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INTRODUCTION
Lysosome-related organelles (LROs) originate from the endo-lysosomal system with the contribution from the post-Golgi secretory pathway. While LROs share features with lysosomes, they contain unique cargo, morphologies and functions to support cell-type specific functions. Around 15 bona fide LROs have been described in vertebrates, with skin melanosomes serving as a classical model. When their biogenesis, secretion, or function is disrupted, a range of genetic diseases can arise, underscoring their importance in physiology (Bowman et al., 2019; Delevoye et al., 2019).
This Research Topic on the “Biology of LROs” brings together diverse members of the LRO group, including melanosomes (from both skin epidermis and retinal pigment epithelium–RPE), epidermal lamellar bodies (LBs), platelets α-granules, Weibel-Palade bodies (WPBs) from vascular endothelial cells, and secretory granules (SGs) from mast cells. Beyond LROs, the Research Topic broadens the view on endolysosomal-related processes, like autophagy and late endosome/lysosome dynamics, which help defining the cellular context of LRO specialization. In this editorial, we introduce the contributions that highlight the current understanding of LRO biology, from biogenesis to human genetic diseases associated with their dysfunction.
The perspective by Barral et al. reviews current insights into melanosome biogenesis. Melanocytes produce melanosomes, which synthesize and store melanin pigments before being transferred to keratinocytes, where they form supranuclear caps that shield genomic DNA from UV radiation-induced damage. Melanosome biogenesis follows a characterized sequential maturation process, and defects in this pathway underlie multiple hypopigmentation disorders, although therapeutic targeting remains elusive. Interestingly, melanosomes in epidermal melanocytes or RPE exhibit key differences. Unlike its skin counterparts, RPE melanosomes form early in the development, persist for life, and combine pigmentary role with lysosome-like degradative features. Finally, beyond skin and eye, the diversity of melanin types and melanocyte lineages underscores broader roles in cardiac, auditory and visual physiology.
The mini-review by Doncheva et al. further details distinctive features of RPE melanosomes compared with those of melanocytes. Although synthesized embryonically, RPE melanosomes follow biogenesis and trafficking pathways similar to skin melanosomes. Defects in genes regulating RPE melanosome positioning underlie genetic disorders, while age-related melanosome dysfunction contributes to retinal degenerative diseases such as age-related macular degeneration (AMD). RPE melanosomes form membrane contacts with mitochondria and/or the endoplasmic reticulum, enabling Ca2+ exchange and reactive oxygen species quenching, and thus cellular homeostasis. In parallel, RPE lysosomes facilitate the digestion of photoreceptor outer segments, with failure in this pathway resulting in the accumulation of the toxic ageing pigment lipofuscin. Fusion of lipofuscin-containing lysosomes with melanosomes form melanolipofuscin, promoting melanin-dependent lipofuscin degradation through chemiexcitation. Beyond these roles, RPE melanosomes also exert protective effects in AMD, highlighting how long-lived RPE melanosomes link cell-type specific functions to retinal diseases.
Focusing on platelets, the mini-review by Ambrosio and Di Pietro discusses the biogenesis of α-granules, an LRO derived from megakaryocytes (MKs). These granules are central to hemostasis and also store factors involved in angiogenesis and inflammation. As with other LROs, α-granule formation relies on sorting and recycling endosomes, which act as membrane transport intermediates, a process well illustrated using induced pluripotent stem cell -derived MKs. This cellular system has become a powerful model for dissecting how ubiquitous membrane trafficking machinery is adapted for α-granule biogenesis. Such specialization could rely on the MK-enriched protein NBEAL2, which emerges as a key adaptor coordinating endosomal membrane dynamics and cargo sorting. Together, mutations in several of these components cause human bleeding disorders.
The review by Leprince and Simon focuses on epidermal LBs, the LROs in keratinocytes of the stratum granulosum that are essential for skin barrier function. LBs store lipids, proteases, and antimicrobial peptides, which together maintain the hydrophobic properties, structural integrity, and defense capacity of the uppermost skin layer, the stratum corneum. LB dysfunction leads to barrier defects and an ichthyotic phenotype marked by dry, thickened, and scaly skin. Despite their importance, the molecular mechanisms regulating LB biogenesis and trafficking remain poorly characterized. As for other LROs, endosomal components such as Rab11a, Myosin Vb and the CHEVI tethering complex have been implicated in LB trafficking. Further work is therefore needed to clarify LB biology and the etiology of diseases involving their dysfunction, including atopic dermatitis and active plaque psoriasis.
The perspective by Mahanty further highlights the scarce knowledge on the biogenesis mechanisms of LBs, emphasizing their origin at the trans-Golgi network (TGN), and discusses the models for LB structure/morphology and secretion mechanisms. Furthermore, it pinpoints candidate regulators of LB biogenesis and trafficking based on evidence from disease models. Finally, it discusses the limitations of current models used to study LB biology and underscores the need to develop advanced models, such as 3D skin organoids that can be manipulated and accurately reflect the differentiation state of stratum granulosum keratinocytes.
The mini-review by Terglane and Gerke addresses the biogenesis, transport, and regulated secretion of WPBs, the specialized LROs of vascular endothelial cells. Unlike most LROs, WPBs originate at the TGN, and their biogenesis is largely dictated by post-translational maturation of the prothrombotic and hemostatic glycoprotein von-Willebrand factor (VWF). During this process, VWF undergoes complex glycosylation, polymerization and compaction, shaping WPBs into their characteristic cigar-like morphology. WPBs move along microtubules and can be exocytosed upon endothelial cell activation during inflammation, infection, or vascular injury, therefore modifying the endothelial surface to promote leukocyte and platelet adhesion. The authors detail key regulatory steps, including BLOC-2-dependent V-ATPase transport to WPBs, Rab27a-Slp2a-PI(4,5)P2-mediated WPB tethering to the cell surface, and actomyosin-driven control of VWF release. Despite these advances, important questions remain, notably how WPB cargo release can be precisely modulated using pharmacological agents.
The review article by Montero-Hernandez et al. expands the LRO landscape by exploring secretory lysosomes, also called SGs, in mast cells of the hematopoietic lineage. These organelles store inflammatory mediators such as histamine, serotonin, and lysosomal enzymes, which are released through regulated exocytosis during immune responses. SG biogenesis depends on close coordination between the endocytic and exocytic pathways at the interface of the TGN and early/recycling endosomes. As they mature, SGs undergo bidirectional transport along microtubules before SNARE-dependent secretion. Understanding SG biology provides key insights into how cells translate external physiological stimuli, or ‘danger signals’, such as toxins and microbes, into rapid, regulated degranulation and inflammatory responses, opening avenues for therapeutic intervention in allergic manifestations.
In continuation, the review by Sagi-Eisenberg presents the current view on SGs produced by mast cells. Interestingly, a cohort of SGs exhibits more of the typical lysosome features. SGs originate from the TGN, grow in size by homotypic fusion, and acquire components by fusing with endosomes or amphisomes. Thus, they differ in their content and morphology and are classified into Type I, II and III based on ultrastructural studies. Mast cells are mostly present at the interface between the external environment and the internal milieu. Upon activation (during allergy and inflammation) of mast cells, the stored inflammatory mediators of SGs such as histamine, proteoglycans and proteases, are released through exocytosis. SGs are enlarged or abnormal in diseases such as Chediak-Higashi and Hermansky-Pudlak syndromes, respectively. The role of serglycin and acidic pH in maintaining SG function, as well as the changes that occur during ageing, are also highlighted.
The opinion article by Wang et al. examines how autophagy regulates the homeostasis of LROs. The authors discuss the role of selective autophagy of melanosomes–melanophagy–in the degradation of this type of LRO. Moreover, they highlight the role of non-canonical autophagy in the processing of antigens in major histocompatibility complex class II compartments, as well as in the secretion of WPBs from endothelial cells, LBs from type II alveolar epithelial cells, and SGs from mast cells. Several unanswered questions remain, including whether selective autophagy exists for LROs other than melanosomes, the LRO cargoes and autophagy receptors at play for each type of LRO, and how canonical and non-canonical autophagy are coordinated within the same LRO-producing cell.
Finally, the review by Bakker et al. discusses how late endosomes/lysosomes and LROs are transported intracellularly to reach their correct destinations and perform their functions. Although these organelles share common features, they also display specific transport requirements. Their movement depends on coordinated interactions with molecular motors: dynein and kinesin drive long-range, bidirectional transport along microtubules, while myosins enable short-range motion along actin filaments. This coupling to the cytoskeleton is finely regulated by multiple systems, including the tubulin code, microtubule-associated proteins, as well as Rab GTPases and their effectors. Proper coordination is essential, as defects in these transport pathways are linked to skin, neurological, and immune disorders.
CONCLUSION
This Research Topic on the “Biology of LROs” highlights the remarkable diversity of LROs and the shared principles that underlie their formation, maturation, trafficking, and secretion in specialized cell types. Together, the contributions illustrate how variations on endo-lysosomal and secretory pathways lead to the formation of LROs with distinct structures, functions and contents, and how their dysregulation contributes to various human disorders. While not exhaustive, this Research Topic reflects the breadth and growing complexity of LRO biology, from fundamental cell biology to physiological and pathological aspects. We hope this Research Topic will stimulate further exploration into how LRO identity is established, maintained, and altered in disease and ageing, ultimately opening new avenues for therapeutic intervention.
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Platelets are anucleate cellular fragments derived from megakaryocytes (MKs) and α-granules constitute their most numerous membrane-bound compartments. These granules play a role in platelet aggregation to form a hemostatic plug but also contain numerous cargo proteins with key functions in angiogenesis, inflammation, wound healing and cancer. Human genetic disorders that cause deficiencies in the biogenesis of platelet α-granules manifest with prolonged bleeding. The initial studies on platelets and MKs from these patients provided a first glimpse into the biosynthesis of α-granules as a membrane trafficking problem. Significant progress in the field has been made in recent years in part due to the creation of iPSC-derived megakaryocytic cells capable of releasing functional platelets, thus overcoming the limitations of working with primary MKs. The emerging model indicates that sorting and recycling endosomes are key intermediate stations traversed by α-granule cargo on their way to the α-granule. Here we describe the different trafficking pathways used by α-granule proteins and elaborate on their commonalities. Similar to other lysosome-related organelles, most of the proteins involved in the biogenesis of α-granules are ubiquitously expressed and we discuss NBEAL2 as a factor highly expressed in MKs that likely diverts this machinery to make α-granules. Importantly, understanding the trafficking pathways involved in the making of the α-granule has an impact not only on platelet biology but may also illuminate the broader lysosome-related organelle field.
Keywords: platelet α-granule, megakaryocytes, organelle biogenesis, bleeding disorders, NBEAL2, VPS33B/VPS16B, intracellular protein transport

INTRODUCTION
Platelets are anucleate cells fundamental for normal hemostasis that contain two types of lysosome-related organelles (LROs): α- and dense (δ-) granules (Blair and Flaumenhaft, 2009). Platelets exert their function in part by releasing the content of these granules in a regulated fashion. (Joshi and Whiteheart, 2017; Jonnalagadda et al., 2012). Each platelet has only 2-8 δ-granules that carry polyphosphate and small molecules such as serotonin, adenosine diphosphate (ADP), adenosine triphosphate (ATP), calcium and zinc (Frojmovic and Milton, 1982; Muller et al., 2009). Alpha-granules on the other hand are more numerous, averaging 40 per platelet, and they contain a variety of protein cargo including not only factors involved in blood clotting (e.g., von Willebrand Factor (vWF) and Factor V (FV)), but also in angiogenesis (e.g., Vascular Endothelial Growth Factor (VEGF), Endostatin, Thrombospondin-1 and Platelet Factor 4 (PF4), inflammation (chemokines such as CXCL1 and Interleukin-8), wound healing (e.g., VEGF and Fibroblast Growth Factor) and cancer (e.g., Platelet-Derived Growth Factor (PDGF), VEGF and RANTES) (Blair and Flaumenhaft, 2009; Frojmovic and Milton, 1982; Pluthero and Kahr, 2023; Sharda and Flaumenhaft, 2018).
Platelets derive from megakaryocytes (MKs), which primarily reside in the bone marrow, and it is in these cells that both α- and δ-granules are synthesized and packaged into proplatelets that are subsequently released into circulation (Patel et al., 2005; Italiano et al., 1999; Hartwig and Italiano, 2003). Primary MKs are not amenable for either cell biology or biochemical analyses, which has been a major obstacle in the study of platelet granule biogenesis. In 2014 however, the creation of an iPSC-derived megakaryocytic cell line (imMKCL) that recapitulates the biogenesis of platelet granules provided a new tool to the field (Nakamura et al., 2014; Ito et al., 2018). Since then, new players and pathways have been discovered and the sorting and recycling endosomes in MKs have been established as key hubs of the α-granule biosynthesis machine (Ambrosio et al., 2022; Ambrosio and Di Pietro, 2019; Lo et al., 2020).
Platelet α-granules are round or ellipsoidal, 200–500 nm in diameter, their lumen is acidic, with an average pH of 5.2, and they contain a heterogeneous population of protein cargo (Italiano et al., 2008; Sehgal and Storrie, 2007; Yao and Kahr, 2025; Pokrovskaya et al., 2020). Both luminal and transmembrane α-granule proteins are either synthesized by the MK, such as P-Selectin, PF4 and vWF, or endocytosed like Fibrinogen, FV, immunoglobulins and albumin (Blair and Flaumenhaft, 2009; Cramer et al., 1989). An endocytic pathway to α-granules is also present in platelets (Behnke, 1992), demonstrated by the increase in accumulation of some endocytosed α-granule proteins as platelets age (Heilmann et al., 1994).
Here, we elaborate on the established knowledge of the intracellular trafficking pathways and machinery used by α-granule proteins to reach the α-granule. We describe mutations in membrane trafficking proteins that underlie platelet α-granule biogenesis phenotypes associated with human genetic disorders manifesting with prolonged bleeding. We also discuss how the ubiquitous sorting endosomal retrieval and recycling machinery is repurposed in MKs to synthesize α-granules, an emergent feature for cells specialized in the biogenesis of LROs. And finally, we comment on how the field is utilizing the knowledge gained about α-granules and their biogenesis to start engineering designer platelets with potential clinical uses.
TRANSPORT TO Α-GRANULES OF PLASMA PROTEINS TAKEN UP BY MEGAKARYOCYTES
The first evidence that indicated α-granules originate from the endolysosomal system came from electron microscopy images following the path and kinetics of gold-labeled bovine serum albumin (BSA) taken up by cultured primary MKs (Heijnen et al., 1998). The authors visualized BSA first populating endosomes, followed by multi-vesicular bodies (MVBs) and finally reaching α-granules. Interestingly, they noticed BSA first in MVBs with typical morphology (MVBI) and then a special type of MVB that contained not only internal vesicles but also electron-dense material (MVBII), which is considered an intermediate maturation compartment between MVBI and the α-granule. Like albumin, immunoglobulin G and other luminal α-granule proteins reflect the composition and concentration of plasma, indicating they are likely acquired by fluid-phase endocytosis (George, 1990; Handagama and Bainton, 1989; Handagama et al., 1989).
Fibrinogen is endocytosed, both in MKs and platelets, bound to its receptor integrin αIIbβ3 with evidence for this process to be both clathrin dependent or independent (Behnke, 1992; Handagama et al., 1993; Gao et al., 2018). The intracellular traffic of αIIbβ3 is regulated by Arf6 and, consistently, the uptake and storage of Fibrinogen is decreased ∼50% in platelets from Arf6 deficient mice (Huang et al., 2016). Additionally, αIIbβ3 recycles from endosomes back to the plasma membrane. In particular, integrin β3 contains a sorting signal in its cytosolic domain that is bound by the endosomal adaptor SNX17 and this suggests that, similar to other integrins, αIIbβ3 is a cargo of the Commander endosomal retrieval and recycling pathway (see “The α-granule biogenesis machinery” section for details) (Tseng et al., 2014; Ghai et al., 2013; Butkovic et al., 2024; McNally et al., 2017).
Another well studied endocytosed protein present in α-granules is FV. Unlike Fibrinogen, FV cannot be endocytosed by platelets but only by megakaryocytes during a specific stage of their differentiation (Bouchard et al., 2005). The endocytosis of FV from plasma is clathrin- and Ca2+-dependent and involves LRP-1 and an unidentified, specific FV receptor (Bouchard et al., 2008). It has been shown Galectin-8 also mediates the uptake of FV. Galectin-8 binds FV and it has been proposed it transfers FV to LRP-1 or cross-links FV to integrins (Zappelli et al., 2012). Consistently, Galectin-8 has been shown to bind both LRP-1 and αIIbβ3 and exert its function by protein-sugar and protein-protein interactions (Zick, 2022; Levy et al., 2006). Remarkably, LRP-1 also contains a SNX17 sorting signal in its cytosolic domain and it has been shown to be a cargo of the Commander pathway in other cell types (Butkovic et al., 2024).
TRANSPORT TO Α-GRANULES OF PROTEINS SYNTHESIZED BY MEGAKARYOCYTES
Alpha-granule proteins, either soluble or transmembrane, traverse the endoplasmic reticulum (ER) and Golgi apparatus where they are post-translationally modified, however their topology, size and individual characteristics are unlikely satisfied by a single route to the α-granule (Blair and Flaumenhaft, 2009; Yao and Kahr, 2025). Also, there is no known universal sorting signal associated with α-granule proteins that would mediate transport to α-granules. Immunoelectron microscopy images of Golgi-associated vesicles containing α-granule proteins led to the conclusion that α-granule cargo was delivered from the Golgi directly to MVBs (Blair and Flaumenhaft, 2009; Cramer et al., 1989). However, live cell fluorescence microscopy analysis of imMKCL cells showed that newly synthesized α-granule proteins traffic through endosomes before reaching MVBs (Ambrosio et al., 2022; Ambrosio and Di Pietro, 2019). In particular, after leaving the Golgi, the luminal α-granule protein PF4 traverses the Rab5 sorting endosome followed by the Rab11 recycling endosome before reaching a Rab7 MVB and finally arriving at α-granules (Ambrosio and Di Pietro, 2019).
Despite the recent advances described above, the traffic of luminal, MK-made proteins to the α-granule is not completely understood. Nevertheless, evidence obtained from several groups studying various cargoes suggests these proteins must be actively retained by MKs (Chanzu et al., 2021; Lykins et al., 2025; Lo et al., 2018). However, how these luminal cargoes are linked to the cytosolic α-granule biogenesis machinery remains unknown. The current consensus idea is that α-granule luminal proteins either concentrate on electrostatic “sponges” or self-aggregate to reach the α-granule (Chanzu et al., 2021; Lykins et al., 2025; Cramer et al., 1985; Blagoveshchenskaya et al., 2002; Wagner et al., 1991). The proteoglycan serglycin (SG) is an example of an electrostatic “sponge”. Binding to SG is required for the packaging of small positively charged chemokines into α-granules which is evident by the reduction of PF4, PDGF, and β-Thromboglobulin in SG deficient mouse platelets (Chanzu et al., 2021; Lykins et al., 2025; Woulfe et al., 2008). Also, Thrombospondin-1, that contains a positively charged heparin-binding domain, has been shown to highly colocalize with SG by structured illumination microscopy of human platelets (Pluthero and Kahr, 2023). SG is a small polypeptide (18 kDa) produced in both hematopoietic and non-hematopoietic cells and decorated with tissue-specific glycosaminoglycan chains with different sulfation patterns (Kolset and Gallagher, 1990; Schick et al., 2001; Kolset and Pejler, 2011). It can accommodate several PF4 molecules that interact electrostatically with its sulfated glycans chains (Lord et al., 2017).
Supporting the importance of the electrostatic “sponge” mechanism, it has been shown SG deficient MK are unable to retain PF4, which is then secreted to the interstitial fluid of the bone marrow altering bone marrow morphology and affecting the homeostasis of the hematopoietic stem cell niche (Chanzu et al., 2021; Lykins et al., 2025). Importantly, although at significantly lower levels than SG deficient MK, wild type MK also release PF4 in the bone marrow (Chanzu et al., 2021; Bruns et al., 2014; Lambert et al., 2007). Intramedullary PF4 has a negative paracrine effect on megakaryopoiesis and it is endocytosed and stored in α-granules in, at least in part, an LRP-1-dependent pathway (Bruns et al., 2014; Lambert et al., 2009; Lambert et al., 2015). Additionally, a hydrophilic loop present in PF4 and other chemokines has been proposed to target these molecules to the α-granule but no receptor or mechanism has been elucidated (El Golli et al., 2005).
An example of self-aggregation as a proposed mechanism aiding α-granule targeting comes from vWF. This large, multimeric glycoprotein is found in eccentric internal structures within α-granules that resemble tubules formed by vWF in another LRO: the Weibel-Palade body (WPB) in endothelial cells (Cramer et al., 1985; Huang et al., 2008). The heterologous expression of vWF can induce the formation of storage organelles in cells that contain a regulated secretory pathway, potentially through an aggregation event that involves its propolypeptide (Blagoveshchenskaya et al., 2002; Wagner et al., 1991). Although, the existence of a putative targeting sequence within its propolypeptide has not been discarded (Wagner et al., 1991). Multimerin, a FV binding protein, is another large glycoprotein proposed to be sorted by homoaggregation (Hayward et al., 1999). Similar to vWF, in resting platelets Multimerin accumulates in the peripheral, electron-lucent zone of α-granules complexed to FV (Hayward et al., 1995).
Several of the transmembrane proteins present on the α-granule limiting membrane are also expressed on the plasma membrane of both MK and platelets (Berger et al., 1996). This is the case of integrins such as αIIbβ3, α2β1 or α6β1, the Thrombospondin-1 receptor CD36, the tetraspanin CD9, the adhesion molecule PECAM1, and GPIb-IX-V, the receptor for vWF (Berger et al., 1996; Cramer et al., 1990; Maynard et al., 2010; Berger et al., 1993; Cramer et al., 1994). In some instances, these proteins are known to be the endocytic receptors for luminal α-granule components, e.g., αIIbβ3 is the receptor for extracellular Fibrinogen (Handagama et al., 1993), and it has been speculated they use the same endocytic pathway as plasma proteins to reach the α-granule (Berger et al., 1996). Interestingly, many of these plasma membrane proteins are known integrin β3 and β1 interactors (Miao et al., 2001; Berditchevski, 2001; Jackson, 2003), which suggests they coexist on the same plasma membrane domains and they probably use the same endocytic carriers. On the other hand, other transmembrane proteins like CD40 ligand (CD40L) and P-Selectin, which are also known to bind integrins (Hassan et al., 2022; Andre et al., 2002a; Takada et al., 2023), are stored in α-granules and relocate to the plasma membrane upon platelet activation and granule fusion with the plasma membrane (Andre et al., 2002b).
The transport of P-Selectin to both the α-granule and WPB in endothelial cells, has been studied by several groups (Ambrosio et al., 2022; Lo et al., 2020; Harrison-Lavoie et al., 2006; Hartwell et al., 1998; Modderman et al., 1998). P-Selectin is a single pass transmembrane protein that contains several sorting signals in its cytosolic domain, including signals that mediate endocytosis and binding to the endosomal adaptor SNX17 (Ghai et al., 2013; Modderman et al., 1998; Blagoveshchenskaya et al., 1999). In MKs, P-Selectin recycles from endosomes to the plasma membrane before being stored in α-granules in a process that depends on its cytosolic domain and the Commander retrieval and recycling pathway (Ambrosio et al., 2022). Interestingly, in endothelial cells, a pathway from the plasma membrane to WPB has also been described (Harrison-Lavoie et al., 2006). However, the complete removal of P-Selectin cytosolic domain does not impede its localization to α-granules, demonstrated by experiments using platelets of transgenic mice expressing a truncated version of P-Selecting missing its cytosolic domain. When activated, these platelets expose the same amount of plasma membrane P-Selectin and show a similar level of platelet-leukocyte interaction as wild-type platelets (Hartwell et al., 1998). Similarly, a P-Selectin molecule missing its cytosolic domain is able to reach WPB in human umbilical vein endothelial cells (HUVEC) (Harrison-Lavoie et al., 2006). These pieces of evidence indicate the P-Selectin extracellular domain (equivalent to the α-granule lumen) contains determinants for α-granule/WPB localization.
THE Α-GRANULE BIOGENESIS MACHINERY
Similar to other LROs like melanosomes or δ-granules, most of the known proteins involved in making α-granules are ubiquitously expressed and involved in essential membrane trafficking pathways (Sharda and Flaumenhaft, 2018; Bultema et al., 2012; Ambrosio and Di Pietro, 2017; Ambrosio et al., 2012). The discovery that mutations in VPS33B or VPS16B (VIPAS39, VIPAR, SPE-39) are responsible for arthrogryposis, renal dysfunction, and cholestasis (ARC) syndrome provided the first evidence that the biogenesis of α-granules depends on membrane trafficking machinery (Urban et al., 2012; Lo et al., 2005; Gissen et al., 2004). Patients with this autosomal recessive multisystem disorder present with abnormal bleeding due to α-granule deficiency among other severe clinical symptoms (Yao and Kahr, 2025).
VPS33B belongs to Sec1/Munc18 (SM) protein family that regulate soluble N-ethylmaleimide–sensitive factor attachment protein receptor (SNARE) function (Lo et al., 2005). Members of the SM family contribute to the efficiency and accuracy of membrane fusion events mediated by SNARE proteins by acting as templates of these reactions (Baker and Hughson, 2016). VPS33B and VPS16B form a stable complex that does not contain other proteins, in contrast to paralogs VPS33A and VPS16A, which associate with each other and additional proteins into tethering complexes known as HOPS and CORVET (Ambrosio and Di Pietro, 2019; Liu et al., 2023; Hunter et al., 2018; Shvarev et al., 2022). However, VPS33B and VPS16B have been proposed to associate with a 2:3 stoichiometry that would allow simultaneous interaction with two SNARE bundles or SNAREpins (Liu et al., 2023).
VPS33B deficiency in imMKCL cells results in degradation of α-granule proteins in lysosomes, demonstrating the VPS16B-VPS33B complex role is to ensure the accuracy of α-granule protein transport (Ambrosio and Di Pietro, 2019). VPS33B localizes to sorting endosomes where it binds the SNARE protein Syntaxin 12 (Stx12) and the coiled-coil protein CCDC22, one of the components of the Commander complex (Ambrosio and Di Pietro, 2019). The 16 subunit Commander complex is composed of the Retriever sub-complex (VPS26C, VPS35L and VPS29), the dodecameric COMMD/CCDC22/CCDC93 (CCC) sub-complex, and DENND10 (Butkovic et al., 2024). In non-specialized cell types, Commander engages SNX17 and its bound transmembrane protein cargoes, rescuing them from a late endosome/lysosome degradative pathway and instead recycling these proteins to the plasma membrane (Butkovic et al., 2024; McNally et al., 2017). This is also true in MKs but there may be an additional MK-specific Commander function mediating transport to MVBII/α-granules as seen for another LRO: the melanosome (Bajpai et al., 2023). The FERM domain of SNX17 recognizes transmembrane proteins that contain a ØxNxx[Y/F] sorting signal in their cytosolic domain (where Ø is a hydrophobic residue and x is any residue) such as integrins β1 and β3, P-Selectin and LRP-1 (Ghai et al., 2013). Accordingly, a dominant negative version of SNX17 causes P-Selectin retention in endosomes (Ambrosio et al., 2022). VPS33B interactors Stx12 and COMMD3, a member of the CCC complex, are needed for normal α-granule biogenesis. Also important, Stx12 and the CCDC22 subunit of CCC compete for binding to VPS33B, suggesting a hand-off mechanism in which the fusion of vesicles containing α-granule cargo with endosomal compartments is coupled with the retrieval machinery thus ensuring cargo proteins escape lysosomal degradation (Ambrosio et al., 2022). The WASH complex is required for endosomal deposition of F-actin and cargo trafficking and is a crucial component of the Commander pathway (Simonetti and Cullen, 2019). In agreement, it was recently reported that MK- and platelet-specific WASH deficient mice have a selective reduction of αIIbβ3 expression with a concomitant αIIbβ3 mislocalization to internal membranes and a delay in Fibrinogen uptake (Schurr et al., 2023).
NBEAL2 is the only other known protein that when mutated causes α-granule biogenesis defects both in mice and humans. Mutations in NBEAL2 were identified in Gray Platelet Syndrome (GPS) patients, whose platelets appear gray on electron microscopy images due to the absence of α-granules (Albers et al., 2011; Gunay-Aygun et al., 2011; Kahr et al., 2011). In contrast with VPS33B and VPS16B, NBEAL2 is mainly expressed in hematopoietic cells and therefore GPS symptoms affect the hematopoietic system and include thrombocytopenia, excessive bleeding and myelofibrosis (Yao and Kahr, 2025).
NBEAL2 is a multidomain, large, cytosolic protein and belongs to a group of 9 Beige and Chediak-Higashi syndrome (BEACH) domain containing proteins (Pereira and Gershlick, 2024). Members of this group have been associated with processes that involve membrane trafficking such as regulation of vesicles fusion and fission, autophagy and antigen cross-presentation (Cullinane et al., 2013; Simonsen et al., 2004; Theisen et al., 2018). Alphafold modelling of these proteins predicts they share an alpha-solenoid/beta-propeller molecular structure which indicates they may have a protocoatomer origin and function as membrane coat proteins (Pankiv et al., 2024). Generally, coat proteins are master membrane trafficking regulators involved in cargo selection and concentration, membrane deformation, differentiation of subdomains within organelles and association of carriers with both the cytoskeleton and the acceptor organelle (Bonifacino and Lippincott-Schwartz, 2003). Consistently, pulldown experiments show NBEAL2 binds P-Selectin using both human platelets extracts and over-expressed recombinant proteins in non-specialized cells (Lo et al., 2020; Lo et al., 2018). Also, NBEAL2 has been reported to associate with the ER protein SEC22B and deletion of this ER protein from imMKCL cells results in failure of α-granule formation (Lo et al., 2020). Additionally, a proximity ligation screening identified Dock7, Sec16a, and Vac14 as NBEAL2 interactors (Mayer et al., 2018). Immunofluorescence microscopy of primary MKs show NBEAL2 colocalizes with P-Selectin and SEC22B, pointing towards a role of ER contact sites in α-granule biogenesis (Lo et al., 2020). HeLa cells stably expressing recombinant NBEAL2 show it associates predominantly with Rab11 and Rab38 compartments, suggesting endosomal localization (Pankiv et al., 2024).
NBEAL2 deficient mice MKs do not retain soluble α-granule cargo, either endocytosed (Fibrinogen) or MK-made (PF4) (Lykins et al., 2025; Lo et al., 2018). The release by MK of α-granule proteins, such as growth factors and cytokines, into the bone marrow explains the myelofibrosis presented in GPS patients (Yao and Kahr, 2025). P-Selectin on the other hand, is not completely depleted from NBEAL2 deficient mouse platelets, indicating NBEAL2 functions downstream VPS16B/VPS33B in the α-granule biogenesis pathway (Kahr et al., 2013).
CURRENT MODEL FOR THE TRANSPORT OF Α-GRANULE PROTEINS IN MEGAKARYOCYTES
Proteins stored in α-granules are made by the MK or by other cells, are soluble or transmembrane, range in size from very large to very small, and perform many different functions in several different pathways (Blair and Flaumenhaft, 2009). However, they all converge in α-granules, which suggests they contain common trafficking labels that target them to this organelle. Most of the known trafficking machinery involved in the α-granule biogenesis pathways are proteins ubiquitously expressed (Ambrosio et al., 2022; Ambrosio and Di Pietro, 2019). Not only that, in MKs these proteins both perform essential cargo sorting functions and make α-granules, pointing towards the existence of a MK-specific factor that coordinates these two processes. NBEAL2 is well positioned to perform this task. It is highly expressed in hematopoietic cells and RNAseq of differentiated imMKCL cells shows its upregulation compared to undifferentiated cells (Ambrosio et al., 2022; Yao and Kahr, 2025). Consistently, GPS patients present with mostly hematopoietic phenotypes (Yao and Kahr, 2025). It has been recently proposed that NBEAL2 functions as an endosomal membrane coat protein (Pereira and Gershlick, 2024; Pankiv et al., 2024). Several reports support this idea. First, in agreement with the cargo selection and concentration function of coat proteins, NBEAL2 binds P-Selectin (Lo et al., 2020; Lo et al., 2018). Second, NBEAL2 deficient MKs secrete luminal α-granule cargo (Lykins et al., 2025; Lo et al., 2018). We speculate NBEAL2 may specify endosomal subdomains where α-granule cargo is both retrieved to avoid secretion and directed towards α-granules (Figure 1).
[image: Diagram illustrating intracellular trafficking pathways in a cell, highlighting connections between Golgi, sorting endosome, multivesicular body, Rab4/Rab11 endosome, and alpha-granule. Various cargos and protein complexes such as NBEA2, Stx12/VPS33B/VPS16B, and SNX17/Commander are represented with distinct colors and arrows, as indicated in the legend. Multiple pathways are marked with question marks, indicating unknown or uncertain processes.]FIGURE 1 | Model for transport of α-granule proteins in megakaryocytes. All MK-synthesized α-granule proteins traverse the ER and the Golgi. (1) Presumably, luminal α-granule proteins homoaggregate and/or concentrate in subdomains of the Golgi apparatus where they are packaged in carriers destined to sorting endosomes. Transmembrane α-granule proteins may also be included in these vesicles. Alternatively, (2) transmembrane proteins enter a default secretory pathway to the plasma membrane and, like luminal α-granule cargo, (3) reach the sorting endosome by endocytosis. (4) We speculate α-granule transmembrane proteins containing similar sorting signals are incorporated in plasma membrane patches and endocytosed in the same transport carriers. (5) Normal fusion of vesicles containing α-granule proteins with endosomes requires the SNARE protein Stx12 and the VPS33B-VPS16B complex. The sorting endosome is the main hub for the transport of α-granule proteins. (6) The endosomal retrieval and recycling Commander complex is responsible for both corralling α-granule cargo away from a degradative fate in lysosomes and the recycling of transmembrane proteins containing a sorting signal in their cytosolic domain that is recognized by SNX17. Sorting endosomes are also the precursor organelle of lysosomes and δ-granules (not depicted), therefore α-granule cargo must be segregated in a process potentially mediated by NBEAL2. (7, 8) We hypothesize NBEAL2 facilitates cargo transfer by binding the cytosolic domain of transmembrane proteins to generate cargo protein carriers destined for α-granules. These tubules and vesicles are Rab4/Rab11-labeled compartments, recycling endosomes that have been repurposed in these cells presumably to enrich and refine the proteins that reach the α-granule. (9) α-granule proteins reach MVBs providing the content for MVBI, containing vesicles but lacking electron dense luminal material, to mature into MVBII, containing both vesicles and electron dense luminal material. The MVBI-MVBII transition is not depicted for simplicity. (10) The maturation of MVBII is the final step in the biogenesis of α-granules. α-G: α-granule; MVB: multi-vesicular body.
The high volume of MK-synthesized α-granule cargo in itself is probably a driving force for the creation of α-granules. The luminal aggregation of very large multimeric proteins like vWF or Multimerin and the protein clusters generated by the electrostatic “sponge” SG could aid in the formation of specialized endosomal subdomain (Chanzu et al., 2021; Lykins et al., 2025; Blagoveshchenskaya et al., 2002; Wagner et al., 1991; Hayward et al., 1999; Hayward et al., 1995). But how do these luminal, high-protein concentration domains communicate with the trafficking machinery on the cytosolic side of the membrane? A common denominator across all different α-granule proteins’ types is their direct or indirect association with integrins (Miao et al., 2001; Berditchevski, 2001; Jackson, 2003; Hassan et al., 2022; Andre et al., 2002a; Takada et al., 2023). Several integrins are present on the α-granule limiting membrane and their luminal/extracellular domains interact with a host of other α-granule cargo, both soluble and transmembrane (Cramer et al., 1990; Maynard et al., 2010). Interestingly, integrins β1 and β3 share some of the same sorting signals in their cytosolic domains as P-Selectin and LRP-1: a receptor involved in the trafficking of FV and PF4 known to interact with integrins (Ghai et al., 2013; Hu et al., 2007; Rabiej et al., 2016). In agreement, a recent report indicates the luminal domain of P-Selectin binds integrins (Takada et al., 2023). An integrin-piggyback mechanism could explain the fact that the cytosolic domain of P-Selectin is not required to grant this protein α-granule localization (Hartwell et al., 1998).
We propose a model in which α-granule proteins must traverse the sorting endosome (Figure 1). MK-synthesized luminal proteins likely concentrate and leave the Golgi in sorting endosome-targeted carriers (Figure 1, step 1) while MK-made transmembrane proteins have the option of reaching the sorting endosome directly or by endocytosis from the plasma membrane (Figure 1, steps 1–4). Similarly, luminal α-granule cargo taken up by megakaryocytes is endocytosed in a receptor dependent or independent way. Several proteins present on the limiting membrane of the α-granule contain the same sorting signals in their cytosolic domains and their extracellular domains interact with integrins, which allows us to speculate they localize to the same plasma membrane patches and are endocytosed in the same transport carriers (Figure 1, steps 3 and 4). To avoid lysosomal degradation, α-granule proteins require a VPS16B/VPS33B-mediated membrane fusion step (Figure 1, step 5) and the retrieval from a degradative fate by the Commander complex (Figure 1, step 6) (Ambrosio et al., 2022; Ambrosio and Di Pietro, 2019). This complex is also responsible for the recycling to the plasma membrane of transmembrane proteins containing a sorting signal in their cytosolic domain that is recognized by SNX17, such as the α-granule proteins integrins β1 and β3, P-Selectin, and the FV and PF4 endocytic receptor LRP-1. We hypothesize NBEAL2 may be instrumental in concentrating both luminal and transmembrane α-granule cargo in Rab4/Rab11 endosomal subdomains redirecting the recycling machinery towards the α-granule biogenesis pathway (Figure 1, steps 7–9) instead of the conventional route to the cell surface. In this way α-granule proteins reach MVBs (Figure 1, step 9). We theorize MVBIIs do not necessarily originate from conventional MVBs. They contain dense proteinaceous material and intra-luminal vesicles (ILVs) decorated with CD63, P-Selectin and αIIbβ3 that resemble more ILVs found in WPBs than conventional MVBs destined for lysosomal degradation (Heijnen et al., 1998; Streetley et al., 2019; Heijnen, 2019). Finally, these MVBIIs mature into α-granules (Figure 1, step 10).
Learning about the biogenesis of α-granules not only has an impact on the understanding of hematopoietic and cardiovascular diseases but also on the ability to manipulate the content of platelet α-granules with potential clinical applications. Great progress has been made in the generation of MKs and platelets from induced pluripotent stem cells (iPSCs) (Nakamura et al., 2014; Ito et al., 2018; Borger et al., 2016; Feng et al., 2014; Liu et al., 2015). Recently, a patient suffering from alloimmune platelet transfusion refractoriness was successfully transfused with tailored platelets generated using her own iPSCs (Sugimoto et al., 2022). Excitingly, it has been shown that the content of in vitro grown MK α-granules can be modified by adding proteins to the culture medium that are then endocytosed by the MKs (Zhang and Newman, 2019; Poncz et al., 2024). Moreover, platelets derived from these MKs effectively release these ectopic proteins, opening the door to the use of designer platelets as a new method for the delivery of therapeutics in human disease (Poncz et al., 2024).
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Mast cells (MCs) are sentinel cells of the immune system that play important protective roles in innate host defenses but are also key effectors of allergic responses and chronic inflammatory diseases. Both physiological and pathophysiological responses of MCs are mediated by the release of inflammatory mediators, many of which are stored, preformed, in secretory granules (SGs), and released by regulated exocytosis in response to multiple stimuli. MC SGs belong to the family of lysosome related organelles (LROs), as indicated by their content of lysosomal hydrolases, lysosomal membrane proteins and acidic pH. The SGs derive from the Golgi and increase in size in a quantal manner by their fusion with additional SGs. They have access to external cargo, which they acquire by fusion with endosomes and contain LC3, which they acquire by fusion with amphisomes. This review discusses the underlying mechanisms of MC SG biogenesis and remodeling.
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1 INTRODUCTION
Mast cells (MCs) are key regulatory cells of the immune system (Dahlin et al., 2022). Though best known for their critical role in allergy and anaphylaxis (Vitte et al., 2022), MCs also contribute to innate defense against infections and play significant roles in inflammatory conditions associated with autoimmunity, cancer, and neurodegenerative diseases (Theoharides et al., 2015; Segura-Villalobos et al., 2022; Hendriksen et al., 2017; Lin et al., 2023; Jiménez et al., 2021; St John and Abraham, 2013). MCs are particularly abundant at the interfaces between the external environment and the internal milieu, such as the skin, mucosa of the lungs, digestive tract, mouth, conjunctiva, and nose (Prussin and Metcalfe, 2006). Their presence in the brain has also been documented (Theoharides et al., 2024). In these locations, MCs are found in close proximity to blood vessels and sensory neurons. MCs originate from CD34+/CD117+ pluripotent progenitor cells in the bone marrow (Kirshenbaum et al., 1999). These progenitors migrate into peripheral tissues, where they mature and undergo terminal differentiation under the influence of local cytokines (Metcalfe et al., 1997; Prussin and Metcalfe, 2006). In connective tissues such as the skin, bone marrow–derived MCs progressively replace MCs that originated from extra-embryonic yolk sac and fetal liver (Chia et al., 2023).
MCs have been categorized into subsets based on their localization and protease expression profiles. In rodents, they are classified as mucosal MCs (MMCs) or connective tissue type MCs (CTMCs), whereas in humans, they are distinguished by their protease content: MCTC, which co-express tryptase and chymase among other proteases, and MCT, which express only tryptase (Reber et al., 2015). For both MC types, the transition from progenitor to mature MCs depends on activation of the c-KIT receptor upon binding of its ligand, stem cell factor (SCF) (Mekori et al., 1995). Additionally, both subsets express FcεRI, the high-affinity receptor for immunoglobulin E (IgE), which triggers MC activation upon allergen-induced crosslinking of cell-bound IgE (Dema et al., 2014; Nagata and Suzuki, 2022; Blank et al., 2021).
MC subsets differ not only in their protease expression profiles but also in their expression of Mrgprs, a family of G protein-coupled receptors selectively expressed in CTMCs or MCTC (West and Bulfone-Paus, 2022; Ali, 2021; McNeil et al., 2015). These receptors enable IgE-independent activation in response to various ligands, previously termed MC basic secretagogues due to their positive charge (West and Bulfone-Paus, 2022; Ali, 2021; McNeil et al., 2015). These ligands include exogenous molecules such as toxins (e.g., the wasp venom peptide mastoparan), a wide range of FDA-approved drugs, such as vancomycin, and endogenous ligands such as neuropeptides (e.g., substance P) and antimicrobial peptides. Their activation of MCs can trigger pseudo-allergic reactions but also rapid innate immune and neorogenic responses (Subramanian et al., 2016). Notably, recent transcriptomic analyses of MCs from different tissues indicate that MC heterogeneity extends beyond their classification as MMCs or CTMCs, emphasizing the critical role of their microenvironment (Tauber et al., 2023; Akula et al., 2020). This aligns with evidence that MC activation is influenced by crosstalk with neighboring cells, including stromal cells, immune cells and neurons (Wang et al., 2024; Gri et al., 2012; Toyoshima and Okayama, 2022; Bao and Abraham, 2024). Interestingly, MCs are also present in the brain, where they interact with microglia, further highlighting their role in neuroimmune regulation (Huang et al., 2024; Hendriksen et al., 2017; Sandhu and Kulka, 2021).
Both the physiological immune responses of the MCs and their pathological functions in allergy and inflammation are primarily mediated by the release of inflammatory mediators, part of which, such as histamine, proteoglycans and proteases, are preformed and stored in secretory granules (SGs), that release their content immediately after activation by exocytosis. Others, such as prostaglandins, leukotrienes, cytokines and chemokines are synthesized de novo and released thereafter (Moon et al., 2014; Wernersson and Pejler, 2014; Blank et al., 2014; Gordon and Galli, 1990). Collectively, these mediators initiate early and late inflammatory responses.
2 THE MC SGS
MC SGs belong to the family of lysosome related organelles (LROs), a specialized subset of SGs that exhibit lysosomal characteristics (Delevoye et al., 2019; Marks et al., 2013; Dell’Angelica et al., 2000; Luzio et al., 2014). The latter include secretory organelles of other immune cells, such as neutrophils, natural killer cells, and cytotoxic T lymphocytes, as well as melanocytes and osteoclasts, in which LROs play a role in pathogen killing, pigmentation and bone absorption (Delevoye et al., 2019; Marks et al., 2013; Dell'Angelica et al., 2000; Luzio et al., 2014). In neurons LROs are precursors of synaptic vesicles (Vukoja et al., 2018). Indeed, the MC SGs contain in addition to their inflammatory mediators, lysosomal enzymes (Schwartz and Austen, 1980) and lysosomal membrane proteins (LIMPs) (Suárez-Quian, 1987) and also contain an acidic luminal pH (Johnson et al., 1980) (Figure 1). The SGs also receive and exocytose in a regulated fashion endocytic cargo (Xu et al., 1998), recycle SG proteins (Bonifacino et al., 1989), and are regulated by endocytic recycling controlling synaptotagmins (Grimberg et al., 2003; Haberman et al., 2007). Based on electron microscopy (EM) analyses (Raposo et al., 1997), differential regulation by Soluble N-ethylmaleimide-sensitive-factor Attachment protein REceptors (SNAREs) (Adhikari et al., 2023; Xu et al., 2018; Lorentz et al., 2012), and fractionation data (Baram et al., 1999; Grimberg et al., 2003), MCs contain discrete types of SGs, which differ in their morphology (Raposo et al., 1997) and content composition (Puri and Roche, 2008). Specifically, based on their transmission EM features, the SGs were classified into three types: Type I granules, which contain intraluminal vesicles (ILVs), reminiscent of multivesicular bodies (MVBs), and become accessible to external cargo after a 20-min lag, Type II granules which display a serotonin-rich electron-dense core surrounded by ILVs and become accessible to endocytic cargo at a later stage, and Type III granules, which are electron-dense and lack ILVs (Raposo et al., 1997). Both Type I and Type II granules also contain MHC class II molecules, mannose-6-phosphate receptors, and lysosomal membrane proteins (Lamp1 and Lamp2), which localize to the small intraluminal vesicles (Raposo et al., 1997).
[image: Diagram showing two stages of mast cell activation. The left cell displays surface receptors labeled Mrgpr, IgE, and FcεRI, with intracellular granules containing histamine, GAGs, proteases, lysosomal hydrolases, and low pH. After stimulation by neuropeptides, drugs, toxins, antimicrobial peptides, or allergens/antigens, the right cell releases granule contents outside the cell, illustrating degranulation.]FIGURE 1 | MC lysosome related SGs. MCs contain SGs which store preformed inflammatory mediators, including biogenic amines, such as histamine, serotonin and polyamines, proteoglycans, such as heparin and chondroitin sulfates, proteases such as tryptase, chymase and carboxypeptidase A3 and some cytokines, such as TNF-α. MC SGs also contain lysosomal enzymes, such as β-hexosaminidase and β-glucuronidase and lysosomal membrane proteins, such as CD63. In response to cell activation, for example, via the FcεRI, the high affinity receptor of IgE, via the binding of an allergen to cell bound IgE, or by ligands that bind to Mrgprs, G protein coupled receptors expressed in a subset of MCs, the SGs’ contents are released by exocytosis, a process referred to as degranulation. The inset is the enlargement of the boxed area. * “Created with BioRender.com”.
3 THE RELATIONSHIP BETWEEN LYSOSOMES AND THE LYSOSOME RELATED SGS IN MCS
Previous studies have demonstrated the presence of acid phosphatase in two populations of granules, one which comprised most granules, also exocytosed, while the other smaller one, was retained in triggered cells (Jamur and Vugman, 1990). Similarly, the enzyme Dipeptidyl aminopeptidase II (DAP II) was found to reside in few granules that reside near the nucleus and are retained in MCs that are triggered to degranulate (Sannes and Spicer, 1979). By cell fractionation, we have demonstrated the existence of two types of β-hexosaminidase containing fractions, one that also contains histamine, while the other is histamine-free (Baram et al., 1999). However, while these studies may imply the existence of lysosomes that are distinct from the SGs, fragments of IgE, that was bound to the IgE receptor, were shown to be released during exocytosis (Xu et al., 1998), suggesting that endocytosed IgE is degraded and delivered to the SGs or degraded in the SGs. Therefore, the precise relationship between degradative endolysosomes and the lysosomal related SGs is still poorly resolved (Figure 2).
[image: Diagram of a mast cell showing IgE antibodies bound to allergens on the cell surface, receptor proteins, and labeled regions for endosomes, lysosomes, and secretory granules, illustrating internalization, signaling, and release of IgE fragments and other molecules in response to stimuli including neuropeptides, drugs, toxins, and antimicrobial peptides.]FIGURE 2 | Model of the potential crosstalk between MC SGs and the endolysosomal system. According to this model, after internalization, external cargo such as IgE travels from early endosomes (EE) to late endosomes (LE) and is degraded in endolysosomes (EL). This degraded cargo may then be delivered to the SGs, possibly via SG-EL fusion (blue arrows), followed by its release during exocytosis. Alternatively, internalized cargo might be directly delivered from late endosomes to the SGs, which are proteolytically active, where it is degraded before being released. * “Created with BioRender.com”.
4 THE CROSSTALK BETWEEN MC SGS AND THE AUTOPHAGIC SYSTEM
Further complexity in the mechanisms underlying MC SG biogenesis is highlighted by the presence of LC3 within SGs, where it colocalizes with the tetraspanin protein CD63 and is released during exocytosis (Nakano and Ushio, 2011). This observation indicates the existence of crosstalk between the autophagic system, which is constitutively active in MCs (Nakano and Ushio, 2011), and the SGs. Indeed, we have recently demonstrated dynamic interactions between SGs and the autophagic system, as evidenced by the targeting of MRGPRX2, the human member of the Mrgpr receptor family, to LC3-positive SGs following its substance P-induced internalization. Moreover, the number of LC3-positive SGs increases in response to receptor internalization (Lazki-Hagenbach et al., 2022). While the precise nature of these interactions remains to be fully elucidated, at least one mechanism involves SG fusion with amphisomes, as discussed below.
5 THE BIOGENESIS OF MC SGS
5.1 MC SGs undergo dynamic remodelling
Early EM analyses of MCs (Combs, 1971), further supported by our analyses of the route of trafficking of Neuropeptide Y (NPY)-mRFP to the SGs (Azouz et al., 2012), demonstrate that the SGs derive from the Golgi, implying dynamic interactions between Golgi derived granules and the endocytic and autophagic systems. Subsequent analyses of EM images implicated fusion between SGs as a key post-Golgi mechanism for generating mature SGs (Hammel et al., 2010). In agreement with this model, we found that expression of a constitutively active mutant of the small GTPase Rab5 leads to SG enlargement that is linked with a reduction in SG number (Azouz et al., 2014). Conversely, Rab5 knockdown reduces the SG size while increasing the SG number (Azouz et al., 2014). These findings implicate Rab5 in the regulation of SG fusion. Furthermore, we have demonstrated that Rab5 also facilitates SG fusion with endosomes, allowing the incorporation of CD63 into the SGs (Azouz et al., 2014). This reinforces the idea that fusion events between Golgi-derived SGs contribute to their enlargement and the incorporation of both external and endogenous endocytic cargo. Further analysis of Rab5-mediated SG fusion has unveiled key steps in this process, clarifying several previously enigmatic observations (Omari et al., 2024). Specifically, we found that homotypic SG fusion is a multistep process that requires CD63 and depends on Rab5-regulated CD63 internalization. Additionally, SG enlargement necessitates fusion with amphisomes, hybrid organelles formed by the fusion of late endosomes with autophagosomes, highlighting further the close interplay between the SGs, late endosomes and autophagosomes (Figure 3). This mechanism explains the colocalization of LC3 with CD63 at SGs, as well as prior observations, which documented the release of mitochondrial fragments during MC exocytosis (Zhang et al., 2012). In addition to its dependence on CD63, SG fusion with amphisomes is regulated by phosphatidylinositol (PI) 3- and 4-kinases, as well as the protein tyrosine phosphatase PTPN9 (PTP-MEG2), which has previously been implicated in granule fusion (Omari et al., 2024). SG fusion is also associated with an enrichment of PI(3)P, PI(4)P, and PI(3,4,5)P3 in the SG membrane, of which the latter may be required for the activation of PTPN9, as its interaction with phosphoinositides is essential for relieving its autoinhibition (Kruger et al., 2002). Strikingly, we found that fusion with amphisomes not only enlarges SGs, allowing them to store greater amounts of secretory cargo that is “ready to go” during degranulation, but also endows SGs with the ability to release exosomes (Omari et al., 2024) (Figure 3).
[image: Diagram illustrating the intracellular trafficking of inflammatory mediators. Early endosomes (EE) mature to late endosomes (LE), followed by involvement of LC3 and autophagic vesicles (AF). Secretory granules (SG I, II, III) interact with exocytosis pathways and are influenced by molecules such as Rab5, CD63, Dynamin, PIP2, PTPN9, PI4K, and PIP3. Inflammatory mediators and exosomes are released extracellularly.]FIGURE 3 | Model of the biogenesis of MC SGs. According to this model, Golgi derived SGs [SG(I)] incorporate endocytic cargo, including CD63, which internalized from the plasma membrane by a Rab5-regulated mechanism, by fusion with early endosomes (EE). The fused SGs [SG (II)] can further fuse by a mechanism dependent on the protein tyrosine phosphatase PTPN9, CD63 and phosphatidylinositol-4-kinase (PI4K), with amphisomes (AMFs), which form by the fusion of late endosomes (LE) with autophagosomes (AFs), forming large and LC3-positive SGs [SGIII)] that also contain intraluminal vesicles. Both SG (II) and SG (III) are exocytosis competent. However, in response to an external trigger, SG (II) release prestored inflammatory mediators, while SG (III) additionally release CD63-positive exosomes. SG (III) can revert to SG (II) by undergoing dynamin-mediated fission. Dynamic cycling of the SGs between fusion and fission events is regulated by phosphoinositides interconversion between PIP3 and PIP2. * “Created with BioRender.com”.
Unexpectedly, we discovered that SGs also undergo fission through a dynamin-mediated mechanism, which is triggered by a switch from SG PI(3,4,5)P3 to PI(4,5)P2 (Omari et al., 2024) (Figure 3). Taken together, these findings suggest that MCs may harbor SGs of varying sizes and contents, depending on their fusion and fission events. Some smaller SGs may only release soluble mediators, potentially through kiss-and-run exocytosis, while larger SGs may release both soluble mediators and exosomes, likely via compound exocytosis, which requires a more stable fusion pore opening (Flašker et al., 2013). The relative abundance of distinct SG subtypes is likely regulated by factors such as the activation state of relevant lipid kinases and phosphatases, which determine the SG phosphoinositide composition, as well as the extent of internalization of CD63 and the cellular levels of amphisomes (Figure 3).
5.2 The role of protein recycling
5.2.1 The role of LYST
Chediak-Higashi syndrome (CHS) is an autosomal recessive disorder caused by mutations in the Lysosomal Trafficking Regulator (LYST) gene, which lead to a broad range of clinical manifestations associated with the enlargement of lysosomes and LROs, including MC SGs (Turner et al., 2024; Shiflett et al., 2002; Kiyoi et al., 2019). Mechanistically, LYST has been implicated in regulating lysosome/LRO size by promoting fusion or inhibiting fission. It has also been linked to controlling the movement of lysosomes and LROs (Turner et al., 2024; Serra-Vinardell et al., 2023). However, the precise mechanism underlying LYST’s function remains unresolved. Interestingly, unlike the functional impact of LYST mutations on the lytic granules of cytotoxic T lymphocytes or NK cells, which results in reduced cytotoxicity (Turner et al., 2024), analyses of skin and peritoneal MCs (i.e., CTMCs) and bone marrow-derived MCs (i.e., BMMCs) from homozygous Beige mice carrying a mutation in LYST revealed enlarged SGs, which despite this enlargement, preserved their exocytosis competence (Kiyoi et al., 2019). This observation is consistent with our findings showing that the SG size has no impact on their exocytosis competence (Omari et al., 2024).
5.2.2 Regulation by synaptotagmins
A role for endocytic recycling in the biogenesis of MC SGs is suggested by the influence of certain members of the synaptotagmin (Syt) family of proteins on their biogenesis. Seventeen members of this family have been identified based on their common structural features, which include a short lumenal/extracellular domain, a transmembrane or membrane association domain (for Syt16 and Syt17), and two cytoplasmic C2 calcium-binding domains (Wolfes and Dean, 2020). Syts have been implicated in regulating protein trafficking along both exocytic and endocytic routes (Wolfes and Dean, 2020). In MCs, knockdown of Syt III, which interfered with the transport of internalized transferrin to the endocytic recycling compartment (ERC), induced a Chediak-Higashi-like phenotype, characterized by a significant increase in the number of giant SGs (Grimberg et al., 2003). Knockdown of Syt IX, which disrupted the recycling of transferrin (Tfn) from the ERC to the plasma membrane (Haberman et al., 2003), led to the mistargeting of TGN38 to the SGs (Haberman et al., 2007). These findings support a model in which endocytic recycling plays a role in segregating endosomal cargo, preventing its accumulation in SGs. Spillover of cargo from the ERC to late endosomes may result in mistargeting of TGN cargo to the SGs, possibly via the formation of amphisomes.
5.3 The role of Hermansky-Pudlak Syndrome genes
Hermansky-Pudlak Syndrome is a group of autosomal recessive disorders characterized by oculocutaneous albinism, bleeding disorders, innate immune deficiency and pulmonary fibrosis, all of which are associated with abnormalities in LRO biogenesis in melanocytes, platelets, neutrophils, natural killer cells and cytotoxic T lymphocytes (Bowman et al., 2019; Wei, 2006; Banushi and Simpson, 2022; Starcevic et al., 2002). The disease is caused by genetic defects in 11 different genes that encode subunits of protein complexes involved in the biogenesis of LROs (Banushi and Simpson, 2022). These include subunits of the Biogenesis of Lysosome-related Organelles Complexes (BLOC)-1, -2, and -3, as well as the β subunit of the adaptor complex AP-3 (Dell’Angelica, 2009; Banushi and Simpson, 2022). Analysis of dermal MCs and an HPS-1-derived MC culture revealed abnormalities in SG morphology and an increase in activation markers (Kirshenbaum et al., 2016). These findings suggest a role for HPS-1, a subunit of BLOC-3, in the biogenesis of MC SGs, although the precise mechanism remains to be further investigated. In a separate study, the role of the AP-3 complex was examined. This complex is part of the AP-1 to AP-5 family of adaptor protein complexes, which mediate the transport of distinct types of vesicles (Dacks and Robinson, 2017; Begley et al., 2024). The complexes are structurally related consisting of α/γ/δ/ε/ζ, β1-5, μ1-5, and σ1-5 subunits (Begley et al., 2024). Among these adaptor complexes, the AP-3 complex has been implicated in regulating transport from endosomes to lysosomes and LROs (Begley et al., 2024). shRNA-mediated knockdown of the δ subunit of AP-3 in RBL-2H3, a mast cell line widely used as a model for MC exocytosis (Falcone et al., 2018), destabilized the complex, leading to its depletion (da Silva et al., 2017). Morphometric evaluation of the SGs by EM revealed an increase in SG size (da Silva et al., 2017), like the phenotype observed with Syt III depletion (Grimberg et al., 2003). AP-3 may thus play a role in the cellular transport of Syt III and potentially other membrane proteins to the SGs.
Two other proteins linked to HPS are the Rab GTPases Rab32 and Rab38, for which the BLOC-3 complex displays GEF activity. Indeed, both Rabs have been implicated in the biogenesis of LROs in several cell types (Bultema and Di Pietro, 2013). In MCs, expression of a constitutively active mutant of Rab38, but not Rab32, selectively inhibited IgE-mediated degranulation, while it had no effect on MRGPRX2-or calcium ionophore and phorbol ester-induced release (Azouz et al., 2012). However, expression of neither Rab32 nor Rab38 affected the SG size (Azouz et al., 2012; Lazki-Hagenbach et al., 2024).
6 THE REGULATION OF MC SG TRANSPORT
Similar to lysosomes and LROs in other cell types, the SGs in MCs move bidirectionally (Smith et al., 2003). Additionally, similar to other LROs, the anterograde transport of MC SGs is regulated by Rab27. However, in cytotoxic T lymphocytes, the anterograde movement of lytic granules to the immune synapse is mediated by Rab27a, which recruits kinesin-1 through its effector synaptotagmin-like protein 3 (Slp3) (Kurowska et al., 2012). In contrast, in MCs, kinesin-1 is recruited to SGs via the Rab27b–Slp3 complex (Munoz et al., 2016). Furthermore, in MCs this recruitment is dependent on PI3K activity and accordingly occurs only in activated cells (Munoz et al., 2016). Another regulator of kinesin-1-mediated translocation of the SGs to the plasma membrane in activated cells is the large GTPase Rab44 (Longé et al., 2022). The precise relationship between these two mechanisms of SG transport remains unknown. Finally, and most intriguingly, SG trafficking to the plasma membrane in activated cells was shown to require the association of inflammasome components with SGs (Mencarelli et al., 2024). Moreover, this mechanism also involves the motor protein dynein (Mencarelli et al., 2024), which has previously been implicated in the retrograde transport of MC SGs (Efergan et al., 2016). Notably, MC SGs differ from other LROs in their mechanism of retrograde transport. While Rab7 and Rab36 mediate the recruitment of the RILP–dynein complex to other LROs (Daniele et al., 2011; Matsui et al., 2012), in MCs this role is fulfilled by Rab12 (Efergan et al., 2016). Intriguingly, Rab12 also stimulates SG translocation to cell tips in activated cells (Efergan et al., 2016). How Rab12 and dynein can simultaneously promote perinuclear accumulation of a subset of SGs while driving translocation of another subset to the cell surface remains unknown. It is noteworthy that this type of dual regulation is not without precedent: Rab7 has been shown to drive lysosome movement in either direction by binding different effectors, depending on the cellular concentration of cholesterol (Rocha et al., 2009). Whether Rab12 controls the anterograde transport of SGs through effectors other than RILP, and how Rab12, Rab27b, Rab44 and inflammasome-regulated transport are functionally related, remain open questions. It is also worth noting that Rab12 is one of the physiological substrates of the leucine-rich repeat kinase 2 (LRRK2), a kinase whose hyperactivation is linked to Parkinson’s and Crohn’s diseases (Hui et al., 2018). However, whether phosphorylation of Rab12 plays a role in regulating MC functions is currently unknown.
7 SG HOMEOSTASIS
7.1 The role of serglycin
Proteoglycans containing glycosaminoglycan (GAG) side chains of either heparin or chondroitin sulfate are central components of MC SGs, with serglycin serving as the core protein. Serglycin features an extended Ser-Gly repeat region, in which each Ser-Gly unit provides a potential GAG attachment site (Rönnberg et al., 2012). Strikingly, knockout of serglycin impairs the storage of proteases and histamine leading to disorganized SGs (Abrink et al., 2004), highlighting serglycin’s key role in the retention of proteases and histamine within SGs. Interactions between serglycin and SG proteins prevent premature degradation and regulate the kinetics of their diffusion into the extracellular milieu following triggered exocytosis. Cargo with a high affinity for serglycin is retained near the SG, while low-affinity cargo, such as β-hexosaminidase, diffuses away into the circulation. Based on our findings on SG fission, we hypothesize that serglycin may also contribute to the well-documented heterogeneity of SGs. This could occur through the unequal distribution of granule contents between budding SGs, driven by differential binding affinities of cargo molecules to serglycin (Rönnberg et al., 2012). Interestingly, deficiency of serglycin-dependent proteases reduces the amount of heparin, replicating the phenotype of serglycin deficiency by causing a major distortion in SG integrity, presumably due to a disruption in the SG’s electric charge balance (Grujic et al., 2013).
7.2 The role of acidic pH
Significant morphological changes were also observed in MCs treated with bafilomycin A1, an inhibitor of the vacuolar-type ATPase proton pump (Pejler et al., 2017). The granules became swollen and acquired a vacuole-like morphology (Pejler et al., 2017). Bafilomycin A1 also had selective effects on SG cargo, altering the processing of pro-carboxypeptidase A3, reducing the level of SG-stored histamine, and enhancing the autoproteolysis of tryptase (Pejler et al., 2017). In contrast, the storage of β-hexosaminidase was unaffected. Therefore, a low SG pH is essential for maintaining the homeostasis of MC SGs (Pejler et al., 2017).
8 THE IMPACT OF AGING
MC numbers increase in aged tissue and changes have been recorded in their responsiveness and ability to degranulate (Chatterjee and Gashev, 2012; Pilkington et al., 2019). To gain insights into the autonomous changes that may occur in MCs during aging, we recently established a novel model of inducible senescence in MCs as a paradigm of aging (Kleeblatt et al., 2024). This model is based on the inducible upregulation of the cell cycle inhibitor p16INK4A, which we have also shown to be upregulated in human skin derived from elderly donors and in peritoneal MCs derived from old mice (Kleeblatt et al., 2024). Analyses of in vitro-differentiated MCs derived from the bone marrow of these transgenic mice revealed significant morphological and functional differences in the SGs of senescent MCs. These differences were reflected in a significant increase in large SGs containing intraluminal vesicles (ILVs), which was associated with a shift towards the regulated release of smaller, CD63-enriched extracellular vesicles (EVs), reminiscent of the functional changes observed following SG fusion with amphisomes (Omari et al., 2024). Interestingly, this increase in the release of small CD63-positive EVs was also associated with an increase in proteoglycan exteriorisation, while the ability to release β-hexosaminidase decreased during prolonged senescence (Kleeblatt et al., 2024).
9 CONCLUSION AND PERSPECTIVES
LROs were traditionally defined as a subtype of SGs that exhibit lysosomal features. However, this group of organelles encompasses a variety of structures that appear to differ in their mechanisms of biogenesis. Furthermore, the boundaries between conventional SGs, LROs and lysosomes have become more fluid, as accumulating data demonstrate the involvement of both the endocytic and autophagic systems in the biogenesis of endocrine and exocrine SGs (Patel et al., 2013; Bel et al., 2017; Morishita et al., 2020; Li et al., 2022). Furthermore, classical lysosomes can also undergo exocytosis (Trojani et al., 2024). Therefore, while LROs may not necessarily share common mechanisms for their biogenesis, some of these mechanisms might be shared with conventional SGs, classical lysosomes, or autolysosomes. Deciphering the molecular details of the interactions between MC SGs and the endolysosomal and autophagic systems could contribute to our understanding of these processes in other cells. In this review, we primarily focused on factors shown to play a role in the biogenesis of MC SGs. However, many questions remain unanswered. For example, how are proteins targeted to the SGs? Do specific sorting signals direct SG cargo to SGs rather than lysosomes, or do lipid phase separations play a role in cargo targeting? What is the precise role of CD63, PI4K, and PTPN9 in mediating SG fusion? What is the exact role of Lyst or synaptotagmins? What is the precise mechanism of SG fission, and which lipid kinases and phosphatases control the switch between fusion and fission? What is the relationship between SGs and degradative endolysosomes or autolysosomes? How do Rab GTPases that affect SG size or exocytosis execute their regulatory functions? What is the precise mechanism of SG recapture and regranulation? Finally, what is the precise mechanism of SG exocytosis? a process that remains incompletely understood. Future studies, leveraging novel technologies and tools, will need to address these fundamental questions to better understand the functions of MCs in health and disease.
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Skin lamellar bodies (LBs) are crucial for forming and renewing the protective skin barrier, which regulates the body’s internal environment and integrity. LB dysfunction is associated with severe disease conditions such as atopic dermatitis, Netherton syndrome and Harlequin ichthyosis, among others. Despite its importance in human physiology, the intracellular origin and biogenesis mechanism of LBs remain largely unknown. LBs are lysosome-related organelles (LRO), a group of cell type-specific organelles having unique structures, cargo content, and function. Classical LROs such as melanosomes, lung lamellar bodies and Weibel-Palade bodies share overlapped molecular machinery/mechanisms and are co-affected in genetic disorders like Hermansky-Pudlak syndrome (HPS) or Chédiak-Higashi syndrome (CHS). In contrast, LBs contain a diverse array of protein and lipid cargo that are notably different from those found in other LROs, and LBs are not reported to be affected in HPS/CHS. LBs form in an advanced differentiation state of keratinocytes while cells are experiencing high ions and low nutrients in their exterior, the plasma membrane (PM) undergoing modifications, and intracellular organelles starting to disappear. This article discusses atypical conditions of LB biogenesis in comparison to classical LROs, which may potentially guide future research on LB biogenesis.
Keywords: keratinocytes, differentiation, lamellar body, secretory lysosomes, lysosome-related organelles, skin barrier

HIGHLIGHTS

	• Skin lamellar bodies (LBs) regulate the formation of the skin barrier.
	• LBs are classified as Lysosome Related Organelles (LROs)
	• LBs are not affected by congenital disorders that impact other LROs.
	• LBs are produced in an altered physiological state of keratinocytes.
	• Keratinocyte lysosomes likely contribute to LB biogenesis/maturation.

1 INTRODUCTION
Intracellular organelles adapt to support specific cellular functions, which contributes to tissue specificity. LROs are examples of endo-lysosomal adaptations contributing to specialized functions of resident tissues. They share lysosomal cargo and membrane proteins, maintain an acidic internal environment, transport cell-type-specific cargoes, and exhibit distinct shapes and functions (Dell'Angelica et al., 2000; Delevoye et al., 2019). Typical examples of LRO include melanosomes in melanocytes, providing protection from ultraviolet light; lung lamellar bodies of alveolar Type II cells, which stabilize lung alveoli and reduce surface tension; and Weibel-Palade bodies (WPBs) in endothelial cells, which play a crucial role in blood clotting, among many others (Bowman et al., 2019).
Skin LBs (also known as lamellar granules, Odland bodies, and epidermal LBs) are the LROs of keratinocytes providing functional components of the skin barrier (SB) (Odland, 1960; Elias and Feingold, 2005; Feingold, 2012). SB is the hydrophobic, selectively permeable, and immunologically active outermost skin layer that combats environmental challenges and protects internal organs (Madison, 2003; Elias, 2007; Proksch et al., 2008). Keratinocytes are the main cells of the skin epidermis that undergo a step-wise differentiation process in response to the epidermal calcium gradient and generate epidermis sublayers, arranged as proliferative basal layer ‘stratum basale’ in the base of the dermis, to gradually differentiating upper layers called stratum spinosum (SS), granulosum (SG), and corneum (SC) (illustrated in Figure 1A) (Bikle et al., 2012; Mahanty and Setty, 2021). Each sublayer represents a unique differentiation state that ends with terminal differentiation in the SC, and keratinocytes are now called corneocytes devoid of intracellular organelles, having cornified PM envelope and act as the structural components of the SB (Évora et al., 2021). Corneocytes remain embedded in a mixture of functional components secreted by LBs present in the granulosum layer, and together establish the functional barrier in the SC (Figure 1A) (Elias et al., 1998; Marks, 2004; Proksch et al., 2008; Menon et al., 2018). LB deformities result in dysfunctional SB which is associated with several socio-economically significant diseased conditions, including atopic dermatitis, Netherton syndrome and Harlequin ichthyosis (Fartasch et al., 1999; Scott et al., 2013; Elias and Wakefield, 2014; Le Lamer et al., 2015).
[image: Diagram illustrating epidermal layers: corneum, granulosum, spinosum, and basale, with labeled cells and organelles, showing differentiation and transport in keratinocyte maturation. Panels compare Landmann and Norlén models for lamellar body transport and integration through the skin barrier, including the roles of plasma membrane, Golgi, and nucleus.]FIGURE 1 | (A) Schematic of keratinocyte differentiation stages represented by epidermis sublayers called as stratum basale, spinosum, granulosum and corneum. Proliferative stem cells in the stratum basale gradually differentiate and move upwards. Increasing calcium and decreasing nutrients in the upper layers influence differentiation. Differentiation stages are distinguished by unique morphology and marker protein expression: the basal layer keratinocytes express Keratin5/14 (K5/K14), early differentiating spinosum layer express involucrin (IVL), keratin1/10 (K1/K10) and, advanced differentiation stage in the granulosum layer express filaggrin (FIL), and loricrin (LOR). Intracellular organelles, specifically the Golgi apparatus and lysosomes modify during differentiation. The Golgi apparatus disperses as small ministacks and establishes physical apposition/contact with lysosomes that facilitates the transport of Golgi cargoes, generating secretory lysosomes in the stratum spinosum layer (Mahanty et al., 2024). The stratum granulosum layer contains skin LBs (yellow) that secrete cargoes between the granulosum and corneum layer (SG-SC junction). Differentiation ends with the formation of corneocytes, that are metabolically arrested keratinocytes, devoid of intracellular organelles. Corneocytes along with the LB secreted components form the skin barrier on the top. The barrier is renewed through desquamation which is regulated by LB secreted enzymes. (B) Illustration of LB structure/morphology and secretion mechanism as described in Landmann model (Landmann, 1986). Defining LBs as discrete structures that carry wide array of cargoes into discrete disks like structures. Different colours inside these disks representing separate cargoes, packed in single LB. These disks are secreted in the SG-SC junction, upon fusion of LBs with the PM (C). Representation of LB structure according to the Norlén model. It describes LBs as continuous tubulovesicular structures that span from the TGN to the PM and secrete separate cargoes in the SG-SC junction (Norlén, 2001). The bulb regions of the TGN with separate cargoes representing the presence of separate pool of LBs is based on the study by (Ishida-Yamamoto et al., 2004), and is not explained in the Norlén model. During secretion, a single fusion event forms a continuous sheet in the SG-SC junction. Please note that model B, and C is representing events in a granulosum layer cells, as LBs are enriched in this layer. TGN = Trans Golgi network; SC = stratum corneum; SG = stratum granulosum, PM = plasma membrane.
Despite their importance in human health, the biogenesis mechanism of LBs is largely unknown due to a lack of fundamental/molecular studies. Most of the identified LROs share significant similarities in cargo content and are generated through overlapped biogenetic machinery/molecular mechanisms (Marks et al., 2013; Banushi and Simpson, 2022). Exceptionally, skin LBs are significantly different in cargo content, cellular status they are produced, and also likely the molecular machinery involved (Elias et al., 1998; Ridsdale et al., 2011; Mahanty and Setty, 2021). Thus, modeling classical LRO/s might not help understanding LB biogenesis. In the previous review article, we discussed the possible biogenesis mechanism of skin LBs, represented in three different models (Mahanty and Setty, 2021). Our recent research finding (Mahanty et al., 2024) additionally support our ideas on LB maturation from a lysosomal precursor, which is elaborated in this article. Moreover, the unique characteristics of LBs in comparison to other LROs are discussed.
2 LBS REGULATE SKIN BARRIER DEVELOPMENT/HOMEOSTASIS
The terminally differentiated keratinocytes, or corneocytes, are the structural components that remain embedded in functional components secreted by LBs and together form the functional SB (Madison et al., 1987; Madison, 2003; Menon et al., 2018). LBs predominantly present in the granulosum layer cells and secrete barrier lipid precursors, such as glucosylceramide, phospholipids, sphingomyelin, cholesterol; lipid hydrolases such as β-glucocerebrosidase, sphingomyelinase; AMPs such as cathelicidin, LL-37; and proteases such as cathepsins and kallikreins KLK5/7/14 that help in SB renewal (Elias and Feingold, 2005; Feingold, 2012). These cargoes are secreted to the SG-SC junction, where the lipid precursors are digested by the co-secreted enzymes to form barrier lipids (Figures 2A,B) (Elias, 1981; Freinkel and Traczyk, 1985; Wertz, 1992; Madison, 2003; Elias and Feingold, 2005). The metabolites of lipid digestion also contribute additively to barrier formation, for instance, phospholipid digestion produces fatty acids and glycerol, which respectively contribute to maintaining an acidic pH of 5.5 in the SC and skin hydration; and intermediates of cholesterol digestion help in desquamation (Elias et al., 1984; Fluhr et al., 2001; Feingold et al., 2007). SB is renewed on a monthly basis by the desquamatory proteases secreted from LBs and replaced by a new batch of cells entering differentiation from the basale layer (Bikle et al., 2012; Hänel et al., 2013).
[image: Panel A shows an electron micrograph and a corresponding diagram of stacked membranous disks with arrows indicating dense regions and structural features. Panel B displays a micrograph of a cell interior with labeled organelles and arrows pointing to cellular structures. Panel C shows another electron micrograph of cellular compartments with zones of differing electron density. Panel D is a schematic diagram illustrating trafficking of Golgi cargo through lysosome, secretory lysosome, and lamellar body across the epidermal layers basale, spinosum, and granulosum, with a legend for organelle components.]FIGURE 2 | LB morphology and hypothetical maturation model: (A,B) The images were taken from (Madison, 2003). (A) The morphology of a single LB from the mouse epidermis shows characteristic disk structures. Arrows pointing to the limiting membrane of the LB. Original magnification ×,300,000. A lower-magnification image of this LG was published in (Madison et al., 1987). Copyright permission were taken from both Madison (2003) and Madison et al. (1987). (B) Appearance of LB-secreted disks in the intercellular space (ICS) between granulosum and corneum layer cells. Arrows pointing to the plasma membrane of a granular cell (G). Original magnification ×,125,000. (C) Electron microgram of a LB from human ex vivo skin epidermis showing similar disk structures. The image is taken with permission from Menon et al. (2018). The arrow is pointing to the limiting membrane of the LB. Scale bar = 200 nm. (D) Possible biogenesis/maturation mechanism of LBs through lysosomal maturation. During differentiation, the conventional lysosomes in the basal layer modify into secretory lysosomes through the Golgi input in the spinosum layer (Mahanty et al., 2024). These lysosomes likely further mature into LBs in the granulosum layer upon receiving additional input from the Golgi and endocytic compartments. The ‘?’ indicates unknown molecular machinery involved in LB maturation.
Mechanical damage to the skin destabilizes the SB, resulting in the loss of the epidermal calcium gradient. These changes are sensed by SG cells that trigger the regulated secretion of the existing pool of LBs (Menon et al., 1994; Elias et al., 1998; Denda et al., 2003). At the same time, it also promotes keratinocyte differentiation and the formation of new LBs (Menon et al., 1992; Proksch et al., 1993; Menon et al., 1994; Feingold et al., 2007). Thus, SB formation, keratinocyte differentiation and LB biogenesis regulate each other in a positive feedback loop, which is disrupted in skin disorders and wounding. Hence, LBs are crucial for SB development/homeostasis.
3 DEBATED LB SHAPE/MORPHOLOGY
To restore a damaged SB, the simultaneous release of all the barrier components (LB cargoes) is necessary, which would be influenced by the LB’s shape/size and morphology (Grubauer et al., 1989; Menon et al., 1992). There is debate on skin LB morphology and, thus, on their secretion mechanism. Two different models exist on this: the Landmann model, which describes LBs as discrete organelles that carry a multitude of cargoes into distinct disks (Figures 1B, 2A,C) (Landmann, 1986; Madison, 2003). Upon LB fusion with the PM during exocytosis, these disks, containing separate cargoes, are released into the SG-SC junction (Figures 1B, 2B). The released disks then fuse together to form a continuous structure. This model would require several checkpoints and sophisticated machinery to control multiple fission/fusion steps involved. In the contrary, the Norlén model also known as the “membrane folding model”, describes LBs as part of a continuous network that extends from the TGN to the PM, and exocytose as a uniform sheet (Figure 1C). This model is biologically favorable as it maintains membrane continuity and involves fewer fission and fusion steps (Norlén, 2001; den Hollander et al., 2016). Although the Norlén model does not explain the mechanism of cargo packaging, an immuno-electron microscopy study provides insights showing five different LB cargoes appeared as separate aggregates in the bulb regions of the TGN, suggesting the possibility of the presence of different LB pools containing distinct cargoes (Ishida-Yamamoto et al., 2004). Thus, in the Norlén model LB biogenesis may depend on specific changes at the TGN, while LBs maturation in Landmann model requires a precursor organelle.
Although the LB morphology significantly differs between these models, the presence of characteristic cargo-containing disks is common in both and these disks are present in both human and mouse LBs (Figures 2A–C). There are multiple questions associated with characteristic disk structures: a) how are cargoes packed into these disks? b) what are these disks made up of? c) whether these disks are free or attached to the limiting membrane of LBs? d) in what proportion separate cargo-containing disks are loaded into individual LBs? (if LBs are discrete) e) in what order these disks are arranged within the LBs (if LBs are discrete)? f) how the formation of these disks and LB appearance is related? Nonetheless, while the secretion machinery of LROs typically involves Rab27a, CD63, VAMPs, syntaxins, and small GTPases, nothing has yet been identified for LBs (Raposo et al., 2007; Marks et al., 2013; Delevoye et al., 2019). Altogether, resolving LB morphology would significantly lead us forward in understanding its biogenesis mechanism.
4 INSIGHTS INTO THE POSSIBLE MECHANISM OF LB BIOGENESIS
LROs are formed through a unique amalgamation of the endo-lysosomal and secretory pathways. They share features similar to lysosomes, and most, if not all, undergo regulated secretion similar to secretory granules (SGs) (Delevoye et al., 2019). While some, such as melanosomes and lung lamellar bodies, originate respectively from the early and late endosomes and acquire secretory input from the Golgi apparatus during maturation, others, such as WPBs, originate from the trans-Golgi network (TGN) and mature upon receiving endosomal input (Luzio et al., 2014; Bowman et al., 2019; Delevoye et al., 2019). Despite the fact that LBs are not co-affected with other LROs in congenital disorders CHS or HPS, their biogenesis still likely involves endo-lysosomal and secretory pathways (Boissy and Nordlund, 1997; Dell'Angelica et al., 2000; Huizing et al., 2008; Mahanty and Setty, 2021). The reported tubulovesicular morphology of LBs resembling the cross-section of the TGN, and inhibition of LBs with Golgi apparatus inhibition suggests their TGN origin (Madison et al., 1998; Tarutani et al., 2012; Yamanishi et al., 2019). Therefore, the biogenesis mechanisms of TGN-derived WPBs and SGs may offer valuable insights into the formation of LBs.
The biogenesis of WPBs and SGs starts with major cargo accumulation at the TGN. von Willebrand factor (vWF), the primary cargo of WPBs accumulates by multimerization which determines the size/shape of these organelles critical for their functioning (Michaux and Cutler, 2004; Michaux et al., 2006). Similarly, in neuroendocrine cells, the biogenesis of SGs depends on the accumulation of peptide hormones (Tooze and Stinchcombe, 1992; Tooze, 1998). Multiple mechanisms, for instance, the role of specific receptors in the accumulation or the interaction of already accumulated cargo to the TGN membrane were hypothesized (Tooze, 1998). Receptor-independent mechanisms such as slightly acidic pH at the TGN, high calcium concentrations at the TGN, liquid-liquid phase separation, and protein-protein interactions may also play primary or additive roles (Tooze and Stinchcombe, 1992; Parchure et al., 2022; Campelo et al., 2023). Nonetheless, cargo accumulation ‘only’ may not be sufficient, and the role of other adaptor proteins such as AP1 and clathrin, are essential requisites for the biogenesis of both WPBs and SGs (Lui-Roberts et al., 2005; Burgess et al., 2011).
The hypothesis that a similar biogenesis mechanism could generate skin LBs through “primary cargo accumulation” has key limitations. First, this mechanism is described in normal proliferative cells, while skin LBs are produced in a physiologically modified state of keratinocytes (described below) where this mechanism may not be relevant. Second, the primary cargo vWF is exclusive to WPBs, whereas glucosylceramide, the primary cargo of LBs, is shared with lysosomes. Third, vWF is secreted in its functional form, but glucosylceramide, as a precursor, must be processed by the enzyme β-glucocerebrosidase to become ceramide, the barrier lipid (Holleran et al., 1993; Holleran et al., 1994). This indicates that glucosylceramide secretion must at least be coordinated with β-glucocerebrosidase secretion, which is also a lysosomal enzyme. Overall, these facts support our idea that skin LBs likely mature from a lysosomal precursor.
5 INSIGHTS INTO THE BIOGENETIC MACHINERY OF LBS
Although the fundamental trafficking mechanisms regulating LB biogenesis are largely unknown, experimental evidence is ample supporting active contribution of the Golgi, early endocytic organelles, and late endosome/lysosomes, as reviewed before (Mahanty and Setty, 2021). Glucosylceramide, the major cargo of LBs is synthesized in the Golgi by the enzyme glucosylceramide synthase (GCS). GCS expression works in a linear fashion with LB biogenesis (Madison et al., 1998). Unsurprisingly, functional inhibition of the Golgi apparatus using brefeldin-A or by the inhibition of Golgi pH regulator GPR89 blocks LB biogenesis (Madison and Howard, 1996; Tarutani et al., 2012). Similarly, lysosomal dysfunction due to mutation in β-Glucocerebrosidase in Gaucher’s disease and, acid sphingomyelinase dysfunction in Niemann pick disease are associated with LB deficient ichthyosis conditions and barrier dysfunction, suggesting the importance of lysosomes in LB biogenesis (Holleran et al., 1994; Schmuth et al., 2000). The critical role of shared molecular pathways involving molecules such as the biogenesis of lysosome-related organelles complex1, 2, 3 (BLOC1, BLOC2, BLOC3), small GTPases like RAB32/38, Rab9, SNAREs such as STX13, VAMP7 are defined for most of these LROs, however, disease models or available knockout mouse models for these molecules do not provide much insight on skin LB dynamics (Raposo et al., 2007; Jani et al., 2016; Bowman et al., 2019; Delevoye et al., 2019; Banushi and Simpson, 2022). Moreover, the genetic disorder HPS caused by mutations in HPS genes and/or mutation in BLOC/s, and CHS caused by a mutation in LYST (lysosomal trafficking regulator) likely do not present phenotypes of LB dysfunction, pressing unique origin and functional mechanisms of skin LBs (Boissy and Nordlund, 1997; Dell'Angelica et al., 2000).
Nonetheless, diseased models such as CEDNIK (Cerebral dysgenesis–neuropathy–ichthyosis–keratoderma) syndrome caused by a mutation in the SNARE protein SNAP29 and MEDNIK (mental retardation, enteropathy, deafness, neuropathy, ichthyosis, keratoderma) syndrome caused by S1 subunit of AP1 (AP1S1) are associated with LB dysfunction and severe ichthyosis conditions (Montpetit et al., 2008; Fuchs-Telem et al., 2011; Martinelli and Dionisi-Vici, 2014; Schiller et al., 2016). A mutation in AP1S1 is shown to be associated with defective copper metabolism caused by ATP7A and ATP7B dysfunction (Martinelli and Dionisi-Vici, 2014), suggesting a possible role of copper metabolism in LB biogenesis. ATP7A plays a critical role in melanosome biogenesis by supporting the copper-dependent activity of tyrosinase (Setty et al., 2008). Thus, I assume that cell-type-specific modulation of common molecular mechanisms contributes to LRO biogenesis.
ARC (Arthrogryposis–renal dysfunction–cholestasis) syndrome caused by a mutation in the VPS33B causes dysfunctional LBs alongside platelet alpha granule dysfunction (Gissen et al., 2004; Gissen et al., 2006; Ambrosio and Di Pietro, 2019). VPS33B interacts with VIPAR or VIPAS39 and constitutes the CHEVI (class C Homologs in Endosome-Vesicle Interaction) complex, an early endocytic machinery that helps in integrin recycling and maintaining cell polarity (Cullinane et al., 2010; Dai et al., 2016; Rogerson and Gissen, 2016; 2018). CHEVI interacts with Rab11, which further acts in a cascade of Rab3 and sec15 (Ishida-Yamamoto et al., 2007; Escrevente et al., 2021), and the intracellular trafficking is likely regulated by CLIP-170/restin along with Cdc42 and Rab7 (Raymond et al., 2008). Although these molecules are likely involved in the biogenesis of LBs, their specific functions are not yet defined.
The primary cargo glucosylceramide is transported to the maturing LBs by the ABC transporter ABCA12 localized on its limiting membrane, and accordingly, the loss of function mutations of ABCA12 blocks LB biogenesis/maturation, resulting in the fatal condition Harlequin ichthyosis (Akiyama, 2011; Scott et al., 2013). ABCG1, another ABC transporter is suggested to be involved in cholesterol transport (Jiang et al., 2010). However, the mechanisms by which other lipids and protein cargoes are packed into the maturing LBs and how they coordinate with the major cargo glucosylceramide remain unclear. Thus, cell models of this disease condition/s would help us understanding the mechanism and molecular pathways involved in LB biogenesis.
6 CELLULAR PHYSIOLOGY IS A POSSIBLE DOMINATING FACTOR FOR SKIN LB BIOGENESIS
Most LROs are produced in a metabolically active state of harbouring cells and coexist with housekeeping organelles. In contrast, LBs appear in an advanced differentiation state of keratinocytes just before cells entering cornification. In addition to the loss of proliferative capacity, the PM is also modified with the formation of desmosomes and corneo-desmosomes, and intracellular organelles begin to disappear (Elias et al., 1998; Proksch et al., 2008; Bikle et al., 2012; Ishida-Yamamoto et al., 2018; Mahanty and Setty, 2021). Consequently, in this condition, the maturation of LBs from already existing precursor organelles is more likely over initiation of biogenesis. The apparent absence of lysosomes and the enrichment of LBs in the SG layer further suggest that LBs may mature from lysosomes (Wolff and Schreiner, 1970; Ishida-Yamamoto et al., 2004). The functional overlap of lysosomes and LBs in epidermis barrier formation and dysfunction of both in common disease conditions further supports this idea (Holleran et al., 1994; Monteleon et al., 2018; Klapan et al., 2021; Mahanty and Setty, 2021).
We demonstrated the formation of dual-function secretory lysosomes in an in vitro model of human primary keratinocytes that represent the SS layer of the epidermis (Mahanty et al., 2019; Mahanty et al., 2024). These secretory lysosomes are formed through Golgi-lysosome contact, facilitated by the Golgi tethering protein GRASP65 (Golgi ReAssembly Stacking Protein of 65 kDa), which atypically localizes on the membrane of lysosomes in differentiated keratinocytes (Mahanty et al., 2024). The presence of dual-function secretory lysosomes supports our hypothetical model of LB biogenesis where we described the generation of a precursor organelle through the Golgi input, followed by their maturation into LBs upon receiving Golgi/endocytic input (Mahanty and Setty, 2021).
Under electron microscopy (EM), secretory lysosomes appear in a vacuolar or multi-vesicular morphology but lack the characteristic disc-like structures of LBs (Mahanty et al., 2024). This indicates that additional cargo/inputs are needed for LB formation, which likely occurs only at a higher differentiation stage in the SG layer. I hypothesize that either the secretory lysosomes directly mature into LBs upon receiving additional cargo with higher differentiation or the secretory lysosomes undergo exocytosis at the SS-SG junction, followed by cargo re-packaging into disks and their subsequent maturation into LBs. Cargo repackaging is logical as LBs share a large amount of lysosomal cargo and enzymes. In the latter case, the LB limiting membrane, having secretory properties, could either be derived from the Golgi apparatus or from the membrane of the secretory lysosomes, recycled after exocytosis. In both cases, input from early endosomes and additional cargoes from the Golgi will be necessary for LB maturation (Figure 2D).
7 ORGANELLE DISAPPEARANCE LINKING LBS BIOGENESIS
LBs are abundant in the SG layer cells. In contrary, conventional organelles undergo degradation in the SG layer, a process essential for the entry of SG keratinocytes into terminal differentiation/cornification (Eckhart et al., 2013; Yoshihara et al., 2015; Jaeger et al., 2019). Defects in “organelle removal” can lead to improper cornification and barrier formation, as seen in psoriasis (Eckhart et al., 2013; Akinduro et al., 2016). High levels of autophagy are reported to support organelle removal, that also support cells survival in nutrient-deficient environments, in the SG layer (Yoshihara et al., 2015; Akinduro et al., 2016). However, the absence of lysosomes in the SG layer suggests that they may transform into LBs (Wolff and Schreiner, 1970; Ishida-Yamamoto et al., 2004). This hypothesis raises several important questions: a) how does high autophagy is supported in the absence of lysosomes? b) are intracellular organelles eliminated through a different mechanism during cornification? c) is there a strict temporal regulation between these processes? d) whether artificially induced autophagy will favor LBs biogenesis in vitro? Nonetheless, keratinocyte-specific Atg5 and Atg7 knock-out mouse models do not show a cornification defect (Rossiter et al., 2013; Sukseree et al., 2013), likely suggesting that autophagy is dispensable. In any of these cases, however, the maturation of LBs in the SG layer likely temporally coordinates with organelle removal to receiving Golgi and endosomal input.
8 DISCUSSION
Despite nearly six decades since their discovery (Odland, 1960), the molecular mechanisms underlying the biogenesis of LBs remain largely unknown. A significant challenge in LB research is the lack of a suitable cellular model system, which limits the use of advanced cell biology techniques, microscopy methods, and genetic tools. Our current understanding of LBs functional characteristics and cargo composition primarily comes from invaluable biochemical and electron microscopy studies conducted in the 1990s and 2000s, utilizing in situ skin samples and mouse models. There is debate on LB morphology as well, which further complicates our understanding of their secretion mechanisms. Developing an LB-enriched cellular model that accurately represents the SG layer is particularly difficult, given it is a physiologically modified state. Although the 3D organoid models are promising in understanding the complexities of human skin and cellular organization and may serve as alternatives to animal models, they are still limited for studying molecular interactions to study intracellular trafficking or at least at the level of sophistication it requires. Therefore, we need an appropriate cellular model and taken the unique features of LBs into account to understand their biogenesis, which is crucial for effectively targeting skin diseases. The key questions regarding the understanding of LB biology and associated drawbacks are discussed in the respective sections.
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Late endosomes/lysosomes (LE/Lys) and lysosome related organelles (LROs) move dynamically through cells which involves many levels of regulation. To reach their destination, they need to connect to the motor proteins dynein-dynactin, kinesin or myosin for long-range bidirectional transport along microtubules and short-range movement along actin filaments. This connection depends on various factors at the microtubule, including the MAP- and tubulin-code, as well as adaptors, Rab GTPases and effector proteins marking the LE/Lys and LRO membranes. Mutations affecting this transport results in defective LE/Lys or LRO cargo delivery often resulting in skin, neurological and/or immunological diseases. How LE/Lys and LRO transport is orchestrated and how it fails in disease states, will be discussed.
Keywords: lysosomes, lysosome-related organelles (LROs), transport, kinesin, dynein, microtubules, disease

INTRODUCTION
Motor protein controlled vesicular transport is essential for maintaining cellular homeostasis. Without motor protein support, vesicles will not move in cells. Various types of vesicles are transported through the cellular space to deliver their cargo in response to signaling and cellular demand. These include compartments of the endolysosomal system (early endosomes and late endosome/lysosomes (LE/Lys)), Golgi-derived vesicles, ER-derived vesicles, peroxisomes, autophagosomes and lipid droplets. Furthermore, specialized cell types contain dedicated lysosome-related organelles (LROs) packed with specific cargo often destined for secretion, such as melanosomes in melanocytes, lytic granules (LGs) in cytotoxic T-cells (CTLs) and Natural Killer (NK)-cells and secretory vesicles in neurons (Delevoye et al., 2019; Marks et al., 2013; Raposo et al., 2007). To reach their destination, vesicles need to be actively transported. They can be transported in a fast, bidirectional manner along microtubules whereas short-range transport occurs along actin filaments. Microtubule-based transport is facilitated by two groups of motor proteins: the dynein-dynactin complex for minus-end directed (inward) movement, and the members of the kinesin (KIF) family moving cargo in the opposite direction (plus-end directed/outwards) (Figure 1) (Endow et al., 2010; Hook and Vallee, 2006; Bonifacino and Neefjes, 2017). The family of myosin motor proteins mediates transport along actin filaments (Bonifacino and Neefjes, 2017).
[image: Diagram contrasting microtubule-based and actin-based transport, displaying structures, associated proteins, molecular interactions, genetic notations, and related diseases for dynein-dynactin, kinesin-1, kinesin-2/3, myosin2, and myosin5.]FIGURE 1 | Overview of different motor proteins transporting late endosomes, lysosomes and lysosome-related organelles and mapping of mutations associated with motor protein-associated diseases Upper panel: motor proteins transporting late endosomes, lysosomes and lysosome-related organelles with their track and direction of movement. Lower panel: schematic representation of the protein domains and associated diseases per proteins. Horizontal lines above the mentioned disease indicate multiple mutations have been found in this (these) domain(s), dots indicate specific locations of mutations that have been reported. 
The GTPases dance
Motor proteins require specific adaptors to attach to their cargoes. These adaptors usually involve small GTPases from the Rab, Arf and Arf-like (Arl)-family and interacting co-factors, adaptor and effector proteins at the target-membrane, or phosphoinositides (Stenmark, 2009; Donaldson and Honda, 2005; Balla, 2013; Li and Marlin, 2015; Posor et al., 2022). Approximately 60 different Rab and around 20 Arf/Arl small GTPases extensively label different organelles in mammalian cells (Pasqualato et al., 2002; Homma et al., 2021). Various lipids and/or small GTPases define the target membrane and thus the motor-type and the resulting transport. Small GTPases act as molecular switches that are activated when loaded with GTP and inactivated by GTP hydrolysis, a process accelerated by specific GAP proteins. Rab/Arf/Arl GTPases bind target vesicles in their activated GTP-bound state and then recruit effector proteins to mediate motor protein binding for cargo transport initiation. For example, LE/Lys are marked by Rab7, which recruits the effector proteins RILP or FYCO1 for dynein-dynactin or kinesin-motor dependent transport, respectively. The Rab7-positive LE/Lys can further mature into a LE/Lys marked by Arl8b. Arl8b provides a platform to recruit the GAP of Rab7 that then is removed. This yields a Rab7-Arl8b handover mechanism and illustrates how vesicle maturation is molecularly controlled (Jongsma et al., 2020). Arl8b recruits its own effectors, RUFY3/4 and JIP4 (recruiting dynein) or SKIP (recruiting kinesin), for bidirectional transport (Rosa-Ferreira and Munro, 2011; Keren-Kaplan et al., 2022; Kumar et al., 2022). Recently, the GEF DENND6A was shown to bind Arl8b, whereafter it activates another GTPase, Rab34, leading to recruitment of effector protein RILP and then the dynein-dynactin motor resulting in vesicle transport in the retrograde direction (Kumar et al., 2024). Thus multiple GTPases with different effectors binding oppositely directed motor proteins are recruited during the life- and maturation-time of LE/Lys.
LROs are like LE/Lys marked by different Rabs and effectors recruiting fusion machinery and motor proteins that are often uniquely expressed in the specialized cell types. For example, in melanocytes, melanin-containing melanosomes change their membrane composition during maturation. Melanosomes are then transported bidirectionally along microtubules by Rab36-RILP-Mreg-p150glued complex formation resulting in dynein-dynactin mediated retrograde transport (Ohbayashi et al., 2012; Matsui et al., 2012) and Rab1A-SKIP-kinesin-1 (KIF5B) complex formation for anterograde transport (Ishida et al., 2015), albeit this is not confirmed by others (Robinson et al., 2017). At the end of the microtubules, melanosomes have to pass the cortical actin cytoskeleton under the cell surface to secrete their melanin content. Mature melanocytes acquire the small GTPase Rab27a that binds effector protein melanophilin and subsequently the actin-based motor Myosin5a (Wu et al., 2006; Park et al., 2019). As a result, the mature melanosomes accumulate below the cell membrane for secretion, which likely involves actin disassembly and formation of a functional SNARE complex (Van Den Bossche et al., 2006). The situation is similar in neurons and immune cells. NK-cells and CTLs contain LGs packed with cytotoxic enzymes that are released after activation in a more-or-less closed synapse with a target cell to-be-killed. LGs are transported towards the microtubule-organizing center (MTOC) (which reorientates towards the formed immune synapse) in a Rab7-RILP-dynein-dynactin dependent manner while Rab27a-Slp3-kinesin-1 (KIF5B) complex formation (in CTLs) as well as Arl8b-SKIP-kinesin-1 (KIF5B) complex formation (in NK-cells) mediates LGs anterograde transport (Tuli et al., 2013; Kurowska et al., 2012). The MTOC locates the LGs close to the membrane after activation of the NK-cell or CTL, allowing swift delivery of content (Daniele et al., 2011). Yet, the LGs have to pass the actin cytoskeleton involving the UNC45A-Myosin2a complex (Iizuka et al., 2015). Transport is more complicated in neurons, for the simple reason that microtubule-based transport goes along long distances to deliver the vesicles from the cell body to the axon terminus (Guedes-Dias and Holzbaur, 2019). Anterograde and retrograde transport is strictly coordinated in these axons by adaptor proteins that bind dynein-dynactin and kinesin-1 (KIF5B) motor proteins. For example, Alzheimer’s β-amyloid precursor protein (APP)-positive neuronal vesicles bind to JIP1 (Matsuda et al., 2001; Scheinfeld et al., 2002), which interacts with both dynein-dynactin and FEZ1-KIF5B depending on its phosphorylation state (Fu and Holzbaur, 2013; Blasius et al., 2007), while GABA(A)R-marked neuronal vesicles recruit HAP1-huntingtin (htt) to coordinate the activity of dynein-dynactin and kinesin-1 (KIF5B) motor proteins (Twelvetrees et al., 2010; Caviston et al., 2007; McGuire et al., 2006). With the long distances that need to be travelled in neurons, it is not surprising that mutations in protein complexes transporting these vesicles are usually first recognized in diseases with a neurological basis (see later). A list of diseases related to mutations in transport machineries is given in (Table 1).
TABLE 1 | overview of transport-related proteins of which mutations are associated with disease.
[image: Table listing various proteins, their cellular functions, associated diseases such as Alzheimer's disease, Hermansky–Pudlak syndromes, Charcot Marie Tooth disease, and corresponding literature references for each relationship. Text and references are compactly organized in four columns.]The microtubule highway and traffic control
Fast vesicle transport occurs along microtubules by microtubule-based motor proteins. These microtubules are not empty roads but covered by various microtubule-associated proteins (MAPs). The MAP-family consists of different proteins including microtubule stabilizing proteins and proteins controlling motor protein transport (Jijumon et al., 2022; Bodakuntla et al., 2019; Goodson and Jonasson, 2018; Matteoni and Kreis, 1987) (summarized in (Table 2)). MAP2, MAP4, MAP7 and MAP9 can inhibit or activate dynein-dynactin and kinesin motor proteins (Jongsma et al., 2023; Monroy et al., 2020; Monroy et al., 2018; Hagiwara et al., 1994; Paschal et al., 1989; Hooikaas et al., 2019; Chaudhary et al., 2019; Barlan et al., 2013; Semenova et al., 2014; Ferro et al., 2022), while other MAPs are involved in motor protein recruitment to the microtubule. These include the atypical dynein heavy chain (dynein HC) activating MAP LIS1, as well as the E3 ligase MID1 and the plus-end proteins EB1 and CEP169 that recruit activated dynein HC to the microtubule growing plus-end (Splinter et al., 2012; Elshenawy et al., 2020; Singh et al., 2024; Gillies et al., 2022; Baumbach et al., 2017; Karasmanis et al., 2023; Dixit et al., 2008a; Duellberg et al., 2014; Jongsma et al., 2024). The dynein HC has to assemble with the dynactin complex to form a functional dynein-dynactin motor, which is recruited to the microtubule plus end by factors including EB1 and CLIP170 (Jongsma et al., 2024; Bjelic et al., 2012; Watson and Stephens, 2006). Consequently, the dynein-dynactin motor is assembled at the plus-end and then moves inward to catch associated LE/Lys for minus end transport. LRO transport is also regulated by MAPs. For example, MAP4 mediates switching between kinesin and dynein-dynactin dependent transport in melanocytes. When dephosphorylated, MAP4 binds to the microtubule surface where it recruits kinesin-2 towards the melanosome, whereas phosphorylated MAP4 is cytosolic and unable to recruit kinesin-2, thereby favoring dynein-mediated transport (Semenova et al., 2014). The neuronal MAP tau stabilizes and bundles axonal microtubules (Chung et al., 2016). In addition, tau inhibits kinesin-1 and kinesin-3 microtubule binding and motility without effecting kinesin-2 and dynein-mediated transport of LE/Lys and LROs (Monroy et al., 2020; Monroy et al., 2018; Chaudhary et al., 2018). Yet, the control of cargo transport along microtubules is even more complicated by various tubulin isotypes and post-translational modifications that also control microtubule stability and motor protein activation (McKenna et al., 2023). On these modification and protein littered roads, vesicles and their associated microtubule-based motor proteins have to find their ways while moving in a bidirectional and stop-and-go manner.
TABLE 2 | Overview of microtubule-associated proteins regulating motor proteins and microtubule dynamics.
[image: Table summarizing various microtubule-associated proteins (MAPs), detailing their roles in regulating motor proteins and specific functions in microtubule dynamics, with citations for each finding included in both columns.]Although microtubules allow transport over long distances in cells, the microtubule highways fail to deliver cargo to the plasma membrane, as they do not reach the cell surface. Where microtubules end, the cortical actin network takes over. To move vesicles along actin cables requires a different set of motor proteins, the myosin motor proteins. At the growing plus-end of microtubules, the EB1 protein can orchestrate the hand-over of melanosomes from microtubule-based motors to the actin-associated motor Myosin5a, which is an important step preceding plasma membrane fusion and release of melanin. EB1 binds Melanophilin-Myosin5a allowing transfer of the Melanophilin-Myosin5a complex to GTPase Rab27a as present at the mature melanosomes membrane, initiating actin-binding before membrane fusion (Wu et al., 2005). Similarly, Myosin5a facilitates the delivery of neuronal vesicles (Lise et al., 2006; Takamori et al., 2006; Correia et al., 2008; Roder et al., 2010; Roder et al., 2008), whereas LGs are transported by UNC45-Myosin2 (Iizuka et al., 2015; Krzewski et al., 2006). When the plasma membrane is reached, this activates SNARE-complex assembly and fusion. The road to plasma membrane delivery is complicated and dynamic but it works!
LE/Lys and LRO transport is controlled by a series of molecules acting at different levels. It is therefore not too surprising that mutations in the different proteins involved can result in disease states. We will dissect the different steps in this pathway and describe the different mutations found in the mammalian system and their phenotypes. We will start at the microtubules and then work our way up to the LE/Lys and LROs by discussing the motor proteins and adaptor/effector proteins bound at the various cargo membranes. In assembly, they illustrate the relevance of proper control of lysosomal transport processes for a healthy state.
AT THE MICROTUBULE HIGHWAYS
Intracellular long-range motor-mediated transport is possible through a functional highway-system, the microtubule network, build-up from various tubulin subunits. These microtubules, their modifications and their associated proteins are in control of LE/Lys and LRO transport.
Diseases associated with microtubules and their associated proteins
The basis of microtubules is formed by different isotypes of α- and β-tubulin dimers. Missense and splice-site mutations in genes encoding for tubulin subunits result in various diseases including lissencephaly brain and ocular cranial nerve disorders, illustrating the importance for proper maintenance of these trafficking-roads (Tischfield et al., 2011). Besides the tubulin isotypes, there are many microtubule-associated post-translational modifications including acetylation, ubiquitination, sumoylation, detyrosination, glutamylation and phosphorylation (McKenna et al., 2023). This so-called tubulin-code controls microtubule dynamics and stability, can act at the growing plus-end and controls vesicle transport and issues like neuronal growth, differentiation and axonal regeneration (Lu et al., 2024). The various enzymes involved in the different post-translational modifications are then expected to yield neuronal diseases when mutated. Indeed, mutations in DYRK1A, which phosphorylates Ser172 on β -tubulin, have been associated with intellectual developmental disorder (van Bon et al., 2011; O'Roak et al., 2012; Courcet et al., 2012). However, as DYRK1A is involved in the phosphorylation of many targets, including transcription factors such as CREB, FKHR, GLI1, NFAT, and STAT3, it is unlikely that the disease is solely caused by the loss of β-tubulin phosphorylation. Mutations in the tubulin-glycosylating enzyme TTLL10 have been identified in patients with severe bleeding disorder, where it is suggested to play a crucial role in the microtubule dynamics involved in platelet production (Khan et al., 2022). In addition to the tubulin PTMs, there are many MAPs decorating the tubulin subunits, together forming the MAP-code (Monroy et al., 2020), ochestrating many different functions, including the control of dynein and kinesin motor protein-mediated transport. A well known MAP affecting transport is tau, encoded by the MAPT gene, which is specifically expressed in neuronal cells. Aggregates containing hyperphosphorylated Tau are linked to multiple neurodegenerative diseases including Alzheimer’s Disease (Grundke-Iqbal et al., 1986). In some studies, certain MAPT variants associated with an increased risk of tauopathies, likely due to increased MAPT expression (Tanahashi et al., 2004; Laws et al., 2007; Myers et al., 2007; Russ et al., 2001; Baker et al., 2000; Bullido et al., 2000; Clark et al., 2003; Kwok et al., 2004). When binding the microtubule surface, tau obstructs vesicle transport by acting as an obstacle for kinesin and dynein motor proteins (Vershinin et al., 2008; Ebneth et al., 1998), which can then induce neurodegeneration (Chaudhary et al., 2018). Another neuronal specific MAP suggested to be associated to disease is MAP6. MAP6 mutant mice are a model for schizophrenia and show a reduced presynaptic glutamate vesicle density (Andrieux et al., 2002; Daoust et al., 2014; Gimenez et al., 2017; Merenlender-Wagner et al., 2014). Furthermore, MAP6 expression was upregulated in post-mortem brains of schizophrenia patients, along with two SNPs that showed an association with schizophrenia (Shimizu et al., 2006).
At the microtubule plus-end, various MAPs regulate the dynamic growth and shrinkage (catastrophy) of the microtubule. This process is mainly regulated by the end-binding family proteins, EB1-3. EB1, MID1 and CEP169 (encoded by MAPRE1, MID1 and NCKAP5L genes) are essential to locate the activated (Lis1 containing) dynein HC at the growing microtubule plus-end (Jongsma et al., 2024). So far, altered expression of EB1 has been observed in pediatric ependymoma (underexpression) (Suarez-Merino et al., 2005) and esophageal squamous cell carcinoma (overexpression) (Wang et al., 2005), as well as a lymphoblastic leukemia patient showing a fusion of EB1 and MLL (Mixed-Lineage Leukemia) (Fu et al., 2005). Mutations in the MID1 gene have been linked to Opitz Syndrome, a disease caused by defects in cell migration resulting in maldeveloped midline structures (Schweiger and Schneider, 2003; Aranda-Orgilles et al., 2008). MID1 is known to stabilize microtubules (Schweiger et al., 1999), yet MID1 can also ubiquitinate phosphatase 2A (PP2A) leading to its degradation (Trockenbacher et al., 2001). Mutated MID1 therefore leads to increased PP2A levels which alters cytoskeletal remodeling, intracellular transport and cell migration (Perea-Cabrera et al., 2023). Next, dysfunctional centrosomal protein CEP169 has been associated to Autism spectrum disorder (ASD) (Chahrour et al., 2012). How mutations in CEP169 contribute to ASD is currently not understood, but it might be related to its function in synaptic plasticity, as CEP169 was found to be upregulated in response to neuronal activity (Chahrour et al., 2012), similarly to other genes associated with autism (Walsh et al., 2008; Ramocki and Zoghbi, 2008).
The MAP-code controls both the microtubule highway and the activation of kinesin and dynein-dynactin motor proteins. It is therefore not surprising that many diseases associated to LE/Lys and LRO transport are the result of mutations in these proteins. How about the motor proteins, which need to walk along these roads?
DYNEIN-DYNACTIN MEDIATED TRANSPORT
Dynein-dynactin is a large, multi-subunit motor protein complex interacting with cargo adaptors and effector proteins to transport a various cargoes towards the microtubule minus-end, including vesicles, mitochondria and mRNA (Wilkie and Davis, 2001; Pilling et al., 2006; Jordens et al., 2001; Gross et al., 2002; Driskell et al., 2007). It consists of two multi-subunit complexes, the dynein motor and its cofactor dynactin, which assemble as an active motor at the microtubule plus-end after recruitment by various MAPs (Jongsma et al., 2024; Bjelic et al., 2012; Watson and Stephens, 2006). Dynein is formed by two dynein heavy chains (HCs) (DYNC1H1) activated by Lis1 (Elshenawy et al., 2020; Htet et al., 2020), an intermediate chain (IC, DYNC1I1 or DYNC1I2), a light-intermediate chain (LIC, DYNC1LI1 or DYNC1LI2), and three light chains (LCs, DYNLT1, DYNLL1 and DYNLRB1) (recently reviewed by (Rao and Gennerich, 2024). The dynactin complex contains 23 proteins, including the microtubule binding subunit p150glued, built around a short filament of actin related protein-1 (Arp1) (Urnavicius et al., 2015). At the microtubule plus-end, two dynein dimers can assemble with one dynactin complex and (when available) a cargo adaptor (Splinter et al., 2012; Urnavicius et al., 2015; Schlager et al., 2014; McKenney et al., 2014). Since cells express just a single type of dynein HC motor that facilitates minus-end directed transport in the cytoplasm (Roberts et al., 2013), the formation with various IC, LIC and cargo adaptor proteins allows the specificity to regulate transport of distinct cargoes. Dynactin enhances the processivity of the dynein motor (King and Schroer, 2000). Mutations in the dynein-dynactin subunits should then affect transport of lysosomes and related organelles translating in disease phenotypes.
Diseases related to defects in the dynein motor
Mutations in the human DYNC1H1 gene (encoding the 500 kDa dynein HC) have been associated to multiple neurological diseases (Marzo et al., 2019; Hoang et al., 2017; Becker et al., 2020) (an overview of the motor proteins with associated diseases and location of mutations can be found in (Figure 1)). More than 40 heterozygous missense mutations in the DYNC1H1 gene are identified in patients with malformations in cortical development (MCD, mutations mostly found in dynein HC motor-domain) and spinal muscular atrophy with lower extremity dominance (SMALED, mutations found in dynein HC tail-domain) (Becker et al., 2020; Willemsen et al., 2012; Weedon et al., 2011; Vissers et al., 2010; Tsurusaki et al., 2012; Strickland et al., 2015; Scoto et al., 2015; Schiavo et al., 2013; Poirier et al., 2013; Niu et al., 2015; Mei et al., 2023; Lipka et al., 2013; Harms et al., 2012; Gelineau-Morel et al., 2016; Fiorillo et al., 2014). These are neuromuscular disorders caused by defects in neuronal proliferation and migration resulting in intellectual disabilities and epilepsy (MCD) or spinal cord motor neuron loss affecting lower limp function (SMALED). A study investigating the effect of 14 MCD or SMALED-associated dynein HC mutations on dynein-dynactin function showed that most human disease-associated mutations reduced dynein-dynactin-BICD2 complex motility (Hoang et al., 2017). Peripheral neurons with long axons, requiring long distance transport, are likely the first cells affected by the reduced processivity of the dynein-dynactin-cargo complex, explaining why specifically lower extremities of the body are affected in SMALED. Stronger effects on dynein-dynactin motility also hamper retrograde transport in neurons with shorter axons, which contributes to the cortical malformations found in MCD. Another neurological disease is caused by mutations in the dynein HC tail-domain, essential for dynein HC dimerization, and is called Charcot Marie Tooth disease type 2 (CMT2), a progressive disease characterized by muscle weakness (Weedon et al., 2011). A mouse model mimicking human CMT2-associated mutations showed reduced innervation and lower synaptic vesicle density at the gastrocnemius neuromuscular junctions, likely caused by defective dynein transport of the synaptic vesicles (Weedon et al., 2011; Nandini et al., 2019).
Diseases related to defects in the dynactin complex
Although consisting of 23 subunits, most dynactin mutations associated to neurodegenerative diseases are observed in the DCTN1 gene encoding for the dynactin subunit p150glued. Mutations localizing to the CAP-gly domain in or close to the GKNDG-motif, which controls p150glued binding to microtubules, have been identified in Perry syndrome and hereditary motor neuronopathy 7B (HMN7B) patients (Waterman-Storer et al., 1995; Schroer, 2004; Li et al., 2002). Perry syndrome is a neurodegenerative disease characterized by parkinsonism, psychiatric symptoms and TDP-43 (transactive-response DNA-binding protein of 43 kDa) aggregation in the brain. Perry syndrome-associated p150glued mutants are able to dimerize and associate to the dynein IC and did not affect axonal transport, yet dynactin recruitment to microtubules is limited as is the inability to accumulate dynactin at neurite tips (Moughamian and Holzbaur, 2012). Although these P150 mutations only mildly affect microtubule binding, even such subtle effects on dynein motor transport can result in disrupted lysosome and autophagosome retrograde transport leading to accumulation and aggregation of pathological proteins (Perlson et al., 2010), including TDP-43 (Xia et al., 2016). But not all mutations in the p150glued CAP-Gly domain lead to similar phenotypes. The Gly59Ser substitution in p150glued has been diagnosed in just a few families as HMN7B disease (Puls et al., 2003). Whereas there is no evidence for motor neuron pathology in Perry syndrome, HMN7B patients show chronic motor neuron denervation and have an earlier onset of disease. The HMN7B Gly59Ser mutation is located at the center of the CAP-Gly domain while Perry Syndrome-related mutations are located at the protein surface (Moughamian and Holzbaur, 2012). This mutation is not directly involved in p150glued binding to the microtubule, but since Serine-residues are greater in size than Glycine-residues the substitution will cause steric hindrance and disturb proper folding of the CAP-Gly domain resulting in mildly affected microtubule binding. This mutation not only decreases the interaction with dynein HC but also hinders dynactin recruitment to the microtubule resulting in reduced minus-end directed cargo transport. Of note, mutant p150glued can form toxic aggregates that also contribute to death of neurons (Moughamian and Holzbaur, 2012). In addition, some rare mutations in the DCTN1 gene have been associated to other neurodegenerative diseases, such as frontotemporal dementia, progressive supranuclear palsy-like syndrome and the motor neuron disease Amyotrophic Lateral Sclerosis (ALS), which results in loss of muscle control (Konno et al., 2017). Various p150glued mutations are found in ALS patients (Met571Thr, Arg785Trp, Arg1101Lys and Thr1249Ile) that reside outside the CAP-Gly domain and do not affect microtubule binding and do not result in p150glued aggregation (Dixit et al., 2008a; Stockmann et al., 2013). They affect p150glued binding to the dynein HC motor (Munch et al., 2004). These mutations may form a genomic risk factor for developing ALS. However, as ALS is a multifactorial disease caused by a combination of mutations and environmental factors, ALS patients with p150glued mutations should also include other ALS-associated genes (Cady et al., 2015), as not all family members carrying these DCTN1 gene mutations developed ALS. Mutations in the p50/dynamitin subunit have been identified in patients with CMT2 (Braathen et al., 2016). The His113Tyr mutation is located in the first coiled-coil motif, which is predicted to mediate self-association and stabilization of the dynactin complex (Jacquot et al., 2010; Maier et al., 2008). Mutations in other dynactin subunits are more rare but do occur.
Diseases related to defects in dynein-dynactin activating adaptor proteins
The dynein-dynactin motor does not function alone, there are multiple dynein-activating adaptor proteins, including BICD-family, Hook-family and JIP-family proteins that bind the dynein-dynactin complex to enhance motor-complex stability and allow the motor to connect to specific cargo (Olenick and Holzbaur, 2019). Activating adaptors contain a N-terminal dynein-dynactin binding domain which often includes a domain interacting with the dynein LIC while its C-terminus is involved in cargo-binding (Reck-Peterson et al., 2018). Most adaptor proteins enhance dynein-dynactin motility, yet some, like JIP-family adaptors, TRAK1/2 and HAP1, act as motility switches by coordinating both dynein-dynactin and kinesin motors (Fu and Holzbaur, 2013; Twelvetrees et al., 2010; McGuire et al., 2006; Engelender et al., 1997; Li et al., 1998; van Spronsen et al., 2013). Some neuronal diseases have been associated to mutations in these adaptor proteins. For example, mutations in the BICD2 gene are associated with SMALED (Fiorillo et al., 2016; Oates et al., 2013; Peeters et al., 2013; Picher-Martel et al., 2020; Ravenscroft et al., 2016), while a study in C. Elegans showed that mutations in the neuronal expressed MAPK8IP3 gene (encoding the homologue of mammalian JIP3) results in disturbed LE/Lys trafficking associated to NEDBA (Neurodevelopmental Disorder with or Without Variable Brain Abnormalities) (Arimoto et al., 2011; Edwards et al., 2013). Also, mutations in the dynein activator LIS1 gene lead to the neuronal migration disease Lissencephaly causing severe brain malformations (Dobyns et al., 1993; Guerrini and Parrini, 2010). Possibly, dysfunctional Lis1 affects neuronal migration as a result of defective nuclear movement. During neuronal migration, the nucleus couples to the centrosome, a process depending on dynein-mediated nuclear translocation. Depletion of LIS1 was found to hamper nucleus-centrosome coupling, which could be rescued by overexpression of wild-type Lis1 but not Lis1 constructs harboring Lissencephaly-associated patient mutations (Tanaka et al., 2004). Similarly, defects in neuronal migration are also observed when the dynein motor is inactivated, suggesting that Lis1 is required to activate the dynein motor for correct nuclear translocation (Tanaka et al., 2004).
It may be surprising that mutations with relatively small effects on dynein-dynactin motor transport already result in various neurological diseases. However, full inhibition of dynein motor activity will be lethal and it is likely that small effects are tolerated at the cost of diseases in the system most sensitive to alteration in microtubule based transport, the neurological system.
THE OTHER DIRECTION: KINESIN-MEDIATED TRANSPORT
The kinesin-superfamily (KIFs) consists of 14 subfamilies, which includes 45 different kinesin HCs (Lawrence et al., 2004; Hirokawa et al., 2009). In general, kinesins contain an N-terminal motor domain, followed by a family-specific neck region that determines the generated force, a coiled-coil domain for dimerization and a C-terminal tail defining cargo specificity. Two kinesin HCs form a dimer and assemble with various co-factors, including light chains for kinesin-1, allowing interaction with specific cargoes (Verhey and Hammond, 2009; Dimitrova-Paternoga et al., 2021). To become an active motor, kinesins require MAPs or other co-factors to be released from their autoinhibited state, as shown for MAP7-family members activating kinesin-1 member KIF5B (Hooikaas et al., 2019), and Kinesin-associated protein 3 (KAP3) activating the kinesin-2 heterodimers KIF3A–KIF3B and KIF3A–KIF3C by forming active heterotrimeric complexes (Sonar et al., 2020; Cole et al., 1993; Garbouchian et al., 2022; Yamazaki et al., 1995), thus supporting microtubule binding and subsequent cargo transport by these kinesin motors towards the microtubule plus-end.
Diseases related to defects in the kinesin-motors
The kinesin motors reported to transport LE/Lys and most LROs are KIF1A/B (kinesin-3) and KIF5A/B/C (kinesin-1). While KIF1B and KIF5B are ubiquitously expressed, KIF1A, KIF5A and KIF5C are mainly expressed in neuronal cells (Niclas et al., 1994; Nangaku et al., 1994; Kanai et al., 2000; Aizawa et al., 1992). Of these, especially mutations in kinesin-1 family member KIF5A have been associated with neuronal diseases (Cozzi et al., 2024). The type of disease depends on the location of the KIF5A mutation. Hereditary Spastic Paraplegia (HSP) is caused by mutations in the KIF5A N-terminal motor domain. HSP-associated Arg17Gln and Arg280Cys mutant KIF5A showed reduced motility and microtubule binding capacity and destabilized the protein (Cozzi et al., 2024; Goizet et al., 2009; Ebbing et al., 2008; Fichera et al., 2004; Liu et al., 2014; Reid et al., 2002; Blair et al., 2006; Crimella et al., 2012). CMT2 is linked to KIF5A mutations in both the N-terminal motor domain and stalk region leading to truncated motor proteins without tail-domain (Cozzi et al., 2024; Crimella et al., 2012). ALS is associated to mutations in the KIF5A C-terminal cargo-binding tail disturbing cargo-binding and then cargo localization (Cozzi et al., 2024; Nicolas et al., 2018; Brenner et al., 2018). Another C-terminal KIF5A mutation, Cys975Valfs*73, elongates the KIF5A tail-domain. The extended tail region reduces solubility of the protein that then aggregates. This also reduces the number of active KIF5A motors, causing NEonatal Intractable MYoclonus (NEIMY) (Cozzi et al., 2024; Rydzanicz et al., 2017). The wide variety of diseases linked to KIF5A shows the importance of KIF5A-mediated transport in neuronal cells. However, also mutations in KIF1A (kinesin-3) and KIF5C (kinesin-1) yield defects in brain development leading to brain malformation (Poirier et al., 2013; Esmaeeli et al., 2015; Klebe et al., 2012; Lee et al., 2015; Michels et al., 2017; Riviere et al., 2011) as are mutations in KIF1B (kinesin-3), which have been linked to CMT2 (Zhao et al., 2001). The identified mutations in KIF1A, KIF1B and KIF5C cluster in the motor domains and result in reduced ATP hydrolysis capacity and consequently, reduced motility of the motors (Esmaeeli et al., 2015; Zhao et al., 2001). Mutations in the motor domain of KIF5B have also been observed, and are associated with skeletal dysplasias (Itai et al., 2022; Marom et al., 2023). The KIF5B Leu498Pro and Leu537Pro mutations were found in patients with developmental delay translating in variable symptoms including myopathic features, and localize to the KIF5B coiled-coil domains and likely affects KIF5B dimerization (Flex et al., 2023).
Since LE/Lys and LROs move along microtubules in a bidirectional manner involving dynein-dynactin as well as kinesin motor proteins, it would have been surprising if only one of these motors would associate to neurological diseases. Indeed, mutations in both motor classes are ultimately involved in a plethora of neurological disorders as they are active in the same process; long distance transport of LE/Lys and LROs. But there is a third class of motor proteins using another highway, the actin-based myosin motos. What about these?
MYOSIN-MEDIATED TRANSPORT ALONG ACTIN HIGHWAYS
When LE/Lys and LROs move to the cell surface along microtubules, they will reach the actin cytoskeleton. Also this transport is polarized and requires myosin motors to move towards the actin plus-end, with the exception of Myosin6 that moves in the opposite direction (Wells et al., 1999). The Myosin-family can be divided into at least 20 subclasses (Odronitz and Kollmar, 2007; Sebe-Pedros et al., 2014; Richards and Cavalier-Smith, 2005; Foth et al., 2006), that participate in various trafficking and anchoring events at many cellular locations. Specificity of cargo binding occurs through the divergent myosin tail-regions while their N-terminal catalytic-domains are conserved between subclasses (Thompson and Langford, 2002).
Diseases related to defects in myosin-motors
Since the last, but equally essential part in vesicle transport towards the plasma membrane involves myosin motors that control the actin based transport step, it is predictable malfunction at this transport step should also yield disease. Since multiple myosin motors (Myosin1 (Donaudy et al., 2003; Zadro et al., 2009), Myosin2 (Kunishima and Saito, 2010), Myosin3 (Walsh et al., 2002), Myosin6 (Melchionda et al., 2001), Myosin7 (Liu et al., 1997) and Myosin15 (Wang et al., 1998)) contribute to the structure of stereocilia essential for hearing (Nambiar et al., 2010), the most common abnormality related to mutations/dysfunction of these motor proteins is deafness. This is illustrated by Myosin7-related Usher syndrome (Kremer et al., 2006). Mutations in myosin motors are also associated to many other diseases, including the LRO-transport related diseases Griscelli syndrome Type 1 (GS1) and MYH9 (Myosin9)-related disease (Van Gele et al., 2009). GS1 is caused by mutations in the MYO5A gene, encoding Myosin5 HC, the motor that links Rab27A-marked melanosomes to actin filaments preceding plasma membrane fusion for melanin release. Similarly, it is involved in the release of LROs in neuronal cells (Lise et al., 2006; Takamori et al., 2006; Correia et al., 2008; Roder et al., 2010; Roder et al., 2008). Because of its function in both melanocytes and neurons, GS1 patients suffer from neurological abnormalities next to the well described pigmentation abnormalities. MYO5A mutations identified in GS1 patients include mutations in the motor domain, among which the nonsense mutation Arg779X resulting in truncated Myosin5 lacking its calmodulin, neck and tail region leading to complete loss-of-function (Pastural et al., 1997). In other patients, a 47 base pair insertion was identified at the start of the Myosin5 tail-domain leading to a truncated Myosin5 lacking its cargo binding tail (Pastural et al., 2000). Depending on cell type, MYO5A transcripts are alternatively spliced leading to various Myosin5 isoforms. While brain cells only express a shorter Myosin5 isoform, melanocytes mostly express Myosin5 with a longer tail domain (including the F-exon) essential for binding to melanophillin. Therefore, GS1 patients with F-exon deletions display pigmentation abnormalities while neuronal cells and function are unaffected (Menasche et al., 2003). MYH9-RD is a collection of disorders caused by mutations in the MYH9 gene, encoding the Myosin9 subunit of Myosin2A, which includes May-Hegglin anomaly, Sebastian syndrome, Fechtner syndrome, and Epstein syndrome. Three forms of Myosin2 (Myosin 2A, Myosin2B and Myosin2C) exist and perform several function in various cell types usually in combinations. Yet, certain blood cells, including platelets and leukocytes, only express Myosin2A explaining the bleeding problems and immune abnormalities observed in MYH9-RD patients. More than 45 mutations in MYH9 gene have been associated to MYH9-RDs. The severity of symptoms varies with mutations inside the motor domain leading to more severe disorders than mutations in the tail-domain (Althaus and Greinacher, 2009; Sanborn et al., 2011). For example, mutations in the Myosin9 head- and N-terminal S2-domain (Ser96Leu and Thr1155Ile) strongly affected NK-cell cytotoxicity, whereas mutations more C-terminal (Arg1400Trp and Asp1424Asn) yielded milder effects. However, NK-cell cytotoxicity of a patient with a 5779delC mutation (leading to a Myosin9 truncation at residue 1942) showed again strongly diminished NK-cell cytotoxicity. This truncation lacks an important phosphorylation site essential for the interaction between Myosin2A and LGs leading to defective LGs transport (Sanborn et al., 2011). Myosin motors control the actin based step in intracellular transport of LE/Lys and LROs. Mutations then result in various genetic diseases. Also these actin-based motor proteins need to find the correct vesicles by interacting with defined adaptors, which can also be subject to mutations and disease phenotypes.
MOTOR ADAPTORS AT THE LYSOSOMAL SURFACE AND DISEASES
The LE/Lys outer membrane is decorated with proteins regulating LE/Lys trafficking and functions including protein sorting, fusion with other organelles and protein degradation. The small GTPase Rab7 marks these organelles and controls HOmotypic fusion and vacuole Protein Sorting (HOPS) complex and motor protein recruitment (Jordens et al., 2001; Johansson et al., 2007; Pankiv et al., 2010; van der Kant et al., 2013; Raiborg et al., 2015). Defects in these proteins are mainly associated to neurodegenerative diseases. This includes defects in the retromer-complex associated to Parkinsons disease (Harrington et al., 2012; Zimprich, 2011; Vilarino-Guell et al., 2011), mutations in HOPS-complex subunits associated to Schizophrenia (Xu et al., 2012), Rab7 mutations linked to Alzheimers disease and CMT2 (Romano et al., 2022; Meggouh et al., 2006; Vardarajan et al., 2012; Verhoeven et al., 2003; Houlden et al., 2004; Wang et al., 2014) and VAPB mutations involved in ALS development (Vardarajan et al., 2012). These neurological problems are due to the absence of substrate degrading enzymes resulting in LE/Lys misfunctioning and accumulation of undigested and accumulated material inside the neuronal cell. For example, Alzheimers disease is described to accumulate Tau-containing neurofilaments and Beta-amyloid plaques formed from APP (Amyloid Precursor Protein) (Grundke-Iqbal et al., 1986; Glenner and Wong, 1984; Delacourte and Defossez, 1986; Kosik et al., 1986; Wood et al., 1986; Nukina and Ihara, 1986; Kang et al., 1987). In addition, missense mutations affecting Rab7a, the GTPase important for both dynein-dynactin and kinesin-mediated LE/Lys transport, leads to decreased presence of autolysosomes suggesting limited clearance of intracellular protein aggregates which may explain its association to CMT2 (Romano et al., 2022; Meggouh et al., 2006; Verhoeven et al., 2003; Houlden et al., 2004; Wang et al., 2014). Also, mutations in the proteins CLN3 (leading to a truncated protein) and CLN5 (leading to a misfolded protein) disturb LE/Lys trafficking and sorting machineries. CLN3 is important for recruiting Rab7 and failure affects Rab7-associated functions including motor recruitment, whereas CLN5 interacts with the retromer complex for protein sorting. Insufficient recruitment of either the motor proteins or sorting complexes leads to the accumulation of ceroid lipofuscin and consequently the neurodegenerative disorder Neuronal Ceroid Lipofuscinois (Uusi-Rauva et al., 2012; Mamo et al., 2012). Another group of LE/Lys related diseases are Lysosomal storage disorders (LSDs), including Niemann Pick disease Type-C, also resulting from accumulated undigested material inside the lysosome. Gene mutations associated to LSDs are mutations in NPC1 and NPC2 (mostly single amino acid mutations reducing or eliminating their cholesterol transport activities), resulting in accumulation of cholesterol in LE/Lys, which is sensed by the cholesterol-sensor ORP1L (Rocha et al., 2009; Chang et al., 2005). As a result, ORP1L fails to remove the dynein-dynactin motor from Rab7-RILP resulting in net minus-end transport and accumulation of LE/Lys close to the nucleus around the centriole/MTOC (Rocha et al., 2009). Also, mutations in the effector proteins for Rab7 and other LE/Lys GTPases may result in disease. Indeed, mutations in the Rab7 effector FYCO1 are associated with Cataract (Barashkov et al., 2021; Ullah et al., 2023; Aprahamian et al., 2021; Chen et al., 2011; Iqbal et al., 2020; Mei et al., 2022; Saleem et al., 2022; Shirzadeh et al., 2022).
The dual-adaptor protein huntingtin is mutated in Huntington’s disease (Marcy et al., 1993). Wild-type huntingtin (no capital) is involved in various cellular processes related to not only endosomal transport but also transcriptional regulation and synaptic functioning (Barron et al., 2021; Benn et al., 2008; Dunah et al., 2002). Huntingtin may act as a switch between dynein-dynactin and kinesin-mediated LE/Lys transport. Via the huntingtin-interacting protein HAP1 (Harjes and Wanker, 2003; Caviston and Holzbaur, 2009; Li and Li, 2004; Truant et al., 2006), both the kinesin-1 and dynein/dynactin motor complex can be recruited to the same LE/Lys vesicle (Twelvetrees et al., 2010; Caviston et al., 2007; McGuire et al., 2006; Engelender et al., 1997; Li et al., 1998). Depending on its phosphorylation status, huntingtin can regulate switches in transport direction. Whereas kinesin-1 interacts with phosphorylated huntingtin for plus-end directed transport, kinesin-1 is removed upon huntingtin dephosphorylation thereby favoring dynein-mediated transport in the opposite direction (Colin et al., 2008). In Huntington’s disease patients, the huntingtin gene Htt contains a prolonged CAG repeat (Gil and Rego, 2008). Because huntingtin performs multiple roles in the cell, this mutation is suggested to have multiple pathogenic mechanism, including aggregate formation, altered gene expression, mitochondrial dysfunction and impaired autophagy (reviewed in (Jimenez-Sanchez et al., 2017; Tong et al., 2024)). Focusing on the effect on endosomal transport, the expanded CAG repeat was found to limit transport of BDNF-containing neuronal vesicles by affecting dynein/dynactin motor formation as well as disruption of their association to microtubules (Gauthier et al., 2004).
It is likely that other transport-associated proteins whose function cannot be easily compensated also cause diseases in neurological, immunological or other systems relying on proper LE/Lys or LRO transport. Indeed, novel disease causing mutations in the vesicle transport machinery are still being identified. The functioning of LROs similarly depends on trafficking factors. How do mutations in proteins specifically involved in LRO dynamics associate to different diseases?
The motor adaptors at the LRO membrane and diseases
Although LROs share many transport characteristics with LE/Lys, their specialized character provides them with their own set of transport-related membrane proteins. Consequently, when these proteins are dysfunctional, specialized cargo secretion will be affected only in these specialized cells. For example, transport related defects in melanocytes results in pigmentation defects resulting in albinism. This is observed in Griscelli syndrome (GS) two and 3, Chediak-Higashi syndrome (CHS) and Hermansky-Pudlak syndrome (HPS) (Dell'Angelica et al., 2000). GS2 and GS3 are caused by mutations in the RAB27A gene or MLPH gene (encoding for the Rab27a effector Melanophilin), respectively. While GS2 and GS3 patients both show pigmentation defects due to abnormal melanin secretion, only GS2 patients have additional immune defects, such as hemophagocytic lymphohistiocystosis. This difference in symptoms is caused by the unique function of melanophilin in melanosome secretion as part of the Rab27A-Melanophilin-Myosin5 complex, whereas Rab27A also mediates LGs transport in CTLs as part of the RAB27A-Slp3a-kinesin-1 (KIF5B) complex (Kurowska et al., 2012). Several mutations in the LYST gene, encoding for LYSosomal Trafficking regulator, have been identified in CHS patients (Karim et al., 2002; Dufourcq-Lagelouse et al., 1999; Barbosa et al., 1997; Barbosa et al., 1996; Karim et al., 1997; Morimoto et al., 2024). Although the function of LYST is not exactly known, cells of these patients expressing a short truncated LYST version show an increased LE/Lys and LRO size resulting in an altered structure and function (Ji et al., 2016). Enlarged melanosomes containing accumulated melanin are found in these patients as well as enlarged platelet dense bodies resulting in defective platelet-function and neurological abnormalities (Ji et al., 2016). Another melanosome-associated gene mutated in HPS is the HPS1 gene, encoding for HPS1, a subunit of the Biogenesis of Lysosomal-related Organelles Complex (BLOC)-3 complex. BLOC-3 is a GEF for Rab32 and Rab38. Mutated HPS1 fails to activate the GTPases Rab32 and Rab38, then inhibiting melanin release (Gerondopoulos et al., 2012). Rab32 defects are also related to Parkinson Disease (Gustavsson et al., 2024; Hop et al., 2024). As described above, some LRO membrane proteins have specific roles in controlling their intracellular transport in certain cell types, while others fulfill general functions in LRO and LE/Lys transport. When mutated, they affect one, two or multiple cell types. Different combinations of neurological defects, immune and blood deficiencies as well as pigmentation abnormalities are therefore often seen in patients with mutations in these LRO transport regulating genes.
CONCLUSION
The transport of LE/Lys and LROs involves many large and small intracellular structures that in assembly coordinate proper cargo transport (Figure 2). Its importance is best illustrated by the fact that many proteins involved in this process cause neurological or other disorders when mutated. These mutations can occur at the level of the highways (microtubules or actin), the signboards on these highways (post-translational mutations, MAPs), lorries (the motor proteins) and their cargo (the adaptor/effector proteins linking motor proteins to their cargo). We begin to understand the system and the reason for the associated diseases. The next challenge will be ways to correct the traffic jams and often lethal accidents.
[image: Scientific diagram illustrating a vesicle and its associated protein complexes involved in trafficking and fusion, highlighting different cargoes and machinery for lytic granules, melanosomes, neuronal vesicles, endoplasmic reticulum, late endosomes/lysosomes, and microtubule associations. Protein names, abbreviations, and categories are labeled in relevant locations.]FIGURE 2 | Overview of the transport machinery controlling the transport of late endosomes/lysosomes, melanosomes, lytic granules and and neuronal vesicles. Schematic overview of the proteins involved in late endosome/lysosome and lysosome-related organelle transport. Proteins of which mutations are associated with disease are indicated in orange boxes with a list of the associated disease. Abbreviations used: ALS, amyotrophic lateral sclerosis; BLOC, Biogenesis of Lysosomal-related Organelles Complex; CHS, Chediak-Higashi syndrome; CMT2, Charcot Marie Tooth disease type 2; FTD, frontotemporal dementia; GS, Griscelli syndrome; HLD12, Hypomyelinating Leukodystrophy 12; HMN7B, hereditary motor neuronopathy 7B; HOPS, HOmotypic fusion and vacuole Protein Sorting; HSD hereditary spastic paraplegia; HSP, Hereditary Spastic Paraplegia; MCD, malformations in cortical development; MLPH, melanophilin; MPSPS, mucopolysaccharidosis-plus syndrome; MyoH9-RD, myosinH9-related disease; NEDBA, neurodevelopmental disorder with or without variable brain abnormalities; NEIMY, Neonatal Intractable Myoclonus; NPC, Niemann Pick Type C; SCAR-29, autosomal recessive spinocerebellar ataxia-29; SMALED, spinal muscular atrophy with lower extremity dominance.
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Weibel-Palade bodies (WPB) are lysosome-related, secretory organelles unique to vascular endothelial cells. They serve as storage organelles for the pro-thrombotic and hemostatic glycoprotein von-Willebrand factor (VWF) as well as numerous other proteins involved in regulating local inflammatory responses and coagulation processes. WPB undergo a complex formation and maturation process mainly dictated by the post-translational maturation of VWF itself. They are born at the trans-Golgi network and then move on microtubules to the cell periphery where they are anchored at the actin cortex to await signals triggering their evoked exocytosis. During this process, VWF undergoes significant compaction that results in an elongated, cigar-like shape of the organelle. WPB also receive material from the endosomal system although the trafficking routes involved here have not been fully unveiled. Exocytosis of WPB is induced by various agonists signaling through intracellular Ca2+ or cAMP elevation. It requires mobilization of WPB from the actin cortex and involves a number of docking and fusion mediating protein assemblies. The evoked release of WPB contents converts the endothelial cell surface from a repellant one which permits unrestricted blood flow to an adhesive structure capable of interacting with circulating leukocytes and platelets. Thereby, the endothelium can initiate inflammatory processes and hemostasis when vessel injury has occurred. This review discusses recent developments in the maturation and exocytosis of WPB, focusing on the ionic milieu required for tight VWF packing, endosome-to-WPB transport of WPB cargo, and WPB exocytosis and cargo release.
Keywords: calcium, endothelium, exocytosis, hemostasis, von-Willebrand factor

INTRODUCTION
Vascular endothelial cells not only form a physical barrier separating blood from tissue, they also control vascular homeostasis by secreting factors that regulate coagulation, fibrinolysis and local inflammatory events. These factors include adhesion molecules that enable endothelial cells to rapidly change their surface properties. In resting conditions, the endothelial surface is repulsive and anti-coagulant permitting unrestricted blood flow. However, endothelial activation, e.g., following inflammation/infection or physical blood vessel injury, leads to a rapid transformation and the endothelial surface becomes adhesive towards leukocytes and platelets, supporting among other things platelet aggregation (in injured vessels) and leukocyte extravasation into inflamed tissue. This transition of surface properties is executed by the evoked exocytosis of unique secretory organelles, the Weibel-Palade bodies (WPB), that store the respective platelet and leukocyte adhesion receptors von-Willebrand factor (VWF) and P-selectin, respectively (Weibel and Palade, 1964; Wagner et al., 1982).
WPB are elongated, rod-shaped organelles that are only found in endothelial cells. They undergo a complex maturation process that is dictated by the folding and assembly of its main cargo VWF, a multimeric glycoprotein whose absence or loss of activity is cause of the most common inherited bleeding disorder, von-Willebrand disease (Leebeek and Eikenboom, 2016). Following synthesis in the ER and further processing in the Golgi, multimeric VWF is packaged into immature WPB at the trans-Golgi network (TGN). Further tubulation and tight packing of VWF into paracrystalline assemblies occurs within the organelle; it drives maturation of WPB and establishes the characteristic elongated morphology. Furthermore, maturing WPB acquire several small RabGTPase, most prominently Rab27A, and they receive material from endosomes/lysosomes, such as the P-selectin cofactor CD63. Hence, mature WPB are considered lysosome-related organelles (LRO) (for review see (McCormack et al., 2017; Mourik and Eikenboom, 2017)). The mature, Rab27A-positive WPB are anchored at the cortical actin cytoskeleton and - following endothelial stimulation and a resulting rise in intracellular Ca2+ or cAMP concentration - the cortically anchored WPB are transferred to a plasma membrane tethering complex that aids subsequent fusion and cargo release.
In this mini-review we discuss recent developments in WPB biology, published mainly in the last 4 years, focusing on WPB maturation, i.e., the formation of this unique LRO, their exocytosis and specific cargo release.
THE FORMATION OF A UNIQUE ORGANELLE
The characteristic morphology of WPB was already evident in the first EM images of Weibel and Palade (Weibel and Palade, 1964). They appear as elongated rods with an internal pattern of parallel stripes that represent the tightly packed VWF (Zenner et al., 2007; Berriman et al., 2009). VWF is not only the major constituent, it also drives the formation of the unique organelle: endothelial cells lacking VWF fail to produce WPB (Denis et al., 2001; Schillemans et al., 2019) and ectopic expression of VWF induces the formation of WPB-like organelles in non-endothelial cells (Hannah et al., 2003). ProVWF monomers are synthesized in the ER and undergo a sequence of processing steps, which starts with the formation of “tail-to-tail” homodimers via disulfide bridges between the C-terminal CK domains (Voorberg et al., 1991). In the TGN, zipped up proVWF dimers assemble into right-turning helical tubules with the N-terminal domains forming the core and the C-terminal domains spiraling outwards. This tubulation of proVWF is important as it provides the template for multimerization by bringing the D´D3 domains of neighboring dimers in close proximity (Zeng et al., 2022; Anderson et al., 2022; Zhou et al., 2011; Huang et al., 2008; Michaux et al., 2006). Furthermore, the VWF dimers are linked “head-to-head” via formation of N-terminal interdimer disulfide bridges and the propeptide is cleaved, however remains associated with the mature VWF (Zeng et al., 2022; Wagner et al., 1986; Mayadas and Wagner, 1989; Madabhushi et al., 2012; Vischer and Wagner, 1994). Multiple of these multimeric VWF tubules are packed into nascent WPB and upon compaction form paracrystalline arrays in the mature organelle (Zenner et al., 2007; Berriman et al., 2009).
Importantly, VWF maturation and tight packing require a proper ionic milieu, specifically a low pH of appr. 5.5, and, as shown by biochemical studies involving purified VWF domains, high concentrations of Ca2+ ions that bind to the protein (Zeng et al., 2022; Anderson et al., 2022; Zhou et al., 2011; Huang et al., 2008; Michaux et al., 2006; Wagner et al., 1986; Mayadas and Wagner, 1989; Madabhushi et al., 2012; Vischer and Wagner, 1994; Erent et al., 2007; Gruber et al., 2022). Recent studies have shed some light on the ionic milieu of WPB and have revealed how this is established. Subunits of the vacuolar proton pump, V-ATPase, have been localized to WPB, first identified in proteomic analyses (van Breevoort et al., 2012; Holthenrich et al., 2019) and later by immunofluorescence approaches and expression of GFP-tagged subunit constructs (Yamazaki et al., 2021; Lu et al., 2021; Terglane et al., 2022). Interestingly, different isoforms of one of the membranous V0 subunits, V0a, were localized to distinct WPB populations (Figure 1). The V0a2 isoform appeared specifically associated with nascent, perinuclear WPB that bud from the TGN, and V0a2 depletion resulted in the formation of WPB with an irregular, twisted morphology. V0a1, on the other hand, was found on mature, peripherally-located and Rab27A-positive organelles. Its absence led to a failure of WPB to bud from the TGN, resulting in lower WPB numbers, which is a bit difficult to reconcile with the peripheral localization of this subunit. At the stage of TGN budding, V0a1 seems to function together with protein kinase D, mediating membrane fission and budding of WPB at the TGN (Yamazaki et al., 2021). A functional involvement of the V-ATPase in establishing/maintaining the low luminal pH of WPB was shown by inhibitor (bafilomycin A) and subunit depletion experiments, which resulted in an altered, less elongated morphology of WPB and defects in secretion of multimeric VWF (Yamazaki et al., 2021; Lu et al., 2021; Terglane et al., 2022).
[image: Biological illustration depicting intracellular trafficking of vesicles from the endoplasmic reticulum and Golgi apparatus through endosomes, along microtubules and actin filaments, involving structures such as mitochondria, exosomes, and various protein complexes, with labeled pathways and molecular interactions essential for vesicle movement and secretion.]FIGURE 1 | Scheme illustrating the life cycle of WPB in endothelial cells. Monomeric VWF is synthesized into the ER and transported along the anterograde pathway to the Golgi apparatus. This ER/Golgi trafficking requires the SNARE SEC22B, which is present on ER-derived transport vesicles, and the cis Golgi resident SNARE syntaxin 5. In the TGN multiple VWF quanta are incorporated into newly forming WPB. Budding of VWF is initiated by VWF tubules pushing the TGN membrane outward in a process supported by a clathrin coat recruited by the AP-1 complex. The immature WPB are transported along the microtubule network to the cell periphery. During this process WPB undergo maturation which is characterized by V-ATPase mediated acidification, a decrease in width and growth in length, and the appearance of an electron-dense internal structure with incorporated intraluminal vesicles (ILV). Furthermore, additional proteins are recruited. These include proteins of endolysosomal origin such as CD63 that classify WPB as LRO, and cytosolic factors, most importantly Rab27A which links WPB to the actin cytoskeleton and regulates exocytosis through binding of docking/tethering factors. Exocytosis of WPB releases soluble proteins and exosomes into the vascular lumen and presents membrane proteins at the apical surface of the endothelium. Rapid neutralization of WPB upon fusion results in a swelling of the organelle and the spring-loaded unfurling of VWF tubules. Secretion of VWF is additionally supported mechanically by the formation and contraction of an actomyosin ring/coat.
At present, it is not fully established how a functional V-ATPase is incorporated into the WPB membrane. The enzyme also functions at the Golgi and thereby, could potentially be recruited into nascent WPB budding at the TGN. However, recent evidence indicates that at least some subunits of the enzyme are transported to maturing WPB from endosomal compartments. This conclusion relates to the fact that a subunit of the Biogenesis of Lysosome-related Organelles Complex-2 (BLOC-2) was linked to proper WPB morphology. Specifically, depletion of the Hermansky-Pudlak syndrome (HPS) protein-6 led to misshaped WPB and an impaired tubulation of VWF, which is required for the tight packing of VWF inside WPB and thus, their rod-shaped morphology. A very similar phenotype was observed following knock-down of one of the V-ATPase subunits, V0D1, and the same subunit was shown to interact with HPS6 (Lu et al., 2021). Hence, it appears that V-ATPase subunits are transported via a BLOC-2 dependent pathway from endosomes to the limiting membrane of WPB and that blocking this transport route results in improper V-ATPase assembly and a failure to acidify the lumen of the organelle. A similar endosome-to-WPB trafficking route involving HPS6 was recently also described for the tetraspanin CD63 (Lyososome-Associated Membrane Protein-3, LAMP-3) and the glycerophosphodiester phosphodiesterase domain-containing protein 5 (GDPD5), two other components of the WPB membrane (Sharda et al., 2020; Naß et al., 2024).
The size and morphology of WPB are also affected by other parameters. These include the luminal Ca2+ concentration, which was shown to be elevated above cytosolic levels and is most likely required for proper VWF packing in the organelle (Terglane et al., 2025), as well as factors regulating fission/fusion events and WPB transport. Some of these factors recently identified encompass regulators of small GTPases that impact WPB size and consequently, the secretion of multimeric VWF. Following the earlier identification of clathrin and the adapter protein-1 (AP-1) complex as coat proteins supporting the budding of WPB at the TGN (Lui-Roberts et al., 2005), the search for regulators of this process by a targeted siRNA screen yielded two GTPase activating proteins (GAPs) of ADP ribosylation factor (Arf) GTPases. The ArfGAPs were shown to control different steps in the WPB life cycle: SMAP1 was reported to affect WPB size (its depletion results in smaller WPB), most likely though by inhibiting lysosomal degradation of WPB, whereas AGFG2 appeared to promote evoked VWF secretion (Watanabe et al., 2021). However, the mechanisms involved are not fully understood. GAPs typically inactivate their cognate GTPases, while guanine nucleotide exchange factors (GEFs) promote GTP loading and thus activation. GBF1, a known regulator of Arf1 and Arf4, was shown to affect WPB size directly at the level of the Golgi/TGN. Its activity is controlled by phosphorylation via AMP-activated protein kinase 1 (AMPK1) and thereby coupled to the metabolic state. Low glucose treatment of cultured endothelial cells, mimicking the physiological scenario of low blood glucose levels, triggered GBF1 phosphorylation mediated by AMPK1 and in turn a general upregulation of anterograde cargo transport resulting in smaller WPB. Depletion of GBF1, on the other hand, led to oversized WPB that, however, did not acquire the maturation marker Rab27A and were secretion incompetent (Lopes-da-Silva et al., 2019). How Rab27A itself is recruited to the more mature WPB had remained enigmatic for some time but a recent study reported an involvement of the RabGEF, MAP kinase-activating death domain (MADD). MADD was shown to promote nucleotide exchange in Rab27A and the Rab3 isoforms found on WPB, and MADD depletion inhibited recruitment of these Rabs to WPB and consequently, reduced stimulus-evoked VWF secretion (Kat et al., 2021).
Other proteins affecting WPB formation through regulation of membrane trafficking include soluble N-ethylmaleimide sensitive fusion protein attachment protein receptors (SNAREs) found in the ER and Golgi, i.e., organelles of the secretory pathway critically involved in VWF production and maturation. Specifically, the longin-SNARE Sec22b and the v-SNARE syntaxin-5 were shown to control anterograde traffic of VWF and thereby WPB size and morphology. Depletion of Sec22b led to the disintegration of the Golgi, a retention of proVWF in the ER and as a consequence, shorter WPB. Knockdown of syntaxin-5 resulted in similar phenotypes and a reduction in stimulus-evoked VWF secretion (Karampini et al., 2020; Kat et al., 2022). The involvement of ER/Golgi-resident SNAREs in controlling WPB morphology is in line with the important role of Golgi ministacks within the Golgi ribbon that pack VWF multimers into quanta which determine the size of the WPB budding at the TGN (Ferraro et al., 2014; Page et al., 2022). While the involvement of SNAREs underscores the importance of membrane fusion and fission events in ER/Golgi trafficking of VWF and the budding of nascent WPB at the TGN, a role of membrane contact sites in supporting the maturation of WPB is also beginning to emerge. Specifically, frequent contacts between WPB and mitochondria were observed by light and electron microscopy and WPB displayed short and less elongated morphologies when cells were treated with mitochondrial inhibitors. Furthermore, Rab3B was enriched at WPB-mitochondria contacts and depletion of this Rab resulted in a reduction of WPB-mitochondria contacts and shorter WPB indicative of a defect in proper maturation (Ma et al., 2024).
The main WPB cargo, VWF, whose multimerization, tubulation and compaction determines the morphology of WPB, undergoes several modifications within the ER and Golgi. These include N- and O-glycosylations, which play a role in regulating VWF activities in the vasculature and also post-translational processing of the VWF itself (Ward et al., 2021; Preston et al., 2013; O’Sullivan et al., 2016). While N-linked glycosylation had been shown to affect multimerization of VWF (McKinnon et al., 2010), inhibition of O-linked glycolysation was recently reported to result in shorter and rounder WPB, together with a reduction in VWF multimerization and stimulus-evoked secretion. Interestingly, WPB targeting of another O-glycosylated cargo, the Tie-2 tyrosine kinase ligand angiopoietin-2, was not affected in inhibitor-treated cells although its secretion was altered like that of VWF (Karampini et al., 2024). Similar to several other constituents of WPB, angiopoietin-2 (Ang-2) is most likely targeted to the organelle via interaction with VWF and experiments with isolated VWF derivatives suggest that the D’D3, A1 and A2 domains serve as major binding sites. Furthermore, it was shown that high Ca2+ concentrations and a slightly acidic pH promote the interaction in line with the importance of this ionic milieu in supporting WPB maturation (Mobayen et al., 2023; Texier et al., 2023).
The picture emerging from these recent studies underscores the complexity of WPB formation and maturation. It is driven by the processing of VWF itself which requires a low pH and high Ca2+ levels in the organelle. Establishment/maintenance of the low pH is dependent on a crosstalk with the endosomal system through trafficking of V-ATPase subunits. Other cargo is also delivered via this route, most notably the P-selectin cofactor CD63, whose transport requires activity of the endosomal two pore Ca2+ channel, TPC2 (Goretzko et al., 2023), and the phosphodiesterase GDPD5, which upon WPB exocytosis removes a specific subset of glycosylphosphatidylinositol (GPI)-anchored proteins from the surface of activated endothelial cells (Naß et al., 2024). Together, the VWF maturation/packaging steps and the delivery of cargo from the endosomal system establish the mature WPB.
EVOKED EXOCYTOSIS OF A VERY LARGE LYSOSOME RELATED ORGANELLE
Following formation of nascent WPB and their maturation (see above), the organelles are anchored in the cell periphery awaiting a secretory stimulus. The stimuli include inflammatory activators like thrombin and histamine, which through their respective receptors initiate intracellular Ca2+ elevation (Hamilton and Sims, 1987). Secretagogues such as vasopressin also induce WPB exocytosis and they act via cAMP dependent signaling, but this pathway has been studied less extensively than the Ca2+ evoked exocytosis (Vischer and Wollheim, 1997). To exocytose, WPB first have to be mobilized from anchorage at the cortical cytoskeleton. While the regulation and molecular mechanism of this release step remain to be fully described, the subsequent steps in the exocytotic response, i.e., docking/tethering of WPB at the plasma membrane, their fusion and the release of cargo, have been assessed in more detail. Here, we will summarize recent advance towards understanding the complexity and unique features of these steps.
Mature WPB are highly elongated, rod-like structures and it has been shown recently that they preferentially initiate fusion with the plasma membrane at their tips, a topology also seen in earlier cryo-EM studies (Berriman et al., 2009). Such tip-end fusion involving a more strongly curved part of the organelle membrane is probably supportive of the actual membrane fusion process but also permits a more selective release of the ultra-large hemostatic VWF as opposed to smaller soluble cargo (see below). A screen for mediators of this topological orientation during the tethering and later fusion step identified a Rab27A effector, the C2 domain containing protein synaptotagmin-like protein 2-a (Slp2a), which was shown to act as a positive regulator of WPB exocytosis. Upon secretagogue stimulation with Ca2+ mobilizing agonists, Slp2a became enriched at the WPB tip that later underwent fusion and this selective enrichment was dependent on the capacity of Slp2a to bind the membrane lipid phosphatidylinositol 4,5 bisphosphate [PI(4,5)P2] (Naß et al., 2022). PI(4,5)P2 was earlier shown to accumulate at WPB fusion sites and to be required for efficient VWF secretion (Nguyen et al., 2020). The model emerging from these studies suggests that Slp2a associates with mature WPB via binding of its Slp homology domain to Rab27A and also its C2AB domain to phosphatidylserine (PS) present in the WPB membrane. Following secretagogue-evoked Ca2+ increase, the PS binding is weakened allowing the C2AB domain to interact with plasma membrane PI(4,5)P2 thus yielding an enrichment of Slp2a at the tip of the organelle that is closest to the plasma membrane (Naß et al., 2022). Slp2a has also been shown to promote WPB exocytosis in more complex tissue culture and animal models of vascular lumen formation. Through interaction with PI(4,5)P2, Slp2a associated with the apical membrane during lumen initiation and expansion, and deletion of the PI(4,5)P2 binding C2AB domain resulted in an exclusive WPB localization. Furthermore, Slp2a depletion inhibited WPB exocytosis and severely compromised lumen formation, a phenotype that could be rescued with wild-type Slp2a but not with mutants lacking C2AB. The apically polarized, Slp2a-dependent exocytosis of WPB released Ang-2 as WPB cargo which in turn was shown to mediate vascular lumen formation via activation of Tie-2 signaling (Francis et al., 2021).
Other tethering/docking factors most likely cooperate with Slp2a in the course of WPB exocytosis. They include Munc13-4, which upon secretagogue stimulation docks to the annexin A2-S100A10 complex concentrated at PI(4,5)P2- and phosphatidic acid-rich plasma membrane domains (Chehab et al., 2017), and the Rab27A effector Slp4, which competes with MyRIP for occupancy at WPB-associated Rab27A and thereby possibly supports the release of cortically anchored WPB in secretagogue stimulated cells (Bierings et al., 2012). While several other Rab proteins have been reported earlier to promote WPB exocytosis, in some cases cooperating with Arf family members (Zografou et al., 2012; Biesemann et al., 2017), small GTPases of the Ral family have also been linked to the final steps of regulated WPB exocytosis. Ral and its nucleotide exchange factor RalGDS were shown earlier to positively stimulate VWF secretion from WPB (Rondaij et al., 2008; de Leeuw et al., 2001). A recent study now addressed the mechanism of Ral action revealing that RalB but not RalA supports WPB exocytosis. In its GDP-bound conformation, RalB interacted with the exocyst complex in resting endothelial cells, and endothelial activation resulted in nucleotide exchange and the uncoupling of RalB-GTP from exocyst. This in turn triggered WPB tethering at the plasma membrane and membrane fusion suggesting an important role of RalB in regulating the WPB tethering step, possibly in conjunction with the above-mentioned tethering factors (Yang et al., 2025).
Following fusion with the plasma membrane, large VWF multimers require, at least in some scenarios, additional forces to be released from WPB into the vasculature. Actomyosin-containing rings/coats have been reported to form around fused WPB that contract to squeeze out ultra-large VWF multimers whereas this contraction appears to be dispensable for the release of smaller cargo such as P-selectin (Nightingale et al., 2018; Miklavc and Frick, 2020). A recent proximity proteomics approach, designed to identify factors specifically associated with Rab27A-positive WPB following secretagogue stimulation, yielded several actin-binding proteins that could support this process (El-Mansi et al., 2023). These included the class I myosin Myo1c which was shown to be recruited to fused WPB via its PI(4,5)P2 binding pleckstrin homology domain (El-Mansi et al., 2024), in line with the enrichment of this lipid at WPB fusion sites (see above). Interestingly, Myo1c enrichment occurred in an actin-independent manner and inhibition and depletion experiments combined with live cell imaging indicated that Myo1c most likely supports VWF expulsion from fused WPB by providing additional traction points for the actin ring/coat (El-Mansi et al., 2024).
Conventional myosin motors have also been implicated in actin ring formation/stabilization and VWF expulsion, specifically non-muscle myosin IIA and IIB and myosin Vc (Holthenrich et al., 2022; Nightingale et al., 2011; Li et al., 2018). However, how the polymeric actin rings assemble at the WPB membrane following fusion is not fully understood. Lipids enriched at the fusion site such as PI(4,5)P2 could be involved in recruiting actin binding proteins including those that could initiate actin polymerization exactly at this site. Alternatively, actin nucleation promoting factors could be present on WPB before exocytosis and could be specifically activated once secretagogue-evoked fusion occurred. The latter likely holds true for Spire1 which is recruited to mature WPB via Rab27A binding and following histamine-induced WPB fusion with the plasma membrane, supports actin ring formation and the release of large VWF multimers (Holthenrich et al., 2022). Another level of regulation of actomyosin ring assembly was also identified recently. Members of the septin family of GTPases involved in cytoskeleton regulation were shown to localize as ring-like structures to fused WPB. The septin rings form independently of actin polymerization and septin inhibition did not perturb actin recruitment to fused WPB. Recruitment of septin oligomers into the ring-like structures was shown to require the activity of p21-activated kinase 2 (PAK2) suggesting a role of the kinase in the upstream regulation. Septin inhibition reduced the release of large VWF multimers and prolonged the lifetime of actin rings. Thus, two ring-like structures appear to form at WPB post fusion with the septin ring regulating the dynamics and efficiency of actomyosin contraction that expels ultra-large VWF (El-Mansi et al., 2023).
CONCLUDING REMARKS
WPB are lysosome-related organelles unique to vascular endothelial cells. They respond rapidly to secretagogue stimulation by Ca2+- or cAMP-evoked exocytosis resulting in the release of factors that control hemostasis and inflammation. Work in recent years has revealed exciting novel aspects of WPB biogenesis and secretion that include transport routes from endosomes to maturing WPB and mechanisms underlying the assembly and regulation of an actomyosin ring that forms at WPB post fusion with the plasma membrane and supports the release of ultra-large VWF. However, important questions concerning WPB biology still remain to be answered. They include the regulation of actomyosin assembly and activity and also molecular aspects of the endosome-to-WPB transport route, e.g., do different such transport pathways exist for different WPB cargo such as V-ATPase subunits, CD63, and GDPD5, and does transfer occur via vesicular intermediates or transient organelle fusion. Advances along these lines could benefit the development of pharmacological strategies tailored to controlling the release of inflammatory (e.g., P-selectin) vs. thrombotic WPB cargo (VWF) in pathophysiological situations.
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Lysosome-related organelles (LROs) are specialized compartments with cell type-specific roles. In mast cells (MCs), which are tissue-localized hematopoietic effector cells, LROs refer to secretory lysosomes also known as secretory granules (SGs) containing numerous pre-formed inflammatory mediators including proteases, proteoglycans, lysosomal enzymes, histamine and serotonin. Their release during MC activation is responsible for allergic, inflammatory manifestations, the fight against parasitic agents or the neutralization of toxins. Here, we provide an overview of knowledge describing the mechanisms underlying the biogenesis, secretion and biological functions of LROs in MCs. Decoding molecular mechanisms involved in LRO biogenesis and biology of MCs will benefit i) to other immune or non-immune cell types containing LROs and ii) can be exploited to design novel therapeutic approaches for the treatment of allergic and chronic inflammatory diseases caused by MC activation.
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1 INTRODUCTION
Lysosome-related organelles (LROs) are specialized compartments of the endo-lysosomal system that share several key features with canonical lysosomes, including an endosomal origin, acidic environment, lysosomal hydrolases and lysosome-specific membrane proteins (Delevoye et al., 2019). Found in both hematopoietic and non-hematopoietic cells, these organelles play an essential role in various physiological processes, such as pigmentation, bone remodeling, glucose regulation, lung plasticity, hemostasis and immune responses, by storing and controlling the secretion of specific contents (Banushi and Simpson, 2022). LRO secretion occurs in response to specific signals or stimuli which vary according to cell type.
This review focuses on LROs in mast cells (MCs). MCs are granulated cells of the hematopoietic lineage that reside in most tissues, particularly at epithelial and mucosal surfaces exposed to the external environment, including the skin, the airways, and the intestine (Beghdadi et al., 2011; Galli et al., 2020a). They are morphologically characterized by their high content of electron-dense LROs, commonly known as secretory granules (SGs). Due to their metachromatic staining with various cationic dyes, MCs were discovered in the late 19th century by the Germain scientist Paul Ehrlich, who referred to them as “Mastzellent” (meaning “well-fed” cells) because of their granule-filled appearance (Blank et al., 2013). MC LROs contain a variety of pre-formed inflammatory mediators, including proteases, proteoglycans, lysosomal enzymes such as β-hexosaminidase and vasoactive amines like histamine and serotonin (Wernersson and Pejler, 2014). Upon activation, MCs release these pre-formed mediators into the extracellular environment through a process known as MC degranulation (Menasche et al., 2021). Additionally, MCs also secrete newly synthesized lipid-derived mediators (such as leukotrienes and prostaglandins) produced from plasma membrane lipids and a variety of cytokines/chemokines, and growth factor via a distinct secretory pathway originating from the Golgi (Blank et al., 2014; Blank and Rivera, 2004). MCs are known as key effector cells in allergies resulting from an inappropriate immune response towards nonpathogenic products or allergens that lead to the production of allergen-specific IgE antibodies (Abs) (Galli et al., 2008; Charles and Blank, 2025). The aggregation of allergen-specific IgE bound to high-affinity IgE receptors (FcεRI) on MCs triggers a complex intracellular signaling cascade resulting in the release of LRO contents, lipid mediators and cytokines/chemokines (Menasche et al., 2021; Blank et al., 2021). These mediators rapidly initiate local tissue responses, including histamine’s well-characterized vasoactive effects and protease-mediated tissues permeability or leukotriene-mediated bronchoconstriction. In the long term, the release of chemokines and cytokines attracts other immune effector cells and contributes to immunoregulatory processes. Due to their location in tissues adjacent to nerve endings and blood vessels, and their expression of a wide variety of receptors (e.g., Toll-like receptors, complement receptors, neuropeptide and neurotransmitter receptors, lipid mediator receptors …), MCs can respond to a highly diverse array of stimuli (e.g., neuropeptides, complement fragments, cationic compounds, environmental substances etc.) (Redegeld et al., 2018). This versatility enables them to function as sentinel cells at the interface between innate and adaptive immunity, providing defense against parasites, bacteria, fungi and viruses. They also play a crucial role in venom detoxification and have more recently been implicated in nociception and behavioral changes, as evidences by food avoidance behaviors (Plum et al., 2023; Florsheim et al., 2023).
In this review, we will discuss recent advances in understanding the mechanisms underlying the biogenesis, secretion and biological functions of LROs in MCs.
2 BIOGENESIS AND CONTENT OF SECRETORY GRANULES
2.1 Biogenesis and maturation LRO
While much of our understanding of MC LRO biogenesis comes from studies on other cell types, such as cytotoxic T lymphocytes, neuroendocrine cells, and melanocytes, significant research has also been conducted directly on MCs (Wernersson and Pejler, 2014). In MCs, LRO biogenesis is initiated at the trans-Golgi network, where pro-granules form and undergo homotypic fusion to generate immature LROs (Hammel et al., 2010; Hammel et al., 1985). During maturation, granule contents progressively condense in a pH-dependent manner reducing organelle volume and achieving ultrastructural refinement (Hammel et al., 2010). These immature LROs continue to mature through sequential fusion events some occurring at the intersection of endocytic and exocytic pathways, forming hybrid organelles (Azouz et al., 2014a). This maturation phase is mediated by the small Rab GTPase Rab5, which promotes fusion between newly formed LROs and early endosomes, thereby regulating their size, composition and number (Azouz et al., 2014b). An intriguing observation in the RBL-2H3 mast cell line revealed that the depletion of synaptotagmin III - a protein involved in the regulation of the endocytic recycling compartment (ERC) - resulted in enlarged LROs (Grimberg et al., 2003). These findings suggest a potential functional cross-talk between the ERC and LROs, facilitating the removal and recycling of materials during LRO maturation. Such regulated maturation processes contribute to the morphological diversity of LROs, as evidenced by three distinct SG types observed under the electron microscope: type I SGs characterized by numerous intraluminal vesicles accessible to endocytic tracers, type II SGs presenting a dense core surrounded by intraluminal vesicles still accessible to endocytic tracers, and type III SGs containing only an electron-dense core that is no more accessible to endocytic tracers. Interestingly, type II SGs are proposed to arise from fusion events between types I and type III granules (Raposo et al., 1997). Furthermore, secretogranin III, a member of the granin family, appears to play a crucial role in MC granulogenesis through its interaction with chromogranin A (Prasad et al., 2008). Notably, overexpression of secretogranin III alone is sufficient to induce an expansion of the granular compartment (Prasad et al., 2008). New evidence also suggests cooperation between autophagy and endocytic pathways in LRO biogenesis, which depends on extracellular communication and facilitates the release of exosomes with preformed mediators (Omari et al., 2024).
Recent studies have also revealed that type I interferons (IFN-I) limit MC effector functions by suppressing LRO biogenesis (Kobayashi et al., 2019). Specifically, mouse Ifnar−/− MCs exhibit enhanced LRO formation, characterized by enlarged organelle size and elevated content levels. Strikingly, this phenotype correlates with upregulated expression of TFEB - the master transcriptional regulator of lysosomal biogenesis - suggesting that IFN-I signaling may modulate LRO production through TFEB-dependent pathways. Further supporting the role of TFEB in MC LRO biogenesis, the same group demonstrated that the amino acid transporter SLC15A4, which acts downstream of IFNAR signaling, regulates TFEB function and LRO biogenesis (Kobayashi et al., 2017).
The acidic lumen of MC LROs is maintained by the vacuolar ATPase (V-ATPase) activity, a critical proton pump that facilitates the tight packing of granules constituents into the electro-dense core. Its pharmacological inhibition with bafilomycin A1 disrupts this pH gradient, resulting in significant alkalization of LROs (Pejler et al., 2017). This perturbation profoundly alters LRO morphology - causing granule swelling and vacuolization - and affects the storage of key mediators, including histamine, carboxypeptidase A3 (CPA3), and tryptase (Pejler et al., 2017).
The dense core of MC LROs plays a crucial role in their biogenesis and structural organization (Wernersson and Pejler, 2014; Moon et al., 2014). This core consists of proteoglycans covalently linked via glycosidic bonds to glycosaminoglycans (GAGs). In MCs, the most abundant proteoglycan is serglycin linked to heparin and chondroitin sulfate (GAGs) (Ronnberg and Pejler, 2012). These GAGs are highly sulfated and negatively charged facilitating electrostatic interactions with cationic mediators, such as histamine, tryptase, and chymase (Figure 1) (Ronnberg et al., 2012). Serglycin-deficient mice exhibit severely affected MCs, with granules losing their electron dense appearance (Abrink et al., 2004). The storage of several granules components is disrupted, including MC protease 4 (Mcpt4), Mcpt6, and carboxypeptidase A3 (CPA3). Mcpt2 chymase storage showed partial dependence on LRO, while Mcpt1 chymase and Mcpt7 tryptase (also known as TPSAB1) remain unaffected (Braga et al., 2007). Similarly, genetic deletion of NDST-2, an enzyme essential for heparan sulfate biosynthesis, drastically reduces the population of connective-tissue-type MCs. In contrast, mucosal MCs, which lack heparin, remain unaffected. NDST-2 deficiency diminishes protease storage in LROs, which exhibit sparse granules and empty vacuoles (Forsberg et al., 1999; Humphries et al., 1999). Likewise, the combined deficiency of several murine MCs proteases (i.e., mMcpt4, mMcpt5, mMcpt6, CPA3), as well as histamine in LROs results in abnormal granule morphology and less dense proteoglycan packing (Wernersson and Pejler, 2014; Nakazawa et al., 2014). These results highlight the bidirectional interdependence between proteoglycans and proteases and histamine in maintaining granule homeostasis (Grujic et al., 2013).
[image: Biological diagram illustrating mast cell secretory granule content, including histamine, serotonin, enzymes, cytokines, and exosomes, with microtubules directing granule trafficking toward the microtubule organizing center (MTOC); a legend identifies each colored symbol representing specific granule constituents and accessory proteins involved in transport.]FIGURE 1 | LRO composition and its transport upon activation. The secretory granules (SGs) of MCs, also referred to as lysosome-related organelles (LROs), serve as reservoirs for preformed inflammatory mediators. At ultrastructural level, LROs are heterogeneous and characterized by a dense core formed through electrostatic interactions between negatively charged heparin or chondroitin sulfate proteoglycans and positively charged insoluble mediators (e.g., TNF, MC-specific proteases (MCPT4, MCPT6, CPA3), histamine and serotonin). The granules also contain lysosomal enzymes (including β-Hexosaminidase and β-Glucuronidase), growth factors (such as TGFβ1, CXCL8, VEGF, SCF, PDGF FGF, NGF, FGF2), as well as cytokines and chemokines. Additionally, MC LROs can also contain exosomes, which are small extracellular vesicles (EVs) ranging from 30 to 80 nm in diameter. Upon activation, MCs release the contents of their LRO into the extracellular environment through a process known as MC degranulation. This process requires the bidirectional movement of LROs along the microtubule network. Anterograde transport (toward microtubule plus-ends) and retrograde transport (toward minus-ends) are both essential for proper LRO trafficking. Several proteins complexes involving members of Rab GTPases (such as Rab12, Rab27b, Rab44) regulate LRO movement by recruiting distinct microtubule-dependent motor proteins such as dynein and kinesin-1. In addition to Rab GTPases, inflammasome components such as NLRP3 and ASC have been implicated in SG trafficking through the recruitment of dynein. “Figure created with BioRender.com”.
A distinctive feature of MCs is the prolonged period - often lasting several days or even months - between the formation of mature LROs and their eventual secretion (Hammel et al., 2010). This prolonged interval allows continuous maturation of the granules, during which they are also enriched with components from the extracellular environment. MCs actively endocytose these external elements, such as tumor necrosis factor (TNF), incorporating them into their granules (Figure 1) (Olszewski et al., 2007). This process of refining and acquiring additional bioactive molecules enhances the functional capacity of MC granules prior to their release.
2.2 LRO content and heterogeneity
MCs display an important heterogeneity including in their granular compartment depending on the species and the specific tissues in which they reside. Initially, MCs were classified into two main types based on histochemical staining and fixation methods, which are connective tissue MCs (CTMCs) and mucosal MCs (MMCs) in rodents (Enerback, 1966a; Enerback, 1966b). They also differ in proteoglycan content and granular proteases as for example, murine CTMCs express Mcpt6, and Mcpt7 tryptase, and Mcpt4 and Mcpt5 chymases, and the heparin proteoglycan while MMCs essentially contain the two chymases Mcpt1 and Mcpt2 and chondroitin sulfate (Pejler et al., 2007). In humans, MCs were categorized according to their expression of neutral proteases into MCTC (containing tryptase and chymase), and MT (containing tryptase only) (Irani et al., 1986). This traditional classification is evolving quickly with the development of single-cell transcriptomic analyses across various organs. For instance, in mice, CTMCs have been found to express the MC-specific G protein-coupled receptor MrgprB2, although expression levels and other key markers vary by tissue, while MMCs are MrgprB2-negative (Tauber et al., 2023). In humans, such analyses have uncovered a broader spectrum of MC diversity beyond the classical dichotomy, identifying up to six distinct transcriptionally defined MC clusters in nasal polyps and the intestine (Tauber et al., 2023; Dwyer et al., 2021).
Although partly heterogenous in nature, MC LROs contain a diverse array of preformed inflammatory mediators with critical roles in inflammatory responses, host defense, immunoregulation and tissue remodeling (Wernersson and Pejler, 2014). Estimates of their numbers in MCs are highly variable and range between 200 and 1500 depending on the author (Blank et al., 2014; Hamm et al., 1989; Krystel-Whittemore et al., 2015; Tanaka and Takakuwa, 2016).
The mediators contained in LROs can be categorized into several classes based on their biochemical nature and functional roles (Table 1). Proteoglycans such as heparin and chondroitin sulfate have important functions in mediator storage and anti-coagulant activity. Heparin can also modulate the activity, stability, and signaling of various growth factors through its electrostatic interactions (Koledova et al., 2019). Heparin expression begins early in fetal MCs and gradually increases over time. In mice, heparin is detectable as early as embryonic day 12.5 (E12.5) (Msallam et al., 2020). By embryonic day 17.5 (E17.5), fetal MCs express the neonatal Fc receptor, enabling sensitization by maternal IgE. At this developmental stage, these MCs are fully functional and capable of degranulation, underscoring their role in early immune responses (Msallam et al., 2020).
TABLE 1 | Mediators contained in LROs and some of their associated biological functions.
[image: Table comparing mediator types in mouse and human mast cells, including biogenic amines, proteases, lysosomal enzymes, proteoglycans, cytokines, chemokines, and growth factors, with corresponding biological functions such as vasodilation, tissue remodeling, and immune response roles detailed in the rightmost column.]An important MC mediator with many functions is histamine, a biogenic amine, which is synthesized from the amino acid histidine by histidine decarboxylase. It induces vascular permeability, vasodilatation, smooth muscle contraction and mucus secretion by binding to H1 receptors (Wernersson and Pejler, 2014; Simons, 2003). Some subsets of MCs also contain serotonin contributing to vascular permeability and vasodilation and many other functions including modulation of neural activities (Wernersson and Pejler, 2014; Breil et al., 1997). MC granules also contain a number of MC-specific proteases such as tryptases, chymases, and CPA3 (Pejler et al., 2007). Tryptases and chymases are serine protease, while CPA3 is a zinc-dependent metalloprotease (Pejler et al., 2007). As mentioned above these proteases vary depending on the MC type and species. They have numerous functions including in venom detoxification, tissue repair fibrosis etc that have been extensively reviewed previously (Wernersson and Pejler, 2014; Pejler et al., 2007; Caughey, 2016). In addition to these MC-specific proteases, MCs also secrete proteases shared with other cells that result at least in part from their endo-lysosomal nature. They include matrix metalloproteases 9 (MMP9) (Baram et al., 2001), cathepsin A, B, C, D, and E (Wernersson and Pejler, 2014; Pejler et al., 2007; Caughey, 2016; Dragonetti et al., 2000; Wolters et al., 2000; Henningsson et al., 2005) and a variety of others such as angiotensin II generating renin important for blood pressure regulation (Silver et al., 2004) or proapoptotic granzyme B (Pardo et al., 2007). LROs also contain lysosomal enzymes including β-Hexosaminidase and β-Glucuronidase. They are widely used as a biochemical marker to assess MC degranulation. These enzymes degrade glycosaminoglycans, such as heparan sulfate and chondroitin sulfate or hyaluronan, facilitating tissue remodeling during inflammation and immune responses (Gushulak et al., 2012; Griffin and Gloster, 2017). β-Hexosaminidase also degrades bacterial peptidoglycan, a critical component of bacterial cell walls (Fukuishi et al., 2014). In vivo, mice lacking β-hexosaminidase show increased lethality of bacterial infections, confirming its role in host defense (Fukuishi et al., 2014). Although MCs are known to secrete a large variety of newly synthesized cytokines, chemokines and growth factors (Mukai et al., 2018), a distinctive feature of MCs is that they are able to secrete some of them from a preformed pool stored in their LROs making them available immediately without the requirement of new synthesis. Thus, in addition to TNF described early on (Gordon and Galli, 1990), several of them have been reported to get released from prestored sources including TGFβ1, CXCL8, VEGF, SCF, PDGF FGF, NGF, FGF2 (Mukai et al., 2018). Concerning TNF it was shown that after transient exposure in its membrane-expressed form at the cell surface, it can get reinternalized before being stored as a preformed mediator (Olszewski et al., 2007). Whether reinternalization of basically released cytokines/chemokines/growth factors represents a general mechanism valuable for their storage in preformed form remains an open question.
Mast cell LROs also contain exosomes, which are small extracellular vesicles (EVs), typically 30–80 nm in diameter (Figure 1). They originate from the endosomal system through maturation of early endosomes into late endosomes, in which intraluminal vesicles (multivesicular bodies, MVBs) are generated through the inward budding of the endosomal membrane. Upon release, exosomes play a crucial role in cell-cell communication by transferring bioactive molecules such as proteins, lipids, and nucleic acids (mRNAs, miRNAs, and lncRNAs) to a recipient cell thereby regulating immune responses and other biological processes (Elieh-Ali-Komi et al., 2025).
3 LRO TRANSPORT AND SECRETION
3.1 LRO transport
LROs in MCs exhibit bidirectional movement along the microtubule network, involving both anterograde transport (toward microtubule plus-ends) and retrograde transport (toward minus-ends) (Figure 1) (Brochetta et al., 2014; Nishida et al., 2005; Smith et al., 2003). The anterograde transport of LROs to the plasma membrane is mediated by kinesin-1, an archetypal member of the kinesin superfamily (Munoz et al., 2016). Kinesin-1 comprises two heavy chains (KIF5A, KIF5B, or KIF5C) and two light chains (KLC1, KLC2, KLC3, or KLC4), with KIF5B and KLC1 predominantly expressed in MCs. A conditional murine model lacking Kif5b specifically in hematopoietic cells, including MCs, demonstrated that kinesin-1 regulates LRO transport to exocytosis sites during FcεRI activation (Figure 1) (Munoz et al., 2016). Upon stimulation, kinesin-1 interacts with the Slp3/Rab27b complex on LROs through the Slp homology domain (SHD) of Slp3. The assembly of this kinesin-1/Slp3/Rab27b trimeric complex depends on the phosphatidylinositol 3-kinase (PI3K) activity, which regulates kinesin-1 accessibility to Slp3 as a cargo receptor (Munoz et al., 2016). Retrograde transport, on the other hand, is mediated by dynein, which directs the movement of LROs towards the ends of microtubules in the perinuclear region, thus counterbalancing anterograde trafficking (Efergan et al., 2016). More recently, it was shown that the inflammasome components NLRP3 and ASC play a critical role on MC degranulation by orchestrating LROs trafficking (Figure 1) (Mencarelli et al., 2024). Following IgE-Ag activation, NLRP3 and ASC interact with the LRO membrane glycoprotein CD63, forming an inflammasome complex termed the “granulosome”. This complex recruits the motor protein dynein through an interaction with NLRP3, facilitating bidirectional microtubule-dependent transport of LROs to the plasma membrane. Interestingly, under lipopolysaccharide (LPS) stimulation, MCs secrete pro-IL1β via LROs, which is then converted extracellularly into active IL-1β by MC-derived proteases (e.g., chymase). This mechanism amplifies anaphylactic responses by coupling inflammasome signaling with protease-dependent cytokine maturation (Mencarelli et al., 2024).
Rab GTPase, small proteins of 20–25 kD, are crucial regulators of vesicular trafficking in both endocytic and exocytic pathways across all cell types. These proteins function as molecular switches, alternating between an active (GTP-bound) and an inactive (GDP-bound) forms (Stenmark, 2009). Over 60 Rab family members have been identified in the human genome, each localizing to specific membrane compartments to confer organelle identity and recruit trafficking machinery (Stenmark, 2009). Rab GTPases undergo post-translational prenylation at their C-terminal cysteine residues, enabling reversible membrane binding. A functional screening assay of 44 Rab proteins identified 30 potential regulators of MC LRO trafficking and exocytosis (Azouz et al., 2012). Among these, Rab27a and Rab27b are both expressed in bone marrow-derived MCs (BMMCs) and localize to LROs. Studies using single and double knockout mice for Rab27a and Rab27b demonstrated that the Rab27 family, particularly Rab27b, plays a crucial role in MC degranulation (Mizuno et al., 2007). Interestingly, Rab27a and Rab27b have distinct and sometimes opposing roles. Rab27a acts as a negative regulator through its action on actin, while both Rab27a and Rab27b act as positive regulators through their interaction with Munc13-4 (Singh et al., 2013). Another negative regulator of MC degranulation is Rab12, which mediates microtubule-dependent retrograde transport of LROs. Upon MC activation, Rab12 interacts with the Rab-interacting lysosomal protein (RILP) within the RILP-dynein complex to transport LROs towards the microtubule minus-end in the perinuclear region (Figure 1) (Efergan et al., 2016). The Rab GTPase family has been recently expanded to include several large Rab GTPase members, such as CRACR2A, (Rab46), Rab45 and Rab44 (Srikanth et al., 2017). These proteins share a conserved C-terminal Rab domain, which is linked to additional functional domains, including an EF-hand domain, a coiled-coil domain, and a proline-rich domain (Srikanth et al., 2017; Tsukuba et al., 2021). Interestingly, in MCs only Rab44 is expressed. Rab44, has been implicated in MC degranulation and IgE-mediated anaphylaxis, (Kadowaki et al., 2020; Longe et al., 2022). It interacts with kinesin-1 to regulate LRO translocation to the plasma membrane upon FcεRI activation (Figure 1) (Longe et al., 2022). This process relies on the recruitment of Rab44 to LROs through its Rab GTPase domain and operates independently of Ca2+ signaling (Longe et al., 2022).
Munc18-2, an isoform of the mammalian uncoordinated18 (Munc18) protein family, plays multifaceted roles in MC LRO dynamics. In addition to its established function as a fusion accessory protein, Munc18-2 contributes significantly to LRO translocation (Brochetta et al., 2014). The association of Munc18-2 with LROs is dependent on microtubule integrity. Indeed, microtubule destabilization with nocodazole redistributed Munc18-2 from granular structures to a diffuse cytosolic pattern, demonstrating that its recruitment to LROs depends on an intact microtubule network. Upon cellular stimulation, Munc18-2 translocates along microtubules to the cell periphery, where it associates with fused LROs in forming lamellipodia. During this process, the interaction between Munc18-2 and β-tubulin diminishes, suggesting a dynamic regulation with the microtubule cytoskeleton (Brochetta et al., 2014). In Munc18-2-depleted cells, LROs appear stationary, remaining docked along intracellular microtubules (Brochetta et al., 2014). This observation suggests that Munc18-2 may dynamically dock LROs during microtubule-based transport, potentially in concert with the kinesin-1/Slp3/Rab27b/Rab44 transport mechanism. Supporting this hypothesis, neuronal Munc18-1 binds the kinesin-1 adaptor FEZ1 to mediate axonal vesicle transport, highlighting an evolutionarily conserved link between Munc18 proteins and microtubule-dependent trafficking (Chua et al., 2012).
3.2 LRO fusion machinery regulating MC secretion
The discharge of LRO content by MC degranulation can occur following stimulation via various cell surface receptors. A potent stimulus is the aggregation of FcεRI-bound IgE by a multivalent antigen or allergen (Blank et al., 2021). This process can trigger the massive release of up to 100% of MC granule contents through a multigranular (compound) mode of exocytosis, which involves granule-granule and granule-plasma membrane fusion events (Menasche et al., 2021). Stimulation of other surface receptors, such as MRGPRX2, C3aR, C5aR, or ET1R, leads to a more selective release of individual secretory granules (SGs) located just beneath the plasma membrane (Gaudenzio et al., 2016). Under certain conditions, MCs can also undergo piecemeal exocytosis—a regulated secretory process in which SGs release their contents gradually and partially rather than undergoing full fusion with the plasma membrane. This allows for dynamic modulation of secretion by selectively releasing specific mediators while retaining others (Dvorak et al., 1994; Dvorak, 2005). Once released, positively charged mediators such as histamine and proteases diffuse away due to associated pH changes (Wernersson and Pejler, 2014; Galli et al., 2005). It is important to note that, contrary to some misconceptions in the literature, MC degranulation does not involve the release of entire granules but rather the expulsion of their densely packed proteoglycan matrix contents, which then disperse into the surrounding tissue (Figure 2).
[image: Diagram illustrating three stages of mast cell degranulation, showing vesicle docking, priming, and fusion with the plasma membrane. Key molecules and protein interactions are labeled, and a legend identifies colored dots representing mediators such as histamine, cytokines, and exosomes.]FIGURE 2 | Model for LRO docking/fusion machinery during MC degranulation. The fusion of LROs between themselves (not shown) and the plasma membrane (PM) is not a spontaneous event but is triggered by activation signals and controlled by a sophisticated membrane fusion machinery involving SNARE proteins (Soluble NSF Attachment Protein Receptor proteins) and their regulatory proteins. In MC, key SNARE components include the t-SNARE SNAP-23, STX3 and STX4, as well as the v-SNAREs VAMP8. Fusion is initiated by the assembly of a tetrameric trans-SNARE complex, which bridges the LROs and PM. This assembly is tightly regulated by accessory proteins such as MUNC13-4, MUNC18-2, STXBP5, which facilitate LRO docking at the PM and subsequent fusion. Following degranulation, MCs release the dense proteoglycan matrix of LROs, which contains electrostatically bound mediators (e.g., histamine, serotonin, TNF, MC-specific proteases), capable of long-distance transport to lymph nodes via the bloodstream. Simultaneously, soluble mediators (e.g., cytokines, chemokines), exosomes (30–80 nm extracellular vesicles), and growth factors diffuse into the extracellular space, also driving inflammatory and immune responses. “Figure created with BioRender.com”.
The fusion of LROs between themselves and the plasma membrane is not a spontaneous event but a process controlled by a sophisticated membrane fusion machinery involving SNARE (Soluble NSF Attachment Protein Receptor proteins) and SNARE accessory proteins (Figure 2) (Menasche et al., 2021; Hong, 2005). SNARE proteins contain a 60–70 amino acid motif with heptad repeats that form coiled-coil structures. This motif allows them to assemble into tight, four-helix bundles called trans-SNARE complexes the formation of which is energetically favored (Sutton et al., 1998). This drives fusion bringing opposing membranes into close proximity, allowing lipid bilayer merging (Hong, 2005; Jahn and Scheller, 2006). SNARE proteins can be divided functionally into vesicular SNAREs and target SNAREs, the former being composed of the family of vesicular associated membrane proteins (VAMPs), the latter containing the family of Syntaxin (STX) proteins and the Synaptosomal associated protein (SNAP23/25) family. As intracellularly fusion events occur also between vesicles only they have also been classified according to structural principles into R-SNAREs containing a central R residue and Q-SNAREs containing a central Q residue. The Q-SNAREs can be further divided into Qa, Qb and Qc SNAREs (Jahn and Scheller, 2006; Kloepper et al., 2007). STXs represent Qa SNAREs while SNAP23/25 contain two helices of Qb and Qc SNAREs. Note, however that individual SNAREs containing either Qb and Qc SNAREs also exist (Kloepper et al., 2007). The final fusion-competent SNARE complex will then contain 1 R and the three Qa, Qb and Qc SNAREs.
The first SNARE proteins identified in MC degranulation was the Qb/Qc SNARE SNAP23 (Guo et al., 1998). It was localized at the plasma membrane in resting MCs, but upon stimulation relocates to the interior in agreement with its participation in compound exocytosis which involves granule-granule fusion events (Guo et al., 1998). Its functional implication was confirmed using Ab blocking experiments or studies with mutant SNAP-23 unable to associate with membranes (Guo et al., 1998; Agarwal et al., 2019). In SNAP-23 conditional KO mice MCs its direct implication could not be evaluated as these mice had a severe defect in MC development likely through its importance also in constitutive secretion events (Cardenas et al., 2021). For the Qa SNAREs both STX3 (localized on LROs and the plasma membrane) and STX4 (localized at the plasma membrane) isoforms have been implicated using knockdown experiments (Brochetta et al., 2014; Woska and Gillespie, 2011). However, further investigation in knockout cells and animals revealed a more complex picture as STX4 KO cells had no defect while STX3 KO cells showed a partial defect. No defect in whole animal anaphylaxis experiments were seen in STX3 KO mice supporting a role of additional STXs and/or compensatory effects (Sanchez et al., 2019).
Regarding the implication of R-SNAREs, VAMP8 appeared to represent a key R-SNARE in MC degranulation. Initially called endobrevin, because of its localization on endocytic vesicles, it colocalizes in MCs with LROs again revealing their endo-lysosomal nature (Tiwari et al., 2008). VAMP8-deficient BMMC released less histamine and β-hexosaminidase, while neosynthesized cytokine secretion remained intact. VAMP8-deficient mice also exhibit reduced passive anaphylactic responses (Tiwari et al., 2008). In addition, an enhanced and transient association of VAMP8 with SNARE partners STX4 and SNAP23 could be demonstrated in coimmunoprecipitation experiments during IgE-mediated stimulation (Tiwari et al., 2008).
Several other v-SNAREs, including VAMP7, VAMP2, and VAMP3, have also been investigated for their roles in MC degranulation. Knockdown of VAMP7 or its inhibition by antibodies reduces secretion in the RBL-2H3 MC line and human primary MCs (Woska and Gillespie, 2011; Sander et al., 2008). Upon stimulation, VAMP7 translocates to the plasma membrane, where it forms complexes with SNAP-23 and STX4 (Sander et al., 2008). However, its co-localization with LROs remains unclear, and VAMP7 knockout (KO) cells have not yet been studied. In RBL-2H3 MCs, fluorescently tagged VAMP2 translocated to the plasma membrane upon stimulation (Miesenbock et al., 1998). However, VAMP2-KO BMMCs exhibit no degranulation defect, indicating that VAMP2 is not essential for this process (Puri and Roche, 2008). Interestingly, in VAMP8-deficient MCs, VAMP2 showed an increased tendency to associate with SNAP-23 upon stimulation, suggesting a potential compensatory role (Tiwari et al., 2008). Similarly, VAMP3-deficient MCs do not display degranulation defects (Puri and Roche, 2008). However, in a VAMP8-deficient background, VAMP3 was found to interact with SNAP-23, though its role appeared to be limited to constitutive fusion rather than stimulated degranulation (Tiwari et al., 2009).
Although SNARE complexes can form spontaneously it is clear that in living cells this process is regulated by a variety of other proteins regulating their assembly, modulating energy barriers, and ensuring precise timing (Menasche et al., 2021; Blank et al., 2014; Jahn and Scheller, 2006). Sec1/Munc18-like (SM) proteins are a conserved family that interact specifically with certain STXs that play important roles in SNARE assembly (Sudhof and Rothman, 2009). Munc13 family proteins function in membrane vesicle docking interacting with Rab27-docked vesicles (Brunger et al., 2019; Rizo, 2022). It also primes fusion by converting STXs from a fusion-incompetent Munc18-bound closed conformation to an open conformation, making them available for SNARE complex formation thereby cooperating with Munc18 to finally enable SNARE assembly (Brunger et al., 2019; Rizo, 2022; Rothman et al., 2023). Studies with Munc18-2 and Munc13-4 isoforms knockout MCs and anaphylaxis experiments have found a profound degranulation defect in the absence of these proteins confirming their importance in the fusion process (Gutierrez et al., 2018; Rodarte et al., 2018). It is possible that Munc18-2, contrary to neuronal form Munc18-1, but like Munc18-3 (Hu et al., 2007), may bind to its STX partners (STX2 and STX3) already in an open form and thus may not need priming. Thus, both Munc18-2 and Munc13-4 may directly cooperate for proper assembly of SNARE fusion complexes. In this process Munc13-4 likely gets targeted to the granule fusion site via its interaction with Rab 27 prior to its activation by calcium signaling upon calcium binding to its C2A and C2B domains. As mentioned above granule-associated Munc18-2 (via STX3 binding) may additionally play a role in LRO docking and microtubule-dependent transport as after specific knock down LROs appear less docked at the plasma membrane and less mobile (Brochetta et al., 2014). Another calcium sensor in MCs is Synaptotagmin-2 (Syt2). Absence of Syt2 markedly inhibited degranulation in IgE-stimulated MCs and knockout animals showed a reduced passive cutaneous anaphylaxis response. The mechanism of action is not entirely clear. In neuronal cells Syt I is proposed to interact and clamp the preassembled SNARE prefusion complex diffusing away upon arrival of calcium, binding to its C2A and B domains thereby unlocking the prefusion complex to allow SNARE zippering. Another reported fusion regulator is tomosyn or STXBP5 initially described in neuronal cells, where its absence enhances neurotransmission (Fujita et al., 1998). Tomosyn possesses a R-SNARE domain but no membrane anchor and can bind to both STX 3 and 4 in MCs (Figure 2) (Madera-Salcedo et al., 2018). Here also, tomosyn acts as a fusion clamp as after siRNA-mediated knock down MCs exhibited an enhanced degranulation response (Madera-Salcedo et al., 2018) confirming the data in neuronal cells (Fujita et al., 1998), pancreatic β cells (Zhang et al., 2006) and endothelial cells (Li et al., 2018). In agreement with the fusion clamp function in MCs tomosyn rapidly dissociated from STX4 in a manner regulated by phosphorylation through PKCδ (Figure 2). By contrast the interaction with STX3 increased after stimulation for reasons that are not entirely clear (Figure 2). But it could represent a feedback regulatory mechanism to avoid uncontrolled fusion (Madera-Salcedo et al., 2018).
Together, these data demonstrate that, in addition to bona fide SNARE proteins, numerous additional regulators contribute to the fusion, docking, and trafficking processes, exerting both positive and negative regulatory roles. Among these, several Rab isoforms also play crucial roles, including Rab3d (Pomb et al., 2001), Rab5 (Klein et al., 2017), Rab12 (Efergan et al., 2016), Rab27a/b (Mizuno et al., 2007; Elstak et al., 2011), Rab37 (Higashio et al., 2016), and Rab44 (Longe et al., 2022). Other key regulators include the Rab27-interacting synaptotagmin-like protein 3 (Slp3) (Munoz et al., 2016), complexin II (Tadokoro et al., 2005), and Doc2α (Higashio et al., 2008), each playing distinct roles in fusion, granule docking, and trafficking, as summarized in previous reviews (Menasche et al., 2021; Blank et al., 2014; Moon et al., 2014). Furthermore, these processes require exquisite coordination with cytoskeletal reorganization, ensuring efficient transport mechanisms and enabling LROs and fusion effectors to access their respective membrane sites (Menasche et al., 2021).
4 THE FUNCTION OF THE LRO CONTENTS BEYOND ITS SECRETION
4.1 Role of LRO exocytosis on allergic manifestations
MCs and their mediators have been studied over many years primarily for their role in allergic manifestations. They are key effectors of IgE-mediated type I immediate hypersensitivity reactions, a Th2-mediated immune response involved in allergic responses. Allergic diseases affect nearly one-third of the population in developed countries, with a notable rise since the latter half of the 20th century. This increase is believed to result from an inappropriate immune response against nonpathogenic substances called allergens, such as pollen, dust mites, pet dander, mold spores etc. This response is favored - according to the hygiene hypothesis - in environments with higher hygiene standards, which reduce microbial exposure, disrupt the microbiota, and compromise barrier surfaces like those of the skin, lungs, and gut.
Allergies can present in various forms including anaphylaxis, allergic rhinitis, conjunctivitis, asthma, atopic dermatitis and food allergies. Anaphylaxis is the most severe form of IgE-mediated type I hypersensitivity, marked by rapid onset and potentially fatal systemic effects, while the other manifestations usually present as chronic diseases although in the case of asthma and food allergies they can present/evolve into severe forms with fatal outcome. MC-released histamine from LROs is a central mediator in the pathophysiology of allergies. Histamine is synthesized from the amino acid histidine by histidine decarboxylase (HDC) and acts on histamine receptors (in particular H1) in the body, triggering a range of responses (Wernersson and Pejler, 2014; Ohtsu, 2012). These include i) vasodilation and vascular permeability leading to a drop in blood pressure (hypotension) and tissue swelling (angioedema), ii) smooth muscle contraction inducing bronchoconstriction, contributing to respiratory symptoms like wheezing, shortness of breath, and airway obstruction in asthmatics iii) cardiovascular effects by increasing heart rate and cardiac contraction while reducing peripheral vascular resistance, potentially worsening circulatory collapse in anaphylactic shock iv) mucus secretion in the airways and gastrointestinal tract, which may result in congestion, rhinorrhea, conjunctivitis, sneezing vomiting, or diarrhea in allergic rhinitis and food allergies (Wernersson and Pejler, 2014; Galli et al., 2008). The importance of histamine in allergies is underlined by the significant impairment in the development of allergic reactions in HDC-KO mice (Ohtsu, 2012). Until today, although some more costly alternatives biologics targeting the IgE receptor or Th2 immune response development in severe diseases exist, anti-histamines represent the first line treatment for most chronic allergic manifestations. In addition to histamine other SG components can also participate in the early phases of allergies. Initially thought to be present in rodent MCs the biogenic amine serotonin has also been found in human MCs although in lower quantities (Wernersson and Pejler, 2014; Kushnir-Sukhov et al., 2007). Like histamine it contributes to swelling and redness by promoting vasodilation and increasing vascular leakage. It can potentiate histamine’s effects, worsening symptoms like angioedema and hypotension in anaphylaxis (Gillis et al., 2017). During an allergic reaction the MC-specific proteases chymase and tryptase contribute to leukocyte extravasation by modulating adhesion molecules on endothelial cells (Caughey, 2007). Likewise, MC proteases by degrading extracellular matrix proteins further facilitate inflammatory cell infiltration (Pejler et al., 2007). Tryptase activates protease-activated receptor-2 (PAR-2), which can induce airway smooth muscle contraction and increase mucus secretion can contribute to asthma symptoms (Caughey, 2007). A recent study has uncovered important insights into the pathophysiology of allergic asthma during early life. The findings showed that allergen-induced tissue remodeling disrupts the vascular integrity of the lung through MC degranulation, and more specifically through the release of proteases in mice and tryptase in humans. These proteases induce the retraction of pericytes, which are key cells for maintaining blood vessel stability, thus establishing a new MC/pericyte axis critical for lung vascular function (Joulia et al., 2024).
Following release of LRO content by degranulation, MCs also rapidly (within 15–30 min) release newly synthesized lipid mediators like prostaglandins (PGD2) and leukotrienes (LTB4, LTC4), triggering classic allergic symptoms such as vasodilation, increased vascular permeability, bronchoconstriction, and mucus production thereby amplifying allergic symptoms. These early phases are followed by a late-phase response, where MCs synthesize secrete chemokines, cytokines, and growth factors, attracting additional inflammatory cells like neutrophils, macrophages, eosinophils, and T cells to the inflammatory site that finally contribute to the chronicity of the allergic reaction.
A recent study by Lämmermann’s group reveals that during anaphylactic conditions, degranulating MCs can trap neutrophils intracellularly, forming structures referred to as “MC intracellular trap” (MIT) (Mihlan et al., 2024). This process relies on MC-dependent secretion of LTB4, MC degranulation, and neutrophil migration. Once recruited, MCs engulf live neutrophils into giant vacuoles, where the neutrophils undergo cell death within 48 h. The MCs then degrade and recycle neutrophil components (e.g., DNA, proteases), enhancing their metabolic fitness. Subsequently, the residual neutrophil-derived material is release by degranulation (known as “nexocytosis”), which amplifies inflammation by triggering type I interferon responses (Mihlan et al., 2024).
4.2 Role of LRO contents on venom detoxification
Despite their potentially life-threatening effects, IgE-mediated allergic responses have been preserved throughout evolution, likely due to their beneficial roles in Th2-mediated innate and adaptive immune responses (Palm et al., 2012; Charles and Blank, 2025). Indeed, M. Profet’s “toxin hypothesis” suggests that allergies function as a defense against harmful substances produced by organisms across the kingdom of living organisms (Profet, 1991). These include venoms and environmental toxins, but eventually also endogenously produced products that need to be neutralized. Supporting this, MC-derived products have been shown to neutralize toxins, venoms (snake, scorpion, gila monster, bee), plant toxins (poison ivy urushiol), and endogenous compounds like Endothelin-1 and vasoactive intestinal peptide (Galli et al., 2020b).
Major LRO components released by MCs in this task are the MC-specific proteases and proteoglycans neutralizing toxins and venoms through degradation (proteases) or binding (heparin) (Metz et al., 2006; Tsai et al., 2015; Du et al., 2024). Thus, in mice, CPA3 and the MC-specific chymase MCPT4 were demonstrated to degrade various venoms, while in humans, it appears to be majorly β-tryptase, which breaks down certain snake venoms (Tsai et al., 2015; Anderson et al., 2018). Heparin, can reduce venom toxicity by binding and blocking activity or by acting as an anticoagulant (Du et al., 2024).
Many studies suggest an innate MC-triggering mechanism in venom detoxification. Indeed, venom components like mastoparan (bee venom) and sarafotoxin (snake venom) activate the MRGPRX2 receptor on MCs, inducing degranulation. MCs also express endothelin A (ETA) receptors that get directly activated by endogenous endothelin-1 (ET-1) or exogenous sarafotoxin 6b contained in snake venoms (Tsai et al., 2015; Schneider et al., 2007). However, repeated venom exposure can also elicit an adaptive immune response, as demonstrated for bee venom phospholipase A2 (PLA2), which triggers a Th2-response and production of venom-specific IgE (Starkl et al., 2022). Thus, adaptive immunity, IgE, and FcεRI, despite its potentially dangerous effect can also further enhance protection against toxins and venoms.
4.3 Role of LRO exocytosis against microbial defense
MCs and IgE antibodies have been proposed for many years to contribute to parasitic defense mechanisms, in particular large parasites such as helminths with parasite-specific IgE increasing in endemic areas and correlating with protection (Hagan et al., 1991; Rihet et al., 1991). In 1996, MCs were also shown to play a protective role in bacterial sepsis (Echtenacher et al., 1996; Malaviya et al., 1996), followed by studies revealing both protective and aggravating roles of MCs in bacterial infection, depending on infection severity, entry site, and model (Abraham and St John, 2010; Jimenez et al., 2021). MCs also contribute to antiviral and antifungal defenses with both positive and negative roles (Rathore and St, 2020; Jiao et al., 2019).
While IgE-mediated adaptive mechanisms represent an important component during parasitic infection, MCs express also numerous innate receptors such as TLR, NOD-like and RIG-I-like receptor families, C-type lectin receptors and Mas-related G protein-coupled receptors that can recognize and respond to microbes or microbial products initiating the release of secretory products involved in defense mechanisms (Redegeld et al., 2018).
Concerning helminth infection, studies in mice confirmed the role of MCs and IgE-mediated adaptive responses in protection although this was largely dependent on the infectious parasite and the model used (primary or secondary infection, Ab-deficient) (Mukai et al., 2018). In some circumstances IgE-mediated activation of basophils also played a role (Karasuyama et al., 2018). Concerning the mediators implicated, these were rarely studied in these experiments although in many instances the production of cytokines appeared to play an important role (Mukai et al., 2018; Jimenez et al., 2021). Some studies also provided evidence for the role of proteases. Thus, Mcpt1 chymase-deficient mice had a markedly delayed worm expulsion and increased larval burden in Trichinella spiralis infection with the effect being majored after secondary infection (Knight et al., 2000). But, at the same time they showed less intestinal inflammation. Indeed, Mcpt1 can potentially degrade tight junction proteins such as occludin weakening the intestinal barrier thereby promoting intestinal inflammation (Knight et al., 2000; Lawrence et al., 2004). In a more chronic model, where the parasite had already infested skeletal muscles, it was rather Mcpt-6 tryptase that provided protection as live cysts increased in Mcpt-6-deficient mice due to a deficiency in anti-parasitic eosinophil infiltration (Shin et al., 2008). Proteases were also directly shown to kill parasites. Thus, SAG-1 surface antigen IgG-opsonized Toxoplasma gondii tachyzoites opsonized when co-cultured with MCs induced a polarized degranulation toward the parasite resulting in the tryptase-dependent parasite death (Joulia et al., 2015). While no specific role of histamine became apparent in helminth infection it appeared to play a detrimental role in malaria infection. Inhibition of histamine-mediated signaling conferred significant protection against severe malaria in mouse models of disease altering intestinal permeability (Beghdadi et al., 2008; Potts et al., 2016).
Concerning bacterial infection, the initial studies showing a protective effect of MC in bacterial sepsis indicated that it was the TNF cytokine prestored in MC LROs that conferred protection. Indeed, in this model TNF gets rapidly mobilized (<60 min) from LROs enabling rapid neutrophil infiltration, and the protective effect was abolished with an anti-TNF Ab (Echtenacher et al., 1996; Malaviya et al., 1996). As already mentioned above the lysosomal enzyme β-hexosaminidase released from LROs can inhibit bacterial growth and MC-deficient mice reconstituted with β-hexosaminidase-deficient MCs were more susceptible in a model of Staphylococcus epidermidis infection. It was shown that the enzyme degraded peptidoglycans of its bacterial cell wall, however, this microbicidal effect did not extend to S. aureus (Fukuishi et al., 2014). Proteases have also been implicated in anti-bacterial defense mechanism. Tryptase Mcpt6 (−/−) mice were unable to eliminate Klebsiella pneumoniae from the peritoneal cavity with early extravasation of neutrophils to the peritoneal cavity being blunted (Thakurdas et al., 2007). In this context tryptase was shown to trigger the neutrophil attracting chemokine CXCL2 from endothelial cells. Mcpt4, the functional human chymase homologue was found to mediate protection in urinary tract infections caused by uropathogenic E. coli as it activated caspase-1 thereby triggering bladder epithelial cell death and shedding (Choi et al., 2016). In lower genital tract infections by group B Streptococcus (GBS) it was found to cleave fibronectin, reducing bacterial adherence (Gendrin et al., 2018). MCs can also produce and release upon degranulation the antimicrobial peptide cathelicidin (or LL37), which was shown to prevent invasive group A Streptococcus infection of the skin (Di et al., 2008).
Few studies have been performed analyzing the role of MC granular mediators in viral infection models. St. John and colleagues investigated the anti-dengue response. It is known that during secondary infection with a different serotype, poorly neutralizing Abs can enhance virus uptake leading to a cytokine storm, vascular permeability, and plasma leakage, which are hallmarks of MC activation. It was found that in such patients, disease severity was correlated with MC chymase and tryptase levels (Rathore and St, 2020). In an experimental model of dengue infection (Rathore and St, 2020; Syenina et al., 2015; Rathore et al., 2019), IgG-dependent MC activation induced vascular leakage in WT but not in MC-deficient mice. MC tryptase was identified as a key mediator by disrupting endothelial tight junctions (Rathore and St, 2020; Rathore et al., 2019).
So far, only a few studies have addressed the role of MCs in the immune response to fungi infections and even less is known concerning the released mediators (Jiao et al., 2019). The best studied model is A. fumigatus as it participates in allergic bronchopulmonary aspergillosis (ABPA) a severe allergic response further worsening existing lung diseases with detection of specific IgE antibodies (Urb et al., 2009). Although exposure to Aspergillus fumigatus hyphae leads to degranulation of MCs both in an IgE-independent and IgE-dependent manner, MCs do not seem to inhibit their growth or metabolic activity (Urb et al., 2009).
4.4 Role of LRO exocytosis in the circulatory system on immune responses
A study by Abraham’s group unexpectedly demonstrated that the dense cores of LROs, formed by electrostatic interactions between negatively charged heparin proteoglycans and positively charged insoluble mediators (e.g., TNF, MC-specific proteases), are secreted intact as submicrometric particles (Kunder et al., 2009). Strikingly, these secreted particles have demonstrated long-range functional activity by circulating through the lymphatic system to the draining lymph nodes, where they reinforcing immune responses (Kunder et al., 2009). As MC-derived particles are considered as a novel form of long-distance transport of inflammatory mediators, it has been proposed to use synthetic MC granules as adjuvants in vaccines to modulate immune responses (St John et al., 2012). MC-derived particles can pass through the spaces between endothelial cells into lymphatic vessels (Kunder et al., 2009). In blood vessels, studies demonstrate that perivascular MCs interact directly with blood vessels by extending cytoplasmic projections into the vascular lumen (Dudeck et al., 2021; Link et al., 2024; Cheng et al., 2013). Upon activation (e.g., exposure to DNFB, IgE cross-linking), these MCs release LRO contents directionally into the bloodstream. This polarized degranulation ensures the diffusion of mediators such as TNF into the circulation, enabling the recruitment of neutrophils at the inflammatory site (Dudeck et al., 2021). The close contacts between MCs and vascular endothelium is dependent on integrin β1. Indeed, genetic deletion of Itgb1 gene in MCs disrupted these interactions and abrogated anaphylactic responses to blood-borne allergens, highlighting its critical role in MC-mediated vascular communication (Link et al., 2024).
5 CONCLUSIVE REMARKS
Unwittingly visualized almost two centuries ago, MC LROs play a pivotal role in the immune surveillance function of MCs. These organelles exhibit dual functionality, mediating protective effects such as microbial defense and venom detoxification, while also contributing to pathological outcomes like allergic inflammation, depending on the context of MC activation. Research on LROs has considerably enriched our understanding of the molecular mechanisms that govern their biogenesis, transport, secretion and overall function, notably through the use of genetically engineered mouse models. Future studies will focus on novel protocols combining functional genomics (based on RNA interference or CRISPR-Cas9 genome editing) with high-resolution confocal microscopy enabling the precise identification of new regulators of MC degranulation (Folkerts et al., 2020). The studies of LRO composition have identified histamine as a key mediator of allergic reactions, leading to the development of anti-histamines as therapeutic agents. Additionally, insights into the inherent properties of their dense core, capable of long-distance transport to lymph nodes via the bloodstream, have enabled the development of synthetic MC granules. These engineered particles have been explored as tools to modulate immune responses in vaccine development. Thus, in the future, targeting specific genes expressed in MCs that regulate LRO maturation and secretory pathways may enable the development of novel therapeutics treatments for both allergic and non-allergic diseases driven by MCs.
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Epidermal lamellar bodies, essential organelles for the skin barrier
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Skin lamellar bodies are members of the Lysosome-Related-Organelle (LRO) family, characterized by specific features related to the skin’s primary function, i.e., protecting the body from external assaults while minimizing dehydration. In the uppermost living cell layers of the epidermis, the vesicles and tubulovesicular network that make up the « lamellar body system » as identified by electron microscopists, play a crucial role in maintaining the skin barrier. As a secretory compartment, lamellar bodies carry a variety of compounds that, when released in the extracellular space or exposed at the membrane, contribute to the unique hydrophobic structure of the upper epidermis (lipids and lipid metabolism enzymes), regulate desquamation (proteases and inhibitors) and provide anti-microbial defense. The molecular machinery involved in the biogenesis and trafficking of skin lamellar bodies is only beginning to be deciphered, including the Rab11A GTPase, the Myosin5B molecular motor, and the CHEVI complex. This later one is constituted of the Vps33B and VIPAR tethering molecules, whose mutations lead to the ARC and ARKID syndromes. Further studies are needed to identify the key molecules regulating the various stages of LB biogenesis, maturation and exocytosis. It is likely that some of these molecules will be shared with other members of the LRO family. These studies will further enhance our understanding of the relationships between lamellar body trafficking and skin barrier dysfunction.
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INTRODUCTION
The epidermis, the outermost protective layer of the skin, is a stratified epithelium primarily composed of keratinocytes and organized into four distinct cell layers. In the basal layer (stratum basale), located closest to the dermis, keratinocytes are proliferating cells responsible for tissue renewal. As they move towards the surface of the skin, these cells undergo a differentiation process and populate the upper layers namely, the stratum spinosum, stratum granulosum, and finally the stratum corneum. This uppermost layer which is the most essential for the skin’s barrier function, is made up of dead and rigid cells, called corneocytes, filled with keratin filaments and embedded in a hydrophobic lipid matrix. The composition of the stratum corneum is critically dependent on the underlying living cells, particularly the granular keratinocytes which behave like true secretory cells (Elias et al., 1998; Ishida-Yamamoto et al., 2018; Matsui and Amagai, 2015).
LAMELLAR BODIES, ORGANELLES DEFINED BY ELECTRON MICROSCOPY
Epidermal lamellar bodies (LB), also known as lamellar granules, Odland bodies, or keratinosomes, were first identified by Odland in the 1960s as specific organelles of the skin (Odland, 1960). Their discovery was largely made possible by the development and availability of transmission electron microscopy. It allowed the visualization, in the uppermost living cell layers of the epidermis, of ovoid structures ranging from 50 to 200 nm in diameter, with a lamellar content and a surrounding membrane (Figure 1) (Landmann, 1988). Other organelles, also called lamellar bodies on the basis of their histological appearance, but much larger in size (around 1 µm in diameter), have been identified in alveolar type 2 epithelial cells. These later organelles have a specific function in the lung epithelium, preventing alveolar collapse upon breathing. Herein, in this paper focusing on skin biology, they will not be further analyzed.
[image: Diagram of skin layers shows stratum corneum, granulosum, spinosum, and basale, each labeled with cell junctions and organelles, alongside two grayscale electron microscopy images at 500 nanometers and 100 nanometers showing cellular ultrastructure in detail.]FIGURE 1 | Lamellar bodies in multilayered epidermis. The epidermis is primarily constituted of keratinocytes, organized in various cell layers undergoing orderly differentiation. A melanocyte (brown cell) and a Langerhans cell (light brown cell) are also present in the epithelium. Lamellar bodies (yellow circles) are shown in keratinocytes of the Stratum Granulosum (SG) (left picture made with bioRender). By transmission electron microscopy, lamellar bodies can be observed at different scales: electron micrographs in the right part of the figure have been acquired by C. Leprince, from human skin biopsies as described in Reynier et al. (2019). Briefly, skin biopsies have been fixed with a mix of glutaraldehyde and paraformaldehyde, post-fixed with osmium tetroxyde, embedded in epoxy resin and post stained with uranyl acetate and lead citrate.Epidermal LB are first produced in the upper stratum spinosum and accumulate in the stratum granulosum (SG). Their biogenesis is closely linked to epidermal differentiation, and it is difficult to study them in 2D cultures of keratinocytes (Wertz, 2018). Electron microscopy images of the upper portion of the stratum granulosum often reveal deep invaginations of the plasma membrane containing a lamellar material, which presumably correspond to extrusion areas of the LB content into the extracellular space (Odland, 1960; Landmann, 1988; Odland and Holbrook, 1981). In 2001, L. Norlen suggested that LB are not discrete, ovoid vesicles, but instead form an extensive reticular network within the cytoplasm of the uppermost granular keratinocytes, creating a continuous membrane structure that extends from the cell interior to the extracellular space (Norlén, 2001). As a result, LB vesicles observed in traditional 2D electron micrographs might be viewed as planar projections of a tubuloreticular network. This alternative view has been partially confirmed over the following decades (Ishida-Yamamoto et al., 2018; Elias, 2005). In particular, the recent development of new electron microscopy methodologies combined with 3D reconstructions and the use of various sample preparation methods, which help minimize preparation-induced artefacts, has confirmed the presence of branched reticular strctures with a lamellar content in granular keratinocytes (den Hollander et al., 2016; Yamanishi et al., 2019). In a broader view of the stratified epidermis, Yamanishi et al. linked the LB morphology to keratinocyte differentiation. In 3D-reconstructed images of focused ion beam scanning electron micrographs (FIB-SEM), these organelles appear vesicular in the deeper granular layers (called SG3 as the third layer of stratum granulosum from the epidermal surface) and become reticular in the second layer of the stratum granulosum (SG2) (Yamanishi et al., 2019). In SG2 granular keratinocytes, it is interesting to note that the Trans-Golgi Network (TGN) is spread throughout the cytoplasm, with tubular structures connected to the similarly tubular LB.
Beyond the stuctural description, the debate on LB morphology has had implications for understanding the extrusion process into the extracellular space. A “membrane-folding” model proposed by L. Norlen views LB as a reticular structure that extends throughout a large part of the cytoplasm and is directly connected to the extracellular space, without the involvement of a barrier membrane (den Hollander et al., 2016; Norlén et al., 2022). The release of LB content is thought to occur through unfolding and folding of their membrane invaginations. An alternative “membrane trafficking” model, while incorporating the existence of a reticulo-tubular morphology, suggests that LB content is released into the extracellular space via a fusion process with the plasma membrane, similar to many other secretion pathways (Ishida-Yamamoto et al., 2018; Yamanishi et al., 2019; Elias, 2018). It is curently believed that the « LB system » consists of a combination of vesicles and reticular tubules, with the relative proportions of these components varying according to the state of granular cell differentiation and the need to maintain a functional barrier (Elias et al., 1998; Elias, 2005; Yamanishi et al., 2019; Madison, 2003; Menon et al., 2018). The reticular structure aligns with the plasticity and branched morphology of various subcellular compartments, such as recycling or late endosomes, and the TGN. Deciphering the releasing process will likely require more functional and dynamic approaches, such as models that induce barrier disruption. We may anticipate that future advancements in imaging technologies, including both electron or optical microscopy (the later enabling live imaging) will provide insights into this issue.
THE LAMELLAR BODY CARGOES
Once accumulated as a cytoplasmic pool, LB release their cargo into the extracellular space, on the apical side of granular keratinocytes (Yamanishi et al., 2019). The released compounds will contribute to the composition and structure of the stratum corneum, playing a crucial role in the skin’s barrier function. 3D-reconstructions of FIB-SEM electron micrographs have shown that LB begin secreting their contents in the second granular layer (SG2) with all granules being secreted in the first granular layer (SG1) (Yamanishi et al., 2019). The secretion process is most pronounced between SG2 and SG1, and sometimes biased towards one neighbor cell rather than another one, raising questions about the molecular and cellular factors controlling this release process (Ishida-Yamamoto et al., 2023).
Several groups have developped laborious methods to purify LB-enriched fractions, based on size or density criteria, and subsequently analyze their composition (Figure 2). Earlier reports revealed that they primarily consist of a mix of lipids, which aligns with the lamellar appearance of the organelle, and the essential role of lipids in the hydrophobic properties of the stratum corneum. Specifically, the contents include phospholipids, glycolipids (mostly glucosylceramides), free sterols and small amounts of sterol esters, ceramides and fatty acids (Wertz, 2018; Wertz et al., 1984; Grayson et al., 1985; Vietri and Watt, 2022). This unique lipid composition sets the skin apart from other tissues and likely serves a specialized function in the skin’s barrier. A particularly notable lipid species is made of unusual glucosylceramides with long ω-hydroxy-acyl fatty acid chains. These lipids are thought to be essential for lipid assembly within the organelles lumen and their anchoring to the surrounding membrane, which in turn influences the structure of lipid sheets in the inter-corneocyte spaces of the stratum corneum (Wertz, 2018; Wertz et al., 1984; Bowser et al., 1985). Once released into the extracellular space, the precursor lipids are metabolized by a series of hydrolytic enzymes, that have also been identified in LB-enriched fractions. These enzymes include glucosidases, galactosidases, phospholipase A, sphingomyelinase, hexosaminidase B, etc (Raymond et al., 2008). Based on a complex metabolic pathway, these enzymes generate non-polar lipids, such as ceramides, cholesterol, and free fatty acids (FFA), which are present in an approximately equimolar ratio in the stratum corneum and will organize into unique lamellar sheets (Elias, 2018; Schürer et al., 1991; Freinkel and Traczyk, 1985; Bouwstra et al., 2003; Bouwstra et al., 2023).
[image: Diagram of a biological membrane with labeled categories surrounding it, including vesicular trafficking regulators, membrane proteins, protease inhibitors, other proteases, lysosomal hydrolases, lipid metabolism enzymes, lipids, antimicrobial peptides, and annexins, each listing representative protein or lipid examples.]FIGURE 2 | Diversity of lamellar body cargoes and related functions. The LB components detailed above come from data published by Wertz (2018), Wertz et al. (1984), Grayson et al. (1985), Vietri and Watt (2022) for the lipid part, and (Raymond et al., 2008) for the protein part. Components were grouped according to their biological function (picture made with bioRender).After LC-MS/MS analysis of a LB-enriched fraction, the proteomic study reported by Raymond et al. identified more than 900 proteins (Raymond et al., 2008). Although this enriched fraction may be contaminated by other subcellular constituents, it reveals several interesting elements beyond the lipid-processing enzymes, whose presence is also crucial for the skin barrier. First, the LB contains a series of membrane proteins, including ion channels and transporters. Among them is ABCA12, a member of the ABC surperfamily that facilitates the delivery of lipids into the organelle. Mutations in the ABCA12 gene have been identified as the cause of autosomal recessive congenital ichthyosis (ARCI), including Harlequin Ichthyosis, congenital ichthyosiform erythroderma, and lamellar ichthyosis, depending on the type of ABCA12 mutation. A defective ABCA12 results in a reduced lipid content in LB, as well as an abnormal LB morphology, a reduced pool of LB organelles, an impaired secretion into the extracellular space and a compromised barrier function that can be very severe in Harlequin Ichthyosis (Akiyama et al., 2003; Scott et al., 2013). In addition, LB-enriched fractions contain a structural protein called corneodesmosin which is essential for the rigidity of the stratum corneum (Simon et al., 1997). Corneodesmosin covers the external face of desmosomes, reinforcing the cohesion between corneocytes, the cell units of the statum corneum. Proteases from the kallikrein or cathepsin family as well as their inhibitors, such as LEKTI, cystatins or SLPI, are present in the LB lumen (Sondell et al., 1995; Ishida-Yamamoto et al., 2004). Once released into the extracellular space, these proteases play a role in desquamation, a process that involves the degradation of corneodesmosomes and is tightly regulated in the thickness of the stratum corneum. Several peptides (e.g., beta-2 defensin, cathelicidin) (Oren et al., 2003) or larger molecules like elafin are also part of the LB cargo, contributing to the innate antimicrobial protection. Lastly, chaperone molecules such as apolipoproteins, or caveolin (a scaffolding molecule for cholesterol and sphingolipids) have been documented in LB-enriched fractions (Raymond et al., 2008). It is likely that these molecules contribute to the molecular segregation within the organelles, although their precise roles and locations remain unclear. Molecular compartmentalization is evident in both classical electron micrographs and FIB-SEM images, where the organelle content can be heterogenous and not fully filled with a lamellar material (den Hollander et al., 2016; Raymond et al., 2008). This may prevent destructive, unfavourable molecular interactions, between lipids and their metabolizing enzymes, or between proteases and their inhibitors. Molecular segregation is also apparent in the heterogeneity of LB vesicles or sections of the tubular network. Immuno-electron microscopy has shown that different cargo markers occupy distinct domains within the LB structure, suggesting independent transport mechanisms (Ishida-Yamamoto et al., 2004). This was particularly observed for corneodesmosin and kallikrein 7, a distancing which might avoid premature proteolysis of corneodesmosin.
Finally, in view of their composition, skin LB are essential organelles for the homeostasis of the epidermal barrier: by creating an hydrophobic physical barrier (lipids and lipid metabolism enzymes), by reinforcing corneocyte cohesion (corneodesmosin), by controlling desquamation (proteases and inhibitors), and by providing an innate anti-microbial defence (antimicrobial peptides).
SECRETORY VESICLES, MEMBERS OF THE LYSOSOME RELATED ORGANELLE (LRO) FAMILY
As shown above, the uppermost granular keratinocytes, particularly the second layer of granular keratinocytes (SG2), are crucial secretory cells for the skin barrier. In this context, LB are considered secretory vesicles that also share common features with members of the « Lysosome-Related-Organelle » (LRO, or ELRO for « endo-LRO ») family, which have been described in various cells and tissues (Marks et al., 2013; Delevoye et al., 2019). Like other LROs - such as lung lamellar bodies, melanosomes, Weibel-Palade bodies, lytic granules of cytotoxic lymphocytes, alpha granules of platelets - skin LB contain lysosomal acid hydrolases, including acid phosphatases, carboxypeptidases, cathepsins, and acid lipases. Additionally, LB have an acidic lumen, partly due to the presence of vacuolar-type proton pump ATPases, which are capable of transporting protons across the surrounding LB membrane (Raymond et al., 2008).
The various members of the LRO family have been shown to originate from different subcellular sites (Marks et al., 2013; Delevoye et al., 2019). Regarding skin LB, electron microscopy images typically describe budding sites originating from the TGN. Brefeldin A, a drug which causes the collapse of the Golgi complex, via inhibition of the exchange reaction on Arf-GDP, blocks LB formation (Feingold, 2007; Lippincott-Schwartz et al., 1989; Lippincott-Schwartz et al., 1991; Klausner et al., 1992). Additionally, the Golgi pH Regulator (GPHR) which acidifies the Golgi cisternae, has been suggested to contribute to the low pH of LB precursors that emerge from the TGN (Ishida-Yamamoto et al., 2018; Yamanishi et al., 2019; Madison, 2003; Tarutani et al., 2012; Sakai et al., 2007). In skin specific GPHR-knockout mice, Golgi function is disrupted, LB formation is impaired, and the epidermal barrier is compromised (Tarutani et al., 2012). Using immuno-electron microcopy, Ishida-Yamamoto et al. (2007) highlighted the presence of the Rab11 GTPase on tubulo-vesicular structures emerging from the TGN, which were stained with various lamellar body markers (corneosdesmosin, cathepsin D, LEKTI or Glucosyl-ceramides). Rab11 is a small GTPase found on recycling endosomes and the TGN, where it controls trafficking events between these intracellular compartments and the plasma membrane. Among the three Rab11 isoforms encoded by the mammalian genome - Rab11A, B and C–Rab11A was preferentially detected on corneodesmosin-stained LB, through high resolution (STED) confocal imaging (Reynier et al., 2016). Functional studies confirm the critical role of Rab11A GTPase as silencing RAB11A mRNA, in an in vitro 3D-model of reconstructed human epidermis, significantly impaired LB biogenesis (Reynier et al., 2016). As a result, stratum corneum lipids including the essential Cer-EOx ceramides with long carbon chains were reduced, the intercorneocyte lamellae were disorganized, and the epidermal barrier was compromised. These findings suggest that Rab11A controls LB biogenesis in skin granular keratinocytes, where it is particularly abundant and localized at the surface of LB. The identification of other key molecules in the LB trafficking pathway was extended to the well-known Rab11A effector, Myosin 5B, an actin-dependent molecular motor. Similar to Rab11A, Myo5B was detected on LB structures in granular keratinocytes. Silencing MYO5B mRNA decreased LB density, further inducing structural defects in the SC and impairing barrier function (Reynier et al., 2019). It has also been shown that the dynamics of the actin cytoskeleton play a crucial role in the distribution of LB throughout the cytoplasm of granular keratinocytes. To date, the role of microtubules and microtubule-dependent motors in LB motility remains under investigation. Taken together, these results suggest that immediately after the TGN exit, the funtional association between Rab11A, Myo5B and actin controls LB motility and potentially LB maturation through interaction and exchanges with endosomal compartments, such as recycling endosomes or late endosomes/lysosomes. This pathway closely resembles the transport mechanism of uroplakin vesicles in umbrella cells, another member of the LRO family (Khandelwal et al., 2009; Khandelwal et al., 2013).
Further insights into LB trafficking have been gained through human genetics. ARC syndrome (Arthrogryposis, Renal dysfunction and Cholestasis; OMIM#208085) is an autosomal recessive multisystem disorder, which includes severe ichthyotic symptoms, caused by germline mutations in the VPS33B or VIPAR genes (Gissen et al., 2004; Hershkovitz et al., 2008). Subsequently, another mutation in the VPS33B was shown to cause the ARKID (Autosomal Recessive Keratoderma Ichthyosis Deafness; OMIM#620009) syndrome (Cullinane et al., 2010; Banushi et al., 2016; Gruber et al., 2017). VPS33B encodes a mammalian homolog of the yeast Vps33p (« vacuolar protein sorting 33 »). Together with the VIPAR protein (« VPS33B interacting protein involved in polarity and apical protein restriction »), VPS33B forms the CHEVI complex (« Complex C Homologues in Endosome-Vesicle Interaction »), which is involved in membrane tethering to a target compartment before interacting with a SNARE fusion complex. Interestingly, VPS33B and VIPAR are well known effectors of GTP-bound Rab11A. In the ARKID syndrome, the VPS33B mutation disrupts the interaction between VSP33B-VIPAR and Rab11A but does not affect the intrinsic interaction between the two components in the complex. In Hershkovitz et al. (2008), ultrastructural analysis of skin from ARC patients reported the presence of abnormal structures in corneocytes of the SC, which were suspected to be « entombed LB », likely due to defective LB biogenesis and/or secretion. This hypothesis was re-examined in tamoxifen-inducible VPS33B and VIPAR KO mice which replicate the ichthyotic phenotype of ARC, i.e., an abnormal structure of the SC and a defective epidermal barrier. In these mice, the expression of KLK5, one of LB compounds, was reduced in granular keratinocytes, when LB had an abnormal morphology, as observed by transmission electron microscopy. Additionally, neutral lipids were significantly reduced in the stratum corneum (Rogerson and Gissen, 2018). These studies suggest that the CHEVI complex plays a role in skin LB biogenesis and trafficking, similarly to its involvement in the biogenesis of another LRO, e.g., platelet alpha-granules. In haematopoietic cell-specific knockout mice, VPS33B deficiency results in a defect in alpha-granule biogenesis (Dai et al., 2016). In the epidermis, it remains to be determined whether the CHEVI complex plays its role on the surface of LB or on recycling endosomes, most likely through its membrane tethering function, which could influence LB maturation. Alternatively, it may regulate LB distribution by controlling apical polarity, as seen in hepatocytes (Figure 3), Rogerson and Gissen (2018), Bem et al. (2015), Rogerson and Gissen (2016).
[image: Diagram of a granular keratinocyte showing the secretory pathway, with lamellar bodies trafficking through endosomal compartments including early endosome, recycling endosome, late endosome, and lysosome. Inset zooms into lamellar body exocytosis, illustrating associated proteins Rab11A, Myosin 5B, actin filaments, and CHEVI complex. Color key provides molecular identification.]FIGURE 3 | Control of LB trafficking in granular keratinocytes by the Rab11A GTPase, the Myosin 5B molecular motor and the CHEVI tethering compex (picture made with bioRender).ADDITIONAL GENETIC TOOLS TO DECIPHER LB TRAFFICKING
Other loss-of-function mutations associated with an ichthyotic phenotype are still being investigated at the intersection of molecular genetics and skin biology. The defective molecules encoded by the mutated genes are suspected to be functionally linked to LB trafficking, although the molecular mechanisms remain unresolved.
For example, mutations in the SNAP29 gene cause CEDNIK syndrome (« CErebral Dysgenesis, Neuropathy, Ichthyosis, and Keratoderma», OMIM#609528), (Sprecher et al., 2005; Fuchs-Telem et al., 2011). The SNAP29 protein is a t-SNARE molecule, ubiquitously expressed and highly abundant in the epidermis, involved in membrane fusion processes. In the epidermis of CEDNIK patients, as well as in keratinocyte-specific SNAP29 knockout mice that replicate the ichthyotic symptoms of the human disease (Schiller et al., 2016; Keser et al., 2019), the epidermal barrier is disturbed, and LB morphology and secretion are abnormal. More specifically, the amounts of LB cargoes such as KLK7 or corneodesmosin are reduced in living keratinocytes, neutral lipids are much less abundant in the SC and ultrastructural images show remnants of non-degraded organelles in corneocytes. Whether SNAP29 affects LB trafficking, either directly or indirectly, warrants further investigation as SNAP29 has also been reported to control fusion processes between the autophagosome and endolysosome compartments (Diao et al., 2015; Tian et al., 2021). Interestingly, in a platelet-specific SNAP29 knockout mouse model, alpha-granule secretion is slightly decreased (Williams et al., 2016), which demonstrates in a cell type different from keratinocytes, that SNAP29 impacts the trafficking of another LRO. It is conceivable that alterations in the autophagosome or lysosome compartments, could impact the LB pool. In KO mice models, deletion of the autophagy-related atg7 gene induces secretion defects of either Weibel-Palade bodies in endothelial cells or lung LB in alveolar epithelium (Li et al., 2022; Torisu et al., 2013). In addition, other key players of autophagy, i.e., LC3B and ATG4B, have been shown to regulate melanosome motility and facilitate their intracellular positioning in melanocytes (Ramkumar et al., 2017). Presently, no functional link between epidermal LB and the autophagosome compartment have been supported by experimental data. But autophagosomes or autophago-lysosomes might contribute to LB maturation through exchange of membrane and luminal compounds, or to LB clearance in case of damaged LB.
MEDNIK syndrome (« Mental retardation, Enteropathy, Deafness, Neuropathy, Ichthyosis, Keratodermia” or IDEDNIK; OMIM#609313) is another multisystem genetic disorder caused by mutations in the AP1S1 gene, including an ichthyotic phenotype. AP1S1 encodes the σ subunit of the adaptor protein complex AP1, which is involved in clathrin coat assembly at TGN exit sites (Montpetit et al., 2008; Martinelli and Dionisi-Vici, 2014). Knockdown of the AP1S1 gene in a zebrafish model results in skin and neurologic defects, thereby reproducing major symptoms of the human disease and confirming the pathogenic role of the mutation (Montpetit et al., 2008). In certain tissues, such as brain and liver, AP1S1 deficiency has been shown to disrupt the intracellular distribution and trafficking of the ATP7A copper pump, affecting copper-dependent enzymes and copper homeostasis. However, no data is currently available on the impact of AP1S1 deficiency in the epidermis, on the trafficking of a given molecule which could impact the skin barrier. The use of the knockout zebrafish model would certainly be helpful in addressing this question.
The TMEM79 gene, also known as Mattrin, was originally identified in the Flaky tail (ft/ft) mouse line (Presland et al., 2000) a well-established model for atopic dermatitis. This mouse line carries two mutations, one in the Filaggrin (Flg) gene and another in the Tmem79/Mattrin (Matt) gene, the latter of which is responsible for the atopic phenotype (Sasaki et al., 2013; Saunders et al., 2013). Despite extensive studies in various tissues and pathologies, the precise function of the TMEM79 transmembrane protein remains unclear. In the skin, TMEM79 is expressed in hair follicles and in granular keratinocytes. Both Tmem79Ma/Ma mutant mice and Tmem79 −/− KO mice exhibit dermatitis-like skin inflammation, a defective skin barrier, and a desorganized SC. In Tmem79Ma/Ma mutants, Sazaki et al. (Sasaki et al., 2013) demonstrated that the levels of two LB cargoes, KLK5 and LEKTI, are reduced compared to wild-type mice, suggesting a role for TMEM79 in the control of LB trafficking (Elias, 2018; Sasaki et al., 2013). Additionally, another study reported a regulated interaction between TMEM79 and the cation channel TRPV3 (« Transient Receptor Potential Cation Channel 3 »), which is also expressed in keratinocytes (Lei et al., 2024). It was shown that TMEM79 could trap TRPV3 in the endoplasmic reticulum (ER) and facilitate its degradation in lysosomes, affecting TRPV3 function. These findings are similar to those described in HEK293T cells, where TMEM79 interacts with Frizzled at the ER membrane, controlling its ubiquitination by USP8 and consequently its degradation in the lysosomal compartment (Chen et al., 2020). In this report, Chen et al. suggest that TMEM79 is able to regulate the Wnt/Frizzled signalling, a biological pathway that might influence keratinocyte differentiation in the epidermis. Therefore, the interaction of TMEM79 with LB trafficking may involve the degradation or maintenance of key elements - controlling vesicular movements or intracellular signalling - although these elements still need to be identified.
WHAT THE LRO FAMILY IS TEACHING AND WHAT IS STILL MISSING
The various molecular and cellular elements that regulate the structure of skin LB, their cargo and their fate in granular keratinocytes strongly support the idea that LB belong to the LRO family. These key regulatory elements are only beginning to be deciphered. Specifically, the identification of additional elements involved in LB maturation and exocytosis will be crucial, given their impact on the composition of the SC. As suggested by the proteomic analysis of LB-enriched fractions which includes more than 15 Rab GTPases, other Rab-family members and their effectors, not yet defined, may further control LB trafficking in the epidermis (Raymond et al., 2008). Some of them have been reported to regulate other LROs, such as Rab3D (van Weeren et al., 2004) or Rab38 (Osanai, 2018) on lung LB.
Menon et al. suggested that LB secretion occurs at low rates in a steady state epidermis, and is further stimulated under conditions of barrier disruption (Menon et al., 2018; Menon et al., 1994). After treating mouse skin with acetone which induces a barrier disruption, the authors observed an immediate release of LB cargoes and the disappearance of pre-formed LB from the cytoplasm of granular keratinocytes. This allowed a subsequent restoration of the skin barrier. The LB pool was reformed during a new phase of organellogenesis, which can last from 6 to 24 h (Elias et al., 1998; Menon et al., 1994). These experiments suggest that the process of LB secretion is tightly regulated in response to environmental variations, which aligns with the regulated trafficking of LRO, as documented in various cells and tissues. As with other LROs, a likely hypothesis is that LB secretion could be dependent on a cortical actin network and associated regulatory molecules, i.e., actin-binding proteins, membrane anchoring and fusion molecules. Rab family GTPases, including Rab27 or Rab3, which are known to be involved in exocytotic events in other cells and tissues, may also play a role (Fukuda, 2008). If this hypothesis is valid, the LB secretion process would be supported by a « membrane fusion » model rather than a « membrane folding » model, described in the first part of the paper. Interestingly, a cortical actin network enriched with corneodesmosin-labelled structures, which could serve as a docking site before LB exocytosis, has been commonly observed in 3D confocal imaging (Reynier et al., 2019).
It has been hypothesized that Ca2+ ions or cAMP are essential second messengers for the extrusion of skin LB (Menon et al., 1994; Denda et al., 2003). Indeed, in endothelial cells, high levels of intracellular Ca2+ have been reported to stimulate the exocytosis of Weibel Palade bodies following cell injury or stimulation with physiological agonists (Hordijk et al., 2024). In the stratified epidermis, the role of Ca2+ is both essential and complex, as calcium ions regulate many skin homeostatic pathways, including epidermal differentiation. The entire epidermis exhibits a Ca2+ gradient, with low levels in the basal and spinous layers, increasing Ca2+ levels in the granular layer and then declining again in the SC. In the stratum granulosum, the high Ca2+ concentration is primarily due to ion release from endoplasmic reticulum stores and, to a lesser extent, to Ca2+ influx from extracellular sources (Celli et al., 2010). These Ca2+ fluxes are controlled by various Ca2+ channels, pumps and Ca2+ sensor receptors, both at the membrane of the endoplasmic reticulum and at the plasma membrane (Lee et al., 1994; Lee et al., 1992; Lee and Lee, 2018). Presently, the dependence of LB exocytosis on Ca2+ signalling need to be examined in light of these new molecular insights, using biosensor technologies (Murata et al., 2018) and specific genetic knockouts of Ca2+-related molecules. Subsequently, it will be necessary to identify the calcium-sensitive proteins that translate the ion signal into LB trafficking and membrane fusion for exocytosis.
Additionaly, LB exocytosis is finely tuned in space. While electron micrographs reveal a broad distribution of LB in the cytoplasm of granular keratinocytes, their extrusion into the extracellular space seems to be confined to the apical membrane of these cells, which set up tight junctions in the SG2 layer (Ishida-Yamamoto et al., 2018; Yokouchi et al., 2016). This suggests that the local targeting of LB is tightly regulated, potentially by molecular complexes that are still undefined.
LAMELLAR BODIES IN COMMON SKIN DISEASES
Atopic dermatitis and psoriasis are two very common inflammatory skin diseases with distinct clinical manifestations, caused by a complex interplay between genetics, environmental factors, immune dysregulation, and skin barrier disruption (Tsai and Tsai, 2022). Both diseases show defects in epidermal differentiation, but relatively few studies have focused on the biogenesis and trafficking of lamellar bodies in the epidermis of patients.
Regarding psoriatic skin, Ghadially et al. (1996) provided evidence that a rare phenotype, i.e., erythroderma and active plaque psoriasis, display ultrastructural abnormalities at the epidermal level and compromised barrier function. Briefly, granular keratinocytes have an increased number of LB but most of them do not secrete their stored components. Consequently, the intercellular spaces of the stratum corneum are largely devoid of lamellae, and LB-like structures are retained in corneocytes. However, it should be noted that in the most common form of psoriasis, i.e., chronic plaque psoriasis, LB secretion and inter-corneocyte lipid structures are normal.
A greater number of studies have been conducted on atopic dermatitis. Both genetic and environmental factors play a role in the onset of the disease, which typically begins with a disruption of the skin barrier and an exacerbated inflammation. The compromised skin barrier is thought to facilitate the entry of allergens and/or antigens, activating both innate and adaptive immune responses, with a preponderant Th2-dependent inflammation. In turn, Th2 cytokines (e.g., IL-4 and IL-13) further impair the barrier by reducing the expression of key molecules involved in epidermal differentiation, such as proteins of cornification, lipid metabolizing enzymes, and antimicrobial peptides. Recent GWAS studies have identified atopic dermatitis susceptibility loci in genes encoding key molecules of the epidermal barrier (Budu-Aggrey et al., 2023). The most significant is the FLG gene, which encodes the structural protein filaggrin, essential for epidermal keratinization and hydration. While genetics alone cannot fully explain pathogenesis, it underscores the importance of molecules controlling the epidermal barrier. Focusing on LB and their cargoes, GWAS studies have highlighted the importance of genes encoding lipid metabolism enzymes, most of which are carried by LB. Additionally, atopic epidermis exhibit reduced levels of the three key SC lipids, ceramides, cholesterol and free fatty acids, including the ultra-long chain ceramides which are reduced in both lesional and non lesional atopic skin, leading to an abnormal lipid organization in the intercellular spaces of the SC (Bouwstra et al., 2003; Bouwstra et al., 2023; Ishikawa et al., 2010; van Smeden et al., 2016). This lipid defect, which contributes to a compromised skin barrier, has been associated with a reduced enzymatic activity as well as an altered LB secretion. Indeed, transmission electron micrographs of atopic epidermis have revealed, inside atopic corneocytes, abnormal LB-like structures which may be labelled with an anti-KLK7 antibody, indicative of an impaired extrusion process (Elias, 2018; Elias and Steinhoff, 2008; Igawa et al., 2017). To date, no key molecule involved in the LB trafficking process has been identified in genomic (GWAS), transcriptomic or proteomic studies. However, just as topical treatments based on ceramides are being explored for atopic dermatitis (Elias, 2018), ingredients that could stimulate LB secretion might improve, even partially, the barrier defects and help break the vicious circle of the chronic disease.
CONCLUSION
Skin LBs are full and dedicated members of the LRO family. They share both morphological and functional characteristics with other family members. They also display unique features in accordance with the skin’s primary function: to protect the body from external aggressions while minimizing dehydration. Within the stratum granulosum, the vesicles and the tubulovesicular network that constitute the « LB system », as identified by electron microscopists, play a crucial role in the skin barrier function. As a secretory compartment, LB carry a variety of components adapted to the skin needs. Once released in the extracellular space or exposed at the membrane, the LB cargoes participate in the unique hydrophobic structure of the uppermost stratum corneum, as well as in the process of desquamation in this constantly renewing epithelium, and in providing an anti-microbial defense.
The molecular machinery involved in the biogenesis and fate of skin LB is only beginning to be deciphered. This is partly due to the stratified structure of the epidermis, where only the uppermost living layers contain LB structures, making experimental models more challenging. Some components of the molecular machinery, described so far, have been reported to regulate the trafficking of other LRO, in different cells or tissues. For example, Rab11A and Myosin 5B also control the trafficking of uroplakin vesicles in the urothelium, and the CHEVI complex also regulates the biogenesis of alpha granules in platelets. Because of this functional diversity, the dysfunction of any of these molecular components may affect various pathways in multiple tissues, potentially leading to syndromic diseases, as seen in ARC and ARKID syndromes.
Currently, further studies are needed to expand our understanding of skin LB. It is crucial to identify key molecules that regulate the different stages of LB biogenesis, maturation and exocytosis, as their dysfunction may lead to skin barrier defects, even in common skin diseases such as psoriasis and atopic dermatitis. In the era of « omic » data from the genome, transcriptome or proteome - also generated for the skin in various pathological conditions - it is essential to focus on the regulators and effectors of LB trafficking when the skin barrier is compromised. Human genetics has made a significant contribution to our understanding of the fate of LRO, including skin LB. Insights from a skin biology perspective could now contribute to improving the management of certain skin diseases.
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This mini-review focuses on melanosome biogenesis, positioning and function in the retinal pigment epithelium (RPE) where melanosomes absorb light scatter and protect against the harmful effects of photo-oxidation. RPE melanosomes share a common biogenesis pathway with those of skin melanocytes but are made primarily embryonically and are retained by the RPE throughout life. They do however move from the cell body into the apical processes which, in mammalian RPE, is regulated by a machinery related to that regulating melanosome distribution in skin melanocytes. Melanosomes in the RPE make extensive membrane contacts with the ER and mitochondria although their role in adult RPE remains to be fully established. Albinism is associated with multiple visual defects and reduced or absent pigmentation in melanosomes has implications for long term visual health. Age-related changes in melanosomes have been implicated in retinal degenerative disease, including age-related macular disease (AMD). The lysosomes of the RPE have an unparalleled degradative burden arising from the daily phagocytosis of the distal tips of photoreceptor outer segments, which is part of a daily process of outer segment renewal. A failure to fully process the phagocytosed outer segments leads to a build-up of the toxic ageing pigment, lipofuscin, which accumulates in all ageing RPE. Melanolipofuscin also accumulates in the RPE with age and may result from melanin-mediated degradation of lipofuscin through melanin chemiexcitation. Age-related loss of melanosome-mediated protection could be an important component of age-related visual decline.
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1 INTRODUCTION
The retinal pigment epithelium (RPE) forms a monolayer of highly pigmented postmitotic cells at the back of the eye that is central to photoreceptor health, retinal homeostasis and normal visual function. RPE cells are polarised, interfacing apically with the neuroretina and basally with the highly vascularised choroid via a connective tissue layer called Bruch’s membrane (Figure 1A). Thus, the RPE forms part of the blood retinal barrier and regulates transport between the neuroretina and choroidal blood supply. Apically positioned tight junctions help maintain the integrity of the monolayer and enable the RPE to regulate transport between the choroidal blood supply and the neuroretina.
[image: Scientific illustration showing an overview of the eye with labeled sclera, choroid, retina, and optic nerve (panel A), diagrams of retinal pigment epithelium cell structure and melanosome transport (panels B and C), and an electron micrograph of subcellular components labeled OS, ME, M, NC, Bl, and BM (panel D), accompanied by a molecular component key at the bottom.]FIGURE 1 | Melanosome positioning within the RPE. (A) The RPE is situated at the back of the eye, lying at the retina-choroid interface. At its apical surface, microvilli protrude from RPE cells between rod and cone photoreceptor outer segments (OS), while at the basal surface, the plasma membrane forms infoldings that expand the surface area available for exchange with the highly vascularised choroid, from which it is separated by the supportive matrix of the Bruch’s membrane. Tight junctions are present on RPE lateral borders and while some baso-lateral mitochondria are tethered to the basal infoldings, others are transported to apical RPE following light exposure. Melanosomes are located throughout the cytoplasm and are also transported to apical RPE following light exposure, from where they undergo actin-dependent traffc into the apical processes between OS. (B) Minus end-directed dynein-dependent transport along microtubules delivers melanosomes to the actin-rich apical surface from where they are transported into the apical processes by tripartite protein complexes comprised of Rab27a, MyRIP and Myosin VIIa via the actin cytoskeleton. (C) Melanosomes interact with mitochondria, phagolysosomes and the ER. (D) Electron microscopy image of adult mouse RPE; OS, photoreceptor outer segments; ME, melanosomes; M, mitochondria; NC, nucleus; BI, basal infoldings; BM, Bruch’s membrane. Scale bar, 1 µm.Light-sensing photoreceptors are subject to damage and require continuous renewal of their outer segments (OS) to maintain viability. In humans, OS undergo complete renewal approximately every 11 days, with the damaged OS tips being phagocytosed by the RPE (Lakkaraju et al., 2020; Strauss, 2005). Long RPE apical processes interdigitate the OS, providing mechanical support and assisting with OS phagocytosis. OS regeneration and phagocytosis are precisely coordinated between the RPE and photoreceptors and under circadian control. Phagocytosed OS fuse with endocytic organelles in the RPE for recycling of essential material to the photoreceptor prior to lysosomal delivery for degradation. OS are packed with membranous disks and their daily phagocytosis places a huge metabolic burden on the RPE. With age, autofluorescent granules derived from poorly digested OS become deposited as lipofuscin, accumulation of which is associated with retinal degeneration (Sparrow and Boulton, 2005; Kim et al., 2021).
The RPE also plays an important role in the visual cycle. In response to light, opsin-bound 11-cis-retinal in photoreceptors becomes isomerised to all-trans retinal, activating opsin and triggering phototransduction. However, all-trans-retinol needs to be re-isomerised to 11-cis-retinal in the RPE, to ensure the continuous availability of 11-cis retinal and photoreceptor excitability (Kono et al., 2008; Tsin et al., 2018).
The RPE delivers nutrients and ions from the blood to the neuroretina and electrolytes, water and waste products from the subretinal space to the choroid and regulates the ion composition of the subretinal space to maintain photoreceptor excitability (Strauss, 2005; Lakkaraju et al., 2020). The RPE secretes neuroprotective growth factors like pigment epithelial growth factor (PEDF) (Barnstable and Tombran-Tink, 2004). Basal secretion of low amounts of vascular endothelial growth factor (VEGF) prevents choroidal endothelial cell apoptosis (Strauss, 2005; Apte et al., 2019).
Melanosomes provide photoprotection to both skin and eyes by absorbing light and UV-radiation and scavenging free radicals and reactive oxygen species (Kaufmann and Han, 2024; Seagle et al., 2005b). In the RPE melanosomes also absorb light scatter. Light energy passing through the photoreceptors is captured by apical RPE melanosomes, with melanosome distribution regulated, at least in part, by the light cycle.
A failure of any of the above RPE functions can result in photoreceptor degeneration, retinal dysfunction and concomitant visual loss.
2 MELANOSOMES OF THE RPE
2.1 Melanosome biogenesis
Melanosomes are lysosome-related organelles derived from the endocytic pathway. Studies in skin melanocytes have identified a series of melanosome maturation stages (I–IV) (Seiji et al., 1963; Raposo et al., 2001). Striated amyloid fibril formation is initiated by sorting of the transmembrane premelanosome protein (PMEL) onto intraluminal vesicles of multivesicular endosomes (Stage I) where it is cleaved to form fibrils organized into arrays of parallel sheets, giving melanosomes their ellipsoidal shape (stage II). Delivery of melanin-synthesizing enzymes to the immature melanosome initiates melanin deposition onto the fibrils (Stage III) which are obscured by melanin pigment in mature, Stage IV melanosomes. Although low levels of melanin synthesis may occur in adult RPE (Schraermeyer, 1993), melanosome biogenesis in the RPE is predominantly prenatal, when it proceeds through the same morphologically identifiable stages (I-IV) as in the skin (Lopes et al., 2007b). By day 36 of human embryonic development, the RPE has developed its characteristic pigmentation (Wang et al., 2024) and these melanosomes are retained in the RPE throughout life in contrast to continuous melanosome biogenesis in melanocytes. Melanosome biogenesis is subject to regulation by microphthalmia-associated transcription factor (MITF), a key transcription factor for expression of melanogenic enzymes (Kawakami and Fisher, 2017). Another transcription factor, Myelin regulatory factor (Myrf), has also recently been implicated in regulating melanosome biogenesis, as well as RPE development (Brinkmeier et al., 2025), but to the best of our knowledge, the mechanism for switching off melanosome biogenesis as RPE develop remains elusive. Notably, in vitro RPE cell culture models have been published to study melanosome biogenesis, including murine retinal stem cell–derived (Aruta et al., 2011), and human fetal RPE (Boulton, 2014). These, along with disease-specific iPSC-derived RPE (e.g., OCA1A and 2) (George et al., 2022), iron-stimulated ARPE19 cells (Wolkow et al., 2014) and sericin-treated primary human RPE (Eidet et al., 2016) have demonstrated distinct stages of melanosome maturation (I–IV), making them possible systems for studying melanogenesis in the RPE.
2.2 Albinism and visual function
Melanin is derived from tyrosinase-mediated oxidation of tyrosine, which, in the presence of cysteine gives rise to pheomelanin (yellow-red) or through tyrosinase-related proteins 1 and 2 to eumelanin (brown-black). Loss of function of melanin synthesizing enzymes results in oculocutaneous albinism (OCA), characterized in the eye by foveal hypoplasia, photophobia, nystagmus, reduction in uncrossed retinal projections and reduced visual acuity (Jeffery, 1998; Oetting and King, 1999) (Table 1). The same characteristics are shared by disorders caused by defective melanosome biogenesis, which are also characterized by functional defects in other lysosome-related organelles, such as platelet dense granules and lytic granules of cytotoxic T lymphocytes (Table 1). Paradoxically, the developmental visual defects result from alterations in neurons that do not produce melanin. A bi-product of melanin synthesis, L-DOPA, is a ligand for GPR143 (OA1) (Lopez et al., 2008), a heterotrimeric G protein-coupled receptor, mutations in which are responsible of ocular albinism type-1, which is characterized at the cellular level by a reduced number of enlarged melanosomes (Incerti et al., 2000). GPR143 signaling within the RPE regulates melanosome motility, interactions with mitochondria, endosome:lysosome fusion, exosome release and secretion of VEGF and PEDGF (Palmisano et al., 2008; Burgoyne et al., 2013; Locke et al., 2014; Lopez et al., 2008). Effects on exosome and cytokine secretion provide a possible explanation of the developmental defects in neurons in ocular albinism.
TABLE 1 | Examples of genetic pigmentation disorders in the RPE.	Name of disorder	Disorder characteristics	Gene name	Gene function and disease impact on RPE melanosomes	References OMIM
	Oculocutaneous Albinism Type 1	Hypopigmentation of the skin, hair and eyes; decreased visual acuity and nystagmus	TYR	Tyrosinase, rate-limiting enzyme for melanin synthesis
→ total loss of RPE melanosomes	Oetting and King (1999)
#606933
	Usher Syndrome 1B	Progressive retinal degeneration, profound deafness and vestibular defects	MYO7A	Myosin7a, actin motor that regulates melanosome motility
→ lack of melanosomes in apical processes and abnormal phagocytosis	Williams (2008),Weil et al. (1995)
#276900
	Griscelli Syndrome type 2	Pigmentary dilution of the skin and hair, accumulation of melanosomes in melanocytes and severe haemophagocytic syndrome	RAB27a	Rab27a, Rab GTPase that regulates melanosome distribution
→lack of melanosomes in apical processes	Van Gele et al. (2009),Futter et al. (2004),Menasche et al. (2000)
#607624
	Ocular Albinism type 1 (also known as X-linked Ocular Albinism)	Severe developmental ocular defects, including foveal hypoplasia and misrouting of the optic tracts at the chiasm, decreased visual acuity, nystagmus, photophobia and loss of stereoscopic vision	GPR143	GPR143 (OA1), G protein coupled receptor that regulates melanosome biogenesis and motility
→reduced number of abnormally large melanosomes	Schiaffino (2010),Bassi et al. (1995)
#300500
	Donnai-Barrow Syndrome	High-grade myopia, large protruding eyes, retinal dystrophy, retinal detachment	LRP2	Megalin which regulates the endocytic machinery
→abnormally shaped macromelanosomes	Christensen and Birn (2002),Storm et al. (2019)
# 222448
	Chediak-Higashi Syndrome	Hypopigmentation or oculocutaneous albinism with low vision, nystagmus, and photophobia, and severe immunologic deficiency with neutropenia	LYST	LYST that regulates lysosomal trafficking and autophagosome formation
→abnormal enlarged lysosomes and melanosomes	Fukai et al. (1996),Weil et al. (1995)
#214500
	Hermansky-Pudlak Syndrome 7 (HPS-7)	Oculocutaneous albinism, prolonged bleeding (abnormalities in platelet aggregation), pulmonary fibrosis	DTNBP1	Dysbindin, component of Biogenesis of Lysosomal Organelle Complex 1 (BLOC-1)
→reduced number of irregularly shaped and small RPE melanosomes	Li et al. (2003),Romano et al. (2020)
# 614076


2.3 Melanosome positioning in the RPE
Melanosome transport to the melanocyte periphery for release from dendrites and subsequent uptake into keratinocytes is key for the photoprotective role of melanin in the skin. Similarly, melanosome transport into apical processes of the RPE may offer photoprotection to the retina. RPE cells, like melanocytes, use motor proteins to transport melanosomes along polar microtubules to the cell periphery, but the microtubular organization in RPE cells differs from that in melanocytes. Whereas the microtubule-organizing centre (MTOC), that anchors microtubule minus-ends, is perinuclear in melanocytes, RPE cells have more apically positioned MTOCs (Jiang et al., 2020). Melanosomes transported along microtubules to the apical surface of mammalian RPE cells are transferred from microtubule motors to the actin motor protein Myosin VIIa (Myosin Va in melanocytes) for tethering to the actin cytoskeleton (Figure 1B) (Gibbs et al., 2004). This process, known as cooperative capture, involves tripartite protein complexes that link Myosin VIIa to Rab27a, a small GTPase on the melanosome surface, via the Rab27a effector MyRIP/Slac2-c (Mlph/Slac2-a in melanocytes) (Lopes et al., 2007a; Futter et al., 2004; Gibbs et al., 2004). In RPE cells from Rab27a-defective ashen and Myosin VIIa-mutant shaker-1 mice, melanosome transport along microtubules was rapid and bidirectional, and melanosomes failed to sequester in the apical region, while disrupting microtubule polymerisation with nocodazole blocked melanosome movement altogether, demonstrating the essential role of microtubule-dependent transport in melanosome positioning (Gibbs et al., 2004; Lopes et al., 2007a).
Bidirectional melanosome transport along microtubules is achieved by recruitment of specific motor proteins, with retrograde minus-end directed transport mediated by dynein motors and anterograde plus-end directed transport towards by kinesin motors (Barral and Seabra, 2004). Due to the difference in polarity, dynein-dependent transport delivers mature melanosomes to the actin-rich apical domain of RPE cells (Figure 1B), but promotes perinuclear positioning in melanocytes (Jiang et al., 2020). The essential role of kinesin-dependent transport to the melanocyte periphery has been challenged, with actin-based melanosome transport through Rab27a interaction with actin nucleator SPIRE1 found to mediate peripheral melanosome positioning in melanocytes (Alzahofi et al., 2020). In contrast, in RPE cells dynein-dependent transport along microtubules is required to deliver melanosomes to the actin-rich apical region (Jiang et al., 2020).
2.4 Melanosome positioning defects in disease
Melanosome mislocalisation has been reported in human disease (Table 1). Griscelli syndrome (GS) is a rare autosomal recessive disorder, with the most common form, GS2, caused by RAB27A gene mutations, resulting in impaired melanosome transport to the apical processes of the RPE (Futter et al., 2004). However, in addition to its role in melanosome positioning, Rab27a is important for cytotoxic T-lymphocyte granule release, thus as well as albinism, GS2 patients develop immunodeficiency which can result in severe T-cell and macrophage activation and a much reduced life expectancy (Bizario et al., 2004).
Loss of Rab27a function is also associated with the rare inherited disease choroideraemia. Characterised by progressive vision loss, choroideraemia is caused by defective Rab Escort Protein 1 (REP1) which is involved in Rab GTPase prenylation, a post-translational modification required for Rab protein function (Seabra, 1996). In RPE lacking functional REP1, melanosome transport into the apical processes is impaired, but since degradation of photoreceptor OS is also impaired, the contribution of melanosome mislocalisation to disease pathogenesis and vision loss is not clear (Wavre-Shapton et al., 2013).
Similarly in Usher syndrome 1B, melanosome localisation at the apical region of the RPE is defective due to mutations in the MYO-7A gene, but the significance of melanosome mislocalisation to disease pathology is again unclear since myosin-VIIa also participates in delivery of phagocytosed OS in the RPE for lysosomal degradation (Gibbs et al., 2003). Myosin-VIIa plays additional important roles in the sensory cilia of the inner ear and Usher Syndrome 1B patients are typically profoundly deaf at birth, with progressive retinal degeneration (Ahmed et al., 2013).
2.5 Melanosome membrane contact sites (MCS)
Melanosomes are derived from endosomes which, like melanosomes, are transported along microtubules. The loading of microtubule motors onto endosomes is strongly influenced by endosome interaction with the ER at membrane contact sites (MCS), where neighbouring organelles are tethered in close apposition (typically 5–40 nm apart). ER:endosome MCS can both promote kinesin-loading for microtubule plus-end directed endosome movement and prevent dynein interaction with endosomal RILP, an effector protein of endosomal Rab7, thereby reducing minus-end directed movement towards the MTOC (Raiborg et al., 2015). We recently identified extensive ER:melanosome MCS in RPE cells (Burgoyne et al., 2025), but their role in melanosome positioning is yet to be established. Interestingly the ER forms MCS with melanosome of all stages (I-IV) in melanocytes, suggesting additional roles in melanosome maturation (Burgoyne et al., 2025), perhaps orchestrating coordination of maturation with traffic to the periphery for secretion from the dendrites (Wasmeier et al., 2008).
Melanosomes also form MCS with mitochondria, which, in melanocytes, regulate melanosome biogenesis, likely through ATP provision (Daniele et al., 2014). Melanosome biogenesis occurs in the perinuclear region of melanocytes, where mitochondrial MCS were found to be most abundant and is stimulated by GPR143, which also promotes melanosome:mitochondria MCS. The mitochondrial protein mitofusin-2 is involved in tethering to melanosomes and required for the stimulation of melanosome biogenesis by GPR143. Melanosomes also form MCS with mitochondria in mature RPE (Figures 1C,D) (Burgoyne et al., 2025; Neto et al., 2024), suggesting additional functions, possibly in scavenging mitochondrial ROS (Seagle et al., 2005a), or in Ca2+ flux between the two organelles as has been shown for mitochondria:lysosome MCS (Peng et al., 2020) and implicated in melanosome acidification (Ambrosio et al., 2016). Tripartite ER:melanosome:mitochondria MCS found in the RPE may further facilitate buffering of cytosolic Ca2+ and quenching of ROS (Burgoyne et al., 2025).
3 RPE MELANOSOMES IN AGEING AND RETINAL DEGENERATION
3.1 Age-related changes in RPE melanosomes
Unlike melanosomes of the skin, RPE melanosomes are long-lived. Ageing is, however, accompanied by reduced melanosome numbers and total melanin within the RPE (Feeney-Burns et al., 1984; Sarna et al., 2003). The melanin becomes more irregularly shaped and less compact and in individuals over 90 years of age virtually all melanosomes are surrounded by other material, including lipofuscin (Feeney-Burns et al., 1990). Formation of melanolipofuscin, an ill-defined complex, could contribute to the reduced melanosome numbers in the RPE, but does not explain the reduction in total melanin. Melanin polymer is resistant to enzymatic degradation but exposure to intense light, ultraviolet light or oxidising agents can induce RPE melanin degradation (Zadlo et al., 2007; Dontsov et al., 2017). The high levels of light or UV light required to degrade melanin would be unlikely to be encountered by the RPE in vivo but large amounts of superoxides and other reactive oxygen species (ROS) can be produced by lipofuscin-containing granules on light exposure. Direct contact between melanin and lipofuscin within melanolipofuscin granules thus creates conditions favourable for melanin degradation. This leads to a reduction in light absorbance, and anti-oxidant and anti-radical functions, and an increase in melanin’s photochemical reactivity (Olchawa et al., 2021; Zadlo et al., 2007). Thus, melanin degradation can transform melanin-containing granules from “protective” to “toxic”. The association between melanin and lipofuscin in melanolipofuscin has the potential not only to promote melanin degradation, but also to promote lipofuscin degradation by melanin chemiexcitation (see below).
3.2 Role of melanosomes in limiting lipofuscin accumulation
3.2.1 Lipofuscin accumulation
The RPE has a huge degradative burden over a typical lifespan and lipofuscin accumulation begins at an early age (Feeney-Burns et al., 1984). Lipofuscin accumulates in lysosomes and, indeed, lysosomal delivery of OS was shown to promote the development of autofluorescent lipofuscin-like granules in cultured RPE (Escrevente et al., 2021). Lipofuscin accumulation can elevate lysosomal pH, inhibiting proteases and lipases, and inhibit cholesterol efflux (Lakkaraju et al., 2007; Finnemann et al., 2002; Shamsi and Boulton, 2001). In the presence of light and oxygen, bisretinoids within lipofuscin can be oxidised forming toxic products that remain in the lipofuscin granule or leak into the cytoplasm causing photo-oxidative stress that can also lead to inflammation and, ultimately, cell death (Dontsov and Ostrovsky, 2024). Stargardt’s disease caused by loss of function of the lipid flippase, ABCA4 leads to premature and exaggerated accumulation of lipofuscin in the RPE accompanied by degeneration of the neural retina and visual decline (Molday, 2007). Lipofuscin accumulation in Stargardt’s disease mouse models is increased on an albino background supporting a role for melanin in limiting lipofuscin accumulation (Taubitz et al., 2018).
3.2.2 Melanolipofuscin accumulation
The name “Melanolipofuscin” implies that it arises from lipofuscin-containing granules associating/fusing with melanosomes. The presence of autophagy markers and absence of photoreceptor proteins in melanolipofuscin led one study to conclude that melanolipofuscin is formed by melanosome autophagy (Warburton et al., 2007). However, intact melanosomes frequently associate with phagosomes (Neto et al., 2024; Wavre-Shapton et al., 2014) and gold particles labelling OS injected into the subretinal space of rats were subsequently recovered in RPE melanosomes, demonstrating a connection between the phagocytic pathway and melanosomes (Schraermeyer et al., 1999). Furthermore, in pigmented mouse models of Stargardt’s disease and Choroideremia, lipofuscin accumulation/defects in phagocytosed OS processing are accompanied by melanolipofuscin accumulation (Wavre-Shapton et al., 2013; Charbel Issa et al., 2013).
3.2.3 Melanin chemiexcitation
A direct role for melanin in limiting lipofuscin production has been indicated by the reversal of excess lipofuscin accumulation in albino Stargardt’s disease mice by virally-induced tyrosinase expression (Lyu et al., 2023). Tyrosinase expression, whilst sufficient to induce melanin synthesis, does not induce melanosome formation so the melanin produced likely accumulates in lysosomes with ready access to lipofuscin accumulated within the same organelle. Superoxide generators accelerated lipofuscin degradation but only in the presence of melanin through generation of excited electron states on melanin (melanin chemiexcitation) (Lyu et al., 2023). This led to the proposal that OS are partially processed in lysosomes before delivery of lipofuscin to melanosomes for further processing. The trafficking steps and molecular mechanisms required for the meeting of melanin and lipofuscin remain to be elucidated. In ageing RPE irregular shaped melanin is found frequently surrounded by lipofuscin, suggesting fusion between melanosomes and lipofuscin -containing lysosomes. Whether the tethering and SNARE complexes responsible for fusion of lysosomes with other organelles operate in lysosomal fusion with melanosomes remains to be determined, but it is possible that melanosome Ca2+ stores (Salceda and Sanchez-Chavez, 2000) could contribute to SNARE-dependent fusion events (Di Giovanni et al., 2010). The role of autophagy in generation of melanolipofuscin also requires further investigation. Importantly chemi-excitation of melanin results in its destruction, contributing to the age-related loss of ‘functional’ melanin (Lyu et al., 2023).
3.3 The relationship between pigmentation and AMD
AMD is the greatest cause of registered blindness in the developed world and is a multifactorial disease with genetic and environmental risk factors, but the greatest risk is age. AMD is characterised by accumulation of lipid-rich deposits basal to the RPE (Drusen) and apical to the RPE (pseudoDrusen). Dry AMD can progress to loss of photoreceptors and RPE cells, known as geographic atrophy, and wet AMD can progress to neovascularisation that compromises Bruchs membrane and the RPE monolayer.
3.3.1 A protective role for RPE melanin in AMD?
As described above, melanin can limit lipofuscin accumulation in the RPE. Interestingly, the accumulation of melanolipofuscin more closely reflects the age of onset of AMD than lipofuscin alone (Feeney-Burns, 1980). Caucasians are significantly more susceptible to AMD than those of African descent (Klein et al., 2006; Klein et al., 2013; Wong et al., 2014). A protective role for melanin in AMD would predict that albinism would be linked with a high AMD risk. This has not to our knowledge been reported but could be because albinism is relatively rare and sufferers have a low visual acuity from an early age potentially hindering recognition of AMD. Genome-wide association studies have identified gene variants associated with AMD risk, including complement pathway, extracellular matrix and lipid metabolism genes, the latter including apolipoprotein E (APO-E) (Fritsche et al., 2016; Holliday et al., 2013). APO-E is required for sorting and processing of PMEL within immature melanosomes and the resulting generation of striations on which melanin is deposited (van Niel et al., 2015) but whether APO-E gene variants carrying AMD risk are compromised in this function is unclear. Human patients and animal models with lysosomal storage diseases caused by loss of function of specific lysosomal components frequently exhibit AMD-like features. For example, mutation of the lysosomal protease, cathepsin D, causes an aggressive form of the neurodegenerative Batten’s disease and Cathepsin D mutant mice accumulate autofluorescent material in the RPE as well as extracellular basal deposits (Rakoczy et al., 2002). In Danon disease, caused by loss of function of the lysosomal membrane protein LAMP2, autofluorescent material accumulates in the RPE, accompanied by basal deposits and eventual photoreceptor and RPE loss (Notomi et al., 2019). A systematic investigation of the effects of defects in melanosome biogenesis or movement on the phenotype of lysosomal storage disease models would help to elucidate the role of melanosomes in the development of AMD features.
3.3.2 GPR143 and AMD
The GPR143 ligand, L-DOPA, is produced during melanin synthesis and Parkinson’s disease patients taking L-DOPA showed reduced/delayed onset of AMD (Brilliant et al., 2016), suggesting that signalling from GPR143 might protect from AMD. Elevated GPR143 signalling enhances PEGF secretion and suppresses VEGF secretion which could contribute to the protective effect of L-DOPA on risk of geographic atrophy and neovascularisation (Tung and McKay, 2023). It has also been proposed that signalling from GPR143 could be key to the potential protective effect of melanin on AMD (Tung and McKay, 2023). Given that most melanin synthesis is prenatal in the RPE, the source of L-DOPA in ageing RPE is not clear and may not be related to melanosomes per se.
3.3.3 Melanin transfer to mononuclear phagocytes in AMD
The appearance of hyperreflective foci in spectral domain optical coherence tomography (SD-OCT) images can predict progression to late stage AMD (Leuschen et al., 2013; Christenbury et al., 2013). Although originally thought to be floating RPE cells they were recently shown to be mononuclear phagophores containing melanin (Augustin et al., 2023), raising the question of how they acquired melanin when RPE cells do not normally secrete it. One possibility could be phagocytosis of dying RPE cells. Interestingly CD147 knockout mice have more hyperreflective foci, and reduced RPE pigmentation without RPE cell loss. The authors propose that CD147 acts as a “do not eat me” signal on the RPE that when lost results in phagocytosis of melanosome-containing RPE apical processes that contain melanosomes (Augustin et al., 2023). The trafficking events leading to melanin transfer from RPE cells to phagophore remain to be elucidated and, as with the transfer of melanin from skin melanocytes to keratinocytes, more than one mechanism is possible. In skin the predominant mechanism is melanosome fusion with the plasma membrane and melanin secretion (Benito-Martinez et al., 2021; Bento-Lopes et al., 2023). CD147 levels on the RPE decline with age and AMD, and so loss of melanin to MPs could contribute to the age-related decline in RPE pigmentation and increased risk of AMD progression.
4 PERSPECTIVE
Their long-lived nature and lifelong exposure to photo-oxidative stress distinguishes melanosomes of the RPE from those of skin melanocytes and raises questions about their roles in RPE-specific functions and retinal degenerative disease. What regulates melanosome:phagosome interactions and what is their role in processing phagocytosed OS and generating melanolipofuscin? What is the role of age-related changes in melanin in retinal degenerative diseases like AMD? What is the function of the numerous membrane contacts between melanosomes and other organelles in the RPE and how are they regulated? Increased understanding of melanosome function may pave the way for novel melanosome-targeted therapeutic approaches to the many diseases associated with melanosome misregulation.
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INTRODUCTION
Canonical autophagy mediates the quality control of damaged organelles selectively, such as the clearance of mitochondria (mitophagy) and lysosomes (lysophagy) (Picca et al., 2023; Vargas et al., 2023). Selective autophagy receptors recognize organelle cargoes, some of which depend on cargo ubiquitination (Vargas et al., 2023). Lysosome-related organelles (LROs) are a variety of secretory compartments, including melanosomes in pigment cells, Weibel–Palade bodies (WPBs) in endothelial cells, lamellar bodies (LBs) in type II alveolar epithelial cells, major histocompatibility complex (MHC) class II compartments in antigen-presenting cells (APCs), and secretory granules (SGs) in mast cells (Delevoye et al., 2019). However, it remains unclear whether autophagy regulates the clearance of LROs or which autophagy receptors, if any, are involved. Two recent studies have uncovered the mechanisms underlying the selective autophagy of melanosomes (melanophagy)—the first studies on LRO selective autophagy (Lee et al., 2024; Park et al., 2024), which shares a common strategy with other types of selective autophagy. Noncanonical autophagy has been implicated in the formation, maturation, and secretion of various LROs (Ushio et al., 2011; Torisu et al., 2013; Ramkumar et al., 2017; Morishita et al., 2020; Li et al., 2022; Sarango et al., 2022; Omari et al., 2024), suggesting the complex roles of autophagy in LRO regulation, which requires in-depth research on LRO autophagy.
In this opinion piece, we compare the molecular mechanisms reported by recent studies on melanophagy. We also discuss the current understanding of the roles of autophagy, mostly noncanonical, in regulating LRO biogenesis and secretion, and we propose future studies investigating the role of autophagy in LRO homeostasis.
SELECTIVE AUTOPHAGY OF MELANOSOMES (MELANOPHAGY)
Selective autophagy of damaged organelles has been extensively studied (Vargas et al., 2023). In general, after cellular organelles get damaged by stress, specific E3 ligases mediate the polyubiquitination of specific cargo substrates on or in the organelles which become accessible upon damage; selective autophagy receptors interact with both polyubiquitinated cargo substrates and lipidated ATG8/LC3/GABARAP family proteins to recruit an isolation membrane to the cargo—the damaged organelles; with isolation membrane growth and closure, an autophagosome enclosing the cargo is formed, which then fuses with a lysosome, leading to the degradation of the cargo inside (Figure 1A). This process shares the same machinery as bulk or nonselective autophagy, including the ULK1 complex, ATG9, the class III phosphatidylinositol 3-kinase (PI3K) complex, and the ATG8 conjugation system. However, some selective autophagy receptors are resident proteins in the cargo organelles (i.e., ER-phagy); thus, polyubiquitination is not required (Vargas et al., 2023). Phosphorylation of E3 ubiquitin ligases or selective autophagy receptors by certain protein kinases can further regulate the process of selective autophagy (Vargas et al., 2023).
[image: Scientific diagram illustrating canonical and noncanonical autophagy pathways. Section A details the selective autophagy process from cargo recognition to lysosome degradation, including LC3-associated phagocytosis, autophagosome formation, and secretory autophagy involving exosome release. Section B visualizes factors regulating melanosome autophagy (melanophagy), showing signaling proteins and the role of OPTN, RCHY1, PTK2, and ITCH. Section C depicts noncanonical functions, such as MHC class II presentation, inflammatory mediator release, and interactions with cytoskeletal elements like microtubules and actin filaments. Labeled molecules and pathways are annotated throughout.]FIGURE 1 | The roles of autophagy in maintaining homeostasis of lysosome-related organelles (LROs). (A) General scheme of selective autophagy, LC3-associated phagocytosis (LAP), and secretory autophagy. A selective autophagy receptor recognizes specific cargo substrates, which are usually polyubiquinated on cargo organelles, conferring the selectivity. The selective autophagy receptor recruits an isolation membrane by interacting with the lipidated ATG8/LC3/GABARAP family proteins, and the subsequent events (isolation membrane growth and closure, autophagosome formation and fusion with a lysosome, and autolysosome formation and degradation; dark blue arrows) are the same as those of canonical, degradative autophagy. During LAP, the surface receptor recognizes an extracellular pathogen, and then a LAPosome decorated with lipidated LC3 is formed to internalize pathogens before fusing with a lysosome and degrading the cargo (light blue arrows). Secretory autophagy consists of various processes, where autophagosomes, amphisomes (autophagosomes that have fused with late endosomes), or autolysosomes may fuse with the plasma membrane to release their contents (dark purple arrows). “Cyto” refers to the cytoplasm, whereas Ex refers to the extracellular space. For simplicity, the lipidated LC3 is not shown in autophagosomes, amphisomes, or autolysosomes. (B) Mechanisms of melanophagy. Two recent studies revealed the molecular mechanisms of selective autophagy of melanosomes—melanophagy. Upon β-mangostin stress, melanosome proteins are polyubiquinated by the E3 ubiquitin ligase RCHY1 and recognized by the selective autophagy receptor OPTN, which recruits the active protein kinase TBK1 and gets phosphorylated. Upon TCTE stress, melanosome protein MLANA is polyubiquinated by the E3 ubiquitin ligase ITCH, which gets phosphorylated by the active protein kinase PTK2, and it is also recognized by OPTN. OPTN interacts with lipidated LC3B on the isolation membrane to target melanosomes for degradation via canonical autophagy. (C) Different roles of autophagy in maintaining LRO homeostasis. (1) LAP regulates the loading of antigen peptides into MHC class II compartments in antigen-presenting cells. TAX1BP1 plays a noncanonical role in stabilizing CD74/MHC class II for proper presentation (light purple arrow). (2) In mast cells, CD63-positive secretory granules fuse with amphisomes and release inflammatory mediators and exosomes. (3) In endothelial cells, secretory autophagy regulates the release of the von Willebrand factor (VWF) from Weibel–Palade bodies. (4) In type II alveolar epithelial cells, fusion with autophagosomes leads to the maturation of lamellar bodies, and secretory autophagy regulates the release of surfactant. (5) In melanocytes, LC3B and ATG4B regulate melanosome transport on microtubules and actin filaments, respectively; this process is considered noncanonical as autophagic degradation is not involved (light purple arrow).It is surprising that little is known about whether selective autophagy of LROs occurs or not. Melanosomes are LROs found in pigment cells, such as skin melanocytes and retinal pigment epithelial cells. Recently, two groups of researchers reported that autophagy plays a canonical role in melanosome degradation (Park et al., 2020; Lee et al., 2024; Park et al., 2024), demonstrating the first example of LRO selective autophagy. β-Mangostin reduces the amount of intracellular and extracellular f melanosomes in α-melanocyte-stimulating hormone (MSH)-stimulated melanocytes, and this effect is reversed by autophagy inhibition via ATG5 (a component of the ATG8-conjugation system) knockdown, FIP200 (a subunit of the ULK1 complex) knockdown, or 3-methyladenine treatment (a class III PI3K inhibitor) (Lee et al., 2024). Similarly, 3,4,5-trimethoxycinnamate thymol ester (TCTE) inhibits skin pigmentation in an autophagy-dependent manner, as TCTE reduces α-MSH-stimulated pigmentation, and this reduction is restored by ATG5 knockdown (Park et al., 2020). Furthermore, β-mangostin induces the degradation of melanosomes but not of mitochondria, the endoplasmic reticulum (ER), or peroxisomes, indicating that the process is selective (Lee et al., 2024). If β-mangostin and TCTE induce selective autophagy of melanosomes (melanophagy), which selective autophagy receptors and possible E3 ubiquitin ligases participate in the process?
As summarized in Table 1, OPTN/optineurin has been identified as the melanophagy receptor. It was screened alongside several known selective autophagy receptors, including NBR1, SQSTM1/p62, FUNDC1, NDP52, NIX, and TAX1BP1 (Lee et al., 2024; Park et al., 2024). K63-linked polyubiquitination of total melanosome proteins increases with β-mangostin treatment, while polyubiquitination of the melanosome marker MLANA/Melan-A increases with TCTE stimulation. OPTN co-localizes with melanosomes via its ubiquitin-binding domain (UBD) and interacts with MLANA in response to stress, completing the step of cargo recognition. OPTN also binds to lipidated LC3B to recruit the isolation membrane to melanosomes. The E3 ubiquitin ligases RCHY1 and ITCH have been identified to regulate the polyubiquitination of melanosome cargo substrates. TBK1 phosphorylates OPTN (on mouse Ser 187, corresponding to human Ser 177) to activate OPTN during β-mangostin-induced melanophagy, and OPTN is also required for TBK1 activation on melanosomes. PTK2 phosphorylates ITCH to promote the polyubiquitination of MLANA during TCTE-induced melanophagy. Taken together, the molecular mechanism of melanophagy follows the selective autophagy paradigm, with two pathways being characterized: β-mangostin–RCHY1–TBK1–OPTN and TCTE–PTK2–ITCH–MLANA–OPTN (Figure 1B).
TABLE 1 | Comparison of two recent studies on melanophagy.	Research	Lee et al. (2024)	Park et al. (2024)
	Stress	β-Mangostin	3,4,5-Trimethoxycinnamate thymol ester (TCTE)
	Cell type	Melanocyte (B16F10)	Melanocyte (B16F10)
	Cargo for degradation	Melanosome	Melanosome
	Selective autophagy receptor	OPTN	OPTN
	ATG8 protein	LC3B	LC3B
	Polyubiquitinated cargo substrate	K63-linked, substrates not specified	MLANA
	E3 ubiquitin ligase	RCHY1	ITCH
	Upstream kinase	TBK1	PTK2
	Phosphorylated substrate (site)	OPTN (mouse S187)	ITCH (site not specified)
	Inhibitor	ATG5↓, FIP200↓
3-Methyladenine (→class III PI3K)
BX-795 (→TBK1)	ATG5↓
Dichlone (→ITCH)
Y15 (→PTK2)


It is uncertain whether selective autophagy of other types of LROs exists or not. Since LROs are usually too big for efficient proteasomal degradation, we think it is highly likely that autophagic/lysosomal degradation is utilized to clear unwanted or damaged LROs. Future studies can utilize similar strategies as in the abovementioned melanophagy studies to identify the selective autophagy receptors and regulators of other LROs.
THE ROLES OF NONCANONICAL AUTOPHAGY IN REGULATING THE BIOGENESIS AND SECRETION OF LROS
The canonical role of autophagy is to recognize cargoes, pack them in double-membraned autophagosomes, and target them for lysosomal degradation, which is crucial for quality control of organelles under stress, as in the processes of melanophagy. During the past decade, the noncanonical (non-degradative or autophagosome-independent) role of autophagy has been extensively investigated (Piletic et al., 2023; Deretic et al., 2024) and implicated in regulating the internalization of extracellular components, the secretion of soluble or membrane-enclosed cargoes, and the noncanonical functions of autophagy proteins. Previous studies have suggested that autophagy plays distinct roles in the biogenesis, maturation, motility, and secretion of LROs, the majority of which are noncanonical (Figure 1C).
During the biogenesis of melanosomes (melanogenesis), UVRAG, a subunit of the class III PI3K complex 2 that mediates autophagosome maturation into autolysosomes, is required for cell pigmentation independent of class III PI3K complex 2 activity; instead, UVRAG interacts with the BLOC-1 complex and regulates the stability and distribution of BLOC-1, leading to proper melanogenic cargo-sorting (Yang et al., 2018). LC3B, a major ATG8 family protein in autophagosomes, localizes to melanosomes to facilitate transport on microtubules, whereas ATG4B, which regulates LC3B lipidation and delipidation, mediates melanosome translocation to actin filaments and transport (Ramkumar et al., 2017). Beclin 1, another subunit of the class III PI3K complex, along with LC3B and ATG7, has been suggested to activate MITF, the major transcription factor for melanogenic gene expression; however, the underlying molecular mechanisms remain unknown (Lee et al., 2022).
MHC class II molecules, which are mainly expressed in B cells, monocytes, macrophages, and dendritic cells, among others, present antigenic peptides on the cell surface to CD4+ T cells (Rock et al., 2016; Pishesha et al., 2022). The antigenic peptides presented by MHC class II molecules are processed in specialized endolysosomal compartments, MHC class II compartments, and they are loaded onto MHC class II molecules for presentation. These processes involve both canonical and noncanonical autophagy (Münz, 2022). The autophagy receptor TAX1BP1 not only facilitates autophagic degradation of intracellular antigens and their delivery to MHC class II compartments but also stabilizes the invariant chain CD74/MHC class II complex to ensure the proper presentation of high-affinity peptides (Sarango et al., 2022). LC3-associated phagocytosis (LAP) is a type of noncanonical autophagy (degradative, autophagosome-independent) and functions in immune responses, where ATG8/LC3 is conjugated to single-membraned phagosomes, relying on a subset of canonical autophagy machinery such as the UVRAG/Beclin 1-containing class III PI3K complex and the ATG8-conjugation system but not the ULK1 complex (Peña-Martinez et al., 2022). LAP accelerates extracellular antigen internalization and processing for MHC class II under the regulation of ATG4B oxidation (Ligeon et al., 2021; Münz, 2022).
Secretory autophagy or autophagy-dependent secretion (New and Thomas, 2019; Piletic et al., 2023), another type of noncanonical autophagy (non-degradative, most likely autophagosome-dependent), regulates the content release of several LROs, including WPBs in endothelial cells, LBs in type II alveolar epithelial cells, and SGs in mast cells. The secretion of the von Willebrand factor (VWF) from WPBs requires the autophagy machinery because autophagy inhibition (through ATG5 or ATG7 knockdown, or by using inhibitors of lysosomes/autolysosomes, such as chloroquine or bafilomycin A1) blocks VWF secretion. WPBs are also found close to or within LC3-positive autophagosomes (Torisu et al., 2013). Similarly, the secretion of surfactant from lung LBs relies on autophagy because autophagy inhibition (through FIP200 or ATG7 knockout, or by using 3-Methyladenine treatment) impairs lung LB maturation and surfactant protein secretion. Furthermore, lung LBs fuse with LC3B-positive autophagosomes (Morishita et al., 2020; Li et al., 2022). The degranulation process of mast cells, during which mast cells release inflammatory mediators such as histamine and β-hexosaminidase from SGs upon antigen stimulation, is also autophagy (ATG7)-dependent (Ushio et al., 2011). CD63-positive SGs fuse with LC3-positive late endosomes (amphisomes) and release exosomes upon stimulation (Omari et al., 2024).
INVESTIGATING THE ROLES OF AUTOPHAGY IN REGULATING THE HOMEOSTASIS OF LROS
As discussed above, autophagy and autophagy proteins participate in different aspects of LRO homeostasis, ranging from the formation and cargo sorting of LROs to the content release and breakdown of LROs (Figure 1). We believe that crucial questions should be addressed in the field, such as whether selective autophagy of LROs other than melanosomes takes place, what the molecular mechanisms underlying noncanonical autophagy of LROs are, and how canonical and noncanonical autophagy are coordinated in the same type of LROs.
In addition to screening known autophagy receptors, as in melanophagy studies, we propose that LRO cargoes and autophagy receptors be investigated using a proteomic approach. In autophagy-deficient cells (e.g., with FIP200 or ATG5 deletion), cargoes and autophagy receptors shall decrease in lysosomes and increase in whole cells. Therefore, proteomic analyses of purified lysosomes (i.e., through LysoIP (Abu-Remaileh et al., 2017)) and of the whole-cell lysate from autophagy-sufficient and autophagy-deficient cells can help to narrow down the list of cargoes and autophagy receptors (Herhaus et al., 2024). Candidate LRO cargoes and autophagy receptors can then be found by comparing them with LRO proteomes. Alternatively, ATG8 family proteins can be used as bait to search for autophagy receptors in purified LROs. To validate whether a candidate autophagy receptor is selective for certain LROs, the following criteria should be met: (1) deletion of the candidate autophagy receptor increases the level of LRO cargoes, (2) the candidate autophagy receptor localizes to the LROs, and this co-localization is likely enhanced under stress, (3) the candidate autophagy receptor interacts with ATG8 family proteins, and (4) the candidate autophagy receptor is a resident protein of the LROs, or interacts with LRO cargoes in a polyubiquitination-dependent manner. Regarding the MHC class II compartments, known lysophagy receptors (TAX1BP1 and p62) should be on the shortlist.
The autophagy machinery can regulate the internalization of extracellular components during LC3-associated phagocytosis (LAP), micropinocytosis (LAM), and endocytosis (LANDO) processes (Magné and Green, 2022; Deretic et al., 2024). It would be interesting to test whether LAM or LANDO impacts MHC class II compartments in addition to LAP. Secretory autophagy also consists of different processes, such as LC3-dependent extracellular vesicle loading and secretion (LDELS) and secretory autophagy during lysosome inhibition (SALI), among others (Debnath and Leidal, 2022; Deretic et al., 2024). It is important to elucidate the molecular details of the secretory autophagy in WPBs, lung LBs, and mast cell SGs. These LROs co-localize with LC3 and require ATG7 (a component of the ATG8-conjugation system) for secretion; however, little is known about whether upstream autophagy proteins such as the ULK1 complex, ATG9, or the class III PI3K complex are necessary for secretion and whether induction of autophagy is sufficient to promote the secretion of these LROs. Damaged mitochondria can be released into the extracellular space in an autophagy-dependent manner rather than degradation via mitophagy (Nicolás-Avila et al., 2020; Gong et al., 2024). It will be intriguing if damaged LROs could be released from cells, similar to damaged mitochondria, serving as an alternative path for clearance.
With a better understanding of how canonical and non-canonical autophagy regulate different stages of the life cycle of LROs, we expect that key autophagy proteins and modulators that coordinate the different roles of autophagy in maintaining the homeostasis of LROs will soon be uncovered.
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Lysosome-related organelles (LROs) encompass specialized intracellular compartments that share features with lysosomes while fulfilling distinct physiological roles, with melanosomes representing the best-studied example. Melanosome biogenesis relies on coordinated trafficking, sorting, and membrane remodeling mechanisms that diverge from the canonical endolysosomal pathways. These organelles ultimately serve as the primary sites of melanin synthesis and deposition. In the skin, melanin is produced by melanocytes and transferred to keratinocytes, where it achieves its essential photoprotective role. Melanin is a remarkably diverse and ancient polymer, with eumelanin, pheomelanin, and neuromelanin constituting the major mammalian forms. Understanding melanin biology also requires tracing the origins of melanocytes, which were once thought to derive exclusively from the neural crest but are now known to arise from multiple embryonic lineages. This expanded view of melanocyte ontogeny has revealed unexpected pigment cell populations in several internal organs. Beyond these developmental aspects, melanin performs multifaceted physiological functions that extend far beyond photoprotection of the skin. Here, we discuss the current knowledge on the origin of melanosomes from endosomal precursors, the transfer of melanin from melanocytes to keratinocytes, and its fate in these recipient cells within the epidermis. Additionally, the intriguing mysteries surrounding melanosomes in the retinal pigment epithelium are addressed, as well as the broader diversity, origins, and physiological roles of melanin in other cell types. Taken together, these perspectives highlight the melanosome as both a model LRO and an organellar hub for deciphering melanin diversity, cellular origins, and the wide-ranging physiological roles of this pigment in vertebrate biology.
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FROM ENDOSOMES TO PIGMENT ORGANELLES: BUILDING THE MELANOSOME
Lysosome-related organelles (LROs) are cell type–specific, membrane-bound compartments that share common features with lysosomes but fulfil specialized functions. They contain lysosomal membrane proteins and hydrolases, often maintain an acidic pH, and can be accessed by endocytic tracers (Marks et al., 2013; Delevoye et al., 2019). Among LROs, melanosomes are the best characterized and serve as a prototypical model for LRO biogenesis (Le et al., 2021). Melanosome maturation proceeds through four morphologically distinct stages, reflecting their functional differentiation. Stage I melanosomes correspond to early/sorting endosomes containing intraluminal vesicles that initiate fibril formation (Hurbain et al., 2008; van Niel et al., 2015). PMEL (also known as gp100 or silver) is structurally related to the amyloid precursor protein (APP) and is processed within stage I melanosomes forming the intraluminal fibrillar matrix of stage II ellipsoid premelanosomes (Watt et al., 2013; Ma et al., 2025). These fibrils provide the scaffold for melanin deposition (Bissig et al., 2016) and are proposed to detoxify reactive intermediates produced during melanogenesis. Active melanogenesis begins in stage III melanosomes, to which melanin-synthesizing enzymes—tyrosinase (TYR), tyrosinase-related protein 1 (TYRP1), and dopachrome tautomerase (DCT, aka TYRP2)—as well as other cargoes are specifically delivered (Bowman et al., 2019; Le et al., 2021). Finally, stage IV melanosomes are fully melanized, masking their internal structure. The formation of melanosomes diverges from the conventional endolysosomal pathway, reflecting their specialized function (Raposo et al., 2001). Over the past 25 years, research from several groups has provided an integrated view of the cellular and molecular mechanisms driving melanosome biogenesis (Bowman et al., 2019; Le et al., 2021; Salavessa et al., 2025).
Insights into melanosome biogenesis and cargo delivery have greatly benefited from studies of genetic disorders affecting pigmentation. Oculocutaneous albinism (OCA) and ocular albinism (OA) are characterized by hypopigmentation of the skin, hair, and eyes (Fernandez et al., 2021). In non-syndromic albinism, mutations occur in melanocyte-specific genes such as TYR, GPR143/OA1, OCA2, OCA3, and OCA7. In syndromic forms, such as Griscelli and Hermansky–Pudlak syndromes (GS and HPS), the mutated proteins are involved in melanosome transport or biogenesis, respectively (Bowman et al., 2019). Studies on HPS proteins that are ubiquitously expressed, including the adaptor complex AP-3 and the biogenesis of lysosome-related organelles complexes (BLOC-1, BLOC-2, BLOC-3), have shed light on the trafficking steps and dynamic organization underlying melanosome formation and distinction from canonical lysosomes. Of interest, melanocytes exploit ubiquitous trafficking machineries and adapt and remodel their endo-secretory organelles and derived membrane transport intermediates to generate melanosomes.
In the endocytic pathway, early/sorting endosomes serve as platforms for PMEL processing. The luminal domain of PMEL is sorted into intraluminal vesicles through interaction with the tetraspanin CD63, whereas its transmembrane domain is directed to lysosomes for degradation via an ESCRT-dependent mechanism (van Niel et al., 2011). Whether these organelles represent specialized subpopulations of early endosomes or transient sorting intermediates remains unclear. Among regulators of early melanosome maturation, OCA7 controls melanosomal pH and PMEL processing (Beyers et al., 2022). Proteins mutated in HPS are central to trafficking and organelle dynamics, required for melanin synthesis. AP-3, BLOC-1, and BLOC-2 localize to tubular recycling endosomes (REs) (Di Pietro et al., 2006; Setty et al., 2007). While REs typically recycle cargoes to the plasma membrane, in melanocytes, a subset establishes close contacts with melanosomes (Delevoye et al., 2009; Dennis et al., 2015). AP-3 mediates sorting of TYR, whereas AP-1 sorts both TYR and TYRP1 (Theos et al., 2005). AP-1 interacts with the kinesin motor KIF13A, forming a tripartite complex with TYRP1 (Delevoye et al., 2009). KIF13A also interacts with the BLOC-1 complex, which promotes curvature of negatively charged (e.g., phosphatidylinositol-4-phosphate (PI4P)-positive) membranes to drive recycling endosomal tubule formation from sorting endosomes (Jani et al., 2022; Zhu et al., 2022), a process facilitated by BLOC-1-mediated coordination of both the microtubule and actin cytoskeletons (Delevoye et al., 2016). Small GTPases play essential roles in regulating trafficking toward melanosomes. Rab32 and Rab38 recruit BLOC-2, AP-1, and AP-3 to direct cargo delivery to melanosomes (Bultema and Di Pietro, 2013). Rab22a promotes assembly of a BLOC-1–BLOC-2–KIF13A complex on early/sorting endosomes to generate REs (Shakya et al., 2018). In parallel, TYRP2/DCT and MART-1 are transported to maturing melanosomes via diversion of the secretory pathway in a Rab6- and ELKS-dependent manner (Patwardhan et al., 2017).
Melanosome maturation requires tight regulation of organelle size, pH, and molecular composition. For example, the two-pore channel TPC2 controls melanosomal pH and size by mediating calcium release (Ambrosio et al., 2016). Recycling of cargo from melanosomes is also required to maintain their size and composition, which can be carried out by tubular membrane intermediates whose fission depends on myosin VI and actin polymerizing machineries (Ripoll et al., 2018). In addition, Rab38 and its guanine exchange factor BLOC-3 regulate melanosomal tubular carrier formation and the recycling of the N-ethylmaleimide-sensitive factor (NSF) attachment protein receptor (SNARE) VAMP7 (Dennis et al., 2016). Altogether, these studies and many others not referenced here have illuminated the complex biogenesis of melanosomes, the roles of pigment-related disease gene products, and the interplay between membrane trafficking and organelle dynamics (Salavessa et al., 2025). Nevertheless, many questions remain regarding the structural and biochemical coordination between trafficking complexes and associated membrane functions. Future investigations will likely extend this knowledge to other LROs, advancing our understanding of specialized organelle formation and function.
FROM MELANIN TRANSFER TO GENOME PHOTOPROTECTION: MELANIN PROCESSING IN KERATINOCYTES
Skin pigmentation and, hence, photoprotection rely on the crosstalk between melanocytes—the pigment producing cells—and keratinocytes—the pigment acceptors. Pigmented melanosomes accumulate in melanocyte dendrites through anterograde trafficking along microtubules, regulated by the complex formed by Rab1a, kinesin-1/(Kif5b + KLC2) and kinesin-interacting protein (SKIP) (Ishida et al., 2012; Ishida et al., 2015). Once at the cell periphery, melanosomes in skin melanocytes are tethered to the actin cytoskeleton via a complex formed by Rab27a, melanophilin and myosin Va, whose mutations cause GS, as well as through the interaction between Rab27a and synaptotagmin-like protein (Slp)-2a (Fukuda et al., 2002; Strom et al., 2002; Kuroda and Fukuda, 2004; Hume et al., 2007).
Four different models have been proposed to explain the mechanism of melanin transfer (Bento-Lopes et al., 2023; Bao et al., 2025). Overwhelming evidence coming from organotypic models that mimic human skin structure and human skin biopsies favors the exo/phagocytosis transfer route. In this model, pigmented melanosomes fuse with the plasma membrane (PM) of melanocytes, releasing melanocores (i.e., the intraluminal melanin core of a melanosome devoid of its limiting membrane) to the intercellular space, which are subsequently phagocytosed by keratinocytes. This implies that melanocores essentially lack melanosomal membrane components like TYRP1 (Tarafder et al., 2014; Benito-Martínez et al., 2025) and acquire a new membrane derived from the PM of keratinocytes upon internalization. Several regulators of melanosome exocytosis, and hence melanocore secretion and transfer, have been described. These include Rab11b and the exocyst complex subunits Exo70 and Sec8 (Tarafder et al., 2014; Moreiras et al., 2020), which are involved in melanosome exocytosis under basal conditions. In contrast, Rab3a regulates this process upon stimulation with soluble factors present in keratinocyte-conditioned medium (Cabaco et al., 2022). Since several SNAREs, namely, vesicle-associated membrane protein (VAMP)-2, soluble NSF attachment protein (SNAP)-25, SNAP-23, syntaxin-4 and α-SNAP (Araki et al., 2000; Scott and Zhao, 2001), were detected fractionating with melanosomes alongside Rab3a, it is possible that these are involved in the fusion of melanosomes with the PM of melanocytes.
While not considered professional phagocytes, keratinocytes possess phagocytic capacity. Consistently, melanocores can be internalized by keratinocytes through phagocytosis in a manner dependent on the Rho small GTPases Rac1 and Cdc42, but not RhoA (Correia et al., 2018; Moreiras et al., 2022). Additionally, toll-like receptor 3 (TLR3) activation can enhance melanin internalization by recruiting RhoA and Cdc42 (Koike et al., 2019). Furthermore, the activation of the G-protein-coupled receptor (GPCR) protease-activated receptor-2 (PAR-2) stimulates keratinocyte phagocytic activity (Sharlow et al., 2000). Nevertheless, a key unanswered question remains: the identity of the keratinocyte surface receptor(s) with which melanocores can interact. Once transferred to keratinocytes, melanocores are stored in specialized compartments that differ from classical lysosomes and protect nuclear DNA from ultraviolet (UV) radiation. These compartments are melanocore-positive but differ from melanosomes in their membrane composition and were proposed to be named melanokerasomes (MKSs). While these specialized organelles need to have their own designation, the term MKS remains a suggestion that the pigment cell community should validate. MKSs share molecular features with late endosomes and lysosomes, such as the presence of LAMP1 and CD63, yet exhibit a reduced degradative capacity and acidity (Correia et al., 2018; Hurbain et al., 2018; Benito-Martínez et al., 2025; Neto et al., 2025). This adaptation likely ensures that melanin can persist long enough within keratinocytes to fulfil its photoprotective role (Salavessa et al., 2025).
Although the precise steps of MKS formation remain to be defined, they seem to follow the conventional endocytic pathway before shifting to long-lived, non-degradative storage lysosomes (Correia et al., 2018; Benito-Martínez et al., 2025; Neto et al., 2025). This maturation process likely involves membrane trafficking regulators such as Rab GTPases (Marubashi and Fukuda, 2020), whose exact contributions are only beginning to emerge (Neto et al., 2025). Rab7 was shown to be required for the fusion of MKSs with degradative lysosomes, prior to their conversion into a melanin storage compartment (Neto et al., 2025). In parallel, autophagy appears to influence MKS homeostasis, as treatment with autophagy modulators alters pigmentation in keratinocytes and skin explants (Murase et al., 2013; Kim et al., 2020). Upon maturation, MKSs organize in a supranuclear “umbrella” that concentrates pigment above the nuclei of keratinocytes, forming the so-called melanin cap or microparasol (Kobayashi et al., 1998; Gibbs et al., 2000). This spatial organization is thought to be a critical determinant of photoprotection (Del Bino et al., 2006; Brenner and Hearing, 2008). The formation of supranuclear melanin caps relies on the concerted action of at least two major cytoskeletal systems: microtubules enabling long-range retrograde transport toward the perinuclear region (Byers et al., 2003; Byers et al., 2007; Neto et al., 2025), and keratin (KRT) intermediate filaments (KRT5/14), which were recently shown to mechanically maintain MKSs close and atop the nucleus through cage-like cytoskeletal structures (Benito-Martínez et al., 2025). These systems cooperate through cytolinkers, like plectin, which bridges microtubules and intermediate filaments to vertically position the melanin cap (Benito-Martínez et al., 2025) — a process disrupted when microtubule polymerization or F-actin dynamics are impaired in skin explants (Castellano-Pellicena et al., 2021). Together, this suggests that keratinocytes coordinate their cytoskeletal networks to create and maintain a three-dimensional pigment shield that reduces the mutagenic effects of UV exposure.
The functional importance of this 3D-pigmented microparasol becomes evident in genetic skin disorders affecting the cytoskeleton. Interestingly, mutations in KRT5 or KRT14, which underlie Dowling-Degos disease, epidermolysis bullosa simplex, and other keratinopathies, not only cause skin fragility but also lead to pigmentation abnormalities (Betz et al., 2006; Salavessa et al., 2025). Moreover, patients often display hyperpigmented lesions, yet melanin appears dispersed rather than concentrated above the nuclei of keratinocytes. Such dispersion compromises photoprotection in vitro, despite the presence of abundant pigment (Benito-Martínez et al., 2025), which may contribute to an increased risk of skin cancer. Intriguingly, evidence of the existence of tethers between MKSs and the nuclear envelope, which may play a role in maintaining MKS positioning, was recently reported (Neto et al., 2025). These insights highlight how pigment biology in keratinocytes extends far beyond passive storage. Instead, it represents a dynamic system of organelle biogenesis, trafficking, and cytoskeletal dynamics that has evolved to maximize genome photoprotection (Salavessa et al., 2025). Future research should clarify how these processes vary across skin phototypes (Szabo et al., 1969; Minwalla et al., 2001; Thong et al., 2003; Yoshida et al., 2007; Hurbain et al., 2018), how they become altered in disease, and whether they can be modulated therapeutically for the treatment of pigmentary disorders.
THE MYSTERIES OF MELANOSOMES IN THE RETINAL PIGMENT EPITHELIUM
Unlike the maturation, transport and exocytosis of melanosomes in skin melanocytes, much less is known about melanosomes of the retinal pigment epithelium (RPE). RPE melanosomes exhibit several important differences from those of skin melanocytes, which have been well established. Melanosomes reside within the RPE for as long as the organism survives, as these cells retain the pigment (unlike neighbouring choroidal melanocytes, which continue to produce pigment throughout life but at a slower rate). Melanogenesis occurs early in the development of RPE and then stops, either completely or partially, as low levels of melanin synthesis have been described during adulthood (Schraermeyer, 1993). The microphtalmia-associated transcription factor (MITF) appears to be the main driver of melanogenesis, promoting the expression of enzymes necessary for melanin synthesis, as observed in skin melanocytes. The rationale for the loss of melanogenesis in the RPE appears straightforward. The number of melanosomes produced during the embryonic period enables the epithelium to be loaded with a functionally significant amount of melanin, unlike melanocytes, whose job is to produce a maximum of melanin to be transferred. By birth, RPE cells fully differentiate and become post-mitotic. At this time, the main function of RPE is to support adjacent photoreceptors by turning over photoreceptor outer segments (POS), regulating the visual cycle, and sustaining them metabolically, thereby ensuring adequate glucose levels.
One obvious function of RPE melanosomes is to absorb light scattering in the back of the eye and therefore contribute to better focus in vision, as photoreceptors receive more direct light and less scattered light. In some vertebrate species, namely, fish and amphibians, RPE melanosomes are highly motile in response to light, thereby controlling the amount of light that reaches the photoreceptors. Beyond that, the functional relevance of RPE melanin remains largely unknown, despite some evidence suggesting that it may have protective functions in response to stress and help maintain homeostasis. Some other functions ascribed to RPE melanosomes include serving as anti-oxidative agents through the scavenging properties of melanin and thermal regulation as light absorption dissipates heat (Burke et al., 2011). Additionally, RPE melanosomes share some characteristics with lysosomes, including the presence of luminal lysosomal hydrolases, LAMP1 at the membrane, and phagocytosed POS (Schraermeyer et al., 1999). The localization of POS to RPE melanosomes could be due to melanosome-phagosome fusion; however, whether this is a common occurrence or an exception under normal conditions is still unknown (Schraermeyer et al., 1999). Given the lifelong load of phagocytosis of POS by the RPE and the accumulation of POS-dependent lipofuscin over time, the ability of melanosomes to assist lysosomes in degrading ingested material becomes crucial. Interestingly, a new organelle appears in the RPE with age, called melanolipofuscin, which combines melanin and lipofuscin in one compartment (Boulton, 2014). The significance and/or function of this unique organelle needs to be further explored.
If indeed melanosomes aid lysosomes, then melanin/melanosomes could be protective against RPE degeneration and death. Longitudinal studies have demonstrated a gradual loss of RPE melanosomes with age (Feeney-Burns et al., 1984; Pollreisz et al., 2018). Since there is no significant de novo melanogenesis in adult RPE as discussed above, this decrease with age can lead to an increased susceptibility to age-related degenerative diseases of the eye.
Age-related macular degeneration (AMD) is a common age-related disease associated with vision loss, and the degeneration of RPE appears to play a major role. Caucasians are 5-fold more susceptible to AMD than those of African descent (Klein et al., 2006). A retrospective analysis regarding the incidence of AMD in patients who were prescribed L-DOPA (a precursor of melanin synthesis) revealed they were less likely to develop AMD, and in those who did develop the disease, the age of onset was significantly delayed (Brilliant et al., 2016). Also, macular pigment optical density (MPOD), a measurement of the level of pigment in the RPE, is reduced in patients with AMD. Interestingly, MPOD is age-dependent in AMD patients but not in healthy controls, suggesting a gradual loss of pigment during the development of AMD (Kaya et al., 2012). Whether this decrease in melanosomes with age and disease can be reverted or upregulated as a novel therapeutic approach remains to be shown. In summary, it is fascinating that the melanosome, generated by the same regulatory pathways and containing the same essential components in both skin melanocytes and RPE, behaves in such disparate ways in both cell types.
MELANIN: DIVERSITY, ORIGINS, AND PHYSIOLOGICAL FUNCTIONS
Melanin is a complex and evolutionary ancient polymer found in a wide range of living organisms. At least five types of melanin have been identified: eumelanin, pheomelanin, neuromelanin, allomelanin, and pyomelanin. Among these, allomelanin is produced exclusively by plants and fungi, while pyomelanin is found in certain bacteria. In mammals, three main forms are relevant: eumelanin (brown-black) and pheomelanin (yellow-red), both synthesized by melanocytes, and neuromelanin, a pigment similar to eumelanin, which is present in specific regions of the brain, such as the substantia nigra and the locus coeruleus.
Until recently, melanocytes were thought to originate solely from the neural crest and to localize mainly in the epidermis, with a few exceptions, such as the eye and inner ear. Additionally, TYR was long thought to be specific to melanocytes. However, this view is now changing, with recent studies showing that melanocytes can also derive from early ectodermal cells (Kinsler and Larue, 2018) and Schwann cell precursors (SCPs) (Adameyko et al., 2009). The fate of SCPs—toward melanocytes or Schwann cells—is determined by the balance between forkhead box D3 (FOXD3) and MITF transcription factors, regulated in turn by Wnt/β-catenin signaling (Colombo et al., 2022). SCP-derived melanocytes are predominantly located in the ventral regions of the limbs (Colombo et al., 2022). These findings suggest that melanocytes have at least three embryonic origins, with the neural crest remaining the principal source. Interestingly, melanocytes have also been identified in several internal organs, including the olfactory bulb in the brain (Gudjohnsen et al., 2015) and the heart—particularly in the ductus arteriosus and cardiac valves (Brito and Kos, 2008; Yajima and Larue, 2008; Colombo et al., 2011). Notably, activation of the Wnt/β-catenin signaling pathway during cell fate specification promotes melanocyte differentiation at the expense of the smooth muscle lineage in the ductus arteriosus, leading to its failure to close at birth and resulting in a patent ductus arteriosus (Yajima et al., 2013). In addition, introducing an oncogenic Braf mutation in melanoblasts leads to abnormal proliferation, resulting in severe cardiac defects and neonatal lethality in mouse models (Dhomen et al., 2010).
While melanin’s most recognized function is skin and visual protection against UV radiation, its roles in internal organs are less well understood. One hypothesis suggests that melanin’s ancient molecular structure enables it to act as a protective buffer against various stressors, including UV radiation, oxidative damage, heavy metals, ionizing radiation, and toxins. For instance, neuromelanin may offer neuroprotective effects by sequestering potentially harmful metals such as iron and copper. The loss of neuromelanin has been associated with neurodegenerative diseases such as Parkinson’s disease (PD), characterized by the progressive depigmentation of the substantia nigra. In the heart and cardiac valves, melanocyte-like cells have been discovered in the sinoatrial node, the heart’s natural pacemaker (Levin et al., 2009). Interestingly, melanocyte pigmentation stiffens murine cardiac tricuspid valve leaflet (Balani et al., 2009) and melanocytes contribute to elastogenesis in the developing murine aortic valve (Nasim et al., 2024). In the inner ear, melanocytes are found within the cochlear stria vascularis, where they help maintain the ionic composition of the endolymph—crucial for auditory transduction. They are essential for preserving high potassium concentrations and the endocochlear potential necessary for hair cell function. Melanin also appears to provide protection against oxidative stress and heavy metal toxicity, which may play a role in preserving hearing, particularly during aging or after noise exposure (Coutant et al., 2024). Melanocytes are also present in the olfactory bulb and may serve neuroprotective functions by acting as antioxidants in a metabolically active region (Gudjohnsen et al., 2015). They might also modulate local inflammation and act as a chemical barrier between olfactory neurons and the central nervous system, akin to glial support cells. Although their precise role in olfaction remains to be clarified, melanocytes may be involved in conditions affecting smell, including neurodegenerative disorders such as PD. In summary, melanin is an ancient, multifunctional pigment produced in diverse tissues and organisms, with melanocytes arising from multiple embryonic sources and contributing to functions far beyond UV protection. In addition to the roles in the skin, melanin and melanocytes support cardiac, auditory, visual, and potentially olfactory physiology through structural, ionic, and neuroprotective mechanisms.
In conclusion, recent insights into melanosome biology, from biogenesis to function, underscore the broader importance of this organelle as an LRO model for the plasticity of the endolysosomal system in various cell types. Melanosomes illustrate how membrane dynamics and cargo transport can be diversified, repurposed, and integrated to support specialized cellular and tissue functions. Extending analyses beyond skin melanocytes to other organisms, cell types, and physiological contexts reveal previously underappreciated roles for melanin, including its contribution to genome photoprotection, stress resilience, and organ-level homeostasis. As comparative and mechanistic studies continue to develop, melanosomes and, overall, pigment organelles, provide a valuable framework for understanding how organelles arise, diverge and interact, and how their dysfunction contributes to disease. These insights highlight the potential of pigmented systems to shed light on fundamental principles of organelle biology and their modulation across evolution, physiology, and pathology.
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“additional information can be found in reference (Wernersson and Pejler, 2014).
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TNE 114, TGF1

CXCLS (IL8)

VEGF, PDGE, FGF2, NGF

"additional information can be found in reference (Pejler et al., 2007).
as indicated in reference (Mukai et al., 2018) note that presence in mouse or human mast cells was not specified.
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smooth muscle contraction, gastric acid
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neurotransmission modulation

Tryptase/Chymase: Tissue remodeling,
pathogen defense (bacterial/toxin
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neuropeptide processing, cytokine
activation

CPA3: Cleavage of C-terminal amino
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anti-inflammatory regulation
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TNF: key proinflammatory cytokine
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