Molecular and cellular basis of depigmentation in vitiligo patients
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Abstract

Vitiligo is a chronic skin disease characterized by the appearance of zones of depigmentation. It is mostly described as an autoimmune disease in which the immune system destroys the melanocytes. Consistent with this origin, genetic studies have implicated genes encoding proteins mediating the immune response targeting melanocytes in the etiology of this disease, together with proteins specific to these cells. However, the destruction of melanocytes by the immune system is neither global nor complete, because the patients do not display total depigmentation. The etiopathology of vitiligo is clearly complex and cannot be simply reduced to an autoimmune reaction directed against pigmented cells. Intrinsic changes have been observed in the melanocytes, keratinocytes and dermal cells of vitiligo patients.

Identification of the molecular and cellular changes occurring in normally pigmented skin in vitiligo patients, and an understanding of these changes, are essential to improve the definition of trigger events for this disease, with a view to developing treatments with long-term efficacy. This review focuses on the early events identified to date in the non-lesional regions of the skin in vitiligo patients, and discusses the process of repigmentation from melanocyte stem cells.

Changes to the epidermis before depigmentation

1.a. Changes in epidermal structure

The structure of the epidermis, including its thickness and the tegumental folds, differs between anatomic sites. At a given site, the structure of the epidermis and the number of melanocytes are similar in all individuals, regardless of their phototype and ethnic origin. The epidermis in lesional regions of the skin is abnormally thick in patients with non-segmental vitiligo. Interestingly, this thickening of the epidermis is also observed in non-lesional regions of the skin located some distance away from the depigmented zones. Histological analyses of biopsy specimens from undamaged areas normally pigmented skin in patients without vitiligo, patients with nonsegmental vitiligo (NSV, characterized by bilateral depigmented areas) and patients with segmental vitiligo (SV, characterized by highly localized, unilateral depigmentation) have revealed that the epidermis has different characteristics specific to these groups. Patients with NSV display a thickening of the spinous layer (acanthosis) of the epidermis, whereas SV patients have a larger number of tegumental folds than patients without vitiligo ((1) and Figure 1). However, the molecular basis of these histological differences remains unknown. The thickening of the epidermis is observed in normally pigmented skin of NSV patients compared to the skin of control patients. The thickening is only observed at the level of the spinous layer (stratum spinosum). It is likely to involve changes in the balance between keratinocyte proliferation and differentiation. One explanation could be an abnormal production of cytokine/growth factors in the entire skin of vitiligo patients and/or modifications of keratinocyte genes involved in proliferation and differentiation.

A transcriptomic analysis comparing normal appearing non-lesional skin of NSV patients with healthy patient skin reveals an up-regulation of Epiregulin (EREG) encoding a secreted peptide hormone, member of the epidermal growth factor (EGF) family of proteins (2). Our hypothesis is that Epiregulin promote cell proliferation of the keratinocytes of the spinous layer. However, the overall anatomy of the epidermis is preserved.

The epidermal rete ridges in the skin of SV patients probably reflect a specific modification (or modifications) at the basal level, between the dermis and epidermis.

Changes in dermal fibroblasts have been reported in patients with NSV, but few studies have considered the nature of the dermal compartment involved in patients with SV [START_REF] Bastonini | Skin Pigmentation and Pigmentary Disorders: Focus on Epidermal/Dermal Cross-Talk[END_REF][START_REF] Kovacs | Vitiligo Skin: Exploring the Dermal Compartment[END_REF]. A recent study showed that altered cross-talk between epidermal and dermal component can be detected in normally pigmented areas of vitiligo skins (4).

These changes include the presence of myofibroblastic cells and increase secretion of various factors such as IL-6 and HGF ligands, and the ECM-protein fibronectin.

Unfortunately this study did not address the differences between dermal components of SV, NSV and control skins. This hypothesis would be important to test in the future. Since the histological modifications in NSV and SV are observed in biopsies taken from clinically normal pigmented looking skin, it most likely not a compensatory response to pigment loss in non-lesional skin. These observations suggest that the epidermal and dermal microenvironment of the melanocytes is different between NSV and SV patients, even before depigmentation. These differences may have consequences for the initiation and progression of the disease, which is likely to be extensive and unpredictable in NSV patients, but rapid and very limited in SV patients.

1.b. Adhesion defect

Within the epidermis, melanocytes and keratinocytes interact with each other directly, through cell-to-cell adhesion molecules. These interactions are favored by the secretion into the microenvironment of the various factors involved in proliferation and differentiation, in a free form or in vesicles [START_REF] Hirobe | How are proliferation and differentiation of melanocytes regulated? Pigment cell & melanoma[END_REF]. The integrity of this association of melanocytes and keratinocytes, known as the epidermal melanization unit, is essential for pigmentation. In vitiligo patients, the epidermal melanization unit is no longer present in the depigmented zones, but is also altered in the normally pigmented zones. Indeed, melanocytes are absent from the depigmented zones and there are about 25% fewer melanocytes in the basal area of the normally pigmented zones of affected patients than in that of unaffected individuals (6). E-cadherin, a cellular adhesion molecule with calcium-dependent activity, is considered to be an epithelial marker. It is responsible for adhesion between melanocytes and keratinocytes and, thus, for the integrity of the epidermal melanization structure. Ecadherin plays an essential role in embryonic development and in the progression of many carcinomas [START_REF] Larue | E-cadherin null mutant embryos fail to form a trophectoderm epithelium[END_REF][START_REF] Larue | A role for cadherins in tissue formation[END_REF][START_REF] Takeichi | Cadherin cell adhesion receptors as a morphogenetic regulator[END_REF]. There is less E-cadherin on the surface of melanocytes than on epithelial cells, including keratinocytes in particular. Melanocyte-keratinocyte adhesion is, therefore, much weaker than keratinocyte-keratinocyte adhesion. We have shown that E-cadherin is absent, or present in only very small amounts, at the membrane of melanocytes from the pigmented skin of patients with vitiligo, regardless of its type (NSV or SV; Figure 2). This absence or low level of E-cadherin on the surface of melanocytes is linked to the smaller number of melanocytes in the basal layer of the epidermis, and the larger number of these cells in the upper layers (spiny and granular). The change in the amount of E-cadherin at the melanocyte membrane is similar in the two types of vitiligo (NSV and SV). E-cadherin deficiency is not, therefore, sufficient in itself to account for the difference in the progression of depigmentation in these two types of vitiligo. The decrease in the amount of Ecadherin, or its total loss at the surface of melanocytes is a change that does not, in itself modify pigmentation. Nevertheless, the decrease/loss of E-cadherin weakens melanocyte adhesion to keratinocytes, and to the basal layer.

Mechanical and oxidative stresses aggravate depigmentation in vitiligo [START_REF] Picardo | Vitiligo[END_REF]. We have shown, both in vitro and in vivo, that if mechanical and oxidative stresses are associated with a decrease/loss of E-cadherin in melanocytes, these cells detach from the basal layer and move to the suprabasal level of the epidermis. In the long term, melanocytes are completely eliminated from the treated zone. We can hypothesize that the detached melanocytes are periodically replaced by melanocytes produced from melanocyte stem cells (McSCs). This replacement is accelerated by chronic or continuous stresses, but remains effective until the McSC reservoir is exhausted. Furthermore, half the suprabasal melanocytes of the pigmented epidermis of vitiligo patients are apoptotic or necrotic and, thus, potentially antigenic.

An autoimmune reaction directed against abnormal and apoptotic/necrotic suprabasal melanocytes may then be induced, to complete the destruction and elimination of these cells from the epidermis of the affected area.

1.c. Increase in oxidative stress

Oxidative stress is increasingly being identified as a major determinant in the etiology of vitiligo [START_REF] Dell'anna | Membrane lipid defects are responsible for the generation of reactive oxygen species in peripheral blood mononuclear cells from vitiligo patients[END_REF][START_REF] Glassman | Vitiligo, reactive oxygen species and T-cells[END_REF]. An increase in reactive oxygen species (ROS) has been observed in the lesional and non-lesional epidermis of vitiligo patients. These ROS may be produced by exposure of the skin to UV irradiation, for example. An accumulation of hydrogen peroxide, together with changes in the antioxidant machinery, such as a decrease in catalase levels or an increase in superoxide dismutase levels, has been demonstrated in vitiligo [START_REF] Schallreuter | In vivo and in vitro evidence for hydrogen peroxide (H2O2) accumulation in the epidermis of patients with vitiligo and its successful removal by a UVB-activated pseudocatalase[END_REF][START_REF] Maresca | Increased sensitivity to peroxidative agents as a possible pathogenic factor of melanocyte damage in vitiligo[END_REF][START_REF] Dammak | Antioxidant enzymes and lipid peroxidation at the tissue level in patients with stable and active vitiligo[END_REF]. Oxidative stress can be detected as the presence of lipid peroxides in the membrane of epidermal cells from normally pigmented skin in patients with vitiligo (Figure 3). In the limited number of samples from NSV patients, SV patients and controls analyzed for lipid peroxidation (≈20), this peroxidation (visualized by labeling with 4-HNE antibodies) affected all cells (keratinocytes and melanocytes) in the epidermis of NSV patients, whereas less intense, discontinuous peroxidation was observed in the epidermis of SV patients, and almost no peroxidation was observed in the skin of controls. The structure of the epidermis and the oxidation state of the epidermis from normally pigmented skin in NSV and SV patients merit more detailed analysis, at a large scale and at different time points in the progression of the disease, to provide solid, factual information about these aspects of the disease.

1.d. Adhesion and oxidative stress: two closely linked processes

The increase in oxidative stress and the adhesion defect in the epidermis are not independent events. Instead, they are closely linked through multiple mechanisms.

Indeed, an increase in oxidative stress effectively decreases the amount of Ecadherin at the cell membrane, due to activation of the Src kinase, which destabilizes the E-cadherin/β-catenin complex at the membrane by phosphorylation [START_REF] Guntaka | Epidermal growth factor protects the apical junctional complexes from hydrogen peroxide in bile duct epithelium[END_REF][START_REF] Chan | Major role of epidermal growth factor receptor and Src kinases in promoting oxidative stress-dependent loss of adhesion and apoptosis in epithelial cells[END_REF]. Furthermore, lipid peroxidation modifies the organization of lipids within cell membranes. This disturbance of the plasma membrane lipids alters the distribution of membrane proteins, such as E-cadherin. Finally, a decrease in E-cadherin induces the activation of nuclear factor E2-related factor 2 (Nrf2), which protects against oxidative stress, and the expression of which is induced in the skin of vitiligo patients [START_REF] Kim | E-cadherin inhibits nuclear accumulation of Nrf2: implications for chemoresistance of cancer cells[END_REF][START_REF] Natarajan | Transcriptional upregulation of Nrf2dependent phase II detoxification genes in the involved epidermis of vitiligo vulgaris[END_REF]. Oxidative stress probably decreases the amount of E-cadherin at the membrane in all epidermal cells, but this decrease is particularly marked for melanocytes, which already have smaller amounts of E-cadherin at their surface than keratinocytes. As oxidative stress directly affects the amount of E-cadherin at the melanocyte membrane and consequently the number of melanocytes at the base of the epidermis, the peroxidation state of membrane lipids may be considered a predictive marker for the progression of depigmentation in vitiligo patients. Finally, the entry of suprabasal melanocytes into apoptosis or necrosis may be induced jointly by the loss of melanocyte adhesion to the basal membrane rich in growth and survival factors and the presence of oxidative stress in the epidermis, affecting the integrity of the endoplasmic reticulum and favoring the accumulation of incorrectly folded proteins and cell apoptosis.

Melanocyte stem cells and repigmentation

2.a. Melanocyte stem cells

Understanding the molecular and cellular mechanisms underlying the establishment of melanocytes in the epidermis and their renewal is a fundamental issue for the development of effective treatment strategies for depigmentation diseases. It is very difficult to perform fundamental research studies on human McSCs. The mouse model, in which genetic modification is easy, is the most widely used system for investigating the mechanisms of mammalian stem cell activation and the de novo production of melanocytes in the epidermis. The principal reservoir of McSCs is the bulge of the hair follicle [START_REF] Nishimura | Melanocyte stem cells: a melanocyte reservoir in hair follicles for hair and skin pigmentation[END_REF]. Other reservoirs of melanocyte stem cells have been identified in the interfollicular epidermis and dermis of glabrous skin [START_REF] Seleit | Immunohistochemical study of melanocytemelanocyte stem cell lineage in vitiligo; a clue to interfollicular melanocyte stem cell reservoir[END_REF][START_REF] Li | Human dermal stem cells differentiate into functional epidermal melanocytes[END_REF] [START_REF] Goldstein | Narrow Band Ultraviolet B Treatment for Human Vitiligo Is Associated with Proliferation, Migration, and Differentiation of Melanocyte Precursors[END_REF], and in the sweat glands [START_REF] Okamoto | A melanocyte--melanoma precursor niche in sweat glands of volar skin[END_REF]. In the follicular bulge region, the MsSCs interact closely with hair follicle stem cells (HFSCs), which provide them with their functional niche. This interaction facilitates the growth of the pigmented hair through crosstalk between various signaling pathways, including the TGFβ and Wnt pathways [START_REF] Rabbani | Coordinated activation of Wnt in epithelial and melanocyte stem cells initiates pigmented hair regeneration[END_REF][START_REF] Tanimura | Hair follicle stem cells provide a functional niche for melanocyte stem cells[END_REF].

The hair cycle has three phases: anagen (active hair growth), catagen (regression of the transitory zone of the hair) and telogen (rest phase before the next hair cycle).

McSCs are activated during anagen, by the Shh or Wnt signaling pathways, or through β-catenin activation [START_REF] Lowry | Defining the impact of beta-catenin/Tcf transactivation on epithelial stem cells[END_REF]. The entry of McSCs into anagen may also be triggered by environmental factors. For example, in response to UVB irradiation, McSCs leave quiescence, proliferate and concomitantly differentiate into melanocytes, migrating from the hair follicles to the interfollicular epidermis [START_REF] Chou | Direct migration of follicular melanocyte stem cells to the epidermis after wounding or UVB irradiation is dependent on Mc1r signaling[END_REF].

Consequently, narrow-band UVB irradiation is often used to stimulate melanocyte production in repigmentation therapies for vitiligo patients. β-catenin is both involved in vitiligo depigmentation and required for repigmentation. Indeed, like E-cadherin, βcatenin is absent from the membrane of the melanocytes in the pigmented skin of vitiligo patients, and a decrease in the transcription induced by the WNT/β-catenin pathway is observed in the depigmented epidermis of vitiligo patients (Figure 2 and [START_REF] Wagner | Altered E-Cadherin Levels and Distribution in Melanocytes Precede Clinical Manifestations of Vitiligo[END_REF][START_REF] Regazzetti | Transcriptional Analysis of Vitiligo Skin Reveals the Alteration of WNT Pathway: A Promising Target for Repigmenting Vitiligo Patients[END_REF]. UVB irradiation enhances β-catenin activity, by promoting the translocation of this molecule to the nucleus, leading to the production of differentiated melanocytes in the epidermis [START_REF] Bertrand | UVB represses melanocyte cell migration and acts through beta-catenin[END_REF]. However, β-catenin activity should be induced with caution, because this protein is oncogenic, and melanocyte production may lead to transformation into melanoma [START_REF] Delmas | Beta-catenin induces immortalization of melanocytes by suppressing p16INK4a expression and cooperates with N-Ras in melanoma development[END_REF][START_REF] Gallagher | Beta-catenin inhibits melanocyte migration but induces melanoma metastasis[END_REF].

2.b. Exhaustion of the McSC reservoir in the depigmented zones

Whatever the mechanism by which melanocytes are eliminated from the epidermis in vitiligo patients, they are not replaced in the depigmented epidermis. Two nonmutually exclusive hypotheses can be put forward: melanocytes may be produced 

from

  McSCs and then systematically destroyed by the cells of the immune system, or the self-renewal capacity of the McSCs is exhausted. Obviously, these two mechanisms may operate together during the various phases of vitiligo, with one predominating over the other at a particular point in disease progression. In elderly humans and mice, pigmented melanocytes are present in the bulge region and are associated with exhaustion of the McSC reservoir (33). Moreover, it has been shown that the amount of McSC is not affected in the bulge and the precursors found in the infundibulum was decreased (23). In other words, the presence of McSC in the bulge or in the infundibulum can be used as an indicator of the state of exhaustion of McSC reservoir and of treatment efficacy. In conclusion, we propose one of the potential sequential events for vitiligo pathogenesis: 1) E-cadherin is involved in triggering vitiligo, 2) melanocyte detachment and exhaustion of the McSC reservoir are facilitated by oxidative/mechanical stress, and 3) activation of the immune response induced by the presence of apoptotic/necrotic melanocytes in the suprabasal epidermis during disease progression. program launched by the French Government and implemented by ANR Labex CelTisPhyBio (ANR-11-LBX-0038 and ANR-10-IDEX-0001-02 PSL).
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 2 Figure 2: E-cadherin (A,B,E,F,I,J) and β-catenin (C,D,G,H,K,L) membranous
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