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Abstract

:

Autophagy is a major degradation pathway that removes harmful intracellular substances to maintain homeostasis. Various stressors, such as starvation and oxidative stress, upregulate autophagy, and the dysregulation of autophagy is associated with various human diseases, including cancer and skin diseases. The skin is the first defense barrier against external environmental hazards such as invading pathogens, ultraviolet rays, chemical toxins, and heat. Although the skin is exposed to various stressors that can activate autophagy, the roles of autophagy in the skin have not yet been fully elucidated. Accumulating evidence suggests that autophagy is closely associated with pathogenesis and the treatment of immune-related skin diseases. In this study, we review how autophagy interacts with skin cells, including keratinocytes and immune cells, enabling them to successfully perform their protective functions by eliminating pathogens and maintaining skin homeostasis. Furthermore, we discuss the implications of autophagy in immune-related skin diseases, such as alopecia areata, psoriasis, and atopic dermatitis, and suggest that a combination of autophagy modulators with conventional therapies may be a better strategy for the treatment of these diseases.
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1. Introduction


Autophagy is a lysosome-mediated degradation system that removes intracellular materials, such as DNA, proteins, lipids, organelles, and invading pathogens [1]. Cells obtain energy by cannibalizing a part of themselves, in a process called “autophagy,” which means self-eating. Autophagy is an intrinsic defense mechanism that is essential for homeostasis and survival. Cells inevitably produce unnecessary proteins and dysfunctional organelles during their vital activities. Protein aggregates and dysfunctional organelles are harmful to both the cells and host; hence, cells eliminate them via autophagy. Additionally, cells can escape danger by performing autophagy, which degrades invading pathogens, such as microbes and viruses, during infection. Furthermore, cells acquire energy through autophagy during starvation, thereby maintaining homeostasis.



The skin is the first layer covering the animal body and serves as the first line of defense against external environmental hazards such as pathogens, allergens, ultraviolet rays, and various chemical toxins. As the immune system acts as the primary defense mechanism, the skin is rich in immune cells, which are either resident (Langerhans cells, macrophages, dermal dendritic cells, and mast cells) or recruited to the skin (neutrophils, natural killer (NK) cells, T cells, etc.) [2]. Immune cells collaborate with other cells, such as keratinocytes, in order for the skin to function as a barrier. The skin is a malnourished environment that is regularly exposed to several environmental stressors. The highly exposed and unfavorable circumstances of the skin lead to the activation of autophagy, which thereby allows the removal of external hazards and the maintenance of skin homeostasis. Thus, abnormalities in autophagy in the skin are closely linked to skin diseases. In this review, we briefly describe the molecular machinery of autophagy and discuss the roles of autophagy in skin cells, including keratinocytes and skin immune cells. Subsequently, we focus on elucidating the association of autophagy with immune-related skin diseases, including inflammatory diseases, infectious diseases, and malignant melanoma, proposing autophagy as a promising strategy for treating these diseases.




2. Molecular Machinery of Autophagy


In mammals, autophagy is classified into three types according to the cargo delivery mechanism to lysosomes: chaperone-mediated autophagy (CMA), microautophagy, and macroautophagy [3,4]. In CMA, as the name suggests, proteins harboring the KFERQ motif are identified by the chaperone and transported into lysosomes via the oligomeric LAMP2A protein channel. In microautophagy, which is less studied than the other forms, cargos or proteins with KFERQ are engulfed directly or via endosomes into lysosomes. Macroautophagy, hereafter referred to as autophagy, is characterized by double-membrane vesicles called autophagosomes that sequester cargo and fuse with lysosomes for degradation (Figure 1). As the process is highly dynamic, autophagic flux is assessed to accurately monitor autophagic degradation activity. Autophagic flux is measured as the rate of degradation of autophagosomal marker proteins after blocking autophagic degradation [5]. Defects in autophagic flux have been reported to be associated with various pathological conditions, such as neurodegeneration and immune-related diseases [6]. Autophagy can degrade cargo in bulk or selectively through autophagic receptors. Autophagic receptors directly bind to specific cargo and light chain 3 (LC3), a representative autophagosomal membrane protein, thereby recruiting cargo to the autophagosomes. For example, p62 binds to ubiquitinated proteins and mediates their degradation; this process is called aggrephagy [7]. Additionally, autophagic adaptors recognize specific cargos. Moreover, autophagic adaptors interact with autophagy-related proteins to serve as scaffolds for autophagic degradation [8]. Tripartite motif (TRIM) proteins, such as TRIM5α and TRIM20, interact with cargo and core autophagy regulators to form protein complexes called “TRIMosomes”.



Autophagy is tightly regulated by autophagy-related proteins and occurs sequentially, including during initiation, autophagosome formation, fusion with lysosomes, and autophagic lysosomal reformation [3,9]. The mammalian target of rapamycin complex 1 (mTORC1) inhibits autophagy in the basal state. Various cellular stressors, such as starvation and hypoxia, inhibit mTORC1, thereby inducing the initiation of autophagy. The initiation of autophagy requires the activation of Unc-51-like autophagy-activating kinase 1 (ULK1), which is regulated by mTORC1 and AMP-activated protein kinase (AMPK). ULK1 interacts with FIP200, ATG101, and ATG13 to form the ULK1 complex. The ULK1 complex phosphorylates the class III phosphoinositide 3-kinase (PI3K) complex consisting of VPS34, VPS15, ATG14L, and Beclin-1. The PI3K complex generates phosphatidylinositol 3-phosphate (PI3P) at membrane sources; thus, it becomes a phagophore and recruits PI3P-binding proteins such as WD repeat domain phosphoinositide-interacting protein 2 (WIPI2). During phagophore elongation, several ATG proteins convert LC3 to phosphatidylethanolamine-conjugated-LC3 on the phagophore via the ubiquitin-like conjugation system [10]. Simultaneously, ATG9 supplies phospholipids for phagophore elongation [11]. Elongating phagophores sequester cargo and form autophagosomes after their closure. The autophagosome is translocated close to lysosomes via motor proteins and fuses with lysosomes through the soluble N-ethylmaleimide-sensitive factor attachment protein receptors (SNARE) complex [12]. In autolysosomes, the cargo is degraded by lysosomal enzymes. After lysosomal degradation, tubular structures stretch from autolysosomes and become proto-lysosomes to restore free lysosomes; this is called autophagic lysosomal reformation and is the terminal step in autophagy [13].



Although autophagy is generally thought to be a degradative process, recent studies have revealed that it participates in the extracellular secretion of cytoplasmic materials that do not enter the conventional secretory pathway through the Golgi apparatus. This unconventional secretion pathway is known as secretory autophagy (Figure 1). During secretory autophagy, autophagosomes escape the lysosomal degradation pathway and fuse with the plasma membrane to be released into the extracellular environment [14]. Secretory autophagy seems to be strongly associated with the immune response because representative proteins released by secretory autophagy are interleukin (IL)-1β, IL-18, and IL-6, which are the key inflammatory signaling molecules in the immune system [15]. In contrast, viruses employ secretory autophagy for subsequent infection. After host cell infection, poliovirus and influenza A virus spread into the intracellular environment through secretory autophagy and invade other cells [16]. Consequently, degradative autophagy and secretory autophagy contribute to defending cells from harmful external factors.




3. Autophagy in Keratinocytes


Keratinocytes are the primary cell type found in the epidermis, accounting for 90% of the epidermis, and are composed of highly keratinized squamous cells. During the differentiation of keratinocytes, they lose their division ability, nucleus, and cytoplasmic organelles, and migrate towards the surface, eventually becoming corneocytes in the stratum corneum, the outermost layer of the skin. Thus, keratinocytes act as the first barrier protecting the skin from external environmental hazards such as UV radiation, wounds, water loss, and infection [17]. Autophagy plays a critical role in keratinocyte differentiation and its function as a skin barrier.



Autophagy occurs continuously and actively in the epidermal layer [18]. Various stresses applied to the epidermis can act as triggers to activate autophagy, which contributes to keratinocyte differentiation (Figure 2). For example, mitochondrial reactive oxygen species (ROS) produced during oxidative phosphorylation and released into the cytoplasm in suprabasal keratinocytes trigger autophagy, which is necessary for epidermal differentiation [19]. The keratinocyte growth factor (FGF7/KGF) was observed to induce autophagy via the PI3K-AKT-mTOR pathway, which promoted keratinocyte differentiation [20]. Inhibiting autophagy by depleting ATG5, ATG7 or Beclin-1 suppressed the proliferation and differentiation of keratinocytes [19,21]. In particular, autophagy functions in keratinocyte differentiation via nuclear removal. During the terminal differentiation of keratinocytes, autophagosomal proteins, such as LC3, p62, and ULK1, and the lysosomal protein LAMP2 showed perinuclear localization and the nuclei became irregular and malformed [18]. The selective autophagic degradation of nuclear materials is called nucleophagy [22]. Atg5- or Atg7-deficient keratinocytes showed increased DNA damage, cellular senescence, and an aberrant lipid composition [23,24].



Secondly, autophagy supports function of keratinocytes in the skin barrier. As external hazards encountered by the skin are significant inducers of autophagy, autophagy generally responds by clearing them and triggering an inflammatory response. More directly, autophagy regulates the expression of keratinocyte proteins involved in barrier function. In a previous study, skin grafts from Atg7-deficient mice displayed acanthosis, hyperkeratosis, and abnormal hair growth [25]. The expression of keratinization-related proteins, such as loricrin, filaggrin, and involucrin, was reduced in the mice. Additionally, mislocalization of integrin α6 was observed in the epidermis of keratinocyte-specific Beclin-1 knock-out mice, which eventually died because of severe damage to the epidermal barrier [26].



Wound healing begins after pathogen invasion or epidermal layer injury. During wound healing, keratinocytes interact with fibroblasts and result in complex processes, including hemostasis, inflammation, proliferation, and remodeling. Autophagy promotes wound healing by modulating the TNF-CCL2 pathway, which coordinates keratinocyte–fibroblast interactions [27]. In addition, autophagy promotes the secretion of vascular endothelial growth factor (VEGF) from mesenchymal stem cells through direct extracellular signal-regulated kinase (ERK) phosphorylation during wound healing [28]. In addition, autophagy is involved in NLRP3-inflammasome activation by mediating Notch1 degradation in keloids [29,30].




4. Autophagy in Skin Immune Cells


4.1. Langerhans Cells


Langerhans cells (LCs) are tissue-resident macrophages, which are specialized dendritic cells that present antigens for T cells in the epidermis [31]. LCs can probe antigens from the external environment through their dendrites that come into contact with the stratum corneum. In the case of skin infection, LCs phagocytize and process pathogens and present them on major histocompatibility complex (MHC) class II molecules to induce the immune response of T helper cells [31,32]. In human LCs infected with Mycobacterium leprae (M. leprae), autophagy enhances the antigen presentation ability of LCs infected with M. leprae (Figure 2) [33]. In addition, LCs express Langerin, an HIV-1 receptor, and restrict HIV-1 infection via a TRIM5α-mediated mechanism. After HIV-1 exposure, Langerin in LCs interacts with Atg16L1 and TRIM5α, well-known autophagic adaptors, which leads to autophagic degradation of the Langerin-HIV-1 capsid complex [34]. In addition to canonical autophagy, noncanonical autophagy contributes to the immunosuppression of LCs in the epidermis. Rubicon, which facilitates VPS34 activity and stabilizes the NOX2 complex for ROS production, is critical for the progression of LC3-associated phagocytosis, a type of noncanonical autophagy [35]. The skin of Rubicon-deficient mice shows hyper-sensitive inflammation in UV-induced immunosuppression [36]. Collectively, autophagy is essential for LCs to conduct antigen presentation, pathogen removal, and immunosuppression, which contributes to the maintenance of immune homeosis of the epidermis.




4.2. Macrophages


Macrophages are essential immune cells that are responsible for inflammation and wound healing. Macrophages engulf and degrade pathogens through phagocytosis as white blood cells. In particular, macrophages in the skin are specialized to engulf melanosomes or melanocyte debris, known as melanophages. Like neutrophils, macrophages digest phagosomes using autophagic machinery triggered via Toll-like receptor (TLR) signaling (Figure 2) [37]. However, some bacteria, such as Mycobacterium tuberculosis, can escape from phagosomes and avoid degradation [38]. Even so, macrophages can detect bacteria using a cytosolic DNA sensor, cyclic GMP-AMP synthase (cGAS), and activate xenophagy to kill them selectively [39]. Additionally, autophagy is associated with inflammatory signaling pathways in macrophages. Macrophages degrade apoptosis-associated speck-like protein containing a CARD (ASC), a part of the inflammasome, via autophagy to inhibit inflammasome activation and increase the secretion of IL-1β or IL-18 [40,41]. Incidentally, melanophages consume melanosomes and process LC3-associated machinery [42]. This is essential for skin homeostasis as melanin protects skin cells from UV radiation and toxic metal ions [43,44]. Collectively, macrophages can achieve skin homeostasis, immune defense, and signal activation through autophagy.




4.3. Mast Cells


Mast cells are a type of granulocyte that are critical for allergic inflammatory reactions. Mast cells contain many granules filled with mediators, such as histamine, heparin, and chymase. Mast cells release inflammatory mediators from the granules into the extracellular space and activate allergic responses upon activation. The degranulation of mast cells requires autophagic machinery (Figure 2). In a previous study, autophagy was induced in mast cells even under full nutritional conditions and LC3-II was associated with secretory granules [45]. Atg7-deficient mast cells exhibited impaired degranulation and a poor response to passive cutaneous anaphylactic reactions [45]. Moreover, the dopamine D3 receptor (D3R) of mast cells induced the autophagic degradation of TLR4, thereby preventing excessive inflammation [46]. These studies imply that further research on the autophagy of mast cells may provide a key mechanism for hypersensitivity.




4.4. Neutrophils


Neutrophils are the most abundant leukocytes, accounting for approximately 50–70% of white blood cells in the body. However, neutrophils are rarely found in healthy skin. Under inflammatory conditions, they are recruited to the skin and enriched. As soldiers of the immune system, neutrophils are responsible for a variety of functions, such as pathogen phagocytosis, degranulation, ROS production, neutrophil extracellular trap (NET) formation, and IL-1β secretion [32]. In these processes, autophagy supports neutrophils (Figure 2). During phagocytosis, TLR signaling initiates the recruitment of LC3 to phagosomes, followed by the autophagic degradation of pathogens [47]. TLR signaling activates NOX2 NADPH oxidase, which generates ROS, a prerequisite for LC3-associated phagocytosis [37]. Conversely, autophagy-deficient mice exhibited reduced NADPH-mediated ROS production [48]. In addition, neutrophils require autophagy for degranulation, the secretion of antimicrobial cytotoxic agents, and other functions. Neutrophils from Atg5- or Atg7-deficient mice failed to mediate inflammation, owing to reduced degranulation [48]. In addition, autophagy mediates IL-1β secretion. Inhibition of autophagy by siRNA-mediated knockdown or drug treatment in human neutrophils significantly decreased IL-1β secretion via the unconventional secretory autophagy pathway [49]. However, the effect of autophagy on NET formation, composed of DNA from neutrophils, is still unclear. Although NET formation largely depends on ROS generation, some studies have reported ROS-independent NET formation [50,51]. In a previous study, during pneumoseptic infection, neutrophils from mice deficient in Mincle, a C-type lectin receptor, showed attenuated NET formation and impaired autophagy, regardless of ROS production [52]. Treatment of the mice with an autophagy inducer rescued the NET formation defect, which suggests that Mincle regulates NET formation via autophagy [52]. In contrast, another study reported that Atg5-deficient neutrophils did not affect NET formation [53]. Altogether, neutrophils require autophagy for phagosome degradation and the activation of their signaling pathways.




4.5. NK Cells


NK cells are cytotoxic lymphocytes that are critical for the innate immune system and allow for a faster immune reaction because they recognize target cells without MHC. Autophagy plays a crucial role in NK cell development (Figure 2). Robust autophagy occurs in immature NK (iNK) cells, and Atg5-deficient NK progenitors cannot become iNKs or NKs [54,55]. After a viral infection induces mitochondrial defects in NKs, forkhead box O (FoxO) 1-induced autophagy removed damaged mitochondria and ROS, thereby enabling NK cell survival and NK-cell-mediated innate immunity [54]. The severity of a viral infection on the skin is determined by the primary responses, mediated mainly by NK cells, with consequences ranging from flares to cancer [56]. NK cells secrete small granules containing perforin and granzymes to kill target cells. In melanoma cells, Beclin-1 inhibition prevented Granzyme B degradation and increased NK cell infiltration in a CCL5-dependent manner, thereby inhibiting melanoma growth [57,58]. Therefore, autophagy is essential for the development and immune response of NK cells.




4.6. T Cells


Human skin contains approximately 20 billion T cells, nearly twice the number in the whole blood [59]. T cells are essential in adaptive immunity and are distinguished from other lymphocytes by their unique functional T cell receptors. Skin resident-memory Treg cells relieve inflammation and regulate immune responses through autophagy (Figure 2). Atg7-deficient Treg cells lost skin homeostasis, causing skin diseases such as autoimmunity, allergies, and malignancy [60]. In autophagy-defective dendritic cells, antigen presentation and CD4+ cell responses were severely impaired [61]. In addition, Foxp3+ Treg cells suppressed autoimmune responses by inhibiting the machinery of autophagy. Furthermore, treatment with roseotoxin B induced autophagy in activated T cells, which resulted in the mitigation of allergic contact dermatitis in mice [62]. As such, autophagy plays an essential role in regulating the immune response of T cells in the skin barrier.





5. Autophagy in Inflammatory Skin Diseases


5.1. Alopecia Areata


Alopecia areata (AA) is an inflammatory and autoimmune disease characterized by a non-scarring alopecic patch or patches that may extend to the entire scalp (alopecia totalis) or even the entire body (alopecia universalis) [63]. When a collapse in the immune privilege of hair follicles (HFs) develops, HFs present surface autoantigens and cause inflammatory cells to attack HFs, eventually resulting in AA. Current treatments for AA include corticosteroids, topical minoxidil, anthralin, cyclosporine, photochemotherapy, contact immunotherapy, and targeted immune therapy. However, achieving a complete response without relapse remains challenging.



Regulated cell death, including apoptosis, necroptosis, and autophagy, is a central element in the progression and regression of each HF cycle [64]. In AA, abnormal coordination of HF cycling has been reported [65]. Transcriptional profiling of gene expression for T-cell mediated immune responses and cell proliferation arrest was affected in patients with AA. Autophagy has been shown to be critical in maintaining active hair growth (anagen) during the hair cycle [66]. Additionally, autophagy promotes the differentiation of hair follicle stem cells [67].



The role of autophagy in AA pathogenesis has recently been studied at a molecular level. The first genome-wide meta-analysis on AA patients revealed significant associations of the autophagy-regulatory genes STX17 and BCL2L1 with AA [68]. Decreased expression of ATG4B in scalp biopsies of AA patients has also been reported [69]. Another study reported changes in autophagy-related protein levels in occipital scalp HFs obtained from patients with active AA [70]. HFs of lesional AA displayed reduced levels of the autophagy markers ATG5 and LC3B in the hair matrix. Conversely, the protein level of p62, which is degraded within active autolysosomes, significantly increased, thereby indicating a reduction in intrafollicular autophagy during AA progression. Hair-growth-promoting nutraceuticals, such as (methyl-)spermidine, partially restored intrafollicular autophagy, which suggests that they may be considered as adjunct therapies in the future management of AA. The role of autophagy in AA pathogenesis and its potential as a therapeutic target in AA warrants further study.




5.2. Psoriasis and Atopic Dermatitis


Psoriasis (PS) and atopic dermatitis (AD) are chronic inflammatory skin diseases characterized by a dysfunctional epidermal barrier and an excessively activated immune system. PS is strongly associated with dysfunctional helper T cells (Th1, Th17, Th22, and Treg) and is characterized by sharply delineated scaly erythematous plaques. In plaque PS, the intricate inflammatory cascade mediated by the IL-23/IL-17 pathway acts on keratinocytes, endothelial cells, and immune cells, thereby stimulating epidermal hyperplasia and the pro-inflammatory feed-forward circuit [71]. In addition, the function of Tregs, which play a fundamental role in immune homeostasis by suppressing immune responses, appears to be impaired in PS, which leads to an altered ratio of Th17 to Treg and exacerbation of the disease [72]. AD is driven primarily by differentiation defects of terminal keratinocytes and strong activation of Th2 immune responses. AD is characterized by impaired skin barrier function, pruritus, and a close association with immunoglobulin-E-mediated sensitization to aeroallergens and foods [73,74]. Like PS, AD is considered a primarily T-cell-driven disease but differs from PS in that Th22, Th17/IL-23, and Th1 cytokine pathways are additionally activated in AD [73]. Additionally, a significant increase in B cells in the blood is observed in AD, perhaps reflecting atopic or allergic associations and atopic march [73].



Accumulating evidence has shown that autophagy is involved in PS and AD; however, the activities of autophagy in PS and AD are controversial. Recently, increased Beclin-1 expression in the skin of patients with PS has been reported [75]. Additionally, significant increases in oxidative stress and autophagy-related proteins were observed in the blood cells of PS patients [76]. These results suggest that increased autophagy in response to oxidative stress, favoring NF-κB activation, may enhance the production of pro-inflammatory cytokines in patients with PS, and the use of antioxidant compounds may be beneficial in the treatment of PS.



In contrast, several studies have shown that autophagy is dysfunctional in AD and PS. In epithelial cells obtained from patients with AD and PS, the expression levels of ATG5, ATG7, and ATG8/LC3 were increased, which may indicate the induction of autophagy. On the other hand, p62, which is degraded by autophagy, was present at elevated levels in both AD and PS, which suggests the inhibition of autophagy [77]. This result indicates that autophagic degradation is impaired despite increased autophagosome formation [30,78]. Indeed, an in vitro study showed that lysosomal enzymes, such as cathepsins, were downregulated in skin specimens from AD and PS patients and keratinocytes treated long-term with TNF-α [77]. This indicates a functional impairment of autophagic degradation in AD and PS, which suggests that long-term exposure to TNF-α suppresses autophagy and reduces the fusion of autophagosomes with lysosomes. Impaired autophagy in AD and PS could result in reduced keratinocyte differentiation, epithelial barrier dysfunction, and enhanced inflammation [18], which suggests that the stimulation of autophagy might be a novel treatment option for these diseases. In line with this, IL-37 was shown to ameliorate allergic inflammation by regulating the microbiota and stimulating the mTOR-dependent autophagy signaling pathway in a mouse model of AD [79]. IL-37 downregulated the expression levels of mTOR by increasing AMPK levels, thereby leading to enhanced autophagy and a reduction in the expression of inflammatory cytokines such as IL-31 and IL-33. The digestion of dysfunctional mitochondria by autophagy prevented the release of mitochondrial ROS, which is known to activate inflammasome complexes and produce IL-1β [80], thereby resulting in a decrease in pro-inflammatory cytokine maturation. Moreover, autophagy prevents the cleavage of pro-IL-1β into its active form [41,81]. In the clinical setting, treatment with a moisturizer containing pentasodium tetracarboxymethyl palmitoyl dipeptide-12 (PTPD-12), a known autophagy stimulator, improved skin barrier function and pruritus by controlling inflammation in patients with AD [82]. The anti-inflammatory effect of autophagy through the control of IL-1β-induced inflammation explains the improvement in pruritic symptoms in AD patients treated with PTPD-12.



Some genetic associations between skin inflammation and autophagy have been reported. AP1S3, a gene implicated in autophagosome formation, was found to be mutated in PS patients [83]. Keratinocytes lacking AP1S3 exhibited defective autophagy and p62 accumulation and promoted skin inflammation as a consequence of increased NF-κB activation and secretion of IL-1β and IL-36 [84]. The association of polymorphisms in ATG16L1, a representative autophagy regulator, with PS has also been identified in Estonian patients [85]. This is interesting because several earlier studies also identified ATG16L1 as a susceptibility gene in Crohn’s disease and ankylosing spondylitis, thereby indicating that defective autophagy might be a general feature contributing to the pathogenesis of autoinflammatory diseases.



The dominant effects of autophagy modulation on keratinocytes and immune cells in different pathological condition should be carefully evaluated to identify autophagy modulators as potential candidates for the treatment of inflammatory skin diseases.




5.3. Keloids


A keloid is a chronic inflammatory fibroproliferative condition over an original epithelial injury that arises from an imbalance between the increased synthesis of extracellular matrix proteins, such as collagen, and the decreased degradation of these proteins [86]. Inflammatory mediators, such as TGF-β, have been proposed to influence the dysregulation of collagen remodeling in the scar-healing process. Therapies, such as steroids, radiation, cryotherapy, and lasers, are used for treatment, but keloids still have a high recurrence rate [86]. Numerous studies have suggested autophagy modulators as novel treatments for keloids.



A genome-wide association study with keloid patients in the Japanese population revealed an association between keloids and NEDD4, an E3 ubiquitin ligase acting as a positive autophagy regulator, thereby implicating the potential roles of autophagy in the pathogenesis of keloids [87]. Recent studies have shown increased levels of autophagy proteins in keloid tissues. An in vitro study by Jeon et al. reported increased levels of Beclin-1, LC3, and HMGB1, an exogenous fibrogenic molecule in keloid tissues [88]. Inhibition of HMGB1 with glycyrrhizin reduced ECM expression and autophagy in keloids but enhanced apoptosis, thereby suggesting its potential use in keloid treatment. Additionally, two other studies using skin specimens from keloid patients have reported increased LC3 expression in keloid fibroblasts [89,90]. Both studies suggested that hypoxia, a major characteristic of keloids, increases autophagy in keloids, as hypoxia is a positive signal for autophagy. These results suggest that the inhibition of autophagy may have therapeutic implications.



Contrary to these findings, our previous in vitro study demonstrated that autophagy is disturbed in keloid fibroblasts, leading to the activation of Notch1-mediated NLRP3 inflammasome signaling, which is critical for chronic inflammation [30]. Though protein levels of LC3 were increased, autophagic flux was significantly reduced in keloid fibroblasts. Due to aberrant autophagic activity, the levels of Notch1, which is degraded by autophagy [29], are elevated in keloid fibroblasts, which induces NLRP inflammasome activation. In addition, our study showed that rapamycin, an mTOR inhibitor and a well-known autophagy inducer, decreased the protein levels of Notch1, the NLRP3 inflammasome complex, and TGF-β3 in keloid fibroblasts. These results suggest that the induction of autophagy with rapamycin can attenuate keloidal fibrosis by downregulating the Notch1-NLRP3 inflammasome pathway and myofibroblast differentiation in keloid fibroblasts. This finding is consistent with the results of a study that reported that rapamycin has therapeutic efficacy in keloids [91]. The complicated role of autophagy in keloids requires further investigation.





6. Autophagy in Infectious Skin Diseases


The skin is a barrier that serves as one of the body’s first lines of defense against foreign pathogens through a variety of processes. When a breach of the skin barrier allows pathogens to enter the site of injury, the innate immune system and its effectors play a role in protecting the body from infection. Major constituents of the innate immune system include phagocytic cells, such as macrophages, neutrophils, and dendritic cells, as well as innate leukocytes, such as NK cells, mast cells, basophils, and eosinophils [92]. Furthermore, autophagy is an essential defense mechanism in the skin against invading pathogens. However, the role of autophagy in infectious skin diseases may differ depending on the pathogen type, infection stage, and microbial strain. Therefore, the role of autophagy in infectious skin diseases should be considered in the context of infection, and we should be aware that autophagy can be manipulated in both the host and the pathogen.



Most viruses have been reported to be related to autophagy, which functions as either an antiviral pathway (that degrades viruses) or a pro-viral pathway (that helps viruses replicate or exit from cells), and as a pathway that regulates innate and adaptive immune responses to viral infections [93]. Autophagy is triggered by viral ligands for pattern recognition receptors and cytokines, thereby limiting viral replication through the degradation of viral particles [94]. Varicella-zoster virus (VZV) and herpes simplex virus-1 (HSV-1) belong to the same family of alpha-herpesviruses, but their interactions with the autophagy pathway are very different. HSV-1 causes a lifelong latent infection in sensory ganglia neurons and is periodically reactivated to induce recurrent lesions in the skin and mucosae [95]. When reactivation occurs, the virus travels back along the axons to the primary infection site, where a new round of replication, a recurrent or secondary infection, begins. During this process, new neuronal infections occur. The HSV-1 neurovirulence factor ICP34.5 directly targets Beclin-1 and inhibits Beclin-1 complex formation [96]. In addition, ICP34.5 inhibits TBK1 and prevents cargo recruitment via TBK1-mediated p62 phosphorylation. US11, a viral tegument protein, also inhibits autophagy by inhibiting eukaryotic translation initiation factor 2 α kinase 2 (EIF2AK2). The inhibitory effects of ICP34.5 and US11 on autophagy allow for the more efficient production of viral progeny by maintaining low levels of viral protein degradation. Therefore, neuronal autophagy regulatory proteins may be involved in HSV-1 pathogenesis.



VZV causes varicella (chickenpox) as a primary infection, and VZV reactivation after several years of latency in neurons in the peripheral ganglia causes herpes zoster (shingles), a painful vesicular rash occurring within the distribution of a specific sensory dermatome [97]. VZV lacks the genes encoding ICP34.5 or US11 that interfere with autophagy in HSV-1 infection. Nonetheless, a high prevalence of VZV suggests that the absence of these proteins does not significantly impair the virulence of VZV and suggests a different mode of interaction between VZV and autophagy. Studies have demonstrated both the pro-and anti-viral roles of autophagy in VZV immunity and pathogenesis. Although autophagy appears to exert antiviral roles in some contexts, the virus may also directly utilize the machinery of autophagy for its own benefit to enhance viral replication and egress, thus evading autophagy and subverting this process [97].



One of the most studied skin pathogens related to autophagy is group A streptococcus (GAS), one of the most common causative organisms of skin and soft tissue infections, along with Staphylococcus aureus (S. aureus). GAS and S. aureus are associated with a wide range of skin diseases, which include impetigo, cellulitis, and toxic shock syndrome. Impetigo is a pustular infection of the epidermis in which bacteria infect the host through a break in the skin. Cellulitis is an acute infection of dermal and subcutaneous tissues that occurs after the protective integrity of the epidermis is compromised, through processes such as trauma, ulcers, and eczema, allowing bacteria to gain access to the subepidermal tissues [98]. Toxic shock syndrome is a life-threatening disease caused by superantigens of S. aureus or GAS. It bypasses normal antigen presentation and causes clonal T-cell expansion and the uncontrolled release of pro-inflammatory mediators, leading to severe multiple organ failure [99]. Due to bacterial evolution and antibiotic abuse, the drug resistance of GAS and S. aureus has gradually increased, and treatment has become more difficult. An in vitro study by Nakagawa et al. first showed that autophagy is important for defense against bacterial pathogens that invade the cytosol, such as GAS [100]. They found that cytoplasmic GAS that escaped from endosomes was engulfed by autophagosomes and killed upon the fusion of autophagosomes with lysosomes. Another in vitro study showed that the autophagy receptor Tollip facilitated bacterial autophagy by recruiting galectin-1 and -7 in response to GAS infection [101]. In addition, low pH seemed to play a significant role in GAS removal via autophagy because insufficient acidification of autophagosomes permitted GAS replication in vitro, which led to the growth of GAS in endothelial cells [102]. However, another in vitro study showed that GAS has evolved mechanisms to avoid autophagic degradation by employing streptococcal pyrogenic exotoxin B (SpeB1) to induce the degradation of p62, NDP52, and NBR1, thereby resulting in the escape of GAS from host autophagy [103].



The emergence of antibiotic-resistant strains of bacteria, such as methicillin-resistant Staphylococcus aureus (MRSA), has led to the need for new therapies, such as autophagy modulators, that can target intracellular pathogens. A previous in vivo study using mouse models showed that vancomycin encapsulated within liposomes was efficiently taken up by Kupffer cells and killed intracellular S. aureus [104]. Additionally, autophagy modulators were suggested to be combined with liposomes to minimize side effects on the host, such as facilitating other bacterial infections [105].



Nontuberculous mycobacteria (NTM) are another causal pathogen of the skin. Cutaneous NTM infections are transmitted via direct inoculation through skin barrier breaks, which can occur during trauma, surgical procedures, injections, tattoos, acupuncture, and body piercings [106]. NTM skin infections usually require surgical debridement, along with a combination of antibiotic therapy that should be administered long enough to ensure complete wound healing and prevent recurrence [107]. Despite the use of multidrug regimens, antibiotic resistance of NTM is an emerging problem. The data implicating host autophagy in infection with NTM bacteria strongly suggest that autophagy-activating agents are potential candidates for host-directed therapeutics during NTM infection [108].




7. Autophagy in Malignant Melanoma


Malignant melanoma is one of the most aggressive solid tumors of the skin, caused by the malignant transformation of melanocytes. Melanoma is less common than non-melanoma skin cancers, but it is more severe because of its high metastasis rate and poor prognosis [109]. Approximately half of the patients with melanoma have BRAF mutations that result in constitutive ERK activation, thereby promoting the proliferation and migration of tumor cells [110]. Therefore, patients with BRAF mutations are regularly treated with a combination of BRAF and MEK (MAPK/ERK kinase) inhibitors. Because BRAF-mutated tumors also exhibit the overexpression of genes associated with immunosuppression, such as CTLA-4 or PD-L1, immune checkpoint inhibitors, anti-CTLA-4 and anti-PD-1 have also been approved for the treatment of melanoma [110]. However, novel approaches are needed to overcome the existing treatment resistance and prevent melanoma recurrence.



It has been found that the transformation of melanocytes to malignant melanoma cells is accompanied by changes in autophagy [111,112]. Malignant melanoma cells commonly display high levels of autophagy. A high autophagic index is associated with a poor response to treatment, poor survival, and aggressive tumor behavior [113]. In general, autophagy is considered to play a role in tumor suppression and promotion as cancer progresses. In the initial stages of tumorigenesis, autophagy acts as a tumor suppressor by reducing damaged cellular materials and limiting cell proliferation. In advanced stages, autophagy promotes the progression of established tumors by supplying nutrients that meet the metabolic demands of the cancer cells [114]. In melanoma, the overall role of autophagy is to help tumor cells survive in inappropriate microenvironment conditions [115,116]. Therefore, the inhibition of autophagy has become an interesting target to induce anti-tumor effects in advanced stages of melanoma [42]. Autophagy inhibition using chloroquine has been attempted in patients with malignant melanoma, but incomplete tumor eradication has been shown when this was implemented as a monotherapy [117]. As autophagy increases after the inhibition of oncoprotein signaling in several cancer types, the combined inhibition of autophagy and cancer type-specific signaling pathways has been conducted to elicit anti-tumor effects. BRAF inhibitors have been demonstrated to induce autophagy in melanomas bearing BRAF mutations, which provoke tumor proliferation and resistance to chemotherapy [118]. Thus, a combination of dabrafenib (BRAF inhibitor), trametinib (MEK inhibitor), and hydroxychloroquine (autophagy inhibitor) has been tested in patients with advanced melanoma bearing BRAF mutations [119].




8. Discussion


Autophagy is an intrinsic defense mechanism that maintains homeostasis in response to changes in the external environment. As the skin constitutes the outermost line of defense in contact with the external environment, the skin’s microenvironment is characterized by oxidative stress, invading pathogens, malnutrition, and so on. Therefore, autophagy is upregulated in most cell types located in the skin, including keratinocytes and immune cells. As keratinocytes are cells primarily exposed to external hazards that act as autophagy activators, autophagy is active in keratinocytes and participates in the differentiation and skin barrier function of keratinocytes. Immune cells that reside in the skin serve as an innate defense mechanism against invading pathogens, which activates and requires autophagy during antigen presentation and pathogen removal. Activation of autophagy in keratinocytes and skin immune cells is commonly mediated by core autophagy-related genes, including ATG5, ATG7, ULK1, and Beclin1, as we described in Section 3 and Section 4. In addition to the common autophagy components, each skin cell utilizes distinctive autophagy pathways (Figure 2). The skin cells require different kinds of selective autophagy: nucleophagy for keratinocytes, xenophagy for macrophages, and mitophagy for NK cells. Atg16L1 and TRIM5α mediate autophagic degradation of the Langerin-HIV-1 capsid complex in LCs. In macrophages and neutrophils, IL-1β secretion is mediated by autophagy. Collectively, skin cells not only share the core autophagy pathway, but also have a distinctive autophagy pathway depending on the cell type. As discussed in Section 5, abnormalities in the autophagy pathway are associated with the development of various skin diseases (Table 1). Decreased levels of autophagy-related proteins such as ATG4B and ATG5 and decreased autophagic degradation were reported in AA patient-derived HFs [69,70]. In contrast, an increase in autophagy-related protein levels was reported in PS and keloids [75,76,88,89,90]. These opposing results may arise because the studies measured the protein levels of Beclin-1 and LC3-II under steady-state conditions, not the autophagic flux. Since the increase in LC3-II levels in the steady state would result from the inhibition of autophagic degradation or the acceleration of autophagosome formation, the activity of autophagy should be measured by means of an autophagic flux assay [5]. In line with this, other studies have showed a decrease in autophagic degradation and autophagic flux or an increase in p62 protein levels in PS, AD, and keloids [30,77,78], suggesting that autophagy is inhibited in the disease models. The impaired autophagic degradation could be associated with lysosomal dysfunction, which has already been reported in Alzheimer’s disease, where autophagy acts as a main etiological mechanism. The downregulation of lysosomal enzymes—cathepsins—was observed in skin specimens from patients with AD or PS [77]. In addition, lysosomal acidification defects were observed in GAS-infected epithelial cells [102]. Thus, the reduction of autophagy activity or degradation in the skin cells may be a common pathogenesis of various skin diseases.



The involvement of autophagy in the inflammatory pathway has been reported in inflammatory skin diseases, such as AD and PS. IL-37 ameliorated allergic inflammation by stimulating the AMPK-mTOR-dependent autophagy pathway in a mouse model of AD [79]. The secretion of IL-1β and IL-36 was increased in keratinocytes derived from PS patients bearing AP1S3 mutations that inhibit autophagy [83,84]. In addition, human keloid fibroblasts exhibited reduced autophagic flux, resulting in elevated levels of the Notch1 protein, which is degraded by autophagy, and an increase in Notch-NLRP inflammasome formation [30]. These studies suggest that autophagy inducers may be promising therapeutics for skin diseases accompanied by inflammation.



Patients with patch-type AA show a good response to conventional immunosuppressants. In contrast, patients with alopecia totalis and alopecia universalis have chronic relapsing courses of disease and a poor response to treatment. It has been reported that local injection with platelet-rich plasma, stem cells, or their conditioned medium induces significant hair regrowth in patients with refractory AA by stimulating immunomodulatory effects and new anagen hair cycling. Stem cell therapy has a potent effect of inducing the differentiation of Treg cells and immune tolerance in many autoimmune diseases, including refractory AA. Treg cells inhibit the proinflammatory response of effector T cells by regulating the machinery of autophagy. As we described above, autophagy also affects the maintenance of active hair growth (anagen) during the hair cycle. Thus, the modulation of autophagy may lead to hair regrowth in patients with refractory AA by improving the HF immune privilege and active hair growth.



The modulation of autophagy in PS and AD may alleviate the expression of inflammatory cytokines and allergic inflammation. Both diseases have defects in skin barrier function, epidermal differentiation, and T-cell-mediated immune response, which is regulated by autophagy. Since Janus kinase (JAK) inhibitors and biologics were introduced to treat PS and AD, many patients have benefited from these treatments. Despite the great success of these drugs, the use of skin-barrier-strengthening moisturizers is still necessary. Moisturizers containing autophagy inducers that promote skin barrier function, epidermal differentiation, and anti-inflammation properties have been developed and can be useful as adjunctive treatments for patients with PS and AD.



Currently, there are only a few modalities used for keloid treatment in the clinical setting, such as intralesional triamcinolone injection, cryotherapy, and radiation therapy. The treatment is often unsatisfactory and accompanied by severe pain as a side effect. Thus, there is an unmet need for the development of new drugs based on the pathogenesis of keloids. Since autophagy also participates in wound healing by exerting anti-inflammatory and anti-infective activities in wounds and by facilitating the repair of damaged tissues, the modulation of autophagy may be beneficial in the treatment of keloids. Rapamycin, a well-known autophagy inducer, has been reported to have therapeutic effects on keloids, and other small molecules that enhance autophagy are currently under investigation.




9. Conclusions


Over the past two decades, there has been a substantial expansion in the knowledge regarding the molecular mechanisms of autophagy and its role in various diseases, including immune-related skin diseases. Since a basic knowledge of autophagy is a prerequisite to understanding advances in autophagy-related research fields, in this review, we have elucidated the roles of autophagy in various cell types in the skin and discussed its implications in immune-related skin diseases, such as inflammatory diseases, infectious diseases, and malignant melanoma. Autophagy, which is upregulated in the skin, has a beneficial effect on most skin cell types. Autophagy is essential for controlling the skin cell population, clearing invading pathogens, and stimulating anti-inflammatory activities. These processes require the core autophagy-related genes, such as ATG5 and Beclin-1, in most skin cells and unique autophagy subsets in specific skin cells, such as nucleophagy in keratinocytes and mitophagy in NK cells. Thus, autophagic impairment is thought to be critical in the pathogenesis of various immune-related skin diseases, including AA, PS, and melanoma. In other words, autophagy, like a guardian, supports skin cells in successfully performing their protective roles in maintaining skin homeostasis. Currently, autophagy inducers are being developed as treatments for various diseases, such as Alzheimer’s disease and cancer. However, there are some hurdles in the development of therapeutics because of drug delivery issues when targeting organs and side effects related to systemic treatment due to the involvement of autophagy in multiple signaling pathways. From this point of view, treatments for skin diseases have relatively fewer limitations. As the skin constitutes the outermost part of the body, topical drug application is available, avoiding side effects related to systemic drug administration. Therefore, autophagy modulation is a very attractive strategy for researchers looking for new potential treatments for skin diseases, although the given pathological conditions should be comprehensively considered. A combination of autophagy inducers with conventional therapies could represent a better strategy to minimize side effects and maximize therapeutic efficacy. Detailed insights into the function of autophagy in skin diseases may help to better understand its pathogenesis and lead to the development of more effective therapeutic approaches for these diseases.
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Figure 1. Outline of degradative and secretory autophagy pathways. Various stressors stimulate mTORC1 and AMPK, upstream signaling molecules of autophagy, which phosphorylate the ULK1 complex. The ULK1 complex sequentially activates the VPS34 complex, which generates PI3P at membrane sources and initiates autophagosome formation. With the aid of autophagic receptors, cargos are recruited to the autophagosomes. In the degradative autophagy pathway, the autophagosomes are fused with lysosomes, and their cargos are degraded by lysosomal enzymes. In the secretory autophagy pathway, autophagosomes escape the lysosomal degradation pathway and move to the cell periphery and fuse with the plasma membrane. The key inflammatory signaling molecules, such as interleukins, are released into the extracellular environment. Detailed mechanisms are described in the text. 
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Figure 2. Population of immune-related cells in the skin. Keratinocytes are the main component of the epidermis. In the process of acting as the first skin barrier, keratinocytes also participate in immune-related responses. Under normal conditions, Langerhans cells, macrophages, mast cells, and T cells constitute the skin-resident immune system, which induces a rapid innate response. Upon activation of the immune system, additional immune cells, such as neutrophils, NK cells, and T cells, are recruited to the skin to aid the immune responses. Autophagy occurs actively in the skin because numerous stressors that activate autophagy are applied to the skin. Autophagy supports the skin barrier by mediating the function of the immune-related cells. Cell-type-specific pathways are described in detail in the text and figure. 
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Table 1. Implication of autophagy in immune-related skin diseases.






Table 1. Implication of autophagy in immune-related skin diseases.





	Skin Diseases
	Relevant Roles of Autophagy





	Alopecia areata (AA)
	Maintenance of the stage of growth (anagen) during the hair cycle and differentiation of hair follicle stem cells



	Psoriasis (PS) and atopic dermatitis (AD)
	Keratinocyte differentiation, skin barrier function, and inflammation prevention



	Keloids
	Notch1-NLRP3 inflammasome signaling activation and myofibroblast differentiation



	Infectious disease
	Pathogen elimination (anti-viral pathway) or viral replication and exit from the host (pro-viral pathway)



	Melanoma
	Tumor suppression by reducing harmful materials and limiting proliferation during initial stages and tumor promotion by supplying nutrients during advanced stages of tumorigenesis
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