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Melanocytes and melanin play a wide range of roles such as adsorption of metals, thermoregulation, and protection from

foreign enemies by camouflage.
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1. Introduction

Melanocytes play unique roles in the production of melanin, a fundamental molecule of skin pigment. Melanocytes

synthesize melanin pigments by receiving various external stimuli such as ultraviolet rays and peptide hormones

melanocortins. Melanocytes deliver melanin to the adjacent epidermal keratinocytes, and then the transported melanin

functions as a UV filter in the keratinocytes. Thus, melanocytes and melanin play roles in the biological defense of human

epidermis. Melanocytes are also involved in innate immunity, which conducts the initial responses in the elimination of

microorganisms and viruses. Melanocytes augment melanogenesis and melanin transport by innate immune stimuli

through toll-like receptors (TLRs). These findings suggest that melanin synthesis and melanin transport have connections

with the immune systems. In this review, we provide an overview of the skin functions in innate immune systems and

review the melanocyte functions in immune responses and pigment formation induced by innate immunity in order to

discuss the significance of innate immunity in melanogenesis and skin pigmentation.

2. Melanocyte Functions in Immune System and Inflammation

2.1. Melanocyte Functions in Acquired Immunity

In epidermal cells, melanocytes and Langerhans cells are morphologically classified as dendritic cells. As professional

antigen presenting cells (APCs), Langerhans cells as well as dermal dendritic cells have particularly strong antigen

presenting ability. APCs take up a foreign antigen into cells by endocytosis and phagocytosis and present the antigen

peptides. APCs express a glycoprotein called MHC class II and present the antigen to T cells by forming a complex with

foreign antigen peptides. Although melanocytes are not recognized as a professional APCs, melanocytes express MHC

class II by IFNγ stimulation . The ability for phagocytosis is also observed in melanocytes. Le Poole et al.

documented that melanocytes had phagocytosis ability, which was examined using 1 µm latex beads in the presence of

keratinocytes . Le Poole et al. also demonstrated that melanocytes can function as target cells for T cells by processing

and presenting the phagocytosed antigen . Melanocytes express intercellular adhesion factor ICAM-1, which is

responsible for the cell-cell interactions of the immune system, and CD40, which is mainly observed in mature dendritic

cells and plays roles in adaptive immune systems . In a manner similar to that of the professional APCs,

melanocytes also produce cytokines that modulate immune responses, such as IL-1α, IL-1β, IL-8, and TGF-β1 .

These finding suggest the possible roles of melanocytes as antigen-presenting cells.

2.2. Melanocytes and Immunodeficiency Disorders

Albinisms, hypopigmentary disorders, are caused by a genetic alteration of the melanin synthetases and melanosome-

related molecules. Some albinisms are complicated by disorders of immune functions, suggesting genetic relationships

between melanin production and immune function.

Griscelli syndromes (GS) are autosomal recessive disorders characterized by immunodeficiency and partial

depigmentation due to aberrant melanosome distribution . Rab27A is one of the genes responsible for causing GS .

Because Rab27A is a regulator of intracellular membrane trafficking and is essential for melanosome transport to the

dendrite tip in human melanocytes, a defect of the Rab27A function causes the depigmentation of skin observed in

GS  (Figure 1). Rab27A is also involved in immune functions. Individuals with the Rab27A mutation develop lymphocyte
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and macrophage activation syndrome. Rab27A-deficient T cells have reduced cytolytic granule exocytosis, which is

caused by a defect of intracellular membrane trafficking . These findings suggest that Rab27A is an important effector of

the cytotoxic granule transport, which is an essential pathway for immune homeostasis.

Figure 1. Molecular mechanisms of melanosome formation and maturation related to the hypopigmentary genetic

diseases. Griscelli syndrome (GS) is an autosomal recessive disorder characterized by immunodeficiency and partial

bleaching due to abnormal melanosome distribution. One of the causes of GS is a mutation in the Rab27A gene. Rab27A

transports melanosome to the cell periphery, and Rab27A gene mutations result in a melanosome transport disturbance in

melanocytes. Hermansky–Pudlak syndromes (HPS) are also rare autosomal recessive disorders and are associated with

skin depigmentation and immune impairment. HPS2 patients have a deficiency in the β3A subunit of AP-3. AP-3 classifies

the melanin synthesis-related enzyme tyrosinase (TYR) from endosomes to melanosomes. Patients with HSP7 do not

express the dysbindin protein, one of the components of BLOC-1 (biogenesis of lysosome-related organelles complex 1).

BLOC-1 regulates the transport and biosynthesis of lysosomal organelles. BLOC-1 interacts with AP-3 to promote the

transport of tyrosinase-related protein 1 (TYRP1). BLOC-1 also interacts with BLOC-2 and promotes TYRP1 transport by

a mechanism different from that of AP-3.

Hermansky-Pudlak syndromes (HPS) are autosomal recessive disorders known to be associated with depigmentation and

immune disorders . Defects in cytoplasmic organelles such as melanosomes, platelet granules, and lysosomes

cause ocular cutaneous albinism, bleeding tendency, and ceroid lipofuscin lysosomal storage disease . Pigment

abnormalities in HSPs are caused by a decrease in the number of melanosomes and increase in immature melanosomes

in melanocytes . Some types of HPS result from mutations in genes encoding endoplasmic reticulum transport proteins,

which are involved in the biosynthesis of organelles containing melanosomes . HPS2 is caused by a deficiency in the

β3A subunit of the adaptor protein-3 (AP-3) complex . The AP-3 complex controls sorting of the protein cargo into

specialized organelles, including endosomes, lysosomes, and melanosomes . Microbial antigens phagocytosed by

APCs undergo antigen binding to MHC and CD1 molecules after being delivered to the lysosomal compartment. However,

in AP-3 deficient cells derived from HPS2 patients, CD1b does not have efficient access to lysosomes, resulting in

defective antigen presentation . In melanocytes, AP-3 functions to deliver the melanin synthesis-related enzyme

tyrosinase to melanosomes from endosomes  (Figure 1). Thus, HPS2 patients are characterized by partial albinism and

signs of immunodeficiency because the AP-3 functions in both the lysosomal compartment in APCs and melanosome in

melanocytes.

HPS7 is caused by an alteration in DTNBP1, a gene for dysbindin protein . Sandy (sdy) is a mouse variant, which has a

deletion of the Dtnbp1 gene and lack the dysbindin protein expression. Sdy mutant mice are used as an animal model for

HSP because sdy mice show hypopigmentation due to melanosomes dysfunction as well as lysosome disfunction and

platelet defects . Dtnbp1 is a component of the biogenesis of lysosome-related organelles complex 1 (BLOC-1) and

regulates lysosomal organelle transport and biosynthesis. BLOC-1 is known to interact with AP-3 to promote the transport

of tyrosinase-related protein 1 (TYRP1) in melanocytes (Figure 1). In addition, BLOC-1 also interacts with the biogenesis

of lysosome-related organelles complex 2 (BLOC-2) and promotes melanin synthesis by promoting TYRP1 trafficking by a

mechanism different from that of AP-3  (Figure 1). Although there is insufficient evidence that BLOC-1 deficiency is a

direct cause of immunodeficiency, AP-3 and BLOC-1 are required for cytokine signaling from plasma membranes and

endosomes . In endosomal TLR signaling in plasmacytoid dendritic cells (pDCs), AP-3, BLOC-1, and BLOC-2 are

essential for signaling transduction via TLR7 and TLR9, which sense viral nucleic acids and induce type I interferon

production . Thus, a dysfunction of lysosome and melanosome-related molecules is responsible for hypopigmentation

and immune cell dysfunctions observed in HPS.
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2.3. Melanin and Inflammatory Responses

It has been reported that the melanin pigment itself may play a role in controlling the immune response. Compared to

melanocytes that contain a large amount of melanin, melanocytes containing little melanin produce a higher number of

cytokines such as IL-6 and IL-10 . l-DOPA, the intermediate product of melanin synthesis, and its oxidation products

function as potent immunosuppressive agents that inhibit lymphocyte proliferation and abrogate inflammatory cytokine

production by activated lymphocytes . Mohagheghpour et al. have shown that non-toxic concentrations of synthetic

melanin suppress the production of cytokines such as TNF, IL-1β, IL-6, and IL-10 by reducing the efficiency of mRNA

translation . They suggested the possibility of treatment with melanin for pathological symptoms such as rheumatoid

arthritis and sepsis syndrome caused by the overproduction of inflammatory cytokines . Individuals with human

immunodeficiency virus (HIV) infection often develop oral pigmentation for an unknown reason . In vitro, non-toxic

concentrations of melanin inhibit HIV virus-induced syncytia formation and cytopathic effects, with potential therapeutic

utility in the treatment of acquired immunodeficiency syndrome (AIDS) . These reports suggest that melanocytes have a

role in controlling the immune response and that the presence of melanin pigments may cause fluctuation of the immune

response levels.

3. Future Prospect for Studies of Melanogenesis in Immune Systems

Studies on innate immune systems have revealed that the TLR-mediated intracellular mechanism has multiple functions

in melanogenesis. Since the melanin pigment itself has a role in the immune response, it is reasonable to consider that

innate immune stimulation controls pigment formation. Exploring the role of melanin pigments in the immune response

may lead to understanding how melanocytes and melanogenesis evolved to acquire their regulatory mechanisms and

functions. Studies of the TLRs involvement in melanogenesis have only just been launched.

At present, little is known about how the TLRs affects the dynamics of melanosome and melanin in keratinocytes.

Keratinocytes express functional TLRs. The link between TLRs and lysosome are extensively studied in the field of

acquired and innate immunity. Therefore, TLRs might affect the melanosome degradation through lysosome and

autophagy activation in keratinocytes. In the future, the involvement of immune signals in pigment formation should be

explored to understand the cycle of melanin synthesis, transport, uptake, and degradation in keratinocytes, which are

essential molecular actions controlling the skin color. The development of such studies will promote the understanding of

the biological defense involving pigmentation control in the living body and elucidate the mechanisms of immune

dysfunction in skin diseases with pigment abnormality.
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