gain of CXCR4 function would impact cutaneous DC migration to skin-draining lymph nodes (SDLN) (Fig. 6A). Both the frequency and number of migDC were reduced in the SDLN from HPV+/1013 mice as compared to their HPV counterparts (Fig. 6A, B andC). MigDC numbers recovered in SDLN were also reduced in Cxcr4 +/1013 mice as compared to their controls (Fig. 6C). To address whether the reduction in migDC numbers resulted from a defect in skin DC migration to SDLN, we performed FITC painting experiments in Cxcr4 +/1013 and WT mice (Fig. 6D). The number of FITC-positive (FITC + ) migDC1 and migDC2 + LC recovered from the SDLN of Cxcr4 +/1013 mice was strongly reduced (Fig. 6E). This diminution was not associated with reduced CCR7 or CXCR4 levels (Fig. 6F). Also in HPV context, Cxcr4 +/1013 DC expressed similar levels of CXCR4 and even increased levels of CCR7 as compared to their WT counterparts. Altogether, these results point to a reduction of skin DC migration to or entry in SDLN from Cxcr4 +/1013 mice, in both steady state and acute (i.e. FITCtreatment associated) as well as chronic (i.e. HPV-induced) inflammation.

Impaired CXCR4 desensitization results in the arrival of highly activated migDC to SDLN

We finally analyzed whether CXCR4 desensitization would impact on migDC activation. MigDC from HPV mice displayed a 40% reduction in MHC2 levels and similar expression of co-stimulatory molecules as compared to WT (Fig. 7 A and B), in accordance with the expected tolerogenic phenotype reported in other models of HPV-transgenic mice [START_REF] Mittal | Indoleamine 2,3-dioxygenase activity contributes to local immune suppression in the skin expressing human papillomavirus oncoprotein e7[END_REF][START_REF] Chandra | Epithelium Expressing the E7 Oncoprotein of HPV16 Attracts Immune-Modulatory Dendritic Cells to the Skin and Suppresses Their Antigen-Processing Capacity[END_REF]. ResDC and pDC from HPV mice also displayed lower MHC2 levels than their controls (Fig. 7B andC), pointing to a systemic effect of HPV-induced inflammation to promote tolerogenicity. In marked contrast, MHC2 levels in migDC, resDC and pDC from HPV+/1013 mice were increased as compared to HPV. In addition, migDC from HPV+/1013 mice displayed an activated phenotype associated with CD80 and CD86 levels that were significantly higher than in HPV mice, in both migDC1 and migDC2 + LC cells (Fig.

B and D)

. Remarkably, migDC from Cxcr4 +/1013 mice also displayed higher levels of CD80 and CD86 than their WT counterpart, suggesting that the higher activation of migDC in HPV+/1013 mice as compared to HPV mice does not solely result from the increase in skin inflammation (Fig. S5). This prompted us to investigate whether Cxcr4 +/1013 DC were intrinsically more prone to activation. Using BMDC derived in the presence of both GM-CSF and Flt3-L, we analyzed cDC1-like and cDC2-like activation upon stimulation with TLR4 and TLR8 agonists. Cxcr4 +/1013 and control DC were similarly activated, whether or not CXCL12 was added to the culture medium to activate CXCR4 (Fig. 7E). Altogether, these experiments suggest that the increased activation levels of DC in the LN from Cxcr4 +/1013 mice do not result from an intrinsically higher capacity to get activated, but rather would reflect a different sampling of the migDC reaching the LN in the Cxcr4 +/1013 background. In the latter, only the most activated DC would be able to escape the dermis environment full of CXCL12 to reach SDLN.

Discussion

In this study, we investigated the role of CXCR4 desensitization in DC biology. Our results highlight the prominent and subset-specific effects of CXCR4 signaling perturbation over/on DC homeostasis and function. Thus, proper CXCR4 signaling acts as a checkpoint for both pDC egress from the BM and cDC migration from peripheral tissue to LN, thus conditioning host immune responses.

Our results provide the first demonstration that CXCR4 desensitization regulates the abundance of peripheral pDC in both human and mouse through its control over pDC egress from the BM. The quantitative defect in peripheral pDC we report in WHIM patients is consistent with the results from Tassone et al. [START_REF] Tassone | Defect of plasmacytoid dendritic cells in warts, hypogammaglobulinemia, infections, myelokathexis (WHIM) syndrome patients[END_REF]. Our data support the hypothesis that this reduction does not reflect a defect in pDC differentiation, as pDC numbers were preserved in the BM. However, a qualitative change in the pDC compartment with a bias toward myeloid differentiation (8) can not be excluded, which could explain the fact that spleen pDC from Cxcr4 +/1013 mice express lower SiglecH levels than their WT counterpart. Chopin et al. (32) had previously reported that the level of CXCR4 expression by pDC was regulating their retention in the BM. Our study shows that the gain of CXCR4 function mimics the defect in CXCR4 downregulation they observed upon RUNX2 deletion, thus highlighting the critical importance of the regulation of CXCR4 signaling in pDC trafficking. Once released in the periphery, pDC from Cxcr4 +/1013 mice were able to enter the spleen as efficiently as their WT counterparts, confirming that the critical CXCR4-dependent control point in pDC trafficking operates at the level of BM egress. In addition, the defect in CXCR4 desensitization increased pDC apoptosis both in the BM and in the periphery, suggesting an additional role for CXCR4 in pDC homeostasis.

We have investigated the impact of CXCR4 desensitization on pDC function in a model of CpG-induced inflammation that is strictly dependent on pDC [START_REF] Guillerey | Pivotal role of plasmacytoid dendritic cells in inflammation and NK-cell responses after TLR9 triggering in mice[END_REF]. Our data demonstrate that pDC from Cxcr4 +/1013 mice can be mobilized and activated upon acute stimulation in vivo, and that they are able to coordinate inflammatory responses and activate NK cells. In addition, they were able to produce IFN-α upon TLR9 engagement. Thus, our results do not support intrinsic pDC function deficiency as a critical point contributing to WHIM patient susceptibility to infections, but rather suggest that their reduced numbers early in the course of infection might delay the setting up of immune responses.

Our analysis of cDC subsets frequency in the blood of WHIM patients did not reveal any diminution as compared to healthy subjects, but rather an increase, as opposed to what was previously reported in other patients [START_REF] Tassone | Defect of plasmacytoid dendritic cells in warts, hypogammaglobulinemia, infections, myelokathexis (WHIM) syndrome patients[END_REF]. The discrepancy between our results and those from Tassone at al. might be explained by the fact that we used a more restrictive antibody panel to focus on cDC1 and cDC2 subsets. It might also be due to differences between patients or their treatments.

Supporting our data in human, we did not observe quantitative defect in pre-DC frequency in Cxcr4 +/1013 mice. Thus, despite the role reported for CXCR4 in pre-DC retention in the BM ( 63), the gain of CXCR4 function was not enough to significantly modify their egress. Accordingly, the frequency of resDC was overall preserved in both non-lymphoid and lymphoid tissues from Cxcr4 +/1013 mice, and even increased in their spleen. These results are consistent with the preserved myeloid differentiation previously reported in these mice, the higher spleen cDC frequency possibly resulting from extramedullar hematopoiesis [START_REF] Freitas | Lymphoid differentiation of hematopoietic stem cells requires efficient Cxcr4 desensitization[END_REF].

WHIM patients suffer from severe skin infections, including HPV-induced warts (37,[START_REF] Cohen | Description and outcome of a cohort of 8 patients with WHIM syndrome from the French Severe Chronic Neutropenia Registry[END_REF][START_REF] Mcdermott | WHIM syndrome: Immunopathogenesis, treatment and cure strategies[END_REF][START_REF] Dotta | Long-Term Outcome of WHIM Syndrome in 18 Patients: High Risk of Lung Disease and HPV-Related Malignancies[END_REF] and CXCR4 had been reported to regulate LC and dermal DC migration to dermis and LN, respectively (27,35). This prompted us to investigate the consequences of the WS-associated gain of CXCR4 function on skin APC functions, in both steady state and inflammation. Our results show a marked reduction in cutaneous DC and LC migration from skin to SDLN, associated with a tendency for cDC1 and LC accumulation in the dermis from HPV+/1013 mice.

Ricart et al. have reported in vitro that counter-gradients of CXCL12 and CCL19/CCL21 can result in the homing of DC in a central zone, where chemokinederived signals are balanced [START_REF] Ricart | Dendritic cells distinguish individual chemokine signals through CCR7 and CXCR4[END_REF]. This suggests that in the context of CXCR4 mutation, skin DC and LC could be trapped in the dermis and/or in the lymphatics, where CXCL12 is produced (24)(25)(26)(27)(28)(29), despite CCR7-ligands action. This hypothesis is supported by the fact that LC and cDC1 tended to accumulate in the skin of the HPV+/1013 mice. The levels of CXCL12 were shown to be higher in the skin of Cxcr4 +/1013 mice as compared to their controls (28). Thus, DC entrapment in the dermis from Cxcr4 +/1013 mice could result from the combined effect of high CXCL12 quantities in the dermis and exacerbated CXCR4-dependent signaling.

Strikingly, the functional exacerbation of CXCR4 signaling also profoundly altered the activation level of the DC subsets recovered from SDLN. A marked increase in MHC2 molecule levels was observed in the SDLN of HPV+/1013 mice as compared to their HPV control, which was observed in migDC but also in resDC and pDC, pointing to a systemic effect on DC activation state. This difference was present only in the HPV background and could be linked to the higher inflammation we observed in the skin from the HPV /1013 mice. The defect in CXCR4 desensitization also had an impact on the level of co-stimulatory molecules expression by migDC recovered from SDLN. An increase in CD80 and CD86 expression was seen in both Cxcr4 +/1013 and HPV+/1013 mice, thus ruling out that it is due to increase in skin inflammation. Upon in vitro stimulation, DC derived from Cxcr4 +/1013 mice were similarly activated as their WT counterparts, even when CXCL12 was added to the culture medium suggesting that they do not display an intrinsically higher capacity to get activated. Accordingly, the analysis of DC and LC phenotype in the skin did not reveal major differences between HPV+/1013 and HPV mice, nor between Cxcr4 +/1013 mice and their WT counterparts. Thus, the higher MHC2 and co-stimulatory molecule levels in Cxcr4 +/1013 migDC may result from a selection among skin DC that would reach the SDLN, that is, only the most activated ones would be able to escape from CXCL12-containing environment.

Supporting this hypothesis, CCR7 levels were higher in the migDC from HPV+/1013 mice. Thus, CXCR4 desensitization would regulate skin immune homeostasis by setting up a threshold for dermis/lymphatics exit. Alternatively, the Cxcr4 +/1013 -associated alteration in skin might imprint DC for a increased activation upon arrival into SDLN.

The CXCR4 mutation is harbored in all the cells from both WHIM patients and Cxcr4 +/1013 mice. Thus, the alterations we report in DC migration and activation result from the cumulative effects of the gain of CXCR4 function in these cells and in their environment, including non-immune and immune cells. However, the case of the WHIM patient who spontaneously cured her HPV-induced skin lesions/warts upon mutated CXCR4 allele loss in one myeloid progenitor ( 40) is an argument in favor of a specific role of the CXCR4 gain of function in DC. While other myeloid cells might have contributed to the beneficial effects of this chromothriptic event, a recovery in skin DC migration toward SDLN might have played an important role considering the critical contribution of these APC to immune responses initiation and polarization [START_REF] Malissen | The origins and functions of dendritic cells and macrophages in the skin[END_REF]. Treatment of WHIM patients with AMD3100 is currently under evaluation [START_REF] Mcdermott | Plerixafor for the Treatment of WHIM Syndrome[END_REF]. The first results show beneficial effects of AMD3100 combined with imiquimod on HPV lesions and HPV-induced cancer progression, while imiquimod alone most often does not work [START_REF] Mcdermott | WHIM syndrome: Immunopathogenesis, treatment and cure strategies[END_REF]. The release of skin DC and their activation upon TLR7 engagement could be a key mechanism explaining this therapeutic effect.

An important remaining question is how the reduction in DC numbers reaching SDLN combined with their high activation level in Cxcr4 +/1013 mice impacts on adaptive immune responses. T-cell responses are critical to clear HPV-induced lesions [START_REF] Schiffman | Carcinogenic human papillomavirus infection[END_REF]. Thus, an inefficient priming of HPV-specific T-cell responses due to scarce numbers of DC reaching the LN (68) could contribute to the persistence of widespread warts in the WS. In our mouse model of HPV-induced dysplasia, the chronic skin inflammation was associated with a marked down-regulation of MHC2 molecules levels in skin DC, that was already documented in similar E7-transgenic mice [START_REF] Mittal | Indoleamine 2,3-dioxygenase activity contributes to local immune suppression in the skin expressing human papillomavirus oncoprotein e7[END_REF][START_REF] Chandra | Epithelium Expressing the E7 Oncoprotein of HPV16 Attracts Immune-Modulatory Dendritic Cells to the Skin and Suppresses Their Antigen-Processing Capacity[END_REF]. This tolerogenic polarization of DC was shown to promote skin graft tolerance despite the expression of viral antigens [START_REF] Matsumoto | Impaired antigen presentation and effectiveness of combined active/passive immunotherapy for epithelial tumors[END_REF], and is proposed to be part of HPV escape mechanisms to limit anti-viral responses. Its abrogation in migDC reaching SDLN may exacerbate HPV-induced inflammation and contribute to the worsened HPV-induced pathogenesis we observed in HPV+/1013 mice [START_REF] Meuris | Symptomatic Improvement in Human Papillomavirus-Induced Epithelial Neoplasia by Specific Targeting of the CXCR4 Chemokine Receptor[END_REF].

Excessively activated DC may also prime inappropriate T-cell responses. This opens up the possibility that WHIM patients, who often develop skin inflammatory conditions [START_REF] Mcdermott | WHIM syndrome: Immunopathogenesis, treatment and cure strategies[END_REF], might suffer from a lack of tolerance towards their skin microbiota, which includes HPV virome [START_REF] Foulongne | Human skin microbiota: high diversity of DNA viruses identified on the human skin by high throughput sequencing[END_REF][START_REF] Byrd | The human skin microbiome[END_REF]. The WS-associated skin pathologies may thus result from combined defects in the mounting of anti-microbial immune responses due to reduced skin DC migration to SDLN and in the balance between immunity and tolerance toward skin microbiota.

In conclusion, our results establish that the control exerted by proper CXCR4 desensitization over cell egress from CXCL12-containing environments critically contributes to DC homeostasis and functioning. In addition to providing cues that explain the physiopathology of the WS, our work unravels basic mechanisms that control pDC homeostasis as well as dermal DC and LC function and establishes that perturbating the dynamics of skin DC migration to SDLN has critical implications for the balance between tolerance and immunity.

in control wells. After two hours of incubation at 37°C, cell migration was analyzed by flow cytometry.

In vivo mobilization

Mice were injected intraperitoneally with AMD3100 (0.4 and 0.8 mg/kg; Sigma-Aldrich) or PBS. Two hours later, peripheral blood was collected, red blood cells were lysed and leucocytes were labeled for flow cytometry analysis.

Parabiosis

Female CD45.2 Cxcr4 +/1013 and CD45.1 control mice were anesthetized using 2.5% Avertin (15 mL/kg) and surgically joined as previously described [START_REF] Chong | CXCR4 identifies transitional bone marrow premonocytes that replenish the mature monocyte pool for peripheral responses[END_REF]. Mice were then injected subcutaneously with Baytril and Buprenorphine (0.05-2 mg/kg and 5-20 mg/kg respectively). After 8 weeks, blood was recovered from each parabiont. Spleen and BM were harvested after perfusion. The blood volume present in each individual mouse was calculated using the formula: blood volume (mL) = 0.0715 x body weight (g) [START_REF] Van Furth | Distribution of blood monocytes between a marginating and a circulating pool[END_REF]. Homing ratios were calculated as the number of cells in non-host organ divided by the number of cells in non-host blood, as described by Chong and colleagues (56).

DC activation in vitro and in vivo

Splenic pDC enriched by magnetic sorting (10 4 cells/well) and Flt3-L-derived BMDC (10 4 cells/well) were stimulated in vitro with 2 µg of CpG-A 2216 (Invivogen, Cayla France). For in vivo stimulation, mice were injected intraperitoneally with 20 µg of CpG-A 2216 in complex with 30 µg of DOTAP liposome (Sigma-Aldrich, France) as previously described [START_REF] Guillerey | Pivotal role of plasmacytoid dendritic cells in inflammation and NK-cell responses after TLR9 triggering in mice[END_REF], while control mice received DOTAP only. For cDC1-like and cDC2-like activation, BMDC were incubated for 22 hours with LPS-EK or ssRNA/LyoVec (100 ng/ mL and 5 µg/mL, respectively; Invivogen).

Cytokine quantification

IFN-α and CCL2, CCL4 and CXCL10 concentrations were quantified using Mouse IFN alpha Platinum ELISA kit (eBioscience) and U-PLEX Chemokine Combo Mouse (Meso Scale Discovery, Rockville, USA), respectively.

FITC painting

Two days before FITC application, mice' abdomens and flanks were shaved. At day 0, a solution of FITC (1 mg/mL in acetone; Merck) was mixed v/v with Dibutyl phthalate and 100 µL were applied on mice abdomen. Mice were euthanatized 24h later and inguinal lymph nodes were collected and prepared for flow cytometry.

Flow cytometry

Murine cells were suspended at 10 7 cells/mL in PBS-FCS 2%, incubated with anti-CD16/32 (2.4G2 clone) monoclonal antibodies (mAb), and further stained for 30min at 4°C with adequate combinations of the mAbs (Supplemental Table 1) and dead cells were detected using Fixable Viability Dye eFluor® 506. For intracellular staining (CD207), cells were fixed (BD Bioscience ® fixation permeabilization buffer)

for 30 minutes at 4°C. Events were acquired on a LSR Fortessa (BD Biosciences, San Diego, CA, USA) flow cytometer and analyzed using the FlowJo Software (Tree Star Inc. Stanford, USA).

Epidermal sheets

Epidermal sheets from ear skin were prepared as previously described [START_REF] Van Hede | Human papillomavirus oncoproteins induce a reorganization of epithelial-associated gammadelta T cells promoting tumor formation[END_REF]. After splitting ears into dorsal and ventral halves, they were incubated dermal side down in 0.5 M ammonium thiocyanate for 30 min at 37ºC. Epidermal sheets were separated from the dermis and fixed in acetone for 20 min at -20ºC. Tissue was incubated with PBS 5% BSA (blocking buffer) for 1h at RT, then with anti-CD207 antibody at 4ºC overnight. After washing, epidermal sheets were incubated with anti-rat Alexa Fluor 594 secondary antibody and Hoescht 33342 (ThermoFisher) and mounted on slides using Permafluor Mounting medium (ThermoFisher Scientific). Images were acquired with a confocal microscope (Leica SP8) and analyzed with ImageJ.

Histology

Ears or skin from the flank were fixed in 4% buffered paraformaldehyde (Fisher Scientific) for a minimum of 24 h, embedded in paraffin, and cut into 5-μm-thick sections. Sections were first deparaffinized, rehydrated, and stained with hematoxylin-eosin (HE). Slides were scanned by the digital scanner NanoZoomer Mice were all from the FVB/n genetic background. Mann-Whitney U test: ns, nonsignificant; **P<0.01. 

CONTEXT OF MY PHD WORK

HPV can be seen as a "double agent" in virus-host interactions. On one hand, HPV infection is acquired early on life and, in most cases, is asymptomatic.

HPV is highly prevalent in the general population and virtually everyone will get infected at one moment of their lives. It has been reported that HPV is found in skin swabs and plucked hairs from immunocompetent individuals, particularly HPV from Beta and Gamma genera. Infection with these types can result in benign cutaneous lesions that pose no major health threat. Given the HPV-host co-evolution, these observations identify HPV as part of our virome, although whether this symbiotic relationship reflects a commensal or a mutualistic interaction has not been addressed yet. On the other hand, HPV has a pathogenic side. Infection with lowrisk Alpha HPV types is associated with recurrent and recalcitrant warts in the anogenital area. High-risk Alpha HPV infections together with the susceptibility of the infected cell, as well as the host, constitute risk factors for the development of pre-cancerous lesions, which can regress, but in a small percentage of cases, those lesions further progress to cancer. It is important to remark that it takes years or decades for the first lesions to appear.

Altogether, this highlights the paradox surrounding HPV infection, which is highly prevalent but presents low virulence [START_REF] Alizon | Towards a multi-level and a multi-disciplinary approach to DNA oncovirus virulence[END_REF], that is, the risk of eventually developing cancer from one infection is very small. However, at the population level, HPV-associated diseases present a very high burden [START_REF] Alizon | Towards a multi-level and a multi-disciplinary approach to DNA oncovirus virulence[END_REF]. Understanding such paradox requires identifying host susceptibility factors that control HPV life cycle and determining how they contribute to the balance between a productive infection and carcinogenesis. It is equally important to characterize the epithelial-immune cell crosstalk in the defence mechanisms against HPV and the strategies that the virus sets in motion to avoid the host responses and assure persistence. My PhD addressed these issues combining different approaches and has provided insights into HPV-host interactions at the KC, epithelium and immune system levels. I will discuss in this section the results that I have obtained together with the potential perspectives in the field. However, previous experiments in trying to knock-out ACKR3 in primary-like KC (NIKS cell line) through homologous recombination using CRISPR-Cas9 system yielded unsuccessful results and pointed toward a role of ACKR3 in KC survival. We first confirmed that NIKS were able to undergo homologous recombination using a standard system to knock-in green fluorescent protein (GFP) sequence. Although recombination rate was low, the experiments demonstrated the feasibility of the CRISPR-Cas9 system in NIKS. However, when trying to disrupt ACKR3 locus with an antibiotic-resistance gene, we did not obtain ACKR3-KO viable clones. Out of the approximately 50 clones that were seeded, only 3 proliferated after two weeks of antibiotic selection and none of them showed the integration of the antibiotic-resistance gene in ACKR3 locus. We therefore hypothesized that those that had been successfully targeted were not viable.

Moreover, those clones that proliferated showed aberrant morphology and defects in plastic adherence. They must have had a cellular crisis to overcome the antibiotic selection. These attempts put forward a role of ACKR3 in KC survival.

Conversely, CRISPR-Cas9-mediated ACKR3 disruption was successful in another KC cell line, HaCaT. Targeting of the two ACKR3 alleles occurred in only one clone (Figure 31). HaCaT are KC of cutaneous origin isolated from a melanoma. We may consider that their already transformed phenotype would allow them to Discussion 205 overcome the lack of ACKR3. However, this lack of ACKR3 resulted in a cellular crisis and cells changed their phenotype: they had a spindle-like morphology, displayed attachment defects and a slower growth rate than non-modified cells, as observed during routine cell culture passages. ACKR3-KO HaCat cells showed increased cell death as determined by cell viability dye staining, slightly increased levels of active caspase-3 and decreased percentage of Ki-67-positive cells (Figure 31). Furthermore, ACKR3-KO HaCat cells also showed defects in wound healing assays compared to their non-modified counterparts (not shown).

Altogether, these findings highlight that KC are dependent on ACKR3 for cell survival and that ACKR3 plays a critical role in KC proliferation. 

ACKR3 AND THE KC INTRINSIC RESPONSE

We observed high levels of CXCL10 in 3D-EpC overexpressing ACKR3.

CXCL10 is an IFN-inducible protein that has antiviral properties and it is highly expressed during inflammation. Indeed, CXCL10 can be induced upon IFN-γ treatment in KC [START_REF] Marshall | Tissue-specific regulation of CXCL9/10/11 chemokines in keratinocytes: Implications for oral inflammatory disease[END_REF], together with CXCL11 after IFN-λ treatment in hepatocytes [START_REF] Dickensheets | Interferon-lambda (IFN-λ) induces signal transduction and gene expression in human hepatocytes, but not in lymphocytes or monocytes[END_REF] and it is upregulated in skin inflammatory conditions such as psoriasis, lupus and allergy (Flier et al., 2001). It is also important to control viral infection burden and viral titres [START_REF] Wuest | Dysregulation of CXCR3 signaling due to CXCL10 deficiency impairs the antiviral response to herpes simplex virus 1 infection[END_REF].

KC overexpressing ACKR3 seem to be intrinsically predisposed to sustain an inflammatory environment due to the high levels of CXCL10. However, they express very low levels of CXCR3 (CXCL10 receptor) at their surface, at least in monolayer cultures, and therefore it is unclear whether the high CXCL10 levels would have autocrine effects. We didn't assess the production of IFN-γ in the cell culture media, but we did assess IFN-λ1 (IL-29) levels and we observed a slight increase, albeit non-significant, of this cytokine in ACKR3-WT 3D-EpC. Thus, CXCL10 production could be the result of the IFN pathway signal amplification and lead to an antiviral state.

Transcriptomic analyses can provide mechanistic insights into the role of ACKR3 in the KC intrinsic response to HPV. Our preliminary analyses also confirmed the upregulation of CXCL10 at the mRNA level in ACKR3 3D-EpC, in both HPV-negative and -positive contexts, confirming that it was dependent on the signalling function of receptor. Furthermore, we have noticed that some genes related to the intrinsic response of KC (i.e. IFI27 and IFIT2) were differentially expressed. They belong to the IFN pathway and this opens up the window to explore other related genes such as ISG15 and IFIT1 (ISG56). In addition, as I have previously mentioned, our collaborators had performed proteomic studies of ACKR3 interactome, which revealed an interaction of ACKR3 with TBK1, the Discussion 207 kinase downstream of cGAS/STING activation and responsible for the phosphorylation of IRF3, involved in the transcription of IFN genes. This data gives us the opportunity to support the link between ACKR3 enhanced signalling and the intrinsic KC response in the context of HPV infection and carcinogenesis. This is currently an ongoing research line that aims at providing mechanistic insights into the contribution of ACKR3 to HPV life cycle balance.

Lastly, ACKR3 enhanced signalling has also be linked to inflammation elsewhere. ACKR3 was induced in the monocyte to macrophage differentiation, especially upon IFN-γ treatment and it was reported to be responsible for activating inflammatory signalling pathways such as p38 and JNK [START_REF] Wanshu | Induction of C-X-C chemokine receptor type 7 (CXCR7) switches stromal cell-derived factor-1 (SDF-1) signaling and phagocytic activity in macrophages linked to atherosclerosis[END_REF] 

ACKR3 AND CARCINOGENESIS

ACKR3 overexpression and enhanced signalling was also associated with high levels of p16, a surrogate marker for E7 expression, which indicates a high degree of uncontrolled proliferation and the establishment of an oncogenic process. In the past, we had described that expression CXCR4 harbouring WSassociated mutation (CXCR4 1013 ) resulted in a stabilization of E6 and E7

oncoproteins (Meuris, Carthagena, et al., 2016). In our study, ACKR3 could also participate to the stabilization of these oncoproteins. An analysis of the interactome of E6 and E7 of several HPV types, including HPV18, revealed that ACKR3 was an interacting partner of E7, and this interaction was absent in the Beta HPV Discussion 208 [START_REF] Neveu | Comparative analysis of virus-host interactomes with a mammalian high-throughput protein complementation assay based on Gaussia princeps luciferase[END_REF]. Thus, an overexpression of ACKR3 would favour interactions with E7, leading to its stabilization and therefore, resulting in higher levels of p16.

Nevertheless, we did not find any significant upregulation in E7 (neither in E6)

protein levels in 3D-EpC. Another explanation is that ACKR3 would directly lead to an upregulation of p16 as we have observed in transcriptomic, where we found p16 (CDKN2A) mRNA upregulated in ACKR3-WT compared to C-term deleted ACKR3 in HPV context. Our immunofluorescence analyses confirmed these findings. Together, these two mechanisms could account for the cellular transformation process occurring in 3D-EpC.

GAIN OF CXCL12 SIGNALLING: CROSSTALK BETWEEN CXCR4 AND ACKR3

It is interesting to notice the similarities in phenotype regarding HPV life cycle between KC overexpressing ACKR3 or CXCR4 1013 (Meuris, Carthagena, et al., 2016). In both cases, we observed an impairment of HPV productive life cycle with reduced E4 and L1 expression together with an increase in oncogenic markers such as p16. We must also consider the differences, that is, in CXCR4 1013 there was also upregulation of oncoproteins and defects in HPV replication. This might indicate that ACKR3 plays a role in the later phases of the life cycle, maybe at the stage of viral production or encapsidation. Nevertheless, a functional crosstalk might occur between both receptors, which warrants further research. A possible hypothesis is that ACKR3 overexpression would induce high-order oligomerization with CXCR4, which would dampen G-protein-mediated CXCR4 signalling, but would increase β-arr-mediated signalling (Levoye et al., 2009). β-arr pathway was responsible for the exacerbated CXCR4 1013 signalling (Lagane et al., 2008).

Deletion of the SHSK motif in CXCR4 1013 ICL 3, where β-arr bind, attenuates the enhanced signalling and restored a productive life cycle. This is in line with our results obtained with the C-term deleted ACKR3 mutant, where we achieved HPV productive life cycle. Deletion of the C-term abrogates β-arr recruitment to the receptor and thus, ACKR3 would be less prone to signal.

ACKR3 AS A THERAPEUTIC TARGET

The cell model chosen for our study is based on ectopic expression of ACKR3, that is, we have generated a system where constitutive expression of the receptor altered HPV life cycle, acting a pro-oncogenic signal (Article I). I also mentioned that transformed cells lacking ACKR3 have proliferation defects. These two findings highlight the potential of targeting ACKR3 in oncogenic processes as it has been previously suggested in the literature. Importantly, in cervical cancer, ACKR3 has been described a marker of poor prognosis [START_REF] Schrevel | CXCR7 expression is associated with disease-free and disease-specific survival in cervical cancer patients[END_REF] Of note, we also tested anti-ACKR3 nanobodies (Nb) in 3D-EpC developed within the ONCORNET consortium (Vladimir Bobkov, Argen-X, and Martine Smit, VU Amsterdam). Nb were specific for human ACKR3, they displaced CXCL12 and were neutral, that is, they did not induce any conformational change in ACKR3. We chronically treated the 3D-EpC with Nb in the same way as with ACKR3 antagonist, but we did not observe any significant differences in the parameters that we assessed. In endogenous conditions, there were no apparent alterations in 3D-EpC architecture (Figure 32). Differences in the quantification of late viral proteins were not significant (Figure 32) and we did not observe modifications in the secreted chemokine profile, except for a slight increase in CXCL12, as expected from the in vitro displacement data (not shown). In Nb-treated HPV 3D-EpC ectopically expressing ACKR3, we only observed an even more accentuated difference between the wild type and the C-term deleted counterpart for E4 and L1 expression (not shown), but no differences compared to the non-treated 3D-EpC. These preliminary results may indicate that the role of ACKR3 is not dependent on its engagement to CXCL12, although further experiments should aim at proving that Nb can indeed diffuse into the epithelium and target ACKR3.

HPV AS PART OF OUR VIROME

As I described in my introduction (chapter 1, section 1.6), HPV has been detected in immunocompetent individuals in multiple epithelial sites, for example, in skin swabs of elbow, palms or forehead, and it is pertinent to understand the impact of these asymptomatic infections in the general population. However, modelling skin virome interactions is complex and in addition, one of the main drawbacks of studying Beta or low-risk Alpha HPV is their lack of immortalising potential, which results in the loss of viral genome over passages (our own experience and [START_REF] Murakami | Roles for E1-independent replication and E6-mediated p53 degradation during low-risk and high-risk human papillomavirus genome maintenance[END_REF]. In light of my results, it may seem reasonable that using ACKR3 antagonist, which results in enhanced productive life cycle, would in turn help to maintain HPV genome in primary-like KC. Conversely, we have shown that ACKR3 overexpression permits an HPV-induced oncogenic process in KC. This alteration in the cellular microenvironment could be also 

CONSEQUENCES OF HPV LIFE CYCLE IN CONNEXIN EXPRESSION AND CELL-CELL COMMUNICATION HPV 3D-EPC TO REPRODUCE CX4LOSS IN CERVICAL DYSPLASIA

Cx43 has been extensively studied in cancer, where it has been reported to act as a tumour suppressor gene. We observed a downregulation of Cx43 in dysplastic areas of CIN1 biopsies compared to the adjacent normal tissue in accordance with previous studies that also reported reduced levels of Cx43 in cervical dysplasia (King et al., 2000;Aasen et al., 2005). This supported the hypothesis that Cx43 loss occurs at an early stage of the dysplastic process.

Although we analysed HPV-positive samples, we cannot formally establish any causal relationship between HPV presence and Cx43 downregulation in cervical biopsies. To explore the interplay between HPV and Cx43, we used 3D-EpC to mimic a stratified epithelium that supports HPV life cycle. Similar to normal tissue, Cx43 staining pattern showed the formation of gap junctions (GJ) between cells.

In the context of HPV, we observed a dramatic downregulation of Cx43 at the mRNA and protein levels, which raised several questions that I will discuss below.

Although it is a combination of transcriptional and post-translational mechanisms, it is not clear what is the driver of Cx43 downregulation. Our results indicate that it is not HPV per se. Replication of the genome or the expression of viral oncoproteins is not sufficient to promote Cx43 downregulation, but neither is the productive life cycle required. Even in a context of impaired production of late proteins such as E4 or L1, we observed the disappearance of Cx43. This argues against a direct link between HPV expression and Cx43 downregulation that had been previously suggested as a result of studies in tumoral cells isolated from CIN or cervical SCC biopsies. Contrary to us, who used primary-like KC cell lines, transformed cell lines could already possess a cellular microenvironment that allows Cx43 downregulation. This is particularly interesting taking into account that expression of E6 was able to downregulate Cx43 in cervical tumour cells but not in HEK cell line (Sun et al., 2015).

Our work suggests that Cx43 downregulation might require a host factor that it is expressed upon stratification and therefore, it might be directly related to epigenetic changes occurring along the epithelium. Indeed, Cx43 promoter hypermethylation and subsequent Cx43 silencing have been observed in several types of cancer [START_REF] Chen | The correlation between aberrant connexin 43 mRNA expression induced by promoter methylation and nodal micrometastasis in non-small cell lung cancer[END_REF][START_REF] Yi | Downregulation of connexin 43 in nasopharyngeal carcinoma cells is related to promoter methylation[END_REF]. Furthermore, it is known that HPV can induce epigenetic changes in the host genome through the interaction with DNA methylases and deacetylases. Thus, it would be relevant to do a comparative analysis of the methylation status of the Cx43 promoter between control and HPV 3D-EpC, which unfortunately, we were not able to perform in this study. Eventually, this would provide further insights into the regulation of Cx43 in HPV infection.

DOES LOSS OF CX43 EXPRESSION MEAN LOSS OF FUNCTION?

We investigated whether the disappearance of Cx43 would result in defects in GJIC, the main function of connexins. Despite HPV-associated Cx43 loss, GJIC was quantitatively similar so we wondered which other connexin might be compensating the loss of Cx43. We suggest Cx45 as a potential candidate responsible to maintain cell communication levels. Cx45 mRNA upregulation has also been reported in OSCC [START_REF] Brockmeyer | Connexin subtype expression during oral carcinogenesis: A pilot study in patients with oral squamous cell carcinoma[END_REF]. We were not able to determine whether Cx45 upregulation is HPV-mediated or a cellular mechanism as a consequence of Cx43 downregulation. Complementary studies using knockdown strategies could address that question.

However, a deeper analysis revealed that GJIC is qualitatively altered in HPV context as communication rate seems faster than in control tissue. These differences in GJIC quality might be different because the profile of connexins that are being expressed is different. That is, in HPV context, cells have at their disposal a different set of connexins to be able to form GJ. The potential underlying mechanisms are various. In HPV context, Cx45 could be exclusively forming homotypic GJ or heterotypic GJ with the remaining Cx43, which would be different in pore size and conductance compared to Cx43 homotypic GJ. It has been reported that Cx45 co-expression with Cx43 reduces GJ size [START_REF] Grikscheit | Coexpression of connexin45 with connexin43 decreases gap junction size[END_REF]. The heterotypic GJ have been extensively studied, particularly in the field of cardiac impulse, and the combination of Cx43 and Cx45 generates channels with different properties in terms of gating mechanisms, conductance and permeability to dyes [START_REF] Elenes | Heterotypic docking of Cx43 and Cx45 connexons blocks fast voltage gating of Cx43[END_REF][START_REF] Bukauskas | Coupling asymmetry of heterotypic connexin 45/ connexin 43-EGFP gap junctions: Properties of fast and slow gating mechanisms[END_REF][START_REF] Valiunas | Biophysical Properties of Connexin-45 Gap Junction Hemichannels Studied in Vertebrate Cells[END_REF][START_REF] Desplantez | Cardiac connexins Cx43 and Cx45: Formation of diverse gap junction channels with diverse electrical properties[END_REF][START_REF] Rackauskas | Permeability of homotypic and heterotypic gap junction channels formed of cardiac connexins mCx30.2, Cx40, Cx43, and Cx45[END_REF][START_REF] Ye | Junctional delay, frequency, and direction-dependent uncoupling of human heterotypic Cx45/Cx43 gap junction channels[END_REF]. Unfortunately, we did not have the possibility of assessing Cx43-Cx45 colocalization in immunofluorescence analysis. In addition, those marginal amounts of Cx43 could still be active (as shown by phospho-Cx43 detection), and they could account for some level of GJIC. Conversely, this hypothesis could indicate that in normal tissue, despite the high levels of Cx43, only a small fraction of GJ would be active, the same fraction that remains in HPV context.

It is intriguing to observe that Cx45 displayed an intracellular staining and it was barely located at the cell membrane of KC of control 3D-EpC. The intracellular localization had already been observed in oral mucosa biopsies (Brockmeyer et al., 2014). This could be based on differential trafficking routes and assembly mechanisms, synthesis or turn-over rate. Cx45 could be more stable than Cx43 and its delivery to GJ at the cell membrane slower. This hypothesis is based on a slightly higher half-life of Cx45 versus Cx43 (3 hours versus 1.3-2 hours) [START_REF] Darrow | Expression of Multiple Connexins in Cultured Neonatal Rat Ventricular Myocytes[END_REF][START_REF] Beardslee | Rapid turnover of connexin43 in the adult rat heart[END_REF]. In our model we cannot formally assess whether Cx45 is participating to GJIC in the steady state, but the use of Cx45-KO KC could address that question. Following this topic of future steps in connexin research in regard to HPV, it is important to investigate the consequences of Cx43 re-expression on HPV life cycle and whether it would be detrimental for a productive infection.

WHAT ARE THE CONSEQUENCES AT THE CELL AND TISSUE LEVELS?

We did not formally explore the consequences of this qualitatively altered GJIC and potential different GJ composition and I will now discuss the implication at the cell and tissue level. Having different GJ could allow for an exchange of different molecules, with an impact on the type of "message" that is being delivered to the neighbouring cell or even to the cells of the immune system. This is particularly relevant in light of all the literature that highlights the role of connexins in modulating the immune response [START_REF] Gleisner | Mind the gaps in tumor immunity: Impact of connexin-mediated intercellular connections[END_REF]. GJ allow the transfer of peptides or antigens to be cross-presented [START_REF] Herberts | Cross-presentation by intercellular peptide transfer through gap junctions[END_REF][START_REF] Mendoza-Naranjo | Functional Gap Junctions Facilitate Melanoma Antigen Transfer and Cross-Presentation between Human Dendritic Cells[END_REF] and antigens can be transferred from macrophages to DC [START_REF] Mazzini | Oral Tolerance Can Be Established via Gap Junction Transfer of Fed Antigens from CX3CR1+ Macrophages to CD103+ Dendritic Cells[END_REF] to maintain oral tolerance. Importantly, cell intrinsic immunity signals, such as cGAMP second messenger, can be transferred from one cell to another through Cx43 and Cx45 to alert of potential infections (Ablasser et al., 2013). Assessing the expression levels of cGAS or STING in our conditions would provide insights into intrinsic immunity in HPV context.

Another point to discuss is who benefits from this connexin profile rearrangement and GJIC alterations. The reasons why the cell would undergo such transcriptional changes are obscure and it still remains unclear whether the virus is the cause for the down/upregulation of connexins or whether this rearrangement is the cell response to tackle another viral action. It would be interesting to address the question of whether this process is overall beneficial for the virus life cycle, for the transformation of the cells or a protective mechanism elicited by the tissue not to become tumoral.

BEYOND JUNCTIONAL FUNCTIONS OF CONNEXINS

Connexins have been described as tumour suppressors genes but there are now reports suggesting that this is connexin-and tissue-specific [START_REF] Aasen | Gap junctions and cancer: Communicating for 50 years[END_REF]. For example, Cx45 is upregulated in OSCC at the mRNA level, but silenced in colon cancer due to CpG island methylation in its promoter [START_REF] Ahmed | Quantitative validation of GJC1 promoter hypermethylation in benign and malignant colorectal tumors[END_REF][START_REF] Sirnes | DNA methylation analyses of the connexin gene family reveal silencing of GJC1 (Connexin45) by promoter hypermethylation in colorectal cancer[END_REF]. This dichotomy could be mediated by other non-junctional functions of connexins, that is, through hemichannels or signalling pathways.

Connexins have a long and variable cytoplasmic tail subjected to numerous posttranslational modifications (phosphorylation, ubiquitination, sumoylation) [START_REF] Dbouk | Connexins: A myriad of functions extending beyond assembly of gap junction channels[END_REF][START_REF] Aasen | Connexins: Synthesis, post-translational modifications, and trafficking in health and disease[END_REF][START_REF] Leithe | The connexin 43 C-terminus: A tail of many tales[END_REF] which serves as a docking site for other proteins such as kinases (MAPK, Akt, PKA, PKC or Src), β-catenin and elements from the cytoskeleton; ZO-1 and ezrin among others [START_REF] Tencé | Increased interaction of connexin43 with zonula occludens-1 during inhibition of gap junctions by G protein-coupled receptor agonists[END_REF][START_REF] Thévenin | Phosphorylation regulates connexin43/ZO-1 binding and release, an important step in gap junction turnover[END_REF]Dukic et al., 2018). Thus, connexins become scaffold proteins sustaining signalling hubs involved in migration, cell polarization or proliferation [START_REF] Aasen | Connexins: junctional and non-junctional modulators of proliferation[END_REF]. Loss of Cx43 or relocation of Cx45, together with the changes in other connexins, could enhance or turn off certain signalling pathways.

Discussion
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Cx43 tumour suppressor role can be mediated through the interaction with proteins involved in tumorigenesis, for example, with caveolin-1 [START_REF] Langlois | The tumor-suppressive function of connexin43 in keratinocytes is mediated in part via interaction with caveolin-1[END_REF]Laird et al., 2018). Cx43 also plays an important role in cell proliferation and migration in the epithelium as observed in wound healing models [START_REF] Qiu | Targeting Connexin43 Expression Accelerates the Rate of Wound Repair[END_REF][START_REF] Wong | The role of connexins in wound healing and repair: Novel therapeutic approaches[END_REF][START_REF] Chanson | Connexin communication compartments and wound repair in epithelial tissue[END_REF]. Cx43 loss accelerates wound healing rate [START_REF] Kretz | Altered connexin expression and wound healing in the epidermis of connexin-deficient mice[END_REF][START_REF] Lorraine | Connexin43 plays diverse roles in co-ordinating cell migration and wound closure events[END_REF] and in our model of HPV, it could enhance KC proliferation and migration. Loss of Cx43 could also result in reduced hemichannel function, which have are important for the release of ATP, a danger signal [START_REF] Dosch | Connexin-43-dependent ATP release mediates macrophage activation during sepsis[END_REF]. Lastly, Cx43 has also been associated with chemokines and chemokine receptors. Activation of GPCR in astrocytes led to changes in Cx43 phosphorylation status and in the interaction with ZO-1 [START_REF] Tencé | Increased interaction of connexin43 with zonula occludens-1 during inhibition of gap junctions by G protein-coupled receptor agonists[END_REF].

Another report directly linked Cx43 and Cx45 to the transcription and secretion of CXCL12 by stromal cells, which are synchronized via GJ [START_REF] Schajnovitz | CXCL12 secretion by bone marrow stromal cells is dependent on cell contact and mediated by connexin-43 and connexin-45 gap junctions[END_REF].

CONCLUDING REMARKS

In conclusion, my results support previous literature on HPV-associated 

CONSEQUENCES OF THE LACK OF CXCRDESENSITIZATION IN CUTANEOUS IMMUNE CELL

HOMEOSTASIS

In this section, I will limit my discussion comments to the results that I obtained in the third part of my thesis (Article III), which are now included in a manuscript that will be submitted soon. My aim was to investigate LC and DC subsets in dysplastic skin and the skin-draining lymph nodes to provide insights into the role of CXCR4 desensitization in their distribution, activation and migration.

Our results show that DC/LC from dysplastic skin display a tolerogenic phenotype resulting in reduced MHC class II levels with an increased expression of co-stimulatory molecules (CD80 and CD86). The extent of these alterations is subset-dependent. This is in accordance with previous reports, in which expression of HPV16 E7 in basal KC led to an immunosuppressive environment [START_REF] Abd Warif | Langerhans Cell Homeostasis and Activation Is Altered in Hyperplastic Human Papillomavirus Type 16 E7 Expressing Epidermis[END_REF]Chandra et al., 2016;[START_REF] Bashaw | Modulation of antigen presenting cell functions during chronic HPV infection[END_REF]. However, our model expresses all early proteins of HPV16, which is closer to what happens in the context of HPV-induced carcinogenesis. We did not observe any significant impact of the lack of CXCR4 desensitization at the level of cutaneous DC/LC, except for a tendency in increased number of cDC1 and LC, which could reflect a slight accumulation of these subsets in the skin of Cxcr4 +/1013 HPV mice.

We observed an overactivated phenotype of migratory DC/LC (migDC) in the skin-draining lymph nodes from Cxcr4 +/1013 HPV mice, but we also observed a significant increase in CD86 and a tendency for CD80 in Cxcr4 +/1013 non-transgenic mice. Ex vivo stimulation of bone marrow-derived DC suggested that this overactivation was not intrinsic to cells being CXCR4-mutated or dependent on CXCL12. These highly activated migDC could belong to a particular DC subset that it was initially more activated in the context of dysplastic skin. However, we analysed migDC subsets and we observed equal levels of overactivation in both cDC1 and cDC2+LC. Conversely, it could be that in Cxcr4 +/1013 mice, only the highly activated DC are able to migrate to the lymph vessels and reach the lymph node. This could be in accordance with some cells being trapped in the skin, activated but not enough to reach a threshold that allows them to migrate towards the lymph node through the action of CCR7 and the chemokines CCL19 and CCL21. In turn, the number of cells reaching the lymph nodes would be smaller, as demonstrated by our data.

Eventually, overall reduced numbers of migDC in the lymph nodes of Cxcr4 +/1013 mice and their overactivated phenotype could prime aberrant, pathological and exacerbated T cell responses. Indeed, Cxcr4 +/1013 HPV mice presented increased numbers of infiltrated CD3 dim T cells into the dysplastic lesions compared to the Cxcr4 wt counterpart. This could contribute to the worsened phenotype observed in Cxcr4 +/1013 HPV mice, as previously described by our group (Meuris, Gaudin, et al., 2016)

IMPLICATIONS FOR WS PATIENTS

The present work contributes to our understanding, albeit limited, of the selective susceptibility of WS patients to HPV pathogenesis. In light of the consequences of eliminating the CXCR4 mutated allele in a WS patient (McDermott et al., 2015), we may hypothesize that the observed restoration of the myeloid compartment, and probably DC homeostasis, in that patient could provide a healthy non-pathological DC population that could correctly prime T cell responses. Thus, adequate adaptive immunity, despite the lymphopenia, could be sufficient to ameliorate HPV-induced lesions. Indeed, that WS patient was cured from HPV-induced warts.

Inhibiting CXCR4 with AMD3100 has proven to be beneficial for HPVinduced pathogenesis. In a recent study, three WS patients received AMD3100 treatment in combination with imiquimod for two of them, with one receiving HPV vaccination. HPV-wart burden decreased and HPV16-induced oral mucosa lesions resolved. A case of pharyngeal cancer remained but progressed slowly [START_REF] Mcdermott | Plerixafor for the treatment of WHIM syndrome[END_REF]. Our team is also contributing to the advances in WS patient treatment. A WS-like patient was recruited in the French system of congenital neutropenias and underwent AMD3100 treatment for 7 months. The results show increase in the viral load in skin swabs and regression of an anal condyloma, where only HPV5 was found after RNAseq analysis of a biopsy (L.

Molet, V. Marin-Estaban, F. Bachelerie & C. Deback, in preparation).

In terms of perspectives, and similarly to our previous study (Meuris, Gaudin, et al., 2016), we could explore the consequences of AMD3100 treatment on LC/DC subsets in Cxcr4 +/1013 HPV mice as a model of HPV-induced dysplasia in WS patients. We could evaluate HPV-induced lesion progression after daily injections with AMD3100 for four weeks. Taking advantage of mass cytometry techniques, we could expand our study to other immune cell populations that have not been explored in depth yet such as neutrophils or macrophages.

As a therapeutic alternative, delivery of AMD3100 could be done topically using gel or cream-based solutions, similar to the treatment with CXCL12 in wound healing [START_REF] Henderson | Stromal-derived factor-1 delivered via hydrogel drug-delivery vehicle accelerates wound healing in vivo[END_REF]. We indeed tried to establish that proof-of-concept study using AMD3100 embedded in hydrogel. Our preliminary results showed that locally delivered AMD3100 could slightly improve HPV-associated dysplastic phenotype, particularly in Cxcr4 +/1013 HPV mice, which were more sensitive to the treatment and therefore showed bigger differences to their non-treated control.

This approach will require larger cohorts of mice and a full characterization of the hydrogel used in regard to its adherence and penetrance into the skin. However, it can be promising and supported by the results in WS patients.

CONCLUDING REMARKS

Collectively, our results shed light into role of CXCL12/CXCR4 axis in skin 

CONCLUSION

To sum up, with this doctoral thesis I have contributed to our understanding of the role of the axis CXCL12/CXCR4/ACKR3 in HPV life cycle and carcinogenesis. We have provided evidences on the essential role of ACKR3 in KC survival and proliferation and how deregulations of this receptor, in particular, overexpression and enhanced signalling, disrupt the tight control of the HPV life cycle. ACKR3 becomes a central player in the crossroads between antiviral response and oncogenesis, underscoring its potential as a therapeutic target. In addition, our work has provided technical advances in the assessment of cell-cell communication, which are relevant in regard to the impact of HPV on connexin expression and GJIC; but that can be useful in other (patho)physiological contexts.

Lastly, we have been able to pinpoint the exact consequences of the lack of CXCR4 desensitization in DC and LC activation and migration, which is relevant to understand the selective susceptibility of WS patients to HPV pathogenesis.

Altogether, this reinforces the importance of the CXCL12 signalling axis in virushost interactions and especially the tight control this axis exerts on HPV.

BIBLIOGRAPHY Introduction

This review focuses on the trio formed by C-X-C motif chemokine ligand (CXCL)12 and its two receptors, C-X-C chemokine receptor (CXCR)4 and CXCR7/ACKR3, with particular emphasis on the latter, which belongs to the atypical chemokine receptor subfamily. Since the 1990s, with CXCR4 being discovered as a coreceptor for HIV entry (Feng et al., 1996), the CXCL12/CXCR4 axis has been extensively studied in numerous homeostatic and pathologic settings, including organogenesis, leukocyte trafficking, and cancer. Atypical chemokine receptor (ACKR)3 was first known as an orphan receptor named receptor dog cDNA 1, or RDC1 (Heesen et al., 1998), and was later adopted into the chemokine receptor family as CXCR7, the second receptor for CXCL12 (Balabanian et al., 2005) and also CXCL11 (Burns et al., 2006), before being renamed ACKR3 owing to its atypical non-G-protein-dependent signaling (Bachelerie et al., 2014). Since then, compelling evidence has underscored the regulatory function of ACKR3 on the CXCL12/CXCR4 signaling axis. Initial studies in zebrafish models revealed that ACKR3 acts as a scavenger receptor that binds and internalizes CXCL12, thus indirectly modulating CXCR4 function by modifying chemokine bioavailability (Dambly-Chaudière et al., 2007;[START_REF] Valentin | The chemokine SDF1a coordinates tissue migration through the spatially restricted activation of Cxcr7 and Cxcr4b[END_REF][START_REF] Boldajipour | Control of chemokine-guided cell migration by ligand sequestration[END_REF]Donà et al., 2013). Additionally, ACKR3 may have direct functions in response to CXCL12 as a b-arrestin-biased signaling receptor (Rajagopal et al., 2010), although b-arrestin-mediated signaling downstream of ACKR3 remains to be demonstrated in vivo. Furthermore, with the identification of new nonchemokine ligands, including macrophage migration inhibitory factor (MIF) or intermediate opioid peptides, ACKR3 has emerged as a key player in homeostatic processes during embryogenesis and adult life but also in pathologic inflammatory and tumor contexts.

Here, we first summarize the state of the art on ACKR3 expression regarding human and rodent tissues and its role in development before discussing its potential contribution to the function of the immune system. In particular, we focus on myeloid cells, both at homeostasis and in pathologic settings, including inflammatory conditions and breast cancer.

ACKR3 Expression in Mammalian Tissue

To address the question of ACKR3 expression, mice have been genetically modified to investigate in which cells and tissues the Ackr3 promoter is active (Table 1). These mouse models include replacement of the endogenous Ackr3 coding region by either a b-galactosidase (LacZ) reporter (Gerrits et al., 2008) or an enhanced green fluorescent protein (EGFP) sequence [START_REF] Cruz-Orengo | CXCR7 influences leukocyte entry into the CNS parenchyma by controlling abluminal CXCL12 abundance during autoimmunity[END_REF]. These models also include the Ackr3-EGFP bacterial artificial chromosome mouse model, where an Ackr3 promoter-EGFP fusion sequence was inserted into a random location in the genome. In this case, EGFP expression is driven by Ackr3 promoter activity while leaving the endogenous Ackr3 locus intact [START_REF] Gong | A gene expression atlas of the central nervous system based on bacterial artificial chromosomes[END_REF]Sánchez-Alcañiz et al., 2011).

In parallel, several groups have investigated Ackr3 expression at the transcriptional level by means of northern blot, real-time polymerase chain reaction, or in situ hybridization (Table 2) and at the protein level by means of immunofluorescence, immunohistochemistry, or flow cytometry (Table 2). Ackr3 mRNA is mostly detected in mouse heart, kidney, spleen, lung, and brain (Table 2) and is transiently expressed during embryogenesis, in accordance with different reporter mouse models (Table 1). To summarize, by combining various techniques, ACKR3 mRNA and protein have been detected 1) in mesenchymal stromal cells; 2) in brain-resident cells, including astrocytes, glial, and neuronal cells, 3) in cells of the vascular system and, more specifically, cells from vascular smooth muscle and venous endothelium; and of particular interest 4) in immune cell populations. In the immune system, ACKR3 mRNA is detected using transcriptomic approaches in hematopoietic lineages, in both lymphoid (e.g., B cells) and myeloid (e.g., macrophages) cells; however, in EGFP reporter mouse models, the Ackr3 promoter-dependent signal cannot be distinguished from background in any of the studied immune cell subsets in steady state (i.e., CD45 1 , CD19 B cells, CD4 1 and CD8 1 T cells, CD11b 1 and CD11c 1 myeloid cells) [START_REF] Cruz-Orengo | CXCR7 influences leukocyte entry into the CNS parenchyma by controlling abluminal CXCL12 abundance during autoimmunity[END_REF]. This was confirmed in LacZ mouse models [START_REF] Berahovich | Endothelial expression of CXCR7 and the regulation of systemic CXCL12 levels[END_REF]. Furthermore, assessing ACKR3 protein expression in native conditions poses a technical challenge from its constitutive recycling between the membrane and the endosomal compartment, leading to a predominant intracellular localization. This is a limitation for antibody generation and validation (Berahovich et al., 2010a) and a potential source of discrepancies reported in studies related to ACKR3 expression and function. For instance, ACKR3 protein was not detected either in human and mouse leukocyte subsets in peripheral blood (Berahovich et al., 2010); however, ACKR3 protein was detected in human secondary lymphoid organ-derived B cells and dendritic cells [START_REF] Infantino | Expression and regulation of the orphan receptor RDC1 and its putative ligand in human dendritic and B cells[END_REF].

ACKR3 Function: From Genetically Modified Mice to Nonchemokine Ligands

Determining when and where ACKR3 is expressed has led to greater understanding of the functions that ACKR3 might be exerting. In particular, the expression pattern of ACKR3 may hint toward a functional role in such cells or tissues. These functions could have a direct effect on ACKR3-expressing cells either through noncanonical signaling pathways or modulation of CXCR4 functions or in a paracrine way via the modulation of CXCL12 and CXCL11 levels, impacting nearby-cell function through CXCR4 and CXCR3, respectively. Valuable information about the function of ACKR3 was first provided by an analysis of the effects after constitutive and cell-type conditional Ackr3 gene deletion in various mouse models (Table 1). Subsequently, identification of other nonchemokine ligands has broadened our understanding of ACKR3 biology, particularly in terms of the role of ACKR3 beyond the chemokine system. In the following section, we discuss how the study of knockout mouse models and nonchemokine ligands has led to further insights into the functions of ACKR3.

Lessons from Constitutive and Conditional Knockout Models. Most Ackr3 2/2 mice develop normally in early embryonic stages but die either perinatally or in utero in late developmental stages, usually from embryonic gestation day E17.5, owing to cardiovascular complications (Sierro et al., 2007;Yu et al., 2011;[START_REF] Trousse | CXCR7 receptor controls the maintenance of subpial positioning of Cajal-Retzius cells[END_REF]. Accordingly, it seems that ACKR3, similarly to CXCR4 and CXCL12, is essential to normal mouse development and physiology and that it plays a complementary or nonredundant role with regard to CXCR4; however, the lethal phenotype obtained in the C57Bl/6 background is less severe on a mixed genetic background (129 Sv/Evbrd x C57Bl/6) with a survival rate of approximately 30% (Gerrits et al., 2008). This might be linked to CXCL11-associated ACKR3 functions because expression of this chemokine ligand is absent in C57Bl/6 mice (Sierro et al., 2007). Considering the cardiovascular and cerebral defects observed in Ackr3-deficient mice, a large body of work has focused on ACKR3 contribution to heart and brain physiology. During both heart and brain development, Ackr3 undergoes a change in expression pattern after E14.5, which coincides with the onset of mouse death (Sierro et al., 2007;Gerrits et al., 2008;Sánchez-Alcañiz et al., 2011;Wang et al., 2011;Yu et al., 2011). Two studies suggest that a link may exist between Ackr3 expression and the control of cell proliferation in heart tissue. For example, in constitutive Ackr3 2/2 mice, increased cell proliferation prevented heart-valve thinning that leads to a lethal cardiovascular phenotype (Yu et al., 2011). Moreover, in another study, 25% of surviving adult Ackr3 2/2 mice suffered from cardiac hyperplasia (Gerrits et al., 2008). Of note, migration and apoptosis of semilunar valve mesenchymal cells remained normal from E14 to E18.5 in Ackr3 2/2 mice. In contrast, during brain development, constitutive and conditional loss of Ackr3 in GABAergic neurons (Table 1) led to an abnormal distribution of interneurons in the cortex, suggesting a link between Ackr3 expression and neuron migration (Sánchez-Alcañiz et al., 2011;Wang et al., 2011;[START_REF] Trousse | CXCR7 receptor controls the maintenance of subpial positioning of Cajal-Retzius cells[END_REF]. ACKR3 could have a cell intrinsic function as suggested by extracellular signal-regulated kinase (ERK)1/2 phosphorylation in cultured neurons, likely downstream of ACKR3 (Wang et al., 2011); however, it remains to be determined whether ACKR3-mediated ERK1/2 phosphorylation occurs in vivo and whether it is relevant during brain development. Alternatively, the role of ACKR3 in interneuron positioning could occur through cell-extrinsic effects as a scavenger receptor. Ackr3 deficiency results in increased CXCL12 protein levels but unchanged Cxcl12 mRNA levels in cortical homogenates (Sánchez-Alcañiz et al., 2011). Failure to maintain a CXCL12 gradient leads to accumulation of migrating interneurons in inappropriate locations in the cortex. Moreover, the abnormal distribution of interneurons was rescued when Ackr3 2/2 interneurons were transplanted into Ackr3 1/1 brain, suggesting that ACKR3 expression in other cells can rescue the phenotype (Sánchez-Alcañiz et al., 2011). Furthermore, a recent report has provided mechanistic insights into ACKR3-mediated CXCL12 endocytosis in interneurons by demonstrating that receptor phosphorylation was required for this process, whereas b-arrestins were dispensable (Saaber et al., 2019). Together, these findings in Ackr3-deficient mice support a role for ACKR3 as a scavenging receptor, particularly in the brain. Even though no obvious defects in the immune system were found in these mouse models, this aspect was not fully explored in the studies, implying that a knowledge gap might exist in this field (discussed in Potential Role of ACKR3 within the Immune System at Steady State and during Inflammation).

Microenvironment-Dependent Functions of ACKR3 and Nonchemokine Ligands. Differences observed in heart and brain tissues in Ackr3 2/2 mice can, at least partially, be explained by the microenvironment having an impact on the biologic effects exerted by ACKR3. ACKR3 tissue-dependent functioning might be related to its capacity to interact with several ligands and therefore could be dependent on the surrounding cells producing or processing such ligands. First, within the chemokine system, CXCL12 displays six isoforms in humans and three in mice owing to alternative splicing. These isoforms have different C-terminal extensions and different expression patterns and functions [discussed in Janssens et al. (2018)]. Second, CXCL12 isoforms are processed post-translationally by the microenvironment, producing forms of CXCL12 with different binding and signaling properties on CXCR4 and ACKR3 [START_REF] Peng | Proteolytic processing of SDF-1a by matrix metalloproteinase-2 impairs CXCR4 signaling and reduces neural progenitor cell migration[END_REF][START_REF] Janssens | Truncation of CXCL12 by CD26 reduces its CXC chemokine receptor 4-and atypical chemokine receptor 3-dependent activity on endothelial cells and lymphocytes[END_REF]Janssens et al., , 2018;;Szpakowska et al., 2018b). Additionally, the microenvironment changes during disease conditions. For example, CXCL11, which is a ligand for CXCR3, as well as for ACKR3, is normally not detectable in physiologic conditions but an inflammatory context, in which cytokines such as interferon are produced, can induce CXCL11 expression (Flier et al., 2001;[START_REF] Müller | Review: the chemokine receptor CXCR3 and its ligands CXCL9, CXCL10 and CXCL11 in neuroimmunity--a tale of conflict and conundrum[END_REF][START_REF] Van Raemdonck | CXCR3 ligands in disease and therapy[END_REF][START_REF] Singh | Chemokine and cytokine levels in inflammatory bowel disease patients[END_REF]. This implies that ACKR3 function may vary in pathologic conditions compared with steady state (Fig. 1), adding another layer of complexity. Lastly, ACKR3 tissuedependent functions likely depend on the presence of other reported endogenous ligands of ACKR3 outside the chemokine system, including MIF [START_REF] Alampour-Rajabi | MIF interacts with CXCR7 to promote receptor internalization, ERK1/2 and ZAP-70 signaling, and lymphocyte chemotaxis[END_REF], intermediate opioid peptides [START_REF] Ikeda | Modulation of circadian glucocorticoid oscillation via adrenal opioid-CXCR7 signaling alters emotional behavior[END_REF], and possibly proteins in the adrenomedullin pathway [START_REF] Klein | Decoy receptor CXCR7 modulates adrenomedullin-mediated cardiac and lymphatic vascular development[END_REF].

MIF is an inflammatory cytokine that lacks the structural requirements to qualify as a chemokine; however, a previous study has suggested it should be considered as a pseudo-CXC chemokine [START_REF] Bernhagen | MIF is a noncognate ligand of CXC chemokine receptors in inflammatory and atherogenic cell recruitment[END_REF] as it binds with high affinity to CD74 (K d 9 nM), CXCR2 (K d 1.4 nM), CXCR4 (K d 19.8 nM), and to ACKR3 in the nanomolar range (K d not determined) [START_REF] Leng | MIF signal transduction initiated by binding to CD74[END_REF][START_REF] Alampour-Rajabi | MIF interacts with CXCR7 to promote receptor internalization, ERK1/2 and ZAP-70 signaling, and lymphocyte chemotaxis[END_REF][START_REF] Bernhagen | Remote" myokine protects from pulmonary ischemia/reperfusion injury by a surprising "proximal" control mechanism[END_REF]. MIF has a physiologic role as a chemoattractant [START_REF] Bernhagen | MIF is a noncognate ligand of CXC chemokine receptors in inflammatory and atherogenic cell recruitment[END_REF] and is involved in innate and adaptive immune responses by promoting macrophage activation and B-cell survival [START_REF] Gore | Macrophage migration inhibitory factor induces B cell survival by activation of a CD74-CD44 receptor complex[END_REF]. Moreover, MIF is a mediator in several inflammatory conditions and cancers in an autocrine and paracrine manner by promoting tumor growth [START_REF] Nobre | Macrophage migration inhibitory factor (MIF): biological activities and relation with cancer[END_REF] and inducing metastasis through CXCR4 [START_REF] Dessein | Autocrine induction of invasive and metastatic phenotypes by the MIF-CXCR4 axis in drug-resistant human colon cancer cells[END_REF]. Furthermore, MIF/ACKR3 signaling has been studied in platelets, where it prevents apoptosis (Chatterjee et al., 2014), providing evidence for a role of ACKR3 in the hematopoietic system.

Intermediate opioid peptides, such as BAM22, are produced in the adrenal cortex by subcapsular cell hyperplasia cells, and BAM22 has been shown to displace CXCL12 from ACKR3 (IC 50 5 32.2 nM) (Szpakowska et al., 2018a). The BAM22/ACKR3 signaling axis has a critical role in the modulation of circulating glucocorticoids, which occurs through the increase of the amplitude of adrenocorticotropic hormone-induced glucocorticoid diurnal oscillation in females [START_REF] Ikeda | Modulation of circadian glucocorticoid oscillation via adrenal opioid-CXCR7 signaling alters emotional behavior[END_REF]. ACKR3 is highly expressed in the adrenal glucocorticoid-producing cells, especially in female mice compared with males, in support of the sex differences of the BAM22/ACKR3-dependent glucocorticoid oscillations.

Finally, adrenomedullin is a peptide hormone involved in angiogenesis and is implicated in cardiovascular diseases. A link between adrenomedullin and ACKR3 pathways may exist on the basis that haploinsufficiency of adrenomedullin partially rescued the lethal defects in Ackr3 2/2 mice by normalizing the cardiac hyperproliferation [START_REF] Klein | Decoy receptor CXCR7 modulates adrenomedullin-mediated cardiac and lymphatic vascular development[END_REF]. ACKR3 was suggested as an adrenomedullin scavenger, but a recent article showed that adrenomedullin does not displace CXCL12 from ACKR3 within the 6 pM to 1 mM range (Szpakowska et al., 2018a); however, the presence of ACKR3 inhibited canonical adrenomedullin signaling [START_REF] Klein | Decoy receptor CXCR7 modulates adrenomedullin-mediated cardiac and lymphatic vascular development[END_REF], suggesting a crosstalk between adrenomedullin and ACKR3 pathways that remains to be fully explored.

Potential Role of ACKR3 within the Immune System at Steady State and during Inflammation

The absence of obvious immune-hematopoietic defects in the available Ackr3 2/2 mouse models does not exclude a role for ACKR3 in the immune system. Evidence suggests that the CXCL12/CXCR4 signaling axis can regulate the function of the immune system, notably by controlling immune cell subset migration and compartmentalization [START_REF] Wei | Regulatory T-cell compartmentalization and trafficking[END_REF]Balabanian et al., 2012) or hematopoietic stem cell (HSC) homing, retention, and quiescence in bone marrow (BM) [START_REF] Sugiyama | Maintenance of the hematopoietic stem cell pool by CXCL12-CXCR4 chemokine signaling in bone marrow stromal cell niches[END_REF]. ACKR3 mRNA and protein are also expressed in certain immune cell subsets, such as B cells and myeloid cells, as reported by several groups (Table 2). ACKR3 might also be involved in the circadian oscillation of CXCL12 expression levels, which regulate immune cell trafficking from and to BM (Fig. 1). In a similar manner to glucocorticoids, CXCL12 transcript and protein levels rhythmically oscillate in BM with light/dark cycles [START_REF] Katayama | Signals from the sympathetic nervous system regulate hematopoietic stem cell egress from bone marrow[END_REF]Méndez-Ferrer et al., 2008[START_REF] Bachelerie | CXCL12/CXCR4-axis dysfunctions: Markers of the rare immunodeficiency disorder WHIM syndrome[END_REF]. This oscillation regulates retention in and mobilization from BM of CXCR4-expressing HSCs, which are released during sleep when CXCL12 levels are low and return to BM when CXCL12 levels have increased again [START_REF] Méndez-Ferrer | Mesenchymal and haematopoietic stem cells form a unique bone marrow niche[END_REF]. CXCL12 is produced by osteoblasts in the bone fraction, endothelial cells around both endosteal and vascular niches, and perivascular mesenchymal stromal cells in the marrow fraction, with the latter representing a major contributor to the CXCL12 pool [START_REF] Itkin | Distinct bone marrow blood vessels differentially regulate haematopoiesis[END_REF]. Depending on the production site, CXCL12 regulates either HSC maintenance or retention [START_REF] Itkin | Distinct bone marrow blood vessels differentially regulate haematopoiesis[END_REF][START_REF] Asada | Differential cytokine contributions of perivascular haematopoietic stem cell niches[END_REF]. Considering that the ACKR3 scavenging function shapes CXCL12 gradients, the contribution of ACKR3 to the circadian oscillation of CXCL12 levels remains an open question (Fig. 1). Although most of this evidence relates to CXCL12/CXCR4 function, they indirectly point toward a role for ACKR3 in some processes within the immune system, both at steady state and in inflammatory settings. In the following sections, we explore this apparent knowledge gap focusing on myeloid cells.

Potential Role for ACKR3 in the Myeloid Compartment at Steady State. Myeloid cells, such as neutrophils, dendritic cells, or monocytes, are key players in innate immunity, and CXCL12/CXCR4 tightly regulates their homeostasis [START_REF] Filippo | CXCR4, the master regulator of neutrophil trafficking in homeostasis and disease[END_REF], particularly their retention in BM and functioning in peripheral tissues (Chong et al., 2016;[START_REF] Evrard | Developmental analysis of bone marrow neutrophils reveals populations specialized in expansion, trafficking, and effector functions[END_REF]. CXCL12 promotes the extravasation of monocytes and their in vitro differentiation [START_REF] Sánchez-Martín | The chemokine CXCL12 regulates monocytemacrophage differentiation and RUNX3 expression[END_REF][START_REF] Chatterjee | Platelet-derived CXCL12 regulates monocyte function, survival, differentiation into macrophages and foam cells through differential involvement of CXCR4-CXCR7[END_REF], as well as the egress of plasmacytoid dendritic cells from BM (Chopin et al., 2016). Among myeloid cells, neutrophils are the most abundant type in peripheral blood. They are produced and released from BM after daily oscillations; consequently, neutrophil numbers in circulation vary during light/dark cycles [START_REF] Ella | Circadian regulation of human peripheral neutrophils[END_REF]. Neutrophils have a short lifespan in circulation (∼12 hours) and when senescent, "aged" neutrophils express high levels of CXCR4, allowing them to migrate back to BM to be eliminated in a process called clearance (Fig. 1) [START_REF] Casanova-Acebes | Rhythmic modulation of the hematopoietic niche through neutrophil clearance[END_REF]. Their egress from BM might be partly due to changes in CXCL12 levels with the circadian rhythms (Méndez-Ferrer et al., 2008;[START_REF] Ella | Circadian regulation of human peripheral neutrophils[END_REF], as described for HSCs; however, other mechanisms may account for neutrophil release as it precedes CXCL12 oscillations [START_REF] Casanova-Acebes | Rhythmic modulation of the hematopoietic niche through neutrophil clearance[END_REF]. Recently, clock genes have been described as intrinsic aging regulators in neutrophils in combination with CXCR2 and CXCR4 [START_REF] Adrover | A neutrophil timer coordinates immune defense and vascular protection[END_REF]. Disruption of the aging process has consequences on immune cell trafficking at steady state and immune defense against infection. Although ACKR3 is detected in neutrophils, further studies are needed to determine its expression levels during neutrophil maturation and its possible contribution to this process. There is also a case for exploring whether cells of the microenvironment (e.g., cells in BM niches) express ACKR3 and how these factors could be related to neutrophil biology. They are released into the bloodstream after circadian oscillations and increase their surface CXCR4 expression while aging over time. After approximately 12 hours in circulation, at the end of the dark phase, aged CXCR4 high neutrophils migrate back to BM to be eliminated. As part of their patrolling function, they can migrate into healthy tissues. The role of ACKR3 is unknown at steady state, but it could potentially contribute to either the circadian oscillations of CXCL12 within BM via its scavenging activity or to the rhythmic release of neutrophils. When circulating neutrophils encounter inflammatory signals, they can adhere and roll on endothelium and extravasate from the bloodstream to infiltrate inflamed tissue, where they accumulate. Inflammation leads to an upregulation of CXCL12 within the tissue as a cue to attract immune cells. Furthermore, during inflammation, CXCR4 and ACKR3 are upregulated on endothelium as shown in lung inflammatory conditions. In addition, ACKR3 is reported to be upregulated in inflamed tissue (for example in lung alveolar epithelium upon lung inflammation), but its role in CXCL12-level regulation and subsequent immune cell recruitment is not completely understood.

ACKR3 and the Myeloid Compartment in Inflammatory Settings. ACKR3 expression is usually faint or undetectable at steady state in the endothelium and in myeloid cells, but it can be upregulated during inflammation, for instance, by proinflammatory cytokines, such as interleukin-8 [START_REF] Singh | The IL-8-regulated chemokine receptor CXCR7 stimulates EGFR signaling to promote prostate cancer growth[END_REF] or IL-1b in vitro [START_REF] Watanabe | Pathogenic role of CXCR7 in rheumatoid arthritis[END_REF] and by environmental cues, such as lipopolysaccharide [START_REF] Cao | Targeting of the pulmonary capillary vascular niche promotes lung alveolar repair and ameliorates fibrosis[END_REF][START_REF] Konrad | Inhibition of SDF-1 receptors CXCR4 and CXCR7 attenuates acute pulmonary inflammation via the adenosine A 2B -receptor on blood cells[END_REF][START_REF] Ngamsri | The pivotal role of CXCR7 in stabilization of the pulmonary epithelial barrier in acute pulmonary inflammation[END_REF] or during infection by oncoviruses [reviewed in Freitas et al. (2014)]. Along this line, ACKR3 is highly upregulated during monocyte-to-macrophage differentiation in vitro, switching to a more pro-inflammatory cell phenotype [START_REF] Ma | Induction of C-X-C chemokine receptor type 7 (CXCR7) switches stromal cell-derived factor-1 (SDF-1) signaling and phagocytic activity in macrophages linked to atherosclerosis[END_REF][START_REF] Chatterjee | Platelet-derived CXCL12 regulates monocyte function, survival, differentiation into macrophages and foam cells through differential involvement of CXCR4-CXCR7[END_REF]. Another example can be found during central nervous system inflammation, where ACKR3 is upregulated in endothelial cells of the blood-brain barrier [START_REF] Cruz-Orengo | CXCR7 influences leukocyte entry into the CNS parenchyma by controlling abluminal CXCL12 abundance during autoimmunity[END_REF]. Antagonizing the scavenging activity of ACKR3 using small-molecule CCX771 blocked leukocyte infiltration in the parenchyma, including that of CD11b 1 myeloid cells, preventing chronic inflammation and therefore improving disease recovery [START_REF] Cruz-Orengo | CXCR7 influences leukocyte entry into the CNS parenchyma by controlling abluminal CXCL12 abundance during autoimmunity[END_REF]. This could be associated with a restoration of the CXCL12 polarity along the blood-brain barrier, which is essential for its integrity and for preventing infiltration of CXCR4 1 cells (McCandless et al., 2008).

Furthermore, the role of ACKR3 has been explored in pulmonary inflammation regarding the lung epithelial barrier function and the recruitment of myeloid cells (Fig. 1). In an acute inflammation mouse model induced by lipopolysaccharide inhalation, ACKR3 protein is upregulated in the lung tissue, both in epithelial and endothelial cells [START_REF] Ngamsri | The pivotal role of CXCR7 in stabilization of the pulmonary epithelial barrier in acute pulmonary inflammation[END_REF]; however, in chronic lung injury, mouse models induced upon repeated bleomycin injection or hydrochloric acid inhalation, ACKR3 mRNA and protein levels are decreased in endothelial cells [START_REF] Cao | Targeting of the pulmonary capillary vascular niche promotes lung alveolar repair and ameliorates fibrosis[END_REF]. These findings indicate that ACKR3 may play a role in the early stages of inflammation. Interestingly, in acute inflammation, CXCL12 mRNA and total protein levels in lung homogenates were increased [START_REF] Cao | Targeting of the pulmonary capillary vascular niche promotes lung alveolar repair and ameliorates fibrosis[END_REF][START_REF] Konrad | Inhibition of SDF-1 receptors CXCR4 and CXCR7 attenuates acute pulmonary inflammation via the adenosine A 2B -receptor on blood cells[END_REF][START_REF] Ngamsri | The pivotal role of CXCR7 in stabilization of the pulmonary epithelial barrier in acute pulmonary inflammation[END_REF], and at least mRNA levels remained high in chronic inflammatory settings [START_REF] Cao | Targeting of the pulmonary capillary vascular niche promotes lung alveolar repair and ameliorates fibrosis[END_REF]. Regarding immune cell recruitment, neutrophils were recruited to the lung tissue in acute inflammation [START_REF] Konrad | Inhibition of SDF-1 receptors CXCR4 and CXCR7 attenuates acute pulmonary inflammation via the adenosine A 2B -receptor on blood cells[END_REF][START_REF] Ngamsri | The pivotal role of CXCR7 in stabilization of the pulmonary epithelial barrier in acute pulmonary inflammation[END_REF], whereas macrophages were recruited in chronic inflammation [START_REF] Cao | Targeting of the pulmonary capillary vascular niche promotes lung alveolar repair and ameliorates fibrosis[END_REF]; however, these studies did not explore neutrophil and macrophage recruitment in both short-and long-term inflammatory processes. Pharmacologic modulation of ACKR3 with either CCX771 [START_REF] Ngamsri | The pivotal role of CXCR7 in stabilization of the pulmonary epithelial barrier in acute pulmonary inflammation[END_REF] or TC14012 [START_REF] Cao | Targeting of the pulmonary capillary vascular niche promotes lung alveolar repair and ameliorates fibrosis[END_REF] prevented microvascular permeability and further alveolar epithelial damage. Although both molecules induce b-arrestin recruitment to ACKR3, to our knowledge, the downstream signaling pathways have not been assessed (Zabel et al., 2009;[START_REF] Montpas | Mode of binding of the cyclic agonist peptide TC14012 to CXCR7: identification of receptor and compound determinants[END_REF]. These molecules can be considered functional antagonists b ecause of their capacity to displace CXCL12 from ACKR3, thus inhibiting the decoy activity of the receptor. Whereas the potential therapeutic benefit of targeting ACKR3 is promising, it cannot be claimed so far which function of ACKR3 contributes to disease improvement (i.e., as a signaling or scavenging receptor). It will be essential to determine where ACKR3 is being expressed using reporter mouse models to decipher its potential protective or proinflammatory role in central nervous system and pulmonary inflammatory diseases.

Lastly, chronic inflammation can promote the progression of cancer [START_REF] Hanahan | Hallmarks of cancer: the next generation[END_REF] and is often initiated and maintained by infiltrating immune cells that secrete cytokines and chemokines in the tumor microenvironment (Nagarsheth et al., 2017). For example, in breast cancer, the microenvironment likely induces myeloid-derived suppressor cells that contribute to immune evasion and consequently sustain tumor growth [reviewed in [START_REF] Markowitz | Myeloid-derived suppressor cells in breast cancer[END_REF]]. CXCL12 also plays an important role in breast cancer. Indeed, CXCL12 production by cancer-associated fibroblasts enhances proliferation and survival of cancer cells, as well as tumor growth and angiogenesis (Orimo et al., 2005). Additionally, CXCL12 facilitates tumor cell intravasation by affecting vasculature integrity [START_REF] Ahirwar | Fibroblast-derived CXCL12 promotes breast cancer metastasis by facilitating tumor cell intravasation[END_REF] and contributes to immune evasion by recruitment of T cells, which differentiate into immunosuppressive regulatory T cells in the tumor [START_REF] Su | Blocking the recruitment of naive CD4 1 T cells reverses immunosuppression in breast cancer[END_REF][START_REF] Costa | Fibroblast heterogeneity and immunosuppressive environment in human breast cancer[END_REF]. Furthermore, sites in the body that constitutively display high concentrations of CXCL12, such as lung or BM, are common metastatic destinations for breast cancer cells [START_REF] Müller | Involvement of chemokine receptors in breast cancer metastasis[END_REF]. Interestingly, blockade of CXCR4 with antagonist AMD3100 in breast cancer mouse models reduced the number of immunosuppressive regulatory T cells and neutrophils in the tumor, improving the immunosuppressive microenvironment [START_REF] Chen | Blocking CXCR4 alleviates desmoplasia, increases T-lymphocyte infiltration, and improves immunotherapy in metastatic breast cancer[END_REF]. CXCR4 blockade further reduced activated cancer-associated fibroblasts numbers and increased the transcription of genes associated with antitumor immunity, such as Ifng and Gzma in the tumor mass.

ACKR3 is upregulated in several types of cancer, including breast cancer, frequently in tumor-associated vasculature, as well as in the primary tumors (Freitas et al., 2014). The clinical relevance of ACKR3 in breast cancer has been discussed elsewhere as a part of the mini-review series "From Insight to Modulation of CXCR4 and ACKR3 (CXCR7) Function" (Neves et al., 2019). Studies using mouse orthotopic xenografts suggest that ACKR3 might play a role in maintaining proliferation in the primary tumor while decreasing intravasation of tumor cells and thus reducing metastasis [START_REF] Hernandez | Opposing roles of CXCR4 and CXCR7 in breast cancer metastasis[END_REF]. Furthermore, ACKR3 endothelial expression is likely involved in preventing breast cancer metastasis [START_REF] Stacer | Endothelial CXCR7 regulates breast cancer metastasis[END_REF]. Collectively, these findings highlight the dual role of ACKR3 either expressed in the primary tumor or in the tumor-associated vasculature. Further research is warranted to understand the underlying mechanisms of ACKR3 that impact the different stages of breast cancer progression and whether this occurs through ACKR3 itself or via modulation of the CXCL12/CXCR4 axis. ACKR3 could shape CXCL12 (and likely CXCL11) availability within the tumor owing to its scavenging activity, which could decrease tumor cell intravasation and metastasis as reported [START_REF] Hernandez | Opposing roles of CXCR4 and CXCR7 in breast cancer metastasis[END_REF][START_REF] Stacer | Endothelial CXCR7 regulates breast cancer metastasis[END_REF][START_REF] Ahirwar | Fibroblast-derived CXCL12 promotes breast cancer metastasis by facilitating tumor cell intravasation[END_REF] and potentially immune cell infiltration. In essence, decreasing CXCL12 availability could inhibit CXCR4 responses and thus reverse the immunosuppressive microenvironment in breast cancer, including reduced Treg and increased cytotoxic T-cell numbers.

Discussion

After being deorphaned in 2005, CXCR7 was proposed to act as an atypical chemokine receptor, ACKR3, with its primary role as a decoy receptor for CXCL12 and CXCL11, whose function was to merely internalize the ligands. Over the years, accumulating evidence has supported the concept of ACKR3 being a major regulator of the CXCL12/CXCR4 axis and possibly CXCL11/CXCR3. Furthermore, in some cell lines ACKR3 displays b-arrestin-biased signaling capacity in vitro in response to its chemokine and non-chemokine ligands, an observation mainly supported by b-arrestin recruitment and ERK1/2 phosphorylation studies (Zabel et al., 2009;Rajagopal et al., 2010;Wang et al., 2011;[START_REF] Alampour-Rajabi | MIF interacts with CXCR7 to promote receptor internalization, ERK1/2 and ZAP-70 signaling, and lymphocyte chemotaxis[END_REF]; however, ERK1/2 phosphorylation has not been formally demonstrated to be b-arrestin-mediated for ACKR3 and particularly in in vivo settings. Moreover, this concept has recently been challenged, as a panel of known b-arrestinbiased receptors unexpectedly required functional G proteins to elicit ERK1/2 phosphorylation activity, whereas b-arrestins were not essential [START_REF] Grundmann | Lack of beta-arrestin signaling in the absence of active G proteins[END_REF]. This result can be highly relevant to ACKR3, which is already known to engage with, but not activate, G proteins (Levoye et al., 2009). In addition, studies on CRISPR-Cas9-mediated b-arrestin knockout cell lines have shown that b-arrestins might not be necessary for ERK1/2 phosphorylation [START_REF] Luttrell | Manifold roles of b-arrestins in GPCR signaling elucidated with siRNA and CRISPR/Cas9[END_REF]. Instead, they may act as regulators that fine-tune ERK1/2 phosphorylation, depending on the cell type and its strength in potentiating G-protein or b-arrestin-mediated signaling [START_REF] Luttrell | Manifold roles of b-arrestins in GPCR signaling elucidated with siRNA and CRISPR/Cas9[END_REF]. Together, these recent findings raise questions about the molecular mechanisms by which ACKR3 is exerting its still underappreciated functions in homeostatic processes (e.g., in hormonal and neuronal systems and potentially in the hematopoietic system).

To conclude, ACKR3 expression and function in immune cells remain poorly understood, and future research should focus on: 1) unambiguously characterizing the ACKR3 expression patterns in physiologic and pathologic contexts; 2) clarifying the mechanisms by which ACKR3 acts as a signaling or a scavenging receptor; and 3) understanding its function in homeostatic processes, such as the circadian oscillation of CXCL12 levels or neutrophil trafficking, as well as in pathologic conditions (Fig. 1). Importantly, inflammation-related pathologic conditions can highly dysregulate ACKR3 expression. Thus, mechanistically deciphering the precise contribution of ACKR3 to immune cell recruitment in inflammatory context should identify ACKR3 as a novel therapeutic target in various diseases and cancer. Abstract: Human papillomavirus (HPV) are part of our virome and infect cutaneous and mucosal sites. Most infections are asymptomatic or only cause benign lesions that are controlled by the host defence mechanisms, which take place both at the epithelial and the immune system levels. However, persistent infections with certain mucosal HPV types at high-risk for cancer development, cause virtually all cases of cervical cancers, a majority of anogenital cancers and an increasing proportion of oropharyngeal cancers. Prophylactic vaccines are efficient in preventing mucosal HPV types-associated lesions but currently, there is no antiviral treatment for an established HPV infection. In this doctoral thesis, we aimed at investigating host factors involved in HPV life cycle and carcinogenesis at two levels: the infected keratinocyte and the immune system. Studies in the context of certain immunodeficient patients (WHIM syndrome, WS) with selective susceptibility to HPV pathogenesis have identified the CXCL12 chemokine and its classical G protein-coupled receptor CXCR4 (whose mutations are causing the WS) as host susceptibility factors that act as gatekeepers of HPV life cycle. CXCL12/CXCR4 together with ACKR3, the second receptor of CXCL12 with an atypical decoy activity, can modulate both epithelial and immune cell anti-viral responses. Therefore, we first investigated the intrinsic contribution of ACKR3 to HPV life cycle in 3D human epithelial cell cultures (3D-EpC), the sole model allowing for HPV replication. Our results indicate that enhanced ACKR3 activity displays pro-oncogenic potential as it shifts HPV productive life cycle toward oncogenesis and that blocking ACKR3 could be an attractive therapeutic approach to favour HPV replication. In addition, we have studied the functional consequences of the productive HPV life cycle in cell-cell communication, being pioneers in setting up FLIP technique in 3D-EpC. Lastly, we investigated the impact of CXCR4 WS-mutation at the cutaneous immune cell level in the context of HPV-induced carcinogenesis. We have thus gained insights into the role of CXCR4 in dendritic cell and Langerhans cell distribution, phenotype and migration and how their deregulation in the context of the WS could account for the selective susceptibility of WS patients to HPV pathogenesis. In conclusion, this work provides new insights into HPV-host interactions at the epithelial and immune cell levels.

We have unravelled the central role of ACKR3 in keratinocyte intrinsic response against HPV and deepen our knowledge on the role of CXCL12/CXCR4 in skin immunity in health and in HPV carcinogenesis.
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Figure 2 .

 2 Figure 2. HPV genome organization Diagram of HPV18 as an example showing the long control region (LCR, yellow), the oncogenes E6 and E7 (red) and E5 (green) ORFs, the E1 and E2 ORFs involved in replication (green) and the L1 and L2 capsid proteins ORFs (blue). E8 ORF is embedded in E1 ORF and expressed as E8^E2 fusion protein. E4 ORF is inside of E2 ORF and expressed as E1^E4 protein. Early promoter (dark blue arrow) and late promoter (pink arrow) are depicted and represent transcription start sites. Adapted from[START_REF] Chakravorty | Long-distance communication: Looping of human papillomavirus genomes regulates expression of viral oncogenes[END_REF].

Figure 4 .

 4 Figure 4. HPV productive life cycle Diagram of pluristratified epithelium infected with HPV. Virions gain access to the basal layer through micro-wounds. Viral gene expression pattern is indicated on the left of the epithelium with the corresponding step of the cycle written on the right. E6 and E7 (red nuclei) are predominantly expressed in suprabasal layer. Viral amplification (in blue) together with E4 expression (green) and capsid protein synthesis (L1 and L2, yellow) result in virus particle (purple) release from the surface.

Figure 5 .

 5 Figure 5. 3D organotypic cell culture Representative image of HPV18-expressing 3D-EpC taken with photonic microscope. Note the cell-cell contacts between adjacent cells (arrows) and the different cell layers. Magnification 40x. Photograph taken with the help of Julien Loisel-Duwattez (Hôpital Kremlin-Bicêtre).

Figure 10 .

 10 Figure 10. Human skin microbiota Representative diagram of the skin epidermis showing the bacterial communities (in blue and orange) and the virome (in pink and purple), including HPV, whose sequences have been detected in skin and are represented by red, green or dark blue nuclei (to illustrate different HPV communities). Arrows represent the potential interactions between the microbial elements. The commensal or mutualistic relationship between HPV and the host (HPV-KC crosstalk) remains an open question. Adapted from(Byrd et al., 2018).

Figure 11 .

 11 Figure 11. IFN signalling cascade Representation of the different signalling pathways downstream IFN receptor according to IFN type. Phosphorylation of pre-associated JAK triggers the phosphorylation of the receptor and triggers STAT recruitment and phosphorylation. STAT form complexes (ISGF3 and GAF) that translocate to the nucleus to activate

Figure 12 .

 12 Figure 12. PRR signalling cascades Diagram of TLR, RLR, NLR signalling pathways. PRR (in blue) sense PAMPs, bind to adaptor proteins (purple) and recruit protein kinases (light green) and ubiquitinprotein ligases (dark green). Transcription factors (orange) are then activated, translocate to the nucleus and stimulate antiviral gene transcription. Ubiquitination and phosphorylation are represented as blue and green circles, respectively.Relevant PRR or adaptor proteins for HPV context are highlighted with a red square. From[START_REF] Heaton | Ubiquitin in the activation and attenuation of innate antiviral immunity[END_REF].

Figure 15 .

 15 Figure 15. Human chemokines and chemokine receptors Chemokines are written in the middle column (CXC family in blue, CC family in red,XC family in green and CX3C family in purple). Classical GPCR chemokine receptors are on the right and atypical chemokine receptors on the left. Each line, indifferent colours for easier visualization, represents an interaction between a chemokine and a receptor. Adapted from[START_REF] Bachelerie | International Union of Pharmacology. LXXXIX. Update on the Extended Family of Chemokine Receptors and Introducing a New Nomenclature for Atypical Chemokine Receptors[END_REF][START_REF] Murphy | Chemokines and Chemokine Receptors[END_REF].

Figure 16 .

 16 Figure 16. CXCR4 and ACKR3 ligand diversity CXCL12 and CXCL11 chemokines (in blue) interact with the extracellular matrix (ECM), are subjected to proteolysis and can form oligomers. Non-chemokine ligands (green shapes) exclusive for CXCR4 (extracellular ubiquitin) and ACKR3 (BAM22 and potentially ADM) are represented at each side. MIF (orange circle) is a nonchemokine ligand that binds to both receptors and therefore, it is represented on top of a CXCR4-ACKR3 heterodimer. ACKR3 is depicted as constantly recycling between cell surface and endosomal compartment. CXCL11 also binds to CXCR3, depicted on the right side of the image.

Figure 17 .

 17 Figure 17. CXCR4-ACKR3 crosstalk (1) Formation of putative CXCR4-ACKR3 heterodimers modulates CXCR4mediated signalling (through G proteins, in purple). (2) In addition, ACKR3 can compete for the recruitment of β-arr (light blue shape) and potentially other intracellular partners. (3) CXCL12 binds to ACKR3, which acts as a decoy receptor and due to its constitutive recycling, (4) it internalizes CXCL12 and targets it for

Figure 18 .

 18 Figure 18. CXCR4 and ACKR3 structural determinants Diagram of a 7TM chemokine receptor. (1) Binding of chemokine occurs in the extracellular N-term and ECL. (2) In the second ICL (ICL 2), the canonical DRYLAIV motif of CXCR4, absent in ACKR3, allows for G protein coupling. (3) β-arr interact with CXCR4 through the SHSK motif in the ICL 3 promoting its downstream signalling. N-term, NH2-terminal part; ECL, extracellular loop; ICL, intracellular loop, C-term, COOH-terminal part.

Figure 19 ,

 19 Figure 19, with the induced cellular responses.

Figure 19 .

 19 Figure 19. CXCL12/CXCR4 downstream signalling pathways CXCL12 engagement to CXCR4 activates effector proteins, second messengers and signalling cascades that result in multiple cellular outcomes such as chemotaxis, survival or proliferation. The diagram only represents pathways downstream of Gαi activation, the main Gα subunit coupled to CXCR4. Star below CXCR4 represents the place where β-arr can bind and initiate MAPK signalling cascade. Adapted from[START_REF] Teicher | CXCL12 (SDF-1)/CXCR4 Pathway in Cancer[END_REF].

  These immunodeficiencies are providing clues to the mechanisms underlying HPV pathogenesis and host antiviral responses and thus, insights into host susceptibility/restriction factors.In this chapter, I will first focus on the WHIM syndrome (WS), caused by CXCR4 gain-of-function mutations. The WS constitutes a model to explore the interplay between the CXCL12 signalling axis and HPV, which is the aim of my PhD. Then, I will discuss other pathological conditions with selective susceptibility toward HPV such as Epidermodysplasia Verruciformis (EV).

Figure 21 .

 21 Figure 21. Localization of CXCR4 C-term mutations associated with WS Diagram of the CXCR4 C-term showing mutations associated with WS: premature stop codons (red), frame shifts (blue) and substitution (green). In this PhD, we focus in mutation S338X (c.1013C>G).
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 24 Figure 24. Interplay between the CXCL12 signalling axis and HPV Expression of HPV oncoproteins (E6 and E7) upregulates CXCL12/CXCR4/ACKR3 in KC. These oncoproteins can immortalize KC and in the context of WS, expression of CXCR4 1013 contributes to KC transformation and tumorigenesis in vivo. Aberrant CXCR4 1013 signalling is associated with impaired productive HPV life cycle in 3D-EpC. Blockade of CXCR4 with AMD3100 in a general context halts HPV-induced carcinogenic progression in mouse models. In addition, AMD3100 treatment in the context of CXCR4 1013 rescues the productive HPV life cycle in 3D-EpC.

First

  , using in vitro 3D epithelial cell cultures, I investigated: I. the contribution of ACKR3 expression and signalling to the role that CXCL12/CXCR4 signalling plays in the control of HPV life cycle. II. the functional consequences of productive HPV18 life cycle on cellcell communication. Second, using in vivo mouse models of HPV-induced carcinogenesis, I investigated: III. the role of CXCR4 desensitization in the distribution, migration from dysplastic skin to skin-draining lymph nodes and activation of LC and cDC.

  program of the pluristratified epithelium at keratinized (skin) and non-keratinized (mucosal) anatomical sites. Therefore, there is a need for three-dimensional (3D) organotypic cell cultures that mimic epithelial stratification to investigate HPV life cycle. During my PhD project, I have used 3D epithelial cultures, referred as 3D-EpC, the only in vitro model where HPV can replicate and produce infectious particles[START_REF] Mclaughlin-Drubin | Propagation, infection, and neutralization of authentic HPV16 virus[END_REF]. Using this model, I have studied the contribution of ACKR3 to the HPV life cycle (see the next section, Article I). I have investigated the finely regulated balance between a productive and an abortive infection, the latter being associated with the development of an oncogenic process. Proteomic studies within ONCORNET consortium revealed a link between ACKR3 and connexin 43 (Cx43). As a result, we initiated a second study on the consequences of HPV productive life cycle in cell-cell communication in the epithelium (see Article II).

  CXCR4 desensitization, which is impaired in WS due to gain-of-function CXCR4 mutations, in the biology of cutaneous antigen presenting cell populations (cDC and LC). Thus, I investigated the distribution and activation phenotype of cutaneous DC and LC subsets in HPV-dysplastic skin and skin-draining lymph nodes from Cxcr4 wt or Cxcr4 +/1013 mice, the latter having one Cxcr4 allele harbouring a substitution equivalent to the human WS-mutation c.1013C>G (p.S338X). My findings are now included in a broader research article (see Article III) and have contributed to the understanding of the role of CXCR4 in DC/LC function in vivo.METHODOLOGYIn both in vitro studies based on 3D-EpC, I have used HPV18 as a model of mucosal high-risk HPV type. HPV18 genome was transfected into human KC (NIKS cell line that was spontaneously immortalized and differentiate normally), which were then used to generate 3D-EpC by seeding them on the top of a dermal equivalent composed of collagen and human fibroblasts (Figure25). For the first study, KC were previously genetically modified by lentiviral transduction to ectopically express a wild type or a mutant form of ACKR3 deleted of the last 33 aa. 3D-EpC were exposed to the air-liquid interphase by placing cotton pads below the transwell insert and after 18 days of culture, 3D-EpC were collected for histological analysis, functional assays and gene and protein expression analysis (Figure25).

Figure 25 .

 25 Figure 25. 3D-EpC workflowSchematic representation of the protocol for 3D-EpC generation. KC are transfected with HPV18 genome. After 6 days of antibiotic selection, KC are seeded on top of a dermal equivalent using a transwell inset. At day 4 post-seeding, insets are lifted using cotton pads to expose the tissue to the air-liquid interphase. Culture media is changed every two days and at day 18, insets are removed and 3D-EpC are collected for sample processing.

  an original model for WS, as they harbour a WS-associated gain-offunction CXCR4 mutation. Here, we investigated DC distribution and activation in ear skin, where dysplastic lesions are rapidly developed, and skin-draining lymph nodes by flow cytometry (Figure 26).

Figure 26 .

 26 Figure 26. Immunophenotyping protocol Ears and inguinal lymph nodes were dissected and digested with enzymes to achieve a single cell suspension. Cells were stained with a panel of specific fluorescent-labelled antibodies and were then acquired in a flow cytometer.

Figure 27 .

 27 Figure 27. Article I: graphical abstract The balance in the HPV life cycle between productive infection and oncogenesis is regulated by ACKR3 expression and signalling. In native condition (endogenous, middle panel), there is indication of amplification of HPV genome amplification (red nuclei), oncoprotein expression (p16, surrogate of E7, reddish cell) and productive life cycle (E4, green cell; L1, purple nuclei). Blockade of ACKR3 with an antagonist (left panel) reduces p16 detection and increases markers associated with a productive life cycle (E4 and L1). ACKR3 overexpression (right panel) results in high levels of p16 with marked decrease in E4 and L1. High levels of secreted CXCL10 are detected and p53 is virtually absent (calcium-differentiation experiments).Deletion of the C-terminal part of ACKR3 restores those markers to the levels found in the endogenous situation.

  while abrogating receptor signalling through C-terminal deletion rescued the patchy distribution restricted to basal and suprabasal layers detected in control setting(Fig 2A). In addition, p53 levels were highly decreased in 2D KC cultures overexpressing ACKR3-WT as compared to their ACKR3-ΔCt counterpart and control KC. This striking difference was maintained over time in calcium-induced 2D KC differentiation(Fig 2B). These data are in accordance with the replication pattern of HPV in 3D-EpC among the three genotypes. However, no differences were observed in viral oncoprotein levels (assessed directly for E6 or indirectly for E7, through the MCM2 surrogate protein) among the three settings (FigS2), as we would have expected considering that p16 is a surrogate marker for E7 expression levels and p53 a target of E6-mediated proteasome degradation.The shift of HPV productive life cycle toward oncogenesis involves antiviral innate responsesTranscriptomic analyses revealed that p16 mRNA was increased in ACKR3-WT HPV 3D-EpC as compared to -ΔCt ones (Fig3). These analyses also indicated that HPV expression contributed to 32.5% of the variance and the signalling-dead C-terminal deleted receptor to 17% (Fig3A). We focused on the most upregulated genes in ACKR3-WT compared to -ΔCt (fold change > 3) and found 36 genes common to both contexts; HPV or non-HPV. In addition, 105 genes were selectively upregulated in HPV context and 210 in non-HPV context (Fig3B). We then selected 10 genes on the basis of their potential functional link to the chemokine system, epithelial homeostasis and intrinsic antiviral responses. Among them, we identified two chemokines linked to ACKR3 either directly (i.e. CXCL11) or indirectly (i.e. CXCL10), which are also ligands of CXCR3. CXCL10 secreted levels were increased 4-fold in ACKR3-WT 3D-EpC media as compared to -ΔCt ones, which displayed similar levels to control 3D-EpC, in both non-HPV and HPV contexts(Fig 3C), thus confirming the transcriptomic data. We also observed a similar trend for CXCL11 among the three genotypes in the HPV context(Fig 3C).

  . Also, ACKR3 antagonist treatment enhanced KC differentiation, demonstrated by filaggrin expression in the granular layer, and decreased levels of the pro-oncogenic p16 protein (Fig4A). In addition, blockade of ACKR3 was not associated with changes in E6 or E7 protein expression levels (not shown).

Figure 1 .

 1 Figure 1. Ectopic ACKR3 expression impairs HPV productive life cycle in a C-taildependent manner (A) Representative images of HPV18-positive 3D-EpC (HPV 3D-EpC) (non-modified (control) or ectopically expressing wild type (-WT) or C-terminal deleted (-ΔCt) ACKR3). From top to bottom images show in situ hybridization for HPV genome (HPV DNA); staining for HPV18-E4 and HPV-L1 proteins. Nuclei were counterstained with Hoechst (E4) or haematoxylin (L1). Insets show magnification of the selected area (white or black squares). Scale bar = 100 µm, inset scale bar = 20 µm. n=3 independent experiments with 2-3 3D-EpC per experiment. Bar graphs show the normalized quantification for each corresponding staining. Data represents mean±s.e.m., n=43-49 data points from 2 (HPV DNA) or n=59-78 data points from 4 (E4 and L1) independent experiments. Kruskal-Wallis statistical test was used to compare groups. (B) Transmission electron microscopy image of an ultra-thin section from ACKR3-ΔCt HPV-3D-EpC showing viral particles (arrows and white square) in the nucleus of a cell in the upper differentiated layers; scale bar = 5 µm. White square area is enlarged on the inset; scale bar = 200 nm.
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 234 Figure 2. Overexpression of ACKR3 is associated with oncogenesis (A) Representative images of HPV-3D-EpC (non-modified (control) or ectopically expressing ACKR3-WT or -ΔCt) showing Ki-67 and p16 staining. Nuclei were counterstained with Hoechst. Scale bar = 100 µm. n=3 independent experiments with 2-3 3D-EpC per experiment. (B) Representative image of western blot (left) and densitometric analysis (right) of p53 protein expression in calcium-induced differentiated KC over time.GAPDH was used as a loading control. Data in the densitometric analysis represents mean±s.e.m. n=3 independent experiments. Two-way ANOVA (Sidak correction for multiple comparisons) was used to compare -WT versus -ΔCt at each time point.

Figure

  Figure S2. Pro-oncogenic properties of ACKR3 are not related to viral oncoproteins dysregulation (A) Representative images of 3D-EpC (non-modified (control) or ectopically expressing ACKR3-WT or -ΔCt) showing HE coloration and staining for the MCM2 protein. Nuclei were counterstained with Hoechst. Scale bar = 100 µm. (B) Representative image of western blot of E6 protein expression in 3D-EpC. α-tubulin was used as a loading control. n = 3 independent experiments, with 2-3 3D-EpC per experiment.

  [START_REF] Liu | In vivo analysis of dendritic cell development and homeostasis[END_REF] x 104 cells/cm 2 ) on blasticidin-resistant 3T3 MMC feeders and co-transfected the next day with 0.8 μg of circular HPV18 genome and 0.2 μg of blasticidin-resistance plasmid pcDNA6 per million of cells using Effectene Transfection Reagent (cat#301425, QIAGEN), according to manufacturer's instructions. Blasticidin selection (cat#ant-bl-1, Invivogen, 7μg/mL) was performed for 6 days.Flow cytometryNIKS cell suspensions were obtained after trypsinization and incubation for 1 hour at 37ºC in resensitization buffer (RPMI 1640, 0.5% BSA, 25mM HEPES). Cells were stained at the cell surface with anti-ACKR3-APC(1/50, clone 8F11, Biolegend) or isotype control (IgG2a-APC, 1/50, Biolegend) antibodies diluted in PBS 2% FCS. Cells were then fixed and permeabilized with BD CytoFix/Perm kit (BD Pharmigen) and incubated with anti-ACKR3 and anti-Ki-67-PE-Texas Red (BD) or their respective isotype control antibodies. Cells were acquired in a BD LSRFortessa and data was analyzed with FlowJo software.

  5 x 10 6 NIKS cells were seeded on top of it. Inserts were then submerged in deep wells containing KC plating medium (FI with 0.5 % FCS and 1.88 mM CaCl2) and after 4 days, cultures were lifted to expose them to the air-liquid interface. Medium was changed every other day (FI with 10 µM of C8:0 (1,2-dioctanoyl-sn-glycerol, cat#317505, Calbiochem EMD Millipore)). ACKR3 antagonist (ACT-xxx) was added at a final concentration of 10 µM from day 4 onwards. At day 18 post-seeding, 3D-EpC were harvested, fixed in 4% paraformaldehyde for minimum 48 hours and then embedded in paraffin before sectioning. Epidermal sheets were recovered and frozen at -80ºC for further protein extraction.

  mM Tris-HCl pH 7.4, 1% Triton X-100, supplemented with Protease and Phosphatase Inhibitor Tablets (cat#A32961, PierceTM, ThermoFisher Scientific)). Protein concentration was determined with the BCA Protein Assay kit (cat#23227, PierceTM ThermoFisher Scientific). Equal amounts of protein were loaded and resolved in SDS-polyacrylamide gel (Nupage 4%-12% Bis-Tris, cat#NP0322, Invitrogen, ThermoFisher Scientific) and transferred to PVDF membrane (Immobilon-P cat#IPVH00010, Merck Millipore). Membranes were incubated at 4ºC overnight with the following primary antibodies: anti-HPV18-E6 (clone AVC#402, 1 µg/mL, Arbor Vita Corporation) and anti-p53 (clone DO-1, 1/500, cat#OP43, Sigma-Aldrich). GAPDH (clone FF26A, 1/3000, cat#14-9523-82, eBioScience, Invitrogen, ThermoFisher Scientific) or α-tubulin (clone DM1A, 1/2000, cat#T6199, Sigma-Aldrich) were used as a loading control. They were then incubated with the corresponding HRP-conjugated secondary antibodies (antimouse, cat#NA9340, GE Healthcare). Protein detection was performed using Immobilon Western Chemiluminescent HRP kit (cat#WBKLS0500, Merck
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 1 100, kindly provided by Dr. J. Doorbar), anti-HPV L1 (1/50, Dako, cat#M3528), anti-p16 (1/100, SantaCruz, cat#sc-56330), anti-MCM2 (1/100, Abcam, cat#ab31159). Immunohistochemistry was performed for L1 detection using the Detection System Peroxidase/DAB+ kit (cat#K5001, Dako) and tissue was counterstained with hematoxylin. For immunofluorescence, appropriate Alexa Fluor 594-conjugated secondary antibodies (1/200, anti-mouse and anti-rabbit, cat#A-11005 and cat#A-11012, Invitrogen, ThermoFisher Scientific) together with Hoescht 33342 (1/500, cat#H3570, Life technologies, ThermoFisher Scientific) were applied for 1h at room temperature. Sections were mounted with PermaFluor™ Aqueous Mounting Medium (cat#TA-030-FM, ThermoFisher Scientific) and slides were scanned by the digital scanner NanoZoomer 2.0-RS (Hamamatsu).

  statistical analyses were done in GraphPad Prism (version 7) and statistical test, number of independent experiments and number of replicates or samples are indicated in each legend. Significance was established at p-value<0.05. *p-value<0.05, **p-value<0.01, ***p-value<0.005, ****p-value<0.001. of ONCORNET consortium, Cx43 was identified as an interacting partner of ACKR3 using mass spectrometry approach. This interaction has been validated and of note, it does not occur through the C-term of the receptor (Amos Fumagalli et al., under revision in Nature Communications). Early on in our collaboration, we investigated Cx43 in our ACKR3-modified cell lines and 3D-EpC and we observed a downregulation in Cx43 protein levels in 3D-EpC ectopically expressing ACKR3 as compared to control 3D-EpC (Figure 28, left panels). This is in line with our collaborator's data, in which overexpression of ACKR3 inhibited cell-cell communication (a process in which Cx43 participates), as tested with Lucifer Yellow dye transfer (A. Fumagalli, unpublished, personal communication).Moreover, this reduction was also observed at the mRNA level suggesting that ACKR3 modifies Cx43 expression by additional mechanisms than a physical interaction. The signalling capacity of the receptor might partially contribute to this process as the levels of Cx43 protein and mRNA were not significantly affected with C-term deletion (Figure28). We also observed a more drastic reduction of Cx43 mRNA and protein levels in the context of HPV 3D-EpC suggesting a striking synergy between HPV and ACKR3 overexpression, which might result from the pro-oncogenic potential of ACKR3 toward HPV life cycle.

Figure 28 .

 28 Figure 28. ACKR3 overexpression downregulates Cx43 (A) Representative western blot image and densitometric analysis for Cx43 protein expression in 3D-EpC. (B) Cx43 mRNA relative levels in 3D-EpC. Conditions are indicated in each panel. n=3 independent experiments.

Figure 29 .

 29 Figure 29. Article II: graphical abstractCx43 (red) and Cx45 (green) are expressed, among several connexins, in normal epithelium (top panel). Cx43 (red) can be found at the cell membrane which allows GJIC (double arrows) and potentially non-junctional hemichannels (question mark, dotted arrow) as well as in the cytoplasm. Cx45 (green) is also abundant but is mainly found in the cytoplasmic compartment. In HPV18-expressing epithelium (bottom panel), Cx43 expression is abrogated at the mRNA and protein levels. However, Cx45 is upregulated and it is found predominantly at the cell membrane, where it could form GJ with either Cx45 or the remaining Cx43. This could alter the speed of communication or the type of exchanged molecules through GJ (thicker arrows). The role of Cx45 in hemichannel function in epidermis is yet to be elucidated.

  (Fig 2A, left panels).As HPV properly replicates only within stratified epithelia, 3D-EpC represent the sole system supporting its productive life cycle notably demonstrated by the expression of the replication-associated E4 and L1 viral proteins and genome amplification (FigS2). HPV expression changed epithelium architecture[15, 16] with expanded basal and spinous layers as well as reduced cornification of the upper layers (Fig 2A) due to exacerbated proliferation together with reduced differentiation of keratinocytes (Fig S2A). A dramatic reduction of Cx43 expression was observed at the protein (Fig 2A and B) and mRNA levels (Fig 2C), although minute amounts of the protein were still detected in keratinocytes of the basal and lower spinous layers. Similar downregulation and expression pattern were observed for a phosphorylated form of Cx43 (at residue S373), which contributes to gap junction growth and assembly [17, 18] (Fig 2A, bottom panels). HPV18 gene expression per se was not sufficient to account for Cx43 loss, as it was observed neither in undifferentiated (Fig S3A) nor in differentiated monolayer keratinocyte cultures expressing the early E2 viral gene and E6E7 oncogene transcripts and proteins (Fig S3B-C).

  Fig 3A, blue line, Video S1). The efficient loss of fluorescence in the neighboring cells (Fig 3A, green, yellow and cyan lines), together with the incomplete bleaching of the target cells (around 60%), suggesting replenishment of the fluorescent dye, demonstrated that cells within 3D-EpC were highly communicating. Unexpectedly, assessing GJIC in HPV-3D-EpC revealed a similar profile of fluorescence loss in target and neighboring cells (Fig 3B, Video S2) as in control 3D-EpC demonstrating that cell-cell communications were operational. However, an in-depth analysis of the results revealed qualitative differences in GJIC between the two tissues. This was illustrated by the different slopes of the one-phase decay curves obtained for target cells, which indicated an accelerated loss of fluorescence in HPV-3D-EpC (Fig 3C, left panel). This observation was corroborated by significantly reduced fluorescence half-life values in HPV-3D-EpC (Fig 3C, right panel), but those were correlated with the smaller size of HPV-positive cells (not shown). Therefore, to determine the significance of such differences in the slopes, we calculated the diffusion rate constant that represents the time necessary for losing half of the fluorescence taking into account the cell area. We found that the diffusion rate constant values were significantly increased in neighboring cells from HPV-3D-EpC (Fig 3D, left panel), confirming a faster cell-cell dye transfer as compared to control 3D-EpC. The mobile fraction, which represents the percentage of the fluorescence that has been lost at the end of the acquisition time, was however not significantly different between control and HPV-3D-EpC (Fig 3D, right panel). Thus, Cx43 loss in HPV-3D-EpC is not associated with a global reduction in GJIC. Moreover, intrinsic acceleration of this process strongly suggests that other Cx isoforms ensure GJIC.

  While Cx26, Cx31.1 and Cx30 mRNA levels were significantly reduced and those of Cx30.3 and Cx31 remained unchanged (Fig 4B and data not shown), Cx45 transcript expression levels were upregulated in HPV-3D-EpC as compared to control 3D-EpC (Fig 4B). Immunofluorescence analyses revealed changes in cellular and subcellular localization of Cx45. Indeed, Cx45 was widely distributed in all layers of HPV-3D-EpC, where it was mostly localized at the cell membrane. In contrast, in control 3D-EpC, Cx45 was almost exclusively localized in keratinocyte cytoplasm and mostly absent in the basal layer but abundant in the spinous and granular layers (Fig 4C). This differential pattern was mirrored in human biopsies where Cx45 expression was mostly cytoplasmic in the upper layers of normal cervix epithelium but showed punctuated cell membrane localization in lesion areas of HPV18-positive CIN (Fig 4D, left and right panels, respectively).

Figure 1

 1 Figure 1, see also Figure S1 Reduced Cx43 protein levels in cervical neoplastic epithelium (A) Representative image of normal cervical stratified epithelium stained with Cx43specific antibody (top) and hematoxylin-eosin (HE) (bottom). Second and third columns, magnification of punctuated Cx43 membrane staining. Occasionally, Cx43 expression was cytoplasmic or in cells of the basal layer. Scale bars=200 µm, 100 µm, 50 µm (from left to right). (B) Cervical tissue stained with only secondary antibody (top) and HE (bottom). Scale bar=100 µm. (C) Representative image of HPV18-positive CIN1 lesion (n=5). From top to bottom, Cx43, p16, their overlay (merge) and HE stainings. Right, enlarged images from selected regions (white square). Scale bars=100 µm and 50 µm (left and right).

Figure 2

 2 Figure 2, see also Figure S2, S3 and S4 HPV-3D-EpC as an adequate model of cervical neoplastic epithelium (A) Representative images of control and HPV-3D-EpC (HPV18). From top to bottom, HE, Cx43 and P-Cx43 (phosphorylated at S373) stainings. Insets, magnification of the selected area (white square). Scale bar=100 µm, inset scale bar=20 µm. Control n=14-16, HPV18 n=6-13; 6 independent experiments. (B) Representative western blot and densitometric analysis of Cx43 protein expression in epidermal sheets from control and HPV-3D-EpC. α-tubulin was used as loading control. Data in the densitometric analysis represent mean±s.e.m.; control n=10, HPV18 n=10; 5 independent experiments. (C) Bar graph shows relative Cx43 mRNA levels in epidermal sheets from control and HPV-3D-EpC. Data represents mean±s.e.m.; control n=12, HPV18 n=9; 4 independent experiments.

Figure 3 FLIP

 3 Figure 3 FLIP assay reveals fast cell-cell communication in HPV-3D-EpC Epidermal sheets from control (A) and HPV (B) 3D-EpC were subjected to FLIP experiments. Representative images show fluorescence intensity in pseudocolor before (pre-bleach) and after (post-bleach) laser exposure of the target cell (blue line). Enlarged images (zoom) show neighboring cells (green, yellow and cyan lines)

Figure 4 Cell

 4 Figure 4 Cell-cell communication in HPV-3D-EpC is associated with reorganization of Cx isoform expression pattern (A) Electron microscopy images of control and HPV-3D-EpC ultra-thin sections. Selected areas (white squares) are enlarged (right panels) to show gap junction plaques (red asterisks). N=Nucleus. Scale bars=1 µm and 200 nm (left and right).(B) Heatmap shows relative mRNA levels. Each rectangle represents an individual sample. Gene names are on the left and significance of the difference between control and HPV-3D-EpC on the right. Control n=12, HPV18 n=9; 4 independent experiments. (C) Representative images of control and HPV-3D-EpC stained with Cx45-specific antibody. Bottom panel, enlargement of the selected areas (white squares). Scale bars=100 µm and 10 µm (upper and lower panels). Control n=8, HPV18 n=7; 4 independent experiments. (D) Representative images of normal cervical stratified epithelium (left) and lesion area of CIN1 biopsies (right; n=3) stained for Cx45 and p16 and with HE. Bottom, enlargement of the selected areas (white squares). Scale bars=100 µm and 20 µm (upper and bottom panels).

  of my work focuses on the role of CXCR4 desensitization in cDC and LC biology in the context of HPV-induced dysplasia. I have already described these immune cell populations in the introduction (Chapter 2), as well as the possible role of CXCL12/CXCR4 axis in DC migration (Chapter 3).

Figure 30 .

 30 Figure 30. Article III: graphical abstract Schematic representation of HPV-induced dysplastic skin (top), in which an immunosuppressive environment leads to a tolerogenic phenotype in LC and DC subsets. The expression levels of the cell surface markers are indicated next to each subset. All subsets express CXCR4. CXCL12 gradients are important for the migration of LC from epidermis to the dermis. Cutaneous immune cells migrate (migDC/LC) to the skin-draining lymph nodes (bottom) following CCL19 and CCL21 gradients. In the red text boxes, it is indicated the impact of lack of CXCR4 desensitization.

Figure 1 :

 1 Figure 1: WS patients harbor quantitative defects in pDC (A) Blood DC subsets were analyzed in WS patients and healthy donors. Representative density plots obtained for the same volume of blood from one healthy control (Control) and one WHIM patient (WS) carrying the heterozygous CXCR4 +/1013 mutation are shown. Conventional DC2 were defined as CD11c + HLA-DR + CD1c + cells, cDC1 as CD11c + HLA-DR + CD141 + cells and pDCs as CD11c - HLA-DC + CD303 + cells. (B) The frequency of DC subsets among PBMCs (C) and their concentrations were measured for healthy controls (Control) or WHIM patients (WS). Each point represents an individual and lines indicate the mean ± SEM. (B, n=9 Controls and n=4 WS, C n=7 Controls and n=4 WS). Statistics were done using two-tailed unpaired Mann Whitney test. *p<0.05, **p<0.01.

Figure 2 :

 2 Figure 2: Cxcr4 +/1013 mutation impacts murine splenic DC subsets distribution (A) Representative dot plots show the gating strategy for cDC1 (CD11c hi CD317 - CD11b -CD8 + ), cDC2 (CD11c hi CD317 -CD11b + CD8 -) and pDC (CD11c lo CD317 + B220 + ) identification in the spleens from Cxcr4 +/1013 (+/1013) and Cxcr4 +/+ (WT) mice. The percentages of cDC, CD11c lo CD317 + cells and pDC among singlets, cDC1 and cDC2 among DC are indicated. (B) Spleen cDC and pDC frequencies and (C) numbers were determined by flow cytometry (n=17 mice/group from 7 experiments). (D, G) Representative dot plots showing pDC gating in inguinal lymph nodes (LN) (D) and thymuses (G) from Cxcr4 +/1013 (+/1013) and Cxcr4 +/+ (WT) mice. (E) Resident cDC (resDC, CD11c lo CD317 -MHCII hi ) and pDC (CD11c lo CD317 + B220 + ) frequencies and (F) numbers in inguinal LN from +/1013 and WT mice (n=12-13 mice/group from 5 experiments). (H) cDC (CD11c hi CD317 -) and pDC (CD11c lo CD317 + B220 + ) frequencies and (I) numbers in thymuses from +/1013 and WT mice (n= 7-8 mice/group from 3 experiments). Bar graphs show mean ± SEM. Mice were from the C57BL/6 genetic background. Statistics were done using two-tailed unpaired Mann Whitney test. *p<0.05, **p<0.01, ***p<0.001.

Figure S1 :

 S1 Figure S1: Cxcr4 +/1013 mice show reduced cellularity in spleen and thymus (A) Number of splenocytes recovered from Cxcr4 +/1013 (+/1013) and Cxcr4 +/+ (WT) mice (mean ± SEM; n=17 mice/group from 7 experiments). (B) Conventional DC1 and cDC2 frequencies among spleen cDC (n=9-10 mice/group from 4 experiments) from +/1013 and WT mice (n=9-10 mice/group from 4 experiments). (C) Number of cells recovered in inguinal LN and (D) thymuses from +/1013 and WT mice (n=12-13 mice/group from 5 experiments for LN, n= 7-8 mice/group from 3 experiments for thymuses). Mice were all from the C57BL/6 genetic background. Statistics were done using two-tailed unpaired Mann Whitney test. *p<0.05, **p<0.01.

Figure S2 :

 S2 Figure S2: Splenic pDC phenotypic and functional characterization (A) Expression of the indicated markers by splenic pDC (defined as CD11c lo CD317 + B220 + live cells) from Cxcr4 +/1013 (+/1013) and Cxcr4 +/+ (WT) mice. Representative overlay histograms (top) and bar graphs showing mean ± SEM (below; n=6 mice/group from 2 experiments). (B) CXCR4 expression levels in pDC, cDC and B cells. Representative overlay histograms (left) and bar graphs (right) showing mean ± SEM (n=2 mice/group; representative of 2 experiments). (C) Transwell migration of pDC, cDC and T cells in response to CXCL12, with or without AMD3100 (n=4-5 mice/group from 2 experiments). Mice were all from the C57BL/6 genetic background. Statistics were done using two-tailed unpaired Mann Whitney test. *p<0.05, **p<0.01.

Figure S3 :

 S3 Figure S3: Cxcr4 +/1013 mice harbor quantitative defects in blood pDC (A) Representative dot plots show the gating strategy to define blood pDC (CD11c lo CD317 + ) gated on viable Ter119 -CD45 -CD19 -cells in the blood from Cxcr4 +/1013 (+/1013) and Cxcr4 +/+ (WT) mice. (B) Leucocytes concentration, (C) pDC frequencies among Ter119 -single cells (left) and concentrations (right) were determined. Histograms show mean ± SEM (n=7-8 mice/group, cumulative data from 2 independent experiments). (D) Blood pre-cDC were defined as CD4 -CD8 - B220 -MHC2 -/int CD317 -CD11c + CD11b + cells. Histograms (mean ± SEM) show pDC frequencies among single cells and concentrations (n=5-6 mice/group, cumulative data from 3 independent experiments). Mice were all from the C57BL/6 genetic

Figure 4 :F4

 4 Figure 4: Impaired Cxcr4 desensitization does not alter pDC functions in inflammation (A) IFN-α secretion (left) by splenic pDC from Cxcr4 +/1013 (+/1013) and Cxcr4 +/+ (WT) mice stimulated for 18 hours with CpG-A (CpG) or their non-stimulated control (-). pDC numbers were assessed at the end of the culture (right). Means ± SEM are shown; n= 5-6 per group, cumulative data from 2 experiments. (B) Cleaved Caspase 3 levels were assessed in spleen pDC (CD11c int CD317 + live cells) from +/1013 and WT mice. Means ± SEM are shown; n= 9 per group, cumulative data from 3 experiments. (C) IFN-α secretion by Flt3-L-derived BMDC from +/1013 and WT mice stimulated for 18 hours with CpG-A. Means ± SEM are shown; n= 2 per group, cumulative data from 2 experiments. (D-J) +/1013 and WT mice were injected with CpG-DOTAP of (CpG) or DOTAP only (Veh). (D) Representative dot-plot of the CD45 + cells recovered in the peritoneal lavage 24h after treatment. (E) Fold increase in the number of cells recovered in the peritoneal lavage, the reference being the WT Veh mice. (F) Number of pDC (CD45 + CD11b - F4/80 -CD11c lo Ly6C + CD317 + B220 + live cells), resident macrophages (CD45 + CD11b hi F4/80 hi Ly6G -Ly6C int to hi live cells) and inflammatory myeloid cells (Infl. myeloid, CD45 + B220 -CD11b + F4/80 lo to + Ly6C hi live cells) in the peritoneal lavage. (G) Cytokines recovered in mouse serum at different time points. (H, I) Expression levels of MHC2 (H) and CD86 (I) by splenic pDC (CD11c int CD317 + B220 + ). Representative histograms (left) and fold increase in the MFI relative to the WT Veh mice (right) are shown. (J) Expression of CD69 by splenic NK cells (CD3 -NK1.1 + CD49b + live cells). Representative dot plots (left), % of CD69 + NK cells (middle) and CD69 MFI (right) are shown. (D-J) Means ± SEM are shown; n= 5-6 per group, cumulative data from 3 experiments. Statistics were done using two-tailed unpaired Mann Whitney test to compare Veh and CpG treated mice from the same genotype (*p<0.05) or WT and +/1013 groups (B, F; # p<0.05). Mice were all from the C57BL/6 genetic background.

Figure

  Figure S5: Characterization of K14-HPV16 Cxcr4 +/1013 mice. (A) Representative images for hematoxylin and eosin coloration of flank skin sections (left). Epidermis thickness was measured along the tissue with at least 10 measurements per sample (right; mean ± SEM per mouse; n=6-8 mice). (B) Gating strategy to identify T cells (Live CD45 + CD3 + ) and their subsets according to CD3 intensity in ear skin cells suspensions. Dot plots are representative of four independent experiments. (C, D) Bar graphs of CD45+ cells (C) and T cell subsets (D) frequencies and number per mg of tissue (mean ± SEM from n=3-6 mice from two independent experiments, representative of four independent experiments).

Figure 5 :

 5 Figure 5: Impaired Cxcr4 desensitization promotes cDC1 and LC accumulation in skin upon chronic inflammation associated to HPV dysplasia (A) Representative confocal microscopy images (top) from epidermal sheets stained for CD207 (red). CD207 + cells were counted in 5 fields per sample (n=3 samples per genotype) and cell density was calculated (bottom). (B) Gating strategy to define cDC1 (CD103 + CD11b lo CD207 + ), cDC2 (CD103 -CD11b + CD207 - ) and LC (CD103 -CD11b low CD207 high ) among CD45 + CD3 -CD11c + MHC2 hi cells in ear skin cell suspensions from control (WT), Cxcr4 +/1013 (+/1013), K14-HPV16 (HPV) and K14-HPV16 Cxcr4 +/1013 (HPV+/1013) mice. Dot plots are representative of five independent experiments. (C) Percentages of cDC1, cDC2 and LC among CD45 + cells. (D) Numbers of cDC1, cDC2 and LC per mg of skin as fold change compared to the WT. Means ± SEM; n=9-11 per group, cumulative data from 4 independent experiments. (E) Representative histograms showing the expression of MHC2, CD80 and CD86 (left) by cDC1, cDC2 and LC from WT, +/1013, HPV and HPV+/1013 mice. Bar graphs (right) show the expression of MHC2, CD80 and CD86 as fold change compared to the WT. (Mean ± SEM; n = 10-12 mice/group for MHC2 from 5 experiments; n = 9-11 mice/group for CD86 from 4 experiments; n=7-9 mice/group for CD80 from 3 experiments). Mice were all from the FVB/n genetic background. Statistics were done using two-tailed unpaired Mann Whitney U test to HPV mice and compare +/1013 genotypes to their counterparts. P<0.05; **P<0.01; ***P<0.005; ****P<0.001.

Figure 6 :

 6 Figure 6: CXCR4 desensitization controls skin DC migration in the steady state and acute inflammation. (A) Representative dot plots showing migDC (CD11c + MHC2 hi gated on CD3 -CD19 - CD317 -) in skin-draining (inguinal) LN from control (WT), Cxcr4 +/1013 (+/1013), K14-HPV16 (HPV) and K14-HPV16 Cxcr4 +/1013 (HPV+/1013) mice (B) Percentages among singlets and (C) numbers of migratory DC per LN as fold change compared to WT values. (B-C, means ± SEM; n=10-11 per group, cumulative data from 4 independent experiments). (D) Representative dot plots showing the gating strategy for CD103 + migDC1 and CD103 -migDC2+LC subsets identification skindraining LN from mice 24h after FITC application. (E) Percentages (left) and numbers (right) of FITC + and FITC -migDC in skin-draining LN from FITC-treated mice. (F, G) Membrane expression of CCR7 and CXCR4 by (F) FITC -and FITC + migDC1 and migDC2+LC from WT and +/1013 mice and (G) migDC1 and migDC2+LC from HPV and HPV+/1013 mice. (D-F) Means ± SEM; n=8-9 per group, cumulative data from 2 independent experiments. (G) Means ± SEM; n=6 per group from one representative experiment out of 2. Mice were all from the FVB/n genetic background. Mann-Whitney U test * p< 0.05; **p<0.001.

Figure 7 :

 7 Figure 7: Impaired Cxcr4 desensitization promotes DC activation in inflammation associated to HPV dysplasia (A) Representative histograms showing the levels of MHC2, CD80 and CD86 expression by migDC and resDC (defined as CD11c + MHC2 hi and CD11c hi MHC2 + gated on CD3 -CD19 -CD317 -live cells, respectively) from control (WT), Cxcr4 +/1013 (+/1013), K14-HPV16 (HPV) and K14-HPV16 Cxcr4 +/1013 (HPV+/1013) mice. (B) Bar graphs showing the expression levels of MHC2, CD80 and CD86 in migDC and resDC as fold change compared to the WT. (C) Bar graphs showing the expression levels of MHC2 and CD86 in pDC as fold change compared to the WT. (B, C, Mean ± SEM; n=8-11 mice/group from 4 experiments for MHC2; n=8 mice/group from 3 experiments for CD86; n=6 mice/group from 2 experiments for CD80). (D) Bar graphs showing the expression levels of MHC2 and CD86 in migDC1 and migDC2 + LC from HPV and HPV+/1013 mice as fold change compared to the wild type (WT, not shown). (Mean ± SEM; n=6-7 per group from one representative experiment out of 2). Mann-Whitney U test comparing +/1013 mice to their WT counterparts; **P<0.01; ***P<0.005). (E) Bar graphs showing the

  IN KC SURVIVAL AND PROLIFERATIONOne of the objectives of my PhD project was to determine the contribution of ACKR3 in HPV life cycle and to that end, I generated genetically modified primary-like KC to overexpress either wild type ACKR3 or a mutant form lacking the C-terminal tail. We did not observe any impact of these transductions on KC proliferation nor survival, and their stratification process was similar to that of nonmodified KC. There were no significant differences in the percentage of Ki-67positive cells in 2D nor in 3D cell cultures between the genotypes. These observations could indicate that ACKR3 signalling is not involved in KC proliferation.

Figure 31 .

 31 Figure 31. Characterization of HaCaT ACKR3-KO clone (A) Electrophoresis gel shows integration of the antibiotic-resistance gene in the ACKR3 locus, which would disrupt its expression. mRNA is still expressed, including the transcription of the integrated cassette (not shown). (B) Histograms show Ki-67 staining in living cells. (C) Dot plots show the percentage of dead cells (top) and the percentage of apoptotic cells (caspase-3 + cells) among living cells (bottom).

  and our own findings suggest that blocking ACKR3 with an antagonist would enhance HPV productive life cycle at expenses of diminishing markers of oncogenesis. To further corroborate these hypotheses, treatment with ACKR3 antagonist in the context of ACKR3 overexpression in 3D-EpC should be tested to investigate whether we rescue the productive viral infection. Although the underlying molecular mechanisms might be different because the antagonist induces internalization and traps ACKR3 intracellularly, we could be phenocopying the consequences of deleting the C-terminal part of ACKR3, which results in a preferential cell membrane localization of the receptor. The common feature would be a blockade of its signalling capacity in response to a ligand. Furthermore, these in vitro results could be translated into proof-of-concept in vivo studies of HPV-induced carcinogenesis mouse models. It would be relevant to determine whether blockade of ACKR3 reduces lesion progression or whether it can inhibit natural animal PV infection, using Mus Musculus or Mastomys PV models. We observed that antagonist treatment induced modifications in the tissue architecture (epidermis thickness, not shown) and KC differentiation (filaggrin staining) in HPV context. This raises the question of the causal link between ACKR3 and HPV life cycle. On one hand, targeting ACKR3 could affect signalling pathways involved in KC differentiation. This would in turn impact on HPV life cycle. Conversely, targeting ACKR3 could be having direct consequences on HPV viral gene expression and thus, it would affect cellular processes. Importantly, we have not yet investigated the consequences of blocking ACKR3 in the KC intrinsic response. Further experiments will shed light onto the interplay between ACKR3 and antiviral responses.

Figure 32 .

 32 Figure 32. Anti-ACKR3 Nb treatment maintains tissue architecture and productive HPV life cycle Representative images of control 3D-EpC (non-modified) in absence of HPV (haematoxylin-eosin coloration, scale bar 100 μm). Bar graphs represent E4 and L1(top and bottom respectively) quantification in control HPV 3D-EpC.

  favourable to Beta or low-risk HPV life cycle. Thus, understanding the mechanisms that control HPV life cycle opens up new research avenues to study Beta or lowrisk Alpha HPV in 3D-EpC. CONCLUDING REMARKS I propose in Figure 33 a schematic view of the interplay between ACKR3 and the processes mentioned in this discussion. It is still unclear whether ACKR3 enhanced signalling predisposes towards an antiviral state that limits productive life cycle and then favours the oncogenic process or if conversely, ACKR3 is driving the oncogenic process and the consequence is an abortive infection, with less viral production. Nevertheless, my work reveals a role for ACKR3 at the cross-roads between inflammation, anti-viral intrinsic responses and carcinogenesis and provides new candidate partners in controlling HPV life cycle and carcinogenesis.With this work, we have unravelled the contribution of ACKR3 to HPV life cycle, reinforcing the position of the CXCL12 signalling axis as a host susceptibility factor that acts as a gatekeeper of HPV pathogenesis.

Figure 33 .

 33 Figure 33. Consequences of enhanced ACKR3 signalling in HPV context CXCL10 and p16 are both upregulated at the mRNA and protein levels. CXCL10 is associated with inflammation and anti-viral status, which could be responsible of the abortive infection. High levels of p16 are associated with the development of oncogenesis, which may hinder the productive life cycle, that is, favour an abortive infection. In parallel, we have observed a signature of upregulated IFN pathway in overexpressing ACKR3 3D-EpC in HPV context, which would contribute to the inflammation and antiviral response. Also, IFN contributes to CXCL10 expression.

  Cx43 downregulation and provide clues to understand the complex virus-host interactions that result in compensatory mechanisms to assure to cell-cell communication in HPV-infected epithelium. We suggest a dynamic regulation of connexins and propose Cx45 as a potential compensatory mechanism for the loss of Cx43. To our knowledge, we are the first to assess GJIC by FLIP technique in living 3D tissues and conclude that cell communication can occur in the context of HPV infection. Our study also puts forwards advanced techniques to characterize other cell processes related to cell-cell communication at steady state and in pathological contexts.

  immunity and DC biology, a field that had not been fully explored. This data further underscores their role in HPV-induced carcinogenesis and provides clues to better understanding HPV pathogenesis in WS patients. Although the mechanisms are not completely elucidated, our data suggests that lack of CXCR4 desensitization plays a role in the activation and migration of DC and it is particularly relevant in a context of chronic inflammation as in HPV-induced dysplasia. The question of the contribution of ACKR3 into the gatekeeper function of CXCL12/CXCR4 in HPVinduced dysplasia is still open.

  marrow; FC, flow cytometry; IF, immunofluorescence; ISH, in situ hybridization; IHC, immunohistochemistry; ND, not determined; NK, natural killer; RNAseq, RNA sequencing; RT-PCR, reverse transcription polymerase chain reaction; RT-qPCR, real time quantitative polymerase chain reaction.

Fig. 1 .

 1 Fig.1. Potential roles of ACKR3 in steady state and inflammation within the myeloid cell compartment. Neutrophils are produced in bone marrow (BM) from hematopoietic stem cells during granulopoiesis. They are released into the bloodstream after circadian oscillations and increase their surface CXCR4 expression while aging over time. After approximately 12 hours in circulation, at the end of the dark phase, aged CXCR4 high neutrophils migrate back to BM to be eliminated. As part of their patrolling function, they can migrate into healthy tissues. The role of ACKR3 is unknown at steady state, but it could potentially contribute to either the circadian oscillations of CXCL12 within BM via its scavenging activity or to the rhythmic release of neutrophils. When circulating neutrophils encounter inflammatory signals, they can adhere and roll on endothelium and extravasate from the bloodstream to infiltrate inflamed tissue, where they accumulate. Inflammation leads to an upregulation of CXCL12 within the tissue as a cue to attract immune cells. Furthermore, during inflammation, CXCR4 and ACKR3 are upregulated on endothelium as shown in lung inflammatory conditions. In addition, ACKR3 is reported to be upregulated in inflamed tissue (for example in lung alveolar epithelium upon lung inflammation), but its role in CXCL12-level regulation and subsequent immune cell recruitment is not completely understood.

  d'ACKR3 présente un potentiel pro-oncogène puisqu'elle déplace le cycle de vie productif d'HPV vers l'oncogenèse et que le blocage d'ACKR3 pourrait être une approche thérapeutique attrayante pour favoriser la réplication d'HPV. Par la suite, nous avons étudié les conséquences fonctionnelles du cycle de vie productif d'HPV dans la communication intercellulaire, en mettant en place la technique FLIP dans les 3D-EpC. Enfin, nous avons étudié l'impact d'une mutation de CXCR4 associée au WS au niveau des cellules immunitaires cutanées dans le contexte de la carcinogenèse induite par HPV. Nous avons ainsi mis en évidence le rôle de CXCR4 dans la distribution, l'activation et la migration des cellules dendritiques dermales et des cellules de Langerhans ; leur possible dérégulation dans le contexte du WS pouvant contribuer à la sensibilité sélective des patients à la pathogenèse HPV. En conclusion, ce travail fournit des clés mécanistiques sur les interactions HPV-hôte aux niveaux épithélial et immunitaire. Il révèle le rôle central d'ACKR3 dans la réponse intrinsèque des kératinocytes envers HPV et approfondit nos connaissances sur le rôle de l'axe CXCL12/CXCR4 dans l'immunité cutanée à l'homéostasie et dans la carcinogenèse HPV. Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France Titre : Interactions hôte-virus : la chimiokine CXCL12 et ses récepteurs CXCR4 et ACKR3 dans le cycle de vie du papillomavirus humain et la carcinogenèse associée Mots clés : papillomavirus humain, chimiokine, récepteurs de chimiokines CXCR4 et ACKR3, immunologie de la peau, cancer, culture cellulaire épithélial 3D Resumé : Membres épithéliotropes de notre virome, les papillomavirus humains (HPV) causent majoritairement des infections asymptomatiques ou bénignes, contrôlées par les mécanismes de défense de l'hôte à l'échelle épithélial et immunitaire. Néanmoins, l'infection persistante par certains HPV à haut risque (hrHPV) cancérogène peut conduire au développement de cancers. Ainsi, les hrHPV à tropisme muqueux causent 98% des cancers cervicaux, et sont impliqués dans un nombre croissant de cancers ano-génitaux et oropharyngés. Les vaccins prophylactiques sont efficaces pour prévenir les lésions associées aux hrHPV à tropisme muqueux, mais à l'heure actuelle, il n'existe aucun traitement antiviral pour une infection établie. Dans cette thèse de doctorat, nous avons cherché à étudier les facteurs de l'hôte impliqués dans le cycle de vie d'HPV et sa carcinogenèse à deux niveaux : ceux du kératinocyte infecté et du système immunitaire. Des études chez certains patients immunodéficients (syndrome de WHIM, WS) présentant une susceptibilité sélective à la pathogénèse HPV ont identifié la chimiokine CXCL12 et CXCR4, son récepteur couplé aux protéines G (dont les mutations causent le WS) comme facteurs de contrôle du cycle de vie de ces virus. CXCL12/CXCR4 ainsi que ACKR3, le récepteur-leurre de CXCL12, peuvent moduler à la fois les réponses antivirales épithéliales et immunitaires. Nous avons d'abord étudié la contribution d'ACKR3 au cycle de vie d'HPV dans des cultures 3D de cellules épithéliales humaines (3D-EpC), seul modèle permettant la réplication d'HPV. Nos résultats indiquent que l'activité accrue d'ACKR3 présente un potentiel pro-oncogène puisqu'elle déplace le cycle de vie productif d'HPV vers l'oncogenèse et que le blocage d'ACKR3 pourrait être une approche thérapeutique attrayante pour favoriser la réplication d'HPV. Par la suite, nous avons étudié les conséquences fonctionnelles du cycle de vie productif d'HPV dans la communication intercellulaire, en mettant en place la technique FLIP dans les 3D-EpC. Enfin, nous avons étudié l'impact d'une mutation de CXCR4 associée au WS au niveau des cellules immunitaires cutanées dans le contexte de la carcinogenèse induite par HPV. Nous avons ainsi mis en évidence le rôle de CXCR4 dans la distribution, l'activation et la migration des cellules dendritiques dermales et des cellules de Langerhans ; leur possible dérégulation dans le contexte du WS pouvant contribuer à la sensibilité sélective des patients à la pathogenèse HPV. En conclusion, ce travail fournit des clés mécanistiques sur les interactions HPV-hôte aux niveaux épithélial et immunitaire. Il révèle le rôle central d'ACKR3 dans la réponse intrinsèque des kératinocytes envers HPV et approfondit nos connaissances sur le rôle de l'axe CXCL12/CXCR4 dans l'immunité cutanée à l'homéostasie et dans la carcinogenèse HPV. Title: Host-virus interactions: the CXCL12 chemokine and receptors CXCR4 and ACKR3 in HPV life cycle and HPVinduced carcinogenesis Keywords: Human Papillomavirus, chemokine, CXCR4 and ACKR3 chemokine receptors, skin immunity, cancer, 3D epithelial cell cultures

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Name Genetic cause Inheritance Main immune phenotype Primary immunodeficiencies with high HPV susceptibility

  

	Epidermodysplasia verruciformis	EVER1 / EVER2	AR	T Lymphopenia
	WHIM syndrome	CXCR4	AD	Lympho-neutropenia, hypogammaglobulinemia
	DOCK8 deficiency DOCK8	AR	High IgE levels and eosinophils, T lymphopenia
	GATA2 deficiency	GATA	AD	Monocytopenia, B and NK lymphopenia
	Idiophatic CD4 + T Lymphopenia	unknown	unknown	CD4 + T lymphopenia
	Netherton syndrome	SPINK5	AR	CD4 + T lymphopenia, high IgE levels
	STK4 deficiency	STK4	AR	Lympho-neutropenia
	Other primary immunodeficiencies featuring warts
	Severe combined immunodeficiency (SCID)	IL-2, ADA, others	AR, X-linked	T and NK lymphopenia, hypogammaglobulinemia
	Common variable immunodeficiency (CVID)	ICOS, CD19, others	Sporadic	CD4 + T lymphopenia, hypogammaglobulinemia
	Wiskott-Aldrich syndrome (WAS)	WASP	X-linked	Lymphopenia, high IgE and IgA levels
	NEMO	NEMO	X-linked	High IgM and IgA levels
	WILD syndrome	unknown	unknown	T and B lymphopenia

Table 2 . Primary immunodeficiencies with selective susceptibility to HPV pathogenesis

 2 

AR: autosomic recessive; AD: autosomic dominant; DOCK8: dedicator of cytokinesis 8; SPINK5: gene encoding for serine protease inhibitor LEKTI; STK4: serinethreonine protein kinase; IL-2: interleukin-2; ADA: adenosine deaminase; ICOS: inducible costimulator; WASP: Wiskott-Aldrich syndrome protein; NEMO: NF-κB essential modulator; WILD: Warts, Immunodeficiency, Lymphedema and Dysplasia.

Table 3 . Characteristics of licensed HPV prophylactic vaccines.

 3 

		CERVARIX®	GARDASIL®	GARDASIL-9®
	ANTIGEN	L1 VLP of HPV16/18	L1 VLP of HPV16/18/6/11	L1 VLP of HPV16/18/6/11/31 /33/45/52/58
	EXPRESSION SYSTEM	Insect cell line baculovirus infected with	Yeast	Yeast
	ADJUVANT	Aluminium hydroxide, MPL	amorphous aluminum hydroxyphosphate	amorphous aluminum hydroxyphosphate
	ROUTE OF ADMINISTRATION	Intramuscular	Intramuscular	intramuscular

Table S1 List of primers, probes and assay IDs

 S1 

	Name, sequence E6E7 Forward KEY RESOURCES TABLE REAGENT or RESOURCE Cholera toxin Antibodies Mouse monoclonal anti-Tubulin (clone DM1A) EGF Collagen	Catalog Number, Company Cat#C8052; Sigma-Aldrich SOURCE CAS:9012-63-9 IDENTIFIER Sigma-Aldrich Cat#E9644; Sigma-Aldrich CAS:62253-63-8 Cat#T6199; RRID:AB_477583 Merck Cat#08-115
	5' CAC-AAT-GTT-GTG-TAT-GTG-TTG-TAA-GTG 3' Rabbit polyclonal anti-Connexin-43 Sigma-Aldrich NA, Eurogentec Cat#C6219; RRID:AB_476857 1,2-dioctanoyl-sn-glycerol (C8:0) Cat#317505; Calbiochem CAS:60514-48-9
	E6E7 Reverse 5' GGT-CGT-CTG-CTG-AGC-TTT-CTA 3' Rabbit polyclonal anti-phospho-Connexin 43 (Ser373) Calcein Red-Orange AM Invitrogen Invitrogen Experimental Models: Cell Lines	NA, Eurogentec Cat#PA5-64670; Cat#C34851; CAS: RRID:AB_2662693
	UPL #131 for E6E7 Rabbit polyclonal anti-Connexin-45/GJC1 Human: NIKS (nearly-diploid immortalized keratinocytes)	Cat#04694155001, Roche Novus, R&D Cat#NBP2-76925 P.F. Lambert N/A
	E2 Forward 5' GGG-AAC-ATG-GCA-TAC-AGA-CA 3' E2 Reverse 5' GCC-ATT-TGC-AGT-TCA-ATA-GCT-T 3' Rabbit monoclonal anti-Ki67 [SP6] Mouse: 3T3-J2 fibroblasts P.F. Lambert NA, Eurogentec Cat#ab16667; N/A Abcam RRID:AB_302459 Mouse monoclonal anti-Filaggrin [FLG/1561] Abcam Human: NHDF (normal human dermal Lonza Cat#CC-2509 fibroblasts) from neonatal foreskin Cat#ab218395 Oligonucleotides NA, Eurogentec UPL #129 for E2 Cat#04693655001, Roche GAPDH Forward 5' GCA-CAA-GAG-GAA-GAG-AGA-GAC-C 3' NA, Eurogentec Rabbit polyclonal anti-HPV18-E4 J. Doorbar N/A Mouse anti-HPV18-E6 clone AVC#402 Arbor Vita Corporation Cx43 Forward 5' TCTGAGTGCCTGAACTTGCC 3' This paper, N/A Eurogentec N/A Mouse Monoclonal Anti-Human Papillomavirus (HPV) Clone K1H8 Dako Agilent Cx43 Reverse 5' CCCTCCGCAGTTGAGTAGG 3' This paper, N/A Eurogentec Cat#M3528 Amersham ECL Mouse IgG, HRP-linked F(ab')₂ fragment (from sheep) Cat#NA9310; GAPDH Forward 5' GGGAAACTGTGGCGTGAT 3' This paper, N/A Eurogentec GE Healthcare RRID:AB_772193 Cat#A-11005; GAPDH Reverse 5' GGAGCAGTGGGTGTCGCTGTT 3' This paper, N/A Eurogentec Goat anti-Mouse IgG, Alexa Fluor 594 Invitrogen RRID:AB_141372 Amersham ECL Rabbit IgG, HRP-linked F(ab')₂ fragment (from donkey) RRID:AB_772191 GE Healthcare Cat#NA9340; Primers, probes and Taqman gene assays, see Table S1 This paper N/A
	Goat anti-Rabbit IgG, Alexa Fluor 594	Invitrogen		Cat#A-11012; RRID:AB_141359
	Biological Samples		
		Biobank	
	Human cervical tissue specimens (CIN1), female	(University Hospital Centre of	N/A
		Liege, Belgium)
	Chemicals, Peptides, and Recombinant Proteins	
	Blasticidin	Invivogen		Cat#ant-bl-1
	Hydrocortisone	Calbiochem	Cat#386698; CAS:50-23-7
	Adenine hydrochloride	Sigma-Aldrich	Cat#A9795; CAS:2922-28-3
	Insulin	Sigma-Aldrich	Cat#I6634; CAS:11070-73-8

D Supplemental Table S1

  

									Discussion
		CD45		APC Cy7	BD Biosciences	30F11	1/200	Yes
		CD45		AF 700	BD Biosciences	30F11	1/200	Yes
		CD45		BV 510	BD Biosciences	30F11	1/200	Validation
	Species	Antigen CD45.1		Fluorochrome PB	Supplier Biolegend	Clone A20	dilution 1/200	in FVB/N
		CD45.2		APC			Biolegend	104	1/200	background
		CD1c CD45R		PE BV 510			Miltenyi Biotec Biolegend	AD5-8E7 RA3-6B2	1/11 1/00
		CD3 CD45R		PE-Vio770 AF 700	Miltenyi Biotec BW264/56 BD Biosciences RA3-6B2	1/11 1/00
	Human	CD14 CD19 CD69 CD80 CD141 CD86		PerCP AF700 FITC APC APC BV605	Miltenyi Biotec BD Biosciences BD Biosciences BD Biosciences Miltenyi Biotec AD5-14H12 TÜK4 HIB19 H1.2F3 16-101 1/200 1/11 1/20 1/00 1/11 BD Biosciences GL1 1/200	Yes Yes
		CD303 CD86		PE	FITC	Miltenyi Biotec BD Biosciences	AC144 GL2	1/11 1/200
		HLA-DR CD103		APC-Vio770 APC R700	Miltenyi Biotec BD Biosciences	AC122 M290	1/11 1/100	Yes
		Active Caspase-3 CD103	AF647 APC		BD Biosciences eBiosciences	C92-605 2E7	1/100 1/100	Yes
		Active Caspase-3 CD103	PE	V450	BD Biosciences BD Biosciences	C92-605 M290	1/100 1/100	Yes	Yes
		CCR7 CD115		PE	PE	BD Biosciences BD Biosciences	4B12 T38-320	1/100 1/100	Yes
		CCR9 CD207		APC eFluor 660		eBiosciences eBiosciences EBioRMUL.2 ebioCW-1.2	1/100 1/50	Yes
		CD3ε CD207		PE	V500		BD Biosciences eBiosciences	500A2 eBioL31	1/200 1/50	Yes	Yes
		CD3ε CD3ε CD3ε CXCR4 CD317 CD317		eFluor 450 eFluor 780 BV421 APC eFluor 450 FITC		eBiosciences eBiosciences Biolegend eBiosciences eBiosciences eBiosciences DISCUSSION 145-2-c11 1/50 145-2-c11 1/100 145-2-c11 2B11 1/100 Yes 1/50 eBio927 1/100 Yes ebio927 1/50 Yes
		CD3ε CXCR4		PerCP-Cy5.5 PE	BD Biosciences eBiosciences	500A2 2B11	1/200 1/100	Yes
		CD4 F4/80		APC-eFluor 780 APC BD Biosciences eBiosciences	GK1.5 T45-2342	1/200 1/100
	Mouse	CD8α CD8α Ki-67 I-Ab CD8α Ly-6C		APC eFluor 780 PB FITC Miltenyi Biotec eBiosciences BD Biosciences eFluor 780 eBiosciences AF6-120.1 53-6.7 53-6.7 REA183 PerCP-Cy5.5 BD Biosciences 53-6.7 PE Cy7 BD Biosciences AL-21	1/100 1/100 1/100 1/100 1/100 1/400	Yes
		CD8α Ly-6G		BV 650 eFluor 780		Biolegend eBiosciences	53-6.7 RB6-8C5	1/100 1/200
		CD9 Ly-6G		FITC AF 700		eBiosciences eBiosciences	eBioKMC8 RB6-8C5	1/100 1/200
		CD11b MHC II	FITC PerCP Vio700 Miltenyi Biotec BD Biosciences	M1/70 REA813	1/200 1/500	Yes	Yes
		CD11b NK1.1		BV650 APC	BD Biosciences BD Biosciences	M1/70 PK136	1/200 1/100
		CD11b SiglecH		PerCP-Cy5.5 Pe-Cy7	BD Biosciences eBiosciences ebio440c M1/70	1/200 1/100
		CD11c Ter119	PE Cy7 Percp-Cy5.5		eBiosciences eBiosciences	N418 Ter119	1/100 1/100	Yes
		CD11c			PE			eBiosciences	HL3	1/100	Yes
		CD16/CD32		Purified			BD Biosciences	2.4G2	1/50	Yes
		CD16/CD32		Purified			eBiosciences	93	1/50	Yes
		CD19		PE CF594			BD Biosciences	1D3	1/200	Yes
		CD19			APC			eBiosciences	ebio103	1/200
									203

  . The role of ACKR3 in other inflammatory contexts has also been discussed in the minireview (see Annex, Mini-Review). Inflammation is a cue for ACKR3 overexpression, and conversely, ACKR3 enhanced signalling may sustain this inflammatory microenvironment. It is important to highlight that the overexpression levels in our system are modest but sufficient to foster KC with the capacity to modify HPV life cycle. This indicates that ACKR3 expression levels need to be tightly regulated and this observation matches with what we see at steady state in the organism. Only upon inflammation or in other pathological conditions is ACKR3 upregulated and detected. Altogether, this creates a microenvironment that might hinder the productive HPV life cycle and at the same time, favour carcinogenesis.

TABLE 1

 1 Genetically modified mouse models to study Ackr3 expression in vivo and associated phenotypes

	Model	Genetic Background	Description

TABLE 2 -

 2 Continued

Δ320-338Preserved internalization (constitutive)[START_REF] Hoffmann | Rapid uptake and degradation of CXCL12 depend on CXCR7 carboxyl-terminal serine/threonine residues[END_REF] STS/A Impaired internalization (ligand-induced)[START_REF] Hoffmann | Rapid uptake and degradation of CXCL12 depend on CXCR7 carboxyl-terminal serine/threonine residues[END_REF] 
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F.B., K.B., and G.S.-L. contributed equally to this work. https://doi.org/10.1124/mol.118.115329. ABBREVIATIONS: ACKR3, atypical chemokine receptor 3; BM, bone marrow; CXCL11, C-X-C motif chemokine ligand 11; CXCL12, C-X-C motif chemokine ligand 12; CXCR4, C-X-C chemokine receptor type

4; CXCR7, C-X-C chemokine receptor type 7; EGFP, enhanced green fluorescent protein; ERK, extracellular signal-regulated kinase; HSC, hematopoietic stem cell; MIF, macrophage migration inhibition factor.
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• Quantification of gap junction intercellular communication in stratified epithelia • Papillomavirus infection reprograms connexin expression pattern • This reprograming supports accelerated cell-cell communication in infected tissues

Representative images of or ectopically expressing ACKR3-WT or -ΔCt). From top to bottom images show haematoxylin-eosin (HE) coloration; staining for Ki-67 and filaggrin (FLG) proteins. Nuclei were counterstained with Hoechst. Scale bar = 100 µm. n=3 independent experiments with 2-3 3D-EpC per experiment.
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Abstract

Dendritic cells (DC) initiate and shape immune responses. DC location is critical for their function and requires strictly regulated action of chemokines on their receptors. Among these receptors, CXCR4 is known for controlling leukocyte homing and distribution across body. Gain of function mutations in CXCR4 leading to its defective desensitization cause a rare immunodeficiency, the WHIM Syndrome (WS), which is associated with frequent infections with a particular susceptibility to human papillomavirus (HPV). As CXCR4 is expressed in DC, we investigated whether and how WS-associated mutation would impact on their biology. Here we report alterations in DC subset frequency and number in the blood of WHIM patients, which were reproduced in an original knock-in mouse model harboring a WS-associated Cxcr4 mutation. In-depth analyses of DC compartment in these mice identified CXCR4 desensitization as a critical step to allow both pDC and cDC efficient trafficking through the body, with implications for the activation state of DC reaching lymph nodes. Altogether, our work suggests that altered DC egress from CXCL12-containing environments due to impaired CXCR4 signaling could contribute to the high susceptibility of WHIM patients to infections.

Methods

Human blood samples

WS patients were recruited from the French Severe Chronic Neutropenia Registry (Pr J. Donadieu), approved by the "Commission Nationale de l'Informatique et des Libertés". They provided written informed consent for genetic testing and inclusion in the registry. The four WHIM patients studied were carrying mutations in the CXCR4 gene (patient P1: c.1000C>T, p.Arg334* ; P2 and P3: c.1013dup, p.Ser339Ilefs* 5; and P4:c.1013C>G, p.Ser338* ) and have been previously described [START_REF] Cohen | Description and outcome of a cohort of 8 patients with WHIM syndrome from the French Severe Chronic Neutropenia Registry[END_REF][START_REF] Freitas | Lymphoid differentiation of hematopoietic stem cells requires efficient Cxcr4 desensitization[END_REF]. Blood samples were collected in lithium-heparin coated tubes.

For each patient's sample treated, a sample from a healthy donor was collected at the same time and place for parallel analysis. Automated blood cell counting was performed. For DC immunophenotyping, 300 µL of whole blood were incubated with fluorochrome-conjugated anti-human antibodies (Supplemental Table 1).

After 30 minutes of staining at 4°C, OptiLyse C (Beckman Coulter, Villepinte, France) was added to eliminate red blood cells. Leukocytes were washed thrice with PBS and the whole sample was acquired on a LSR Fortessa cytometer (BD Biosciences). DC subpopulations were identified among CD3 -CD19 -CD14 -HLA-DR + cells. Conventional DC1 (cDC1) were defined as CD11c + CD141 + cells, cDC2 as CD11c + CD1c + cells and pDC as CD11c -CD303 + cells.

Mice

Cxcr4 +/1013 mice harboring a heterozygous mutation of the Cxcr4 gene on the C57BL/6 and FVB/n genetic backgrounds were previously described [START_REF] Meuris | Symptomatic Improvement in Human Papillomavirus-Induced Epithelial Neoplasia by Specific Targeting of the CXCR4 Chemokine Receptor[END_REF][START_REF] Balabanian | Proper desensitization of CXCR4 is required for lymphocyte development and peripheral compartmentalization in mice[END_REF]. K14-HPV16 transgenic mice, which express the human papillomavirus (HPV) early region genes under the control of the keratin 14 promoter [START_REF] Arbeit | Progressive squamous epithelial neoplasia in K14-human papillomavirus type 16 transgenic mice[END_REF][START_REF] Coussens | Genetic predisposition and parameters of malignant progression in K14-HPV16 transgenic mice[END_REF] were obtained from the NCI mouse repository and maintained on the FVB/n genetic background. K14-HPV16 Cxcr4 +/1013 mice were obtained by crossing Cxcr4 +/1013 FVB/n mice with K14-HPV16 transgenic mice [START_REF] Meuris | Symptomatic Improvement in Human Papillomavirus-Induced Epithelial Neoplasia by Specific Targeting of the CXCR4 Chemokine Receptor[END_REF]. Cxcr4 +/1013 mice were genotyped by PCR (KAPA mouse genotyping kit, Sigma-Aldrich, Saint-Quentin Fallavier, France) [START_REF] Balabanian | Proper desensitization of CXCR4 is required for lymphocyte development and peripheral compartmentalization in mice[END_REF]. 
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