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Abstract

:

Recent advances in vitiligo have provided promising treatment options, particularly through understanding the immune-mediated mechanisms leading to depigmentation. The inflammatory components in both vitiligo (non-segmental) and segmental vitiligo have similarities. Both are believed to result from an immune-based destruction of melanocytes by anti-melanocyte-specific cytotoxic T cells. The JAK-STAT pathway is activated with IFN-γ as the crucial cytokine and Th1-associated chemokines such as CXCL9 and CXCL10 recruit immune cells towards vitiligo skin. Nonetheless, clear differences are also present, such as the localized nature of segmental vitiligo, likely due to somatic mosaicism and increased presence of poliosis. The differing prevalence of poliosis suggests that the follicular immune privilege, which is known to involve immune checkpoints, may be more important in vitiligo (non-segmental). Immunomodulatory therapies, especially those targeting the JAK-IFNγ pathway, are currently at the forefront, offering effective inhibition of melanocyte destruction by cytotoxic T cells. Although Janus Kinase (JAK) inhibitors demonstrate high repigmentation rates, optimal results can take several months to years. The influence of environmental UV exposure on repigmentation in patients receiving immunomodulating drugs remains largely underexplored. Nonetheless, the combined effect of phototherapy with JAK inhibitors is impressive and suggests a targeted immune-based treatment may still require additional stimulation of melanocytes for repigmentation. Identifying alternative melanocyte stimulants beyond UV light remains crucial for the future management of vitiligo.
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1. Introduction


Due to its status as the most frequent depigmentation disorder, a lot of effort has been undertaken to elucidate the pathogenesis of vitiligo. The progress in unraveling the immunological mechanisms leading to the destruction of melanocytes has contributed to the development of new therapeutic options. However, a clear distinction should be made between vitiligo (non-segmental) and segmental vitiligo. While the immunological mechanism between both forms of vitiligo largely overlaps, the main cause of segmental vitiligo is likely somatic mosaicism, which causes a shorter duration of the inflammatory phase and different treatment options (e.g., pigment cell transplantation) [1]. Previously, other hypotheses such as oxidative stress, neural mechanisms, melanocytorrhagy, melanocyte senescence and the self-destruct theory have been put forward but gained less attention in the last decade. Interesting findings that link inflammation to other factors (e.g., oxidative stress, genetics, neuropeptides) have been published [2,3]. This strengthens the convergence theory that multiple pathways interact in the development of vitiligo, although the autoimmune mechanisms are currently considered to be most crucial [4]. Better insights in the pathways leading to the differentiation and migration of melanocytes and melanocyte stem cells are required. This is evident from the limited therapeutic approaches focusing on repigmentation by activating melanocytes.



1.1. Pathogenesis


1.1.1. Vitiligo (Non-Segmental)


Cytotoxic T cells play a significant role in vitiligo by targeting epidermal melanocytes. However, these cells are also found in ‘healthy’ individuals and are not exclusively associated with vitiligo [5]. In normal conditions, these antigen-specific T cells exhibit only a moderate recognition capacity and become anergic [5]. In vitiligo patients, this balance is shifted, leading to an increased activation of these cytotoxic T cells. Immunotherapies against melanoma have pointed to immune checkpoints as crucial regulators of peripheral tolerance against melanocytes. Vitiligo-like lesions have been observed during anti-Programmed death-ligand 1 (PD-L1) treatment (pembrolizumab) in up to 25% of melanoma patients and are associated with improved survival rates [6]. This suggests that vitiligo represents an overactive immune protection against melanoma, leading to collateral damage of healthy melanocytes. Although some clinical signs (e.g., confetti-like depigmentation and lack of acrofacial distribution) have been suggested to be more prevalent in melanoma-associated leukoderma, blinded experts in the field were not able to distinguish vitiligo from melanoma-associated depigmentation based on the clinical presentation [7,8,9]. While melanoma represents immune tolerance, vitiligo can be considered as the other side of the spectrum with an excessive inflammatory response. From a health perspective, the optimal immune response would be an attack restricted against melanocytes that have gained the potential to become malignant and reduce the development of melanoma. Vitiligo patients carry a decreased risk of melanoma and non-melanoma skin cancer: Teulings et al. found a 3-fold lower probability of developing non-melanoma skin cancer (NMSC) [adjusted odds ratio (OR) = 0.28; 95% confidence interval (CI) = 0.16–0.50] and melanoma [adjusted OR = 0.32; 95% CI = 0.12–0.88] in vitiligo patients in the Netherlands [10]. This was confirmed in the UK, where a 38% reduced risk of skin cancer was found [melanoma: adjusted hazard ratio (aHR): 0.39 (95% CI = 0.23–0.65); squamous cell carcinoma: aHR 0.67 (95% CI = 0.49–0.90); basal cell carcinoma: aHR 0.65 (95% CI = 0.51–0.83)] [11]. In addition, further supporting evidence from a meta-analysis of nine studies confirmed the decreased risk of keratinocyte cancer in vitiligo patients [12]. This protective effect could be attributed to several mechanisms. The increased immunosurveillance with decreased negative feedback regulation facilitates the activity of cytotoxic T cells which may also induce keratinocyte destruction. A bystander killing of keratinocytes during the active melanocyte-specific attack has been proposed as an additional explanation [12]. In that regard, it should be noted that melanocytes are also found in basal cell carcinomas, albeit in a higher degree compared to squamous cell carcinoma [13]. Several non-immune processes could also play a role, including factors involved in cell apoptosis such as TP53 and microRNAs associated with cell survival [12]. An inverse genetic relationship exists between skin cancer risk and vitiligo. Several genetic variants in Tyr, MC1R-DEF8 and RALY-EIF2S2-ASIP-AHCY-ITCH loci correlate with an increased risk of melanoma, basal cell carcinoma and squamous cell carcinoma but are also linked to a decreased risk of vitiligo [14]. The treatment of vitiligo therefore involves navigating the delicate balance of a propensity to autoimmunity and beneficial aspects of a strong immunosurveillance such as a good antitumoral and antiviral protection towards an optimal immune response. Overtreatment of the immunological component should be avoided, as excessive treatment is likely to result in increased cancer risk and viral infections [15].



Melanocyte-Specific T Cells


In vitiligo, melanocyte-specific T cells are less restrained by regulatory T cells (Tregs) and immune checkpoints and migrate towards the skin via a chemokine gradient. Although the initial steps driving this chemokine production are not fully elucidated, danger-associated molecular patterns (DAMPs) and oxidative stress seem crucial (Figure 1). Both can be induced by external trauma leading to the clinically visible Koebner’s phenomenon. Indeed, several DAMPs [e.g., high-mobility group box 1 (HMGB1), S100B, heat-shock protein 70 (HSP70)] are increased in progressive vitiligo [16,17,18]. Additionally, during melanogenesis, high levels of oxidative stress are produced. Consequently, oxidative stress may take a more central place in the development of vitiligo compared to other skin disorders. Factors such as UV radiation, external trauma and inflammation can all increase the release of reactive oxygen species (ROS) by melanocytes and keratinocytes [19]. In response, the stressed keratinocytes and melanocytes produce chemokines. C-X-C motif chemokine ligand (CXCL)9, CXCL10, CXCL12, CXCL15, CXCL16 and Regulated on Activation, Normal T cell-Expressed and -Secreted (RANTES), which are elevated during disease flares, are linked to a T helper 1 response and the recruitment of cytotoxic T lymphocytes [20,21,22]. Furthermore, immune cells are activated by cytokines such as IL-6, IL-12 and IFN-α. A significant breakthrough has been the discovery of the crucial IFN-γ production by cytotoxic T cells, which is a key factor in melanocyte destruction in vitiligo [23]. During disease flares, the affinity for melanocyte antigens further increases, leading to a self-propagating inflammatory response. Several melanocyte antigens have been identified, including MelanA/Mart1, gp100 and tyrosinase [24]. Melanocyte-specific CD8 cells produce IFN-γ and apoptosis-inducing factors such as perforin and granzyme leading to melanocyte destruction [25,26]. Additionally, direct cell–cell interaction via Fas-Fas ligand signaling leads to the activation of caspases, resulting in melanocyte destruction [27]. CXCL10 stimulates CXCR3B expression on melanocytes, also inducing melanocyte apoptosis. The residual melanocytes contain co-stimulatory receptors in response to IFN-γ that stimulate T-cell proliferation and activation, hence augmenting the anti-melanocytic response [28]. Vitiligo melanocytes may be less capable of expressing immune checkpoints such as PD-L1 compared to ‘healthy’ melanocytes, reducing their capacity to prevent immune-based destruction [29]. PD-L1 expressed by melanocytes binds to PD-1 on cytotoxic T cells, leading to T cell anergy and immune tolerance to self-antigens. This mechanism is crucial for preventing autoimmunity. If PD-L1 expression is reduced or therapeutically inhibited [e.g., by anti-PD-1 treatment (pembrolizumab) against melanoma], cytotoxic T cells remain activated and are not restrained from attacking melanocytes [30]. After the disappearance of melanocytes, it takes about 4–6 weeks before clinical depigmentation is apparent due to the gradual epidermal turnover [31]. Historically, a neuroendocrine hypothesis has also been put forward for the pathogenesis of vitiligo. Most research suggests that a local accumulation of neuropeptides (e.g., substance P, neuropeptide Y) is indeed present in active vitiligo skin [32,33]. However, these neuropeptides are produced by dermal nerves, most likely as a consequence of inflammation, although regulation by the central nervous system cannot be completely excluded [4].




Melanocyte Reservoirs


In the early phases of non-segmental vitiligo, hair pigmentation is usually spared. This immune privilege of the hair follicles is essential for future repigmentation, as melanocyte stem cells are primarily located in the hair bulge [34]. Additional melanocyte reservoirs of amelanotic melanocytes are present in the outer root sheath and the hair bulb. Other locations of melanocyte stem cells are the basal membrane of the interfollicular epidermis and the secretory part of the eccrine sweat glands [35].




Memory T Cells


After melanocyte destruction, melanocytic antigens are presented at the lymph nodes, increasing the binding affinity of cytotoxic T cells. Subsequently, memory T cells settle into lesional skin, inducing long-term depigmentation and disease relapses [36]. IL-15 and IL-2 are involved in the development and maintenance of skin memory T cells in vitiligo. IL-2 is mainly produced by T helper cells, dendritic cells and, to a lesser extent, by cytotoxic T cells [37]. IL-15 is produced by Langerhans cells, dendritic cells, keratinocytes and other fibroblasts [38].



NKG2D expression on memory CD8+ T cells indicates an activated status [39]. Repigmentation is substantially higher in cases where the inflammatory response is well controlled. Nonetheless, additional triggers besides anti-inflammatory treatment are, in most cases, required to allow differentiation and migration of melanocyte precursors. UV exposure remains the gold standard for activating melanocytes. Wnt-signaling and Prostaglandin E2 (PGE2) are also linked to melanocyte stimulation [40].




Memory Tregs


Tissue resident memory Tregs and antigen-specific Tregs are reduced in lesional and perilesional vitiligo skin [41]. CCR6 has been identified as a chemokine receptor crucial for Treg migration into vitiligo skin [42]. Absence of CCL20-CCR6 signaling leads to a reduced suppression of the activity and proliferation of CD4 and CD8 tissue resident memory T cells. CCR5 expression is not required for Treg recruitment but is important for the suppressive function of Tregs by properly positioning Tregs in the skin [43]. In a mouse model, overexpression of CCL22, which binds to CCR4, resulted in decreased depigmentations. CCL22 activates the migration and activity of Tregs in vitiligo, which has been shown to be decreased in vitiligo skin, whereas no changes were found for CCR4, CCR5, CCR8 and cutaneous lymphocyte antigen (CLA) [44,45]. CCR7 and its ligand CCL21 are also involved in Treg migration and CCL21 is significantly decreased in vitiligo skin [46]. A meta-analysis of 30 studies found decreased numbers of Tregs in vitiligo patients [47]. FOXP3, a key transcription factor of Tregs, is also reduced in the blood and skin of vitiligo patients, which coincides with a decreased Treg-mediated suppression of cytotoxic T cells [47]. In vitiligo patients, regular Tregs have a higher tendency to transform into Th1-like T-bet+IFN-γ+Tregs, which exhibit a decreased capacity to suppress the proliferation and activation of cytotoxic T cells [48]. Interestingly, NB-UVB and Treg-specific treatments increase Treg frequency [47].





1.1.2. Segmental Vitiligo


Segmental vitiligo has a unique presentation, with skin depigmentations occurring only on one side of the body with a relatively strict demarcation at the midline (Figure 2). Other major differences compared to vitiligo (non-segmental) are predominant in the age range between 8 and 12 years and a spontaneous end to progression is usually noticed after 1–2 years [49]. Remarkably, poliosis often occurs at an early stage, suggesting that the hair immune privilege and immune checkpoints are less involved in the pathogenesis of segmental vitiligo compared to its non-segmental counterpart [49]. Additionally, segmental vitiligo is less associated with other autoimmune disorders [50]. This is due to the different pathogenic events leading to segmental vitiligo. Although not formally proven, somatic mosaicism of a subgroup of melanocytes is the most likely underlying mechanism. During embryogenesis, melanoblasts migrate and proliferate from the back of the embryo over the sides of the body towards the frontal midline. This unique way to populate the skin with melanocytes is reflected in Blashko’s lines, which are observed in congenital pigmentary disorders [51]. During this phenomenon, mutations in melanocytes are likely given the large numbers of cell proliferations. Consequently, melanoblasts that have migrated towards the frontal midline are more likely to have acquired mutations aligning with the more frequent lesion distribution closer to the frontal midline of the body compared to the back in segmental vitiligo. Additionally, the distribution pattern of segmental vitiligo closely resembles segmental lentiginosis, which is another pigmentary disorder likely caused by somatic mosaicism of melanocytes [52]. At some point in life, an inflammatory response may develop against these genetically different melanocytes. As a result, similarly to vitiligo (non-segmental), melanocyte-specific T cells have also been identified in perilesional segmental vitiligo skin [53]. Serum CXCL10 and IFN-γ are also increased, further strengthening the evidence of the immunological component of segmental vitiligo (Figure 1) [54]. In fact, the pathogenesis may be comparable to other mosaic skin immune disorders such as lichen striatus [55].



Segmental vitiligo also exhibits an innate immune component and increased C-X-C Motif Chemokine Receptor 3 (CXCR3)B mRNA expression both in lesional and non-lesional skin [56]. However, increased CXCR3B-positive melanocytes were only found in lesional but not in non-lesional skin of segmental vitiligo patients compared to healthy controls [56]. This may explain why melanocytes are targeted for immune-based destruction. Increased expression of heat-shock protein (HSP)70 and CXCL16 was reported at the lesional side, suggesting a local susceptibility for vitiligo, which supports the theory of somatic mosaicism [18,21,22]. However, these factors are mainly produced by keratinocytes and not melanocytes. In contrast to vitiligo (non-segmental), segmental vitiligo is less associated with systemic autoimmune disorders, although coinciding localized autoimmune skin diseases (e.g., morphea) can occur [50]. Different expressions of key proteins outside lesional skin may explain the predisposition of segmental vitiligo patients to progress to the non-segmental form. Segmental vitiligo patients have an approximately 10-fold higher risk of developing widespread depigmentations on other body parts [=vitiligo (non-segmental)] compared to healthy controls [56].






2. Treatments


2.1. Topical Treatments


2.1.1. Topical Treatments Targeting the Immune Response


The main topical treatments include corticosteroids, calcineurin inhibitors and JAK inhibitors (Figure 3) [1]. Corticosteroids decrease a broad spectrum of cytokines, chemokines and other factors that reduce T cell activity [57]. Tacrolimus and pimecrolimus inhibit the enzyme calcineurin. This reduces the activity of T cells and decreases the production of IL-2, IFN-γ and TNF-α [58]. Tacrolimus can reduce the chemokines CXCL10 and RANTES [58,59]. Both tacrolimus and pimecrolimus increase melanogenesis and stimulate the migration of melanocytes in vitro [60,61]. Ruxolitinib is a JAK1 inhibitor that inhibits IFN-γ, IL-2, IL-15 and chemokines CXCL9/10/11 and RANTES. Nonetheless, JAK signaling is dispensable for the maintenance of memory T cells, suggesting the need for long-term treatment [62]. Prostaglandins shift the immune system from a Th1 response to a Th2 response. PGE2 has been identified as a key factor in the repigmentation of phototherapy. PGE2 can be applied topically or injected intradermally, with limited data showing improved repigmentation [63]. Prostaglandin F2 shows similar results [64]. Although promising in mice models, topical or systemic simvastatin is not effective in human trials. This is likely because of the lower tolerable dose in humans versus mice, leading to rhabdomyolysis [65,66,67]. Interestingly, some cases with improvement using crisaborole ointment have been reported [68,69]. Roflumilast, another phosphodiesterase-4 (PDE4) inhibitor, decreases oxidative stress in melanocytes and slightly enhances melanogenesis [70]. Topical anti-inflammatory treatments are, in most cases, effective at preventing new lesions or enlarging existing vitiligo lesions. In monotherapy, repigmentation is, however, slow and often mostly visible on the face.




2.1.2. (Topical) Treatments Stimulating Melanocytes


Phototherapy (NB-UVB or excimer laser) has an immunomodulating effect, although its major working mechanism is to stimulate the migration and proliferation of melanocytes and melanocyte precursors and to enhance melanogenesis. Some irritative or slightly damaging treatments such as 5-fluorouracil, fractional ablative laser and microneedling have been administered to induce repigmentation, especially in stable but treatment-resistant patients. Several studies using these treatments have reported increased repigmentation, possibly due to enhanced production of chemokines such as CXCL12 by keratinocytes, melanocytes and dermal fibroblasts. CXCL12 promotes the chemotactic migration of melanocytes by binding to CXCR4 and CXCR7 receptors on melanocytes [71,72,73]. Nonetheless, the plausible risk of Koebner’s phenomenon and lack of large randomized trials limit their widespread adoption. Treatments stimulating melanocyte differentiation, proliferation and/or migration are best combined with anti-inflammatory treatments to improve the chance of repigmentation.





2.2. Systemic Treatments


2.2.1. Systemic Treatments Targeting the Immune Response


Mini-pulse corticosteroids have been proposed as a systemic treatment to halt disease progression due to their ability to reduce a wide range of proinflammatory factors and decrease the activity of dendritic cells and T lymphocytes. However, despite these benefits, the repigmentation achieved with corticosteroids is often modest, largely because they do not have a substantial effect on melanocyte stimulation. In contrast, JAK inhibitors have emerged as a promising alternative. By targeting JAK1 and JAK2, these inhibitors effectively block IFN-γ, the key cytokine responsible for melanocyte destruction. Additionally, JAK1 inhibits IL-2, IL-6, IL-15 and IFN-α, while JAK2 reduces IL-12, a key driver of the Th1 pathway. JAK3, on the other hand, inhibits IL-2 and IL-5 (Figure 3).



The immunomodulatory effects of the JAK3 inhibitor ritlecitinib have been thoroughly investigated in a phase II trial, where markers linked to T cell and NK cell activation (CCR7, IL-2 and IL2-RA) were dose-dependently downregulated [74]. Interestingly, soluble IL2-RA has been consistently associated with vitiligo activity, further confirming the on-target efficacy of JAK3 inhibition [75]. Moreover, cytokines like IFN-γ, Th1 markers such as CXCR3 and chemokines like CXCL9 and CCL5 were similarly reduced following treatment. Even though the activity of the Th2 pathway (IL-13, CCL13, CCL18, CCR4) was also reduced, this is likely an off-target effect as the Th2 pathway is not considered central to the pathogenesis of vitiligo [74]. Notably, IL-17A levels remained unchanged following treatment with ritlecitinib, aligning with previous findings that IL-17A inhibition does not offer significant benefit for vitiligo treatment [76].



Conventional immunosuppressants such as methotrexate, cyclosporine and azathioprine may still have a role, especially when JAK inhibitors are contraindicated. Recent studies have revealed that methotrexate, traditionally thought to work via folate metabolism, is actually a JAK1/2 inhibitor, which accounts for its efficacy [77]. Although largely based on retrospective clinical data, low-dose methotrexate has been shown to reduce disease activity and enhance repigmentation when combined with phototherapy [78].



The biologics currently available for psoriasis and atopic dermatitis, including anti-IL-4, anti-IL-13, anti-IL-17, anti-IL-23 and anti-TNF-α treatments, appear to offer limited benefit for vitiligo patients. In fact, no clear data support their efficacy in vitiligo, and several reports have suggested that these biologics may even trigger vitiligo by negatively impacting the immune balance toward the Th1 pathway [79]. The effects of rituximab, an anti-CD20 biologic targeting B lymphocytes, have not been sufficiently explored [80]. Besides biologics, mixed findings have been reported regarding the PDE4 inhibitor apremilast, with outcomes ranging from no significant effect to a modest halt in disease progression and repigmentation [81].



For decades, the value of antioxidants in vitiligo management has been debated. While the general consensus leans toward supporting their use, there are a lack of clinical trials that reproducibly demonstrate enhanced repigmentation or stabilization of disease progression with individual compounds. Moreover, certain antioxidants, like polypodium leucotomos, may be recommended due to their ability to reduce the minimal erythematous dose (MED), thereby decreasing the risk of skin burns following UV exposure.



Overall, oral immune-modulating drugs are effective in halting disease progression, although repigmentation is often slow without combination therapies to stimulate melanocytes. Oral mini-pulse (OMP) dexamethasone administered to progressing vitiligo patients showed arrest of disease activity in 92% of patients [82]. Nonetheless, a meta-analysis showed that >75% repigmentation was only observed in 0–32% of patients when OMP therapy was administered as monotherapy, which was comparable to other treatments [83]. Consequently, topical treatments combined with phototherapy remain the standard for repigmentation according to the latest international treatment guidelines, with oral immunomodulating treatments classified as ‘optional’ [1].




2.2.2. Systemic Treatments Stimulating Melanocytes


Afamelanotide, an α-melanocyte-stimulating hormone (MSH) analog, occupies a rather unique place in the treatment arsenal, being one of the only treatments that stimulates melanocytes. Especially in dark skin types, enhanced repigmentation has been documented in combination with NB-UVB treatment [84,85]. However, the general darkening of the skin induced by afamelanotide accentuates the contrast between vitiligo lesions and healthy skin. Although limited to the treatment period with afamelanotide, this leads to a worse cosmetic appearance, complicating its use [86].






3. Future Treatment Options


Future treatment options focus on various strategies to enhance Treg function, which may balance the Th1 pathway. For example, low-dose IL-2 or IL-2 mutein specifically designed to activate Tregs are currently tested in phase II [87]. Additionally, stimulation of CCL22 and CCR6 represent other future targets for enhancing the activity of Tregs [42,44].



The main downside of targeting IFN-γ is the possible systemic adverse events, such as cancer and viral infections. Consequently, a location-specific treatment inhibiting IFN-γ only in the epidermis may be a more appealing approach. In support of this idea, bispecific antibodies have already been successfully tested in mouse models of vitiligo. These antibodies may have two targets; one disease-specific (e.g., IFN-γ), and one skin-specific (e.g., anti-desmoglein) leading to skin retention of the biologic and faster elimination from the blood reducing systemic effects [88].



Meanwhile, immune checkpoints [PD-L1, indoleamine (IDO), cytotoxic T-lymphocyte-associated protein 4 (CTLA-4)] are also currently being explored in drug development [30]. Unlike in cancer immunotherapy, immune checkpoint agonists instead of antagonists are being used. Nonetheless, it remains unclear whether this approach might induce a systemic decrease in immune activity, potentially leading to tolerance for pathogens and malignant cells. Similarly to IFN-γ inhibition, localized options have been proposed. Melanocyte-targeted bispecific PD-1 agonists may only upregulate immune checkpoints around melanocytes, providing an immune-privileged environment while reducing systemic effects [89].



Another major challenge remains the elimination of tissue-resident memory T cells to avoid disease recurrence and treatment-resistant lesions. Ordekisumab (anti-IL15) and auremolimab (anti-IL15Rβ) (CD122) are specific for IL-15 signaling, which is crucial for the maintenance of the IFN-γ linked skin memory response [90]. Finally, many other therapeutic options and drug targets have been put forward, including probiotics, mutant heat-shock proteins, inhibition of DAMPs, prevention of melanocyte apoptosis by inhibiting CXCR3B, anti-NKG2D (targeting CD8/NK cells) and WNT agonists/GSK3b inhibitors (stimulating melanocyte stem cells) [91].




4. Conclusions


The evolving landscape of vitiligo underscores a dynamic interplay between innovative therapeutic strategies and a deepening understanding of the disease’s pathophysiology. The identification of the JAK-IFNγ pathway as a pivotal target in the modulation of immune responses offers a promising avenue for effective management. However, the complexities of vitiligo demand a cautious approach, advocating for the development of complementary therapies that ensure both efficacy and safety over prolonged treatment periods. Continued research into alternative melanocyte stimulants will be crucial in refining treatment protocols that are both personalized and comprehensive.







Author Contributions


Conceptualization, R.S.; writing—original draft preparation, R.S.; writing—review and editing, R.S., E.V.C., A.B., M.M.S. and N.v.G.; visualization, R.S. All authors have read and agreed to the published version of the manuscript.




Funding


The research activities of R. Speeckaert and N. van Geel are supported by the Scientific Research Foundation—Flanders (FWO Senior Clinical Investigator: 18B2721N, and FWO Senior Clinical Investigator: 1831512N, respectively).




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



van Geel, N.; Speeckaert, R.; Taïeb, A.; Ezzedine, K.; Lim, H.W.; Pandya, A.G.; Passeron, T.; Wolkerstorfer, A.; Abdallah, M.; Alomar, A.; et al. Worldwide Expert Recommendations for the Diagnosis and Management of Vitiligo: Position Statement from the International Vitiligo Task Force Part 1: Towards a New Management Algorithm. J. Eur. Acad. Dermatol. Venereol. 2023, 37, 2173–2184. [Google Scholar] [CrossRef]

	



Kumar, R.; Parsad, D. Melanocytorrhagy and Apoptosis in Vitiligo: Connecting Jigsaw Pieces. Indian J. Dermatol. Venereol. Leprol. 2012, 78, 19–23. [Google Scholar] [CrossRef]

	



Dong, B.-Q.; Liao, Z.-K.; Le, Y.; Jiang, S.; Luo, L.-F.; Miao, F.; Le Poole, I.C.; Lei, T.-C. Acceleration of Melanocyte Senescence by the Proinflammatory Cytokines IFNγ and TNFα Impairs the Repigmentation Response of Vitiligo Patients to Narrowband Ultraviolet B (NBUVB) Phototherapy. Mech. Ageing Dev. 2023, 211, 111779. [Google Scholar] [CrossRef] [PubMed]

	



Al Abadie, M.S.; Gawkrodger, D.J. Integrating Neuronal Involvement into the Immune and Genetic Paradigm of Vitiligo. Clin. Exp. Dermatol. 2021, 46, 646–650. [Google Scholar] [CrossRef]

	



Maeda, Y.; Nishikawa, H.; Sugiyama, D.; Ha, D.; Hamaguchi, M.; Saito, T.; Nishioka, M.; Wing, J.B.; Adeegbe, D.; Katayama, I.; et al. Detection of Self-Reactive CD8+ T Cells with an Anergic Phenotype in Healthy Individuals. Science 2014, 346, 1536–1540. [Google Scholar] [CrossRef] [PubMed]

	



Hua, C.; Boussemart, L.; Mateus, C.; Routier, E.; Boutros, C.; Cazenave, H.; Viollet, R.; Thomas, M.; Roy, S.; Benannoune, N.; et al. Association of Vitiligo with Tumor Response in Patients with Metastatic Melanoma Treated with Pembrolizumab. JAMA Dermatol. 2016, 152, 45–51. [Google Scholar] [CrossRef] [PubMed]

	



Lommerts, J.E.; Teulings, H.-E.; Ezzedine, K.; van Geel, N.; Hartmann, A.; Speeckaert, R.; Spuls, P.I.; Wolkerstorfer, A.; Luiten, R.M.; Bekkenk, M.W. Melanoma-Associated Leukoderma and Vitiligo Cannot Be Differentiated Based on Blinded Assessment by Experts in the Field. J. Am. Acad. Dermatol. 2016, 75, 1198–1204. [Google Scholar] [CrossRef]

	



Hartmann, A.; Bedenk, C.; Keikavoussi, P.; Becker, J.C.; Hamm, H.; Bröcker, E.-B. Vitiligo and Melanoma-Associated Hypopigmentation (MAH): Shared and Discriminative Features. JDDG J. Dtsch. Dermatol. Ges. 2008, 6, 1053–1059. [Google Scholar] [CrossRef]

	



Teulings, H.E.; Lommerts, J.E.; Wolkerstorfer, A.; Nieuweboer-Krobotova, L.; Luiten, R.M.; Bekkenk, M.W.; van der Veen, J.P.W. Vitiligo-like Depigmentations as the First Sign of Melanoma: A Retrospective Case Series from a Tertiary Vitiligo Centre. Br. J. Dermatol. 2017, 176, 503–506. [Google Scholar] [CrossRef]

	



Teulings, H.E.; Overkamp, M.; Ceylan, E.; Nieuweboer-Krobotova, L.; Bos, J.D.; Nijsten, T.; Wolkerstorfer, A.W.; Luiten, R.M.; van der Veen, J.P.W. Decreased Risk of Melanoma and Nonmelanoma Skin Cancer in Patients with Vitiligo: A Survey among 1307 Patients and Their Partners. Br. J. Dermatol. 2013, 168, 162–171. [Google Scholar] [CrossRef]

	



Ferguson, J.; Eleftheriadou, V.; Nesnas, J. Risk of Melanoma and Nonmelanoma Skin Cancer in People with Vitiligo: United Kingdom Population-Based Cohort Study. J. Investig. Dermatol. 2023, 143, 2204–2210. [Google Scholar] [CrossRef] [PubMed]

	



Rooker, A.; Ouwerkerk, W.; Bekkenk, M.W.; Luiten, R.M.; Bakker, W.J. The Risk of Keratinocyte Cancer in Vitiligo and the Potential Mechanisms Involved. J. Investig. Dermatol. 2024, 144, 234–242. [Google Scholar] [CrossRef]

	



Florell, S.R.; Zone, J.J.; Gerwels, J.W. Basal Cell Carcinomas Are Populated by Melanocytes and Langerhans [Correction of Langerhan’s] Cells. Am. J. Dermatopathol. 2001, 23, 24–28. [Google Scholar] [CrossRef] [PubMed]

	



Rashid, S.; Molotkov, I.; Klebanov, N.; Shaughnessy, M.; Daly, M.J.; Artomov, M.; Tsao, H. Mendelian Randomization Analysis Reveals Inverse Genetic Risks between Skin Cancers and Vitiligo. JID Innov. 2023, 3, 100217. [Google Scholar] [CrossRef]

	



Hoisnard, L.; Lebrun-Vignes, B.; Maury, S.; Mahevas, M.; El Karoui, K.; Roy, L.; Zarour, A.; Michel, M.; Cohen, J.L.; Amiot, A.; et al. Adverse Events Associated with JAK Inhibitors in 126,815 Reports from the WHO Pharmacovigilance Database. Sci. Rep. 2022, 12, 7140. [Google Scholar] [CrossRef] [PubMed]

	



Cui, T.; Zhang, W.; Li, S.; Chen, X.; Chang, Y.; Yi, X.; Kang, P.; Yang, Y.; Chen, J.; Liu, L.; et al. Oxidative Stress-Induced HMGB1 Release from Melanocytes: A Paracrine Mechanism Underlying the Cutaneous Inflammation in Vitiligo. J. Investig. Dermatol. 2019, 139, 2174–2184.e4. [Google Scholar] [CrossRef]

	



Speeckaert, R.; Voet, S.; Hoste, E.; van Geel, N. S100B Is a Potential Disease Activity Marker in Nonsegmental Vitiligo. J. Investig. Dermatol. 2017, 137, 1445–1453. [Google Scholar] [CrossRef]

	



Mosenson, J.A.; Flood, K.; Klarquist, J.; Eby, J.M.; Koshoffer, A.; Boissy, R.E.; Overbeck, A.; Tung, R.C.; Le Poole, I.C. Preferential Secretion of Inducible HSP70 by Vitiligo Melanocytes under Stress. Pigment Cell Melanoma Res. 2014, 27, 209–220. [Google Scholar] [CrossRef]

	



Białczyk, A.; Wełniak, A.; Kamińska, B.; Czajkowski, R. Oxidative Stress and Potential Antioxidant Therapies in Vitiligo: A Narrative Review. Mol. Diagn. Ther. 2023, 27, 723–739. [Google Scholar] [CrossRef]

	



Richmond, J.M.; Bangari, D.S.; Essien, K.I.; Currimbhoy, S.D.; Groom, J.R.; Pandya, A.G.; Youd, M.E.; Luster, A.D.; Harris, J.E. Keratinocyte-Derived Chemokines Orchestrate T-Cell Positioning in the Epidermis during Vitiligo and May Serve as Biomarkers of Disease. J. Investig. Dermatol. 2017, 137, 350–358. [Google Scholar] [CrossRef]

	



Li, S.; Zhu, G.; Yang, Y.; Jian, Z.; Guo, S.; Dai, W.; Shi, Q.; Ge, R.; Ma, J.; Liu, L.; et al. Oxidative Stress Drives CD8+ T-Cell Skin Trafficking in Patients with Vitiligo through CXCL16 Upregulation by Activating the Unfolded Protein Response in Keratinocytes. J. Allergy Clin. Immunol. 2017, 140, 177–189.e9. [Google Scholar] [CrossRef]

	



Speeckaert, R.; Belpaire, A.; Speeckaert, M.M.; van Geel, N. A Meta-Analysis of Chemokines in Vitiligo: Recruiting Immune Cells towards Melanocytes. Front. Immunol. 2023, 14, 1112811. [Google Scholar] [CrossRef] [PubMed]

	



Harris, J.E.; Harris, T.H.; Weninger, W.; Wherry, E.J.; Hunter, C.A.; Turka, L.A. A Mouse Model of Vitiligo with Focused Epidermal Depigmentation Requires IFN-γ for Autoreactive CD8+ T-Cell Accumulation in the Skin. J. Investig. Dermatol. 2012, 132, 1869–1876. [Google Scholar] [CrossRef] [PubMed]

	



van den Boorn, J.G.; Konijnenberg, D.; Dellemijn, T.A.M.; van der Veen, J.P.W.; Bos, J.D.; Melief, C.J.M.; Vyth-Dreese, F.A.; Luiten, R.M. Autoimmune Destruction of Skin Melanocytes by Perilesional T Cells from Vitiligo Patients. J. Investig. Dermatol. 2009, 129, 2220–2232. [Google Scholar] [CrossRef] [PubMed]

	



Hassan, A.S.; Kohil, M.M.; Sayed, S.S.E.; Mahmoud, S.B. Immunohistochemical Study of Perforin and Apoptosis Stimulation Fragment Ligand (FasL) in Active Vitiligo. Arch. Dermatol. Res. 2021, 313, 453–460. [Google Scholar] [CrossRef] [PubMed]

	



Bergqvist, C.; Ezzedine, K. Vitiligo: A Focus on Pathogenesis and Its Therapeutic Implications. J. Dermatol. 2021, 48, 252–270. [Google Scholar] [CrossRef]

	



Chen, J.; Li, S.; Li, C. Mechanisms of Melanocyte Death in Vitiligo. Med. Res. Rev. 2021, 41, 1138–1166. [Google Scholar] [CrossRef]

	



Tulic, M.K.; Cavazza, E.; Cheli, Y.; Jacquel, A.; Luci, C.; Cardot-Leccia, N.; Hadhiri-Bzioueche, H.; Abbe, P.; Gesson, M.; Sormani, L.; et al. Innate Lymphocyte-Induced CXCR3B-Mediated Melanocyte Apoptosis Is a Potential Initiator of T-Cell Autoreactivity in Vitiligo. Nat. Commun. 2019, 10, 2178. [Google Scholar] [CrossRef]

	



Willemsen, M.; Krebbers, G.; Tjin, E.P.M.; Willemsen, K.J.; Louis, A.; Konijn, V.A.L.; Narayan, V.S.; Post, N.F.; Bakker, W.J.; Melief, C.J.M.; et al. IFN-γ-Induced PD-L1 Expression on Human Melanocytes Is Impaired in Vitiligo. Exp. Dermatol. 2022, 31, 556–566. [Google Scholar] [CrossRef]

	



Speeckaert, R.; van Geel, N. Targeting CTLA-4, PD-L1 and IDO to Modulate Immune Responses in Vitiligo. Exp. Dermatol. 2017, 26, 630–634. [Google Scholar] [CrossRef]

	



Bergstresser, P.R.; Taylor, J.R. Epidermal ’Turnover Time’--a New Examination. Br. J. Dermatol. 1977, 96, 503–509. [Google Scholar] [CrossRef]

	



Falabella, R.; Barona, M.I.; Echeverri, I.C.; Alzate, A. Substance P May Play a Part during Depigmentation in Vitiligo. A Pilot Study. J. Eur. Acad. Dermatol. Venereol. 2003, 17, 355–356. [Google Scholar] [CrossRef] [PubMed]

	



Tu, C.; Zhao, D.; Lin, X. Levels of Neuropeptide-Y in the Plasma and Skin Tissue Fluids of Patients with Vitiligo. J. Dermatol. Sci. 2001, 27, 178–182. [Google Scholar] [CrossRef] [PubMed]

	



Anbar, T.; Abdelraouf, H.; Abd Elfattah Afify, A.; Ragaie, M.H.; Eid, A.A.; Moneib, H. Videodermoscopic Changes of the Hair in Vitiligo Lesions in Relation to Disease Duration. Dermatol. Pract. Concept. 2022, 12, e2022163. [Google Scholar] [CrossRef]

	



Huang, L.; Zuo, Y.; Li, S.; Li, C. Melanocyte Stem Cells in the Skin: Origin, Biological Characteristics, Homeostatic Maintenance and Therapeutic Potential. Clin. Transl. Med. 2024, 14, e1720. [Google Scholar] [CrossRef]

	



Riding, R.L.; Harris, J.E. The Role of Memory CD8+ T Cells in Vitiligo. J. Immunol. 2019, 203, 11–19. [Google Scholar] [CrossRef] [PubMed]

	



Liao, W.; Lin, J.-X.; Leonard, W.J. IL-2 Family Cytokines: New Insights into the Complex Roles of IL-2 as a Broad Regulator of T Helper Cell Differentiation. Curr. Opin. Immunol. 2011, 23, 598–604. [Google Scholar] [CrossRef] [PubMed]

	



Blauvelt, A.; Asada, H.; Klaus-Kovtun, V.; Altman, D.J.; Lucey, D.R.; Katz, S.I. Interleukin-15 MRNA Is Expressed by Human Keratinocytes, Langerhans Cells, and Blood-Derived Dendritic Cells and Is Downregulated by Ultraviolet B Radiation. J. Investig. Dermatol. 1996, 106, 1047–1052. [Google Scholar] [CrossRef]

	



Jacquemin, C.; Martins, C.; Lucchese, F.; Thiolat, D.; Taieb, A.; Seneschal, J.; Boniface, K. NKG2D Defines a Subset of Skin Effector Memory CD8 T Cells with Proinflammatory Functions in Vitiligo. J. Investig. Dermatol. 2020, 140, 1143–1153.e5. [Google Scholar] [CrossRef]

	



Starner, R.J.; McClelland, L.; Abdel-Malek, Z.; Fricke, A.; Scott, G. PGE(2) Is a UVR-Inducible Autocrine Factor for Human Melanocytes That Stimulates Tyrosinase Activation. Exp. Dermatol. 2010, 19, 682–684. [Google Scholar] [CrossRef]

	



Shah, F.; Giri, P.S.; Bharti, A.H.; Dwivedi, M. Compromised Melanocyte Survival Due to Decreased Suppression of CD4+ & CD8+ Resident Memory T Cells by Impaired TRM-Regulatory T Cells in Generalized Vitiligo Patients. Exp. Dermatol. 2024, 33, e14982. [Google Scholar] [CrossRef] [PubMed]

	



Essien, K.I.; Katz, E.L.; Strassner, J.P.; Harris, J.E. Regulatory T Cells Require CCR6 for Skin Migration and Local Suppression of Vitiligo. J. Investig. Dermatol. 2022, 142, 3158–3166.e7. [Google Scholar] [CrossRef]

	



Gellatly, K.J.; Strassner, J.P.; Essien, K.; Refat, M.A.; Murphy, R.L.; Coffin-Schmitt, A.; Pandya, A.G.; Tovar-Garza, A.; Frisoli, M.L.; Fan, X.; et al. ScRNA-Seq of Human Vitiligo Reveals Complex Networks of Subclinical Immune Activation and a Role for CCR5 in Treg Function. Sci. Transl. Med. 2021, 13, eabd8995. [Google Scholar] [CrossRef]

	



Eby, J.M.; Kang, H.-K.; Tully, S.T.; Bindeman, W.E.; Peiffer, D.S.; Chatterjee, S.; Mehrotra, S.; Le Poole, I.C. CCL22 to Activate Treg Migration and Suppress Depigmentation in Vitiligo. J. Investig. Dermatol. 2015, 135, 1574–1580. [Google Scholar] [CrossRef] [PubMed]

	



Klarquist, J.; Denman, C.J.; Hernandez, C.; Wainwright, D.A.; Strickland, F.M.; Overbeck, A.; Mehrotra, S.; Nishimura, M.I.; Le Poole, I.C. Reduced Skin Homing by Functional Treg in Vitiligo. Pigment Cell Melanoma Res. 2010, 23, 276–286. [Google Scholar] [CrossRef] [PubMed]

	



Tembhre, M.K.; Parihar, A.S.; Sharma, V.K.; Sharma, A.; Chattopadhyay, P.; Gupta, S. Alteration in Regulatory T Cells and Programmed Cell Death 1-Expressing Regulatory T Cells in Active Generalized Vitiligo and Their Clinical Correlation. Br. J. Dermatol. 2015, 172, 940–950. [Google Scholar] [CrossRef]

	



Giri, P.S.; Mistry, J.; Dwivedi, M. Meta-Analysis of Alterations in Regulatory T Cells’ Frequency and Suppressive Capacity in Patients with Vitiligo. J. Immunol. Res. 2022, 2022, 6952299. [Google Scholar] [CrossRef]

	



Chen, J.; Wang, X.; Cui, T.; Ni, Q.; Zhang, Q.; Zou, D.; He, K.; Wu, W.; Ma, J.; Wang, Y.; et al. Th1-like Treg in Vitiligo: An Incompetent Regulator in Immune Tolerance. J. Autoimmun. 2022, 131, 102859. [Google Scholar] [CrossRef]

	



van Geel, N.; Speeckaert, R. Segmental Vitiligo. Dermatol. Clin. 2017, 35, 145–150. [Google Scholar] [CrossRef]

	



Speeckaert, R.; Lambert, J.; Bulat, V.; Belpaire, A.; Speeckaert, M.; van Geel, N. Autoimmunity in Segmental Vitiligo. Front. Immunol. 2020, 11, 568447. [Google Scholar] [CrossRef]

	



Schaffer, J. Pigmentary Mosaicism. Clin. Dermatol. 2022, 40, 322–338. [Google Scholar] [CrossRef]

	



van Geel, N.; Speeckaert, R.; Melsens, E.; Toelle, S.P.; Speeckaert, M.; De Schepper, S.; Lambert, J.; Brochez, L. The Distribution Pattern of Segmental Vitiligo: Clues for Somatic Mosaicism. Br. J. Dermatol. 2013, 168, 56–64. [Google Scholar] [CrossRef] [PubMed]

	



van Geel, N.A.C.; Mollet, I.G.; De Schepper, S.; Tjin, E.P.M.; Vermaelen, K.; Clark, R.A.; Kupper, T.S.; Luiten, R.M.; Lambert, J. First Histopathological and Immunophenotypic Analysis of Early Dynamic Events in a Patient with Segmental Vitiligo Associated with Halo Nevi. Pigment Cell Melanoma Res. 2010, 23, 375–384. [Google Scholar] [CrossRef] [PubMed]

	



Xu, X.; Jiang, M.; Zhang, C.; Qiao, Z.; Liu, W.; Le, Y.; Wu, J.; Ma, W.; Xiang, L.F. New Insights into Segmental Vitiligo: A Clinical and Immunological Comparison with Nonsegmental Vitiligo. Pigment Cell Melanoma Res. 2022, 35, 220–228. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; McNutt, N.S. Lichen Striatus. J. Cutan. Pathol. 2001, 28, 65–71. [Google Scholar] [CrossRef] [PubMed]

	



Passeron, T.; Malmqvst, V.E.A.; Bzioueche, H.; Marchetti, S.; Rocchi, S.; Tulic, M.K. Increased Activation of Innate Immunity and Pro-Apoptotic CXCR3B in Normal-Appearing Skin on the Lesional Site of Patients with Segmental Vitiligo. J. Investig. Dermatol. 2022, 142, 480–483.e2. [Google Scholar] [CrossRef]

	



Barnes, P.J. Corticosteroid Effects on Cell Signalling. Eur. Respir. J. 2006, 27, 413–426. [Google Scholar] [CrossRef]

	



Sauder, D.N. Mechanism of Action and Emerging Role of Immune Response Modifier Therapy in Dermatologic Conditions. J. Cutan. Med. Surg. 2004, 8, 3–12. [Google Scholar] [CrossRef]

	



Aomatsu, T.; Imaeda, H.; Takahashi, K.; Fujimoto, T.; Kasumi, E.; Yoden, A.; Tamai, H.; Fujiyama, Y.; Andoh, A. Tacrolimus (FK506) Suppresses TNF-α-Induced CCL2 (MCP-1) and CXCL10 (IP-10) Expression via the Inhibition of P38 MAP Kinase Activation in Human Colonic Myofibroblasts. Int. J. Mol. Med. 2012, 30, 1152–1158. [Google Scholar] [CrossRef]

	



Xu, P.; Chen, J.; Tan, C.; Lai, R.-S.; Min, Z.-S. Pimecrolimus Increases the Melanogenesis and Migration of Melanocytes in Vitro. Korean J. Physiol. Pharmacol. 2017, 21, 287–292. [Google Scholar] [CrossRef]

	



Jung, H.; Oh, E.-S. FK506 Positively Regulates the Migratory Potential of Melanocyte-Derived Cells by Enhancing Syndecan-2 Expression. Pigment Cell Melanoma Res. 2016, 29, 434–443. [Google Scholar] [CrossRef] [PubMed]

	



Azzolino, V.; Zapata, L.; Garg, M.; Gjoni, M.; Riding, R.L.; Strassner, J.P.; Richmond, J.M.; Harris, J.E. Jak Inhibitors Reverse Vitiligo in Mice but Do Not Deplete Skin Resident Memory T Cells. J. Investig. Dermatol. 2021, 141, 182–184.e1. [Google Scholar] [CrossRef]

	



Kapoor, R.; Phiske, M.M.; Jerajani, H.R. Evaluation of Safety and Efficacy of Topical Prostaglandin E2 in Treatment of Vitiligo. Br. J. Dermatol. 2009, 160, 861–863. [Google Scholar] [CrossRef] [PubMed]

	



Neinaa, Y.M.E.-H.; Mahmoud, M.A.E.; El Maghraby, G.M.; Ibrahim, Z.A.E. Efficacy of Prostaglandin E2 versus Prostaglandin F2 Alpha Assisted with Narrowband-UVB in Stable Vitiligo. Arch. Dermatol. Res. 2023, 315, 2647–2653. [Google Scholar] [CrossRef]

	



Niezgoda, A.; Winnicki, A.; Krysiński, J.; Niezgoda, P.; Nowowiejska, L.; Czajkowski, R. Topical Application of Simvastatin Acid Sodium Salt and Atorvastatin Calcium Salt in Vitiligo Patients. Results of the Randomized, Double-Blind EVRAAS Pilot Study. Sci. Rep. 2024, 14, 14612. [Google Scholar] [CrossRef] [PubMed]

	



Agarwal, P.; Rashighi, M.; Essien, K.I.; Richmond, J.M.; Randall, L.; Pazoki-Toroudi, H.; Hunter, C.A.; Harris, J.E. Simvastatin Prevents and Reverses Depigmentation in a Mouse Model of Vitiligo. J. Investig. Dermatol. 2015, 135, 1080–1088. [Google Scholar] [CrossRef] [PubMed]

	



Vanderweil, S.G.; Amano, S.; Ko, W.-C.; Richmond, J.M.; Kelley, M.; Senna, M.M.; Pearson, A.; Chowdary, S.; Hartigan, C.; Barton, B.; et al. A Double-Blind, Placebo-Controlled, Phase-II Clinical Trial to Evaluate Oral Simvastatin as a Treatment for Vitiligo. J. Am. Acad. Dermatol. 2017, 76, 150–151.e3. [Google Scholar] [CrossRef]

	



Sun, X.; Sheng, A.; Xu, A. Successful Treatment of Vitiligo with Crisaborole Ointment: A Report of Two Cases. Br. J. Dermatol. 2023, 188, 436–437. [Google Scholar] [CrossRef]

	



Tam, I.; Kahn, J.S.; Rosmarin, D. Repigmentation in a Patient with Vitiligo on Crisaborole 2% Ointment. JAAD Case Rep. 2021, 11, 99–101. [Google Scholar] [CrossRef]

	



Chen, Z.; Li, Y.; Xie, Y.; Nie, S.; Chen, B.; Wu, Z. Roflumilast Enhances the Melanogenesis and Attenuates Oxidative Stress-Triggered Damage in Melanocytes. J. Dermatol. Sci. 2023, 110, 44–52. [Google Scholar] [CrossRef]

	



Abdel-Hamid, S.; Ibrahim, H.M.; Hameed, A.M.; Hegazy, E.M. Effectiveness of Fractional Erbium-YAG Laser, Microneedling, Platelet-Rich Plasma in Localized Stable Vitiligo Patients: Randomized Clinical Trial. Arch. Dermatol. Res. 2024, 316, 399. [Google Scholar] [CrossRef] [PubMed]

	



Liao, Z.-K.; Hu, S.-H.; Han, B.-Y.; Qiu, X.; Jiang, S.; Lei, T.-C. Pro-Pigmentary Action of 5-Fluorouracil through the Stimulated Secretion of CXCL12 by Dermal Fibroblasts. Chin. Med. J 2021, 134, 2475–2482. [Google Scholar] [CrossRef] [PubMed]

	



Yamada, T.; Hasegawa, S.; Hasebe, Y.; Kawagishi-Hotta, M.; Arima, M.; Iwata, Y.; Kobayashi, T.; Numata, S.; Yamamoto, N.; Nakata, S.; et al. CXCL12 Regulates Differentiation of Human Immature Melanocyte Precursors as Well as Their Migration. Arch. Dermatol. Res. 2019, 311, 55–62. [Google Scholar] [CrossRef]

	



Guttman-Yassky, E.; Del Duca, E.; Da Rosa, J.C.; Bar, J.; Ezzedine, K.; Ye, Z.; He, W.; Hyde, C.; Hassan-Zahraee, M.; Yamaguchi, Y.; et al. Improvements in Immune/Melanocyte Biomarkers with JAK3/TEC Family Kinase Inhibitor Ritlecitinib in Vitiligo. J. Allergy Clin. Immunol. 2024, 153, 161–172.e8. [Google Scholar] [CrossRef] [PubMed]

	



Speeckaert, R.; Lambert, J.; van Geel, N. Clinical Significance of Serum Soluble CD Molecules to Assess Disease Activity in Vitiligo. JAMA Dermatol. 2016, 152, 1194–1200. [Google Scholar] [CrossRef] [PubMed]

	



Speeckaert, R.; Mylle, S.; van Geel, N. IL-17A Is Not a Treatment Target in Progressive Vitiligo. Pigment Cell Melanoma Res. 2019, 32, 842–847. [Google Scholar] [CrossRef]

	



Thomas, S.; Fisher, K.H.; Snowden, J.A.; Danson, S.J.; Brown, S.; Zeidler, M.P. Methotrexate Is a JAK/STAT Pathway Inhibitor. PLoS ONE 2015, 10, e0130078. [Google Scholar] [CrossRef]

	



Speeckaert, R.; van Geel, N. The Real-Life Efficacy of Methotrexate in Vitiligo: A Retrospective Study and Literature Review. J. Eur. Acad. Dermatol. Venereol. 2023, 37, 2267–2269. [Google Scholar] [CrossRef]

	



Toussirot, É.; Aubin, F. Paradoxical Reactions under TNF-α Blocking Agents and Other Biological Agents given for Chronic Immune-Mediated Diseases: An Analytical and Comprehensive Overview. RMD Open 2016, 2, e000239. [Google Scholar] [CrossRef]

	



Ruiz-Argüelles, A.; García-Carrasco, M.; Jimenez-Brito, G.; Sánchez-Sosa, S.; Pérez-Romano, B.; Garcés-Eisele, J.; Camacho-Alarcón, C.; Reyes-Núñez, V.; Sandoval-Cruz, M.; Mendoza-Pinto, C.; et al. Treatment of Vitiligo with a Chimeric Monoclonal Antibody to CD20: A Pilot Study. Clin. Exp. Immunol. 2013, 174, 229–236. [Google Scholar] [CrossRef]

	



Kim, H.J.; Singer, G.K.; Del Duca, E.; Abittan, B.J.; Chima, M.A.; Kimmel, G.; Bares, J.; Gagliotti, M.; Genece, J.; Chu, J.; et al. Combination of Apremilast and Narrowband Ultraviolet B Light in the Treatment of Generalized Vitiligo in Skin Phototypes IV to VI: A Randomized Split-Body Pilot Study. J. Am. Acad. Dermatol. 2021, 85, 1657–1660. [Google Scholar] [CrossRef] [PubMed]

	



Kanwar, A.J.; Mahajan, R.; Parsad, D. Low-Dose Oral Mini-Pulse Dexamethasone Therapy in Progressive Unstable Vitiligo. J. Cutan. Med. Surg. 2013, 17, 259–268. [Google Scholar] [CrossRef] [PubMed]

	



Chavez-Alvarez, S.; Herz-Ruelas, M.; Raygoza-Cortez, A.K.; Suro-Santos, Y.; Ocampo-Candiani, J.; Alvarez-Villalobos, N.A.; Villarreal-Martinez, A. Oral Mini-Pulse Therapy in Vitiligo: A Systematic Review. Int. J. Dermatol. 2021, 60, 868–876. [Google Scholar] [CrossRef] [PubMed]

	



Toh, J.J.H.; Chuah, S.Y.; Jhingan, A.; Chong, W.-S.; Thng, S.T.G. Afamelanotide Implants and Narrow-Band Ultraviolet B Phototherapy for the Treatment of Nonsegmental Vitiligo in Asians. J. Am. Acad. Dermatol. 2020, 82, 1517–1519. [Google Scholar] [CrossRef]

	



Lim, H.W.; Grimes, P.E.; Agbai, O.; Hamzavi, I.; Henderson, M.; Haddican, M.; Linkner, R.V.; Lebwohl, M. Afamelanotide and Narrowband UV-B Phototherapy for the Treatment of Vitiligo: A Randomized Multicenter Trial. JAMA Dermatol. 2015, 151, 42–50. [Google Scholar] [CrossRef]

	



Passeron, T. Indications and Limitations of Afamelanotide for Treating Vitiligo. JAMA Dermatol. 2015, 151, 349–350. [Google Scholar] [CrossRef]

	



A Clinical Study of MK-6194 for the Treatment of Vitiligo (MK-6194-007). Available online: https://app.trialscreen.org/trials/phase-2-clinical-mk-6194-treatment-vitiligo-007-trial-nct06113328 (accessed on 25 August 2024).

	



Hsueh, Y.-C.; Wang, Y.; Riding, R.L.; Catalano, D.E.; Lu, Y.-J.; Richmond, J.M.; Siegel, D.L.; Rusckowski, M.; Stanley, J.R.; Harris, J.E. A Keratinocyte-Tethered Biologic Enables Location-Precise Treatment in Mouse Vitiligo. J. Investig. Dermatol. 2022, 142, 3294–3303. [Google Scholar] [CrossRef]

	



Bossi, G.; Lopes, R.; Adams, K.; Gonzalez, V.; Wiseman, K.; Overton, D.; Carreira, R.; Curnock, A.; Mahon, T.; Weber, P. Melanocyte-Targeted Bispecific PD-1 Agonists as Localized Immune Suppressants against Vitiligo. J. Investig. Dermatol. 2022, 142, S188. [Google Scholar] [CrossRef]

	



Shen, P.-C.; Tsai, T.-F.; Lai, Y.-J.; Liu, T.-L.; Ng, C.Y. From Zero to One: Recent Advances in the Pathogenesis, Diagnosis, and Treatment of Vitiligo. Dermatol. Sin. 2023, 41, 133. [Google Scholar] [CrossRef]

	



Passeron, T. Vitiligo: 30 Years to Put Together the Puzzle Pieces and to Give Rise to a New Era of Therapeutic Options. J. Eur. Acad. Dermatol. Venereol. 2021, 35, 2305–2307. [Google Scholar] [CrossRef]








[image: Jcm 13 05225 g001] 





Figure 1. Pathogenesis of vitiligo (non-segmental) and segmental vitiligo. In vitiligo (non-segmental), external trauma induces DAMPs, HSPs and oxidative stress in keratinocytes and melanocytes, resulting in chemokine production. CXCL9/10/12/16 and CCL5 recruit cytotoxic T cells to the skin, which are less restrained when attacking melanocytes due to impaired Treg activity. Antigens of apoptotic melanocytes are taken up by antigen-presenting cells, increasing production of anti-melanocytic T cells. Memory T cells settle into lesional skin, limiting repigmentation and inducing disease relapses. 
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Figure 2. Clinical presentations of vitiligo (non-segmental) and segmental vitiligo. Segmental vitiligo differs from its non-segmental counterpart by a unilateral (black arrow) instead of symmetric distribution, early poliosis compared to no or late poliosis, increased risk of local auto-immune skin disorders instead of systemic autoimmune diseases (red arrows) and typical distribution patterns not corresponding to the predilection areas characteristic for vitiligo (non-segmental). 
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Figure 3. Working mechanisms of different treatments (green circle = inhibited by corticosteroids; 1 = anti-JAK1; 2 = anti-JAK2; 3 = anti-JAK3). Corticosteroids have a broad working mechanism inhibiting cytokines in the early and late phases of the immune response. Calcineurin inhibitors inhibit IL-1, IL-2, IL-6, TNF-α and CXCL9/10. This provides diverse anti-inflammatory effects, reducing immune cell recruitment, antigen presentation and cytotoxic T cell activity. However, the effects of calcineurin inhibitors on IFN-γ production are indirect. JAK1-2 blockers inhibit several driving and effector cytokines, in particular IFN-γ. Their inhibiting effect on IL-10 might red