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Abstract

Unique functions of specialised cells such as those of the immune and haemostasis systems, skin,
blood vessels, lung, and bone require specialised compartments, collectively referred to as
lysosome-related organelles (LROs), that share features of endosomes and lysosomes. LROs
harbour unique morphological features and cell type-specific contents, and most if not all undergo
regulated secretion for diverse functions. Ongoing research, largely driven by analyses of inherited
diseases and their model systems, is unravelling the mechanisms involved in LRO generation,
maturation, transport and secretion. A molecular understanding of these features will provide
targets and markers that can be exploited for diagnosis and therapy of a myriad of diseases.
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Introduction

The endolysosomal system in eukaryotic cells is a dynamic network of organelles with
essential roles in nutrient uptake, metabolic control, macromolecule degradation and
signalling [1]. Several cell types have adapted their endolysosomal system to fulfil specific
physiological needs by generating a group of specialised, functionally and morphologically
diverse secretory compartments known as lysosome-related organelles (LROs [2]). The
unique properties of each LRO, which include pigment cell melanosomes, platelet dense and
alpha granules, endothelial cell Weibel-Palade bodies (WPBs), and cytotoxic T cell (CTL)
lytic granules among others (Table 1), are conferred by cell type-specific cargoes that
localize specifically to those organelles. Accordingly, most LROs share common
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components such as the tetraspanin CD63, and effectors such as the small GTPases
RAB27A or RAB27B [1,3]. Intriguingly, these features are also shared by classical
multivesicular endosomes (MVES) that release their intraluminal vesicles (ILVs) into the
extracellular space upon fusion with the surface of some cell types (Figure 1). The released
ILVs, called exosomes, play key roles in cell-to-cell communication in health and disease
[4]. Accordingly, we propose that secretory MVEs should be considered as members of the
LRO family.

LROs require specific endosomal effectors and molecular mechanisms for their biogenesis,
maturation, transport and release. These effectors and mechanisms are being elucidated
largely through analyses of genetic disorders and of their associated animal models in which
LRO subsets are functionally disrupted [3,5]. Here we summarize recent advances in
understanding LRO biology propose additional new members of the LRO family.

LROs defined.

LROs are traditionally defined as cell type-specific organelles that derive a large component
of their membranes and contents from the early and/ or late endosomal system [2,3].
However, this definition is complicated by the diversity not only of the morphology (Figure
1) and content of individual family members, but also of the (i) origin of their membranes
from endosomal and/ or secretory sources and (ii) the machineries required for their
formation, maturation and secretion. For example, whereas some LROs appear to derive
predominantly from endosomes (e.g. melanosomes, lung lamellar bodies and secretory
MVEs), other well-accepted LROs (e.g. WPBs and neuronal dense core granules) originate
from the secretory pathway while acquiring additional contents from the endolysosomal
system. Moreover, the term “lysosome-related” — as well as “secretory lysosomes”, which
some apply to LROs [6] — belies the coexistence of most LROs with conventional
lysosomes, which can also be secreted under certain conditions [7]. Because all LROs have
features associated with early/ late endosomes (and not necessarily lysosomes), we propose
endo-lysosome-related organelles (ELROS) as a more appropriate designation. In addition,
we propose that ELROs encompass all organelles with at least some endolysosomal contents
that are affected by genetic disorders such as the Hermansky-Pudlak (HPS), Chediak-
Higashi (CHS) and Griscelli syndromes (GS) and familial haemophagocytic
lymphohistiocytosis (FHL) and their animal models [3]; these diseases result from loss of
function of effectors of ELRO generation or secretion as detailed below. By this definition,
dense core granules [8,9], secretory MVEs, and several invertebrate secretory organelles
may be considered ELROs (Table 1). Also, some additional newly characterized organelles
might join the list (discussed below, Table 1).

ELRO biogenesis from the endocytic and exocytic pathways.

Melanosomes in skin melanocytes are well characterized ELROSs that derive primarily from
the endosomal system (Figure 2). Melanosomes mature from sorting endosomes/ MVEs,
within which physiological amyloid fibrils assemble from fragments of the pigment cell-
specific PMEL protein and serve as a matrix upon which melanin pigments ultimately
deposit [10]. The fibrils nucleate on the forming ILVs in a process requiring CD63 and
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apolipoprotein E (ApoE), a component of secreted cholesterolcarrying lipoprotein particles
[11]. Optimal fibril formation also requires transient fusion of the immature melanosome
precursors with degradative lysosomes, a step that is facilitated by the
phosphatidylinositol(3)phosphate 5-kinase PIKFyve [12]. The PMEL amyloid fibrils
ultimately assemble into sheets [10], concomitant with the segregation of the non-pigmented
melanosome precursors from the endocytic pathway [13]. Once segregated, these precursors
mature to pigmented late stage melanosomes following the import of melanogenic enzymes
and transporters via transport carriers originating either from early/ recycling endosomes or
from the TGN (Figure 2; see next section). Carrier formation from the TGN requires the
small GTPase RAB6 and their docking to melanosomes relies on its effector ELKS (Figure
2, box2; [14]). Thus, melanosomes emerge from sorting endosomes but require interactions
at multiple stages with lysosomes, recycling endosomes and TGN-derived membranes.
Similarly, MVEs are endocytic intermediates that also receive components such as LAMP1
from the secretory pathway [15].

By contrast to melanosomes, WPBs exemplify ERLOs derived primarily from the TGN
(Figure 3). Narrow tubule-like polymers of von Willebrand Factor (VWF) form in the Golgi
complex, their lengths confined by individual Golgi stacks and by the Golgi ribbon [16].
Efficient platelet recruitment upon VWF release at sites of vascular damage requires a
critical length [16,17], such that only ultra-long VWF polymers are ultimately secreted
apically into the blood-stream [18]. Once released from the TGN, vWFcontaining WPBs
mature by the AP-3-dependent input of endosomal membranes and proteins such as CD63
and the exocytic SNARE VAMPS8 [19,20]. A superficially similar process likely underlies
the maturation of chromaffin dense core granules and some other secretory granules [8,9].

ELRO maturation and HPS-associated protein complexes.

Analyses of isoforms and corresponding animal models of HPS - a group of rare diseases
characterized by oculocutaneous albinism, excessive bleeding, and often lung disease and/ or
immune dysfunction — have provided insight into the mechanisms underlying ELRO
maturation. HPS disease reflects malfunction and incomplete maturation of pigment cell
melanosomes, platelet dense granules, lung lamellar bodies, and/ or ELROs in several
immune cell types, and is caused by inactivating mutations in any of the genes encoding
subunits of four obligate multisubunit protein complexes: AP-3 and biogenesis of LRO
complexes (BLOC)-1, -2 and —3. Similar ELRO defects are observed in animal models with
defects in homologues of these complexes, the homotypic fusion and vacuole protein sorting
(HOPS) and the related class ¢ core vacuole/ endosome tethering (CORVET) complexes, or
the RAB38 GTPase [5]. The composition of these complexes and their requirement for
ELRO biogenesis have been well reviewed [21,22]. Here we highlight recent findings on the
cellular functions of BLOC:s.

In mammalian melanocytes, BLOC-1 and BLOC-2 effect the delivery of integral membrane
melanogenic enzymes and transporters to maturing melanosomes in a pathway mediated by
membrane tubules with characteristics of recycling endosomes [23-27]. BLOC-1 is
necessary for recycling tubule formation from early endosomes in several ways (Figure 2,
box 1). Firstly, BLOC-1 interacts with the kinesin-3 heavy chain, KIF13A, which drives
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tubule elongation along microtubule tracks [23,25]. Secondly, BLOC-1 cooperates with
Annexin A2 to nucleate Arp2/3-dependent branched actin filaments, which support the
elongation of the tubules [24,26,27]. In neurons and HEK?293 cells, BLOC-1 cooperates with
a distinct effector, the WASH complex, to nucleate Arp2/3-dependent actin filaments on
endosomes [28] (although WASH does not appear to impact BLOC-1-dependent trafficking
to melanosomes in melanocytes [23,29]), and both Arp2/3 and Annexin A2 are depleted
from neurons or neuronal cell lines lacking BLOC-1 [23,30]. These observations suggest
that BLOC-1 is a primary cellular activator of Arp2/3 by distinct mechanisms in multiple
cell types. BLOC-1 might be stabilized on endosomal membranes in melanocytes by
interacting with UVRAG (UV radiation resistance associated gene), a regulator of
autophagosome formation and maturation [31]. Intriguingly, UVRAG activities in
pigmentation and autophagy appear to be separable, suggesting that some autophagy
regulators might be subverted for novel roles in ELRO biogenesis. In non-neuronal cells that
lack ELROs, BLOC-1 effects cargo recycling to the plasma membrane [23] and the delivery
of specific components to the primary cilium [32], documenting cell-type plasticity of the
endocytic pathway.

In melanocytes, the three-subunit BLOC-2 is necessary to direct BLOC-1-dependent tubules
towards maturing melanosomes [27]. How BLOC-2 effects this function is not clear; it
might either tether tubules to the melanosome membrane [27] or facilitate kinesin-3
function, perhaps by interacting with KIF13A and the small GTPase RAB22A [33].
BLOC-2 might function independently of BLOC-1 in endothelial cells, since WPB
maturation and von Willebrand factor secretion in these cells is impaired by depletion of
BLOC-2, but not of BLOC-1 [34,35].

BLOC-3 is a guanine nucleotide exchange factor (GEF) for RAB38 and RAB32 [36], two
cell type-restricted Rab GTPases implicated in the biogenesis of melanosomes and other
ELROs [3]. However, in melanocytes, BLOC-3 and RAB32/ 38 might primarily function
from maturing melanosomes to effect retrograde trafficking of the fusion protein VAMP7/
TI-VAMP [26]. VAMP7 is an R-SNARE that mediates fusion of BLOC-1/ BLOC-2-
dependent tubular transport intermediates with melanosomes (Figure 2; [26,37]; VAMP7 is
also a cargo of the BLOC-1 pathway in neurons [28,38]). Following fusion, VAMP7 is
sorted into distinct tubular carriers that emerge from melanosomes [26] and that are likely
destined for endosomes after being released following membrane constriction mediated by
branched actin filaments, Myosin VI and its scaffold, optineurin (Figure 2, box 3; [29]). The
requirement for VAMPY in anterograde transport to melanosomes and other LROs might
explain why RAB32 and RAB38 are needed for forward cargo transport in some pigment
cells [39]. While BLOC-3 subunits are not conserved in Drosophila and C. elegans, they are
distantly related to the Mon1/ Ccz1 subunits of the RAB7 GEF [36]. In C. elegans, the Ccz1
orthologue pairs with either of two Mon1 orthologues, SAND1 or GLO3, to effect activation
of RAB7 (for lysosome biogenesis) or the RAB32/ 38 orthologue, GLO1 (for biogenesis of
gut granule LROs) [40].
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ELRO secretion and FHL.

As with biogenesis, substantial insight into the molecular mechanisms that govern ELRO
secretion have emerged from genetic diseases and their animal models, particularly variants
of FHL - a hyperinflammatory disease caused primarily by a failure of CTLs and NK cells to
kill their targets [41]. FHL types 3, 4 and 5 are due to mutations in genes encoding
MUNC13-4, syntaxin (STX) 11 (STX11), and STX binding protein 2 (STXBP2, a.k.a.
MUNC18-2 or MUNC18b) [42]. Their protein products function in fusion at the plasma
membrane of cytolytic granules, platelet alpha and dense granules, and other ELROs.
Consistent with earlier cellular studies, analyses from in vitro reconstitution systems show
that STX11 and the Qbc SNARE protein SNAP23 serve as the plasma membrane tSNARE
for docking and fusion of cytolytic granules bearing VAMPS8 as the primary vSNARE [43].
VAMP8 might also facilitate the plasma membrane delivery of STX11 by mediating fusion
of STX11-bearing recycling endosomes with the cell surface [44] — perhaps by forming a
SNARE complex with the plasma membrane associated STX4 [45]. STXBP2, like other
members of the Secl/ MUNC18 (SM) family of SNARE chaperones, facilitates fusion by
sequentially engaging with (i) the N-terminal domain of STX11 alone and (ii) the STX11/
SNAP23/ VAMPS trans-SNARE complex [45,46]. Data from FHL patients with specific
mutations that either block or stabilize STX11 binding indicate that both types of STXBP2
interactions are critical for its function [47,48]. Interestingly, STX11 is an unusual SNARE
in that it is linked to the membrane by a glycolipid anchor; by facilitating full zipping of the
STX11-containing SNARE complex, STXBP2 supports complete membrane fusion
mediated by STX11 in vitro [43]. Another SM family member, STXBP5, plays an as yet
unspecified role in promoting platelet granule secretion, but appears to antagonize WPB
secretion from endothelial cells [49,50] (Figure 3, box).

MUNC13-4 is a calcium-binding effector of RAB27A that is thought to function in granule
secretion as a tether [51,52], to directly regulate SNARE-dependent fusion [53], or both
[54], most likely at the plasma membrane. GS patients with mutations in RAB27A that
disrupt its interaction with MUNC13-4 exhibit FHL-like symptoms with defective CTL
degranulation, indicating that this interaction is critical for lytic granule release [55,56].
MUNC13-4 interactions with RAB11 and STX7 also appear to regulate proper lytic granule
release [57,58], but how these interactions are coordinated is not well understood. A distinct
set of MUNC13—4 interactions appears to regulate WPB release in endothelial cells [59]
(Figure 3, box), suggesting cell type specificity in MUNC13-4 functions.

Novel ELRO family members - new organelles to discover and/ or old ones

to revisit?

The ELRO family can be expanded not only by organelles newly identified to be affected by
HPS, FHL or related diseases or disease models (Table 1), but also by organelles with
features that differ from conventional endolysosomes. One example is the pigment storage
organelle in keratinocytes. In the skin, melanosomes produced by melanocytes are
transferred to neighbouring keratinocytes, within which they form a cap around the nucleus
to protect the DNA from ultraviolet radiation. Different modes of melanosome transfer
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might operate [60], but the primary mechanism in human skin appears to initiate by fusion
of melanosomes with the melanocyte cell surface, leading to the secretion of “melanocores”
devoid of membrane. Melanocores are then phagocytosed by neighbouring keratinocytes
[61-63]. While melanocore release requires RAB11B [62], melanocore uptake requires the
G-protein coupled receptor PAR-2 [61]. Within keratinocytes, the pigment is stored within
an organelle that is neither acidic nor degradative and that is marked by LAMP1 and CD63,
but not by the autophagic marker LC3 [61,63]. This organelle may thus be considered as an
ELRO. Interestingly, the melanin pigment itself might dictate the non-degradative capacity
of the organelle in which it is enclosed, as suggested by the fate of melanized fungi.
Airborne fungal human pathogens are internalized and ultimately killed by pulmonary
phagocytes via LC3-associated phagocytosis (LAP) [64]. However, LAP activation and host
defence to Aspergillus fumigatus is circumvented by melanin in the cell wall, which inhibits
phagosome-lysosome fusion and pathogen destruction [65]. Whether melanin in
keratinocytes might similarly “self-protect” its ELRO from degradation to ensure skin
photoprotection remains to be determined.

Many hematopoietic lineage cells generate ELROs that support host defence against
pathogens (Table 1). In macrophages and monocytes, defence against bacterial infection
requires ELRO-associated effectors like RAB32 and its GEF, BLOC-3. The BLOC-3-
dependent recruitment of RAB32 to vacuoles harbouring Sa/lmonella Typhimurium [66] or
Listeria monocytogenes [67] supports bacterial killing, likely by facilitating phagosome-
lysosome fusion [68]. Not surprisingly, S. Typhimurium has developed strategies to attack
this host defence by secreting a protease (GtgE) and a GAP (SopD2) specific for RAB32
[66]. This example illustrates how host cells restrict bacterial infection by reshaping
bacterial vacuoles into an ELRO-like compartment, and how intracellular bacteria avert this
pathway to create a replication niche.

Highly specialized neuronal cells harbour a subpopulation of non-acidic, LAMP1- and/ or
CD63-positive organelles that lack acid hydrolases [69,70]. These populations are primarily
restricted to axons and dendrites, and comprise amphisomes, MVEs and multilamellar
lysosomes prior to fusion with somatic lysosomes and subsequent content degradation
[69,70]. These organelles function as intermediates during degradation and display
molecular and morphological features of ELROs. The peripheral positioning of these
organelles and of presynaptic components bound for nascent synapses depends on BORC
[71,72], an 8-subunit complex that shares three subunits with BLOC-1 and that links these
organelles to kinesin-1 or kinesin-3 via its effector ARL8 and the kinesin adaptor SKIP
[73,74]. Consistently, a partial loss of function of the BORCS?7 subunit in mice leads to
perinuclear accumulation of LAMP1-positive structures in neurons and to motor defects
[75]. It is possible that cells derived from the neural crest (e.g. neurons, melanocytes and
osteoclasts) more generally adapt endolysosomal trafficking pathways to generate
functionally distinct ELRO subsets.

Perspectives: ELROs as mediators of intercellular communication.

The primary function of most metazoan ELROs is the stimulus-dependent secretion of their
contents as a means of intercellular communication. Many ELRO contents are soluble and
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have well-characterized physiological effects on target cells and tissues (e.g. induction of
target cell death by perforin and granzymes released from CTL lytic granules, recruitment of
platelets to damaged endothelia by VWF released from WPBs, or stimulation of vascular
constriction by release of histamine and other effectors from mast cell granules). Recent
observations suggest that additional or alternative modes of intercellular communication are
mediated by components released from ELROs. For example, melanocore release by
melanocytes may be accompanied by signals — perhaps carried by contents of accompanying
exosomes [76] — that might modify the fate of the phagocytosed melanocore within the
keratinocyte, depending on skin phototype and exposure to stressors such as ultraviolet
exposure or inflammation [61,63]. Similarly, exosomes derived from MVE exocytosis from
many cell types harbour receptor ligands, genetic material including miRNAs, and second
messengers that can transmit signals to target cells for numerous physiological and
pathological functions, including development, tissue regeneration, innate and adaptive
immunity, and metastatic progression. As such, exosome contents have a great potential to
provide biomarkers for disease diagnosis, prognosis and therapy, such as in cancer and anti-
tumour vaccine efficacy [4]. While some controversy exists regarding the mechanisms of
formation, secretion and targeting of exosomes due to their similarity to other secreted
membranes, the field is advancing. For example, because MVEs and their ILVs bear CD63,
MVE fusion with the plasma membrane and exosome release were visualized by live total
internal reflection fluorescence microscopy using CD63 fused to the pH-sensitive
fluorescent protein, pHIuorin (Figure 1F; [77]). A similar approach was then employed in
zebrafish embryos to study the biogenesis, composition, transfer, uptake and fate of
exosomes produced by yolk syncytial cells in vivo (Figure 1F; [78]) and to track the fate of
extracellular vesicles derived from melanoma [79]. The latter studies showed that tumour
extracellular vesicles are rapidly taken up by endothelial cells and blood-patrolling
macrophages, leading to their activation and promoting metastatic outgrowth. These studies
demonstrate the potential for extending cell biological analyses to whole animals to define
how exosomes and other ELRO releasates function in physiological and/ or pathological
contexts.
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Figure 1. Examples of ELRO ultrastructure.
Conventional electron microscopy (A, B), immunogold labelling on ultrathin cryosections

(C, D, F), cryomicroscopy (E) and three-dimensional (3D) reconstructions of electron
tomograms of model ELROs and their derivatives (A, B, C, D, E, F). A, stage Il immature
and stage 111 and 1V mature melanosomes in an MNT-1 human melanoma cell fixed by high
pressure freezing and embedded in plastic by freeze substitution. Note the striated
appearance in stages Il and Il1. Inset: 3D reconstruction showing dark melanin on fibrillar
structures (black) in stage I11/ IV melanosomes. Unpigmented fibrillar structures present in
stage Il melanosomes are shown in white. Melanosomes are surrounded by tubular
membranes (green), corresponding to endosomal transport carriers.Ribosomes are in blue B,
melanocore containing organelles (arrows) in a keratinocyte in human skin biopsies. Inset:
3D reconstruction. Note several melanocores (black) enclosed by a single membrane (red).
These organelles appear isolated (arrow) or in a network of clusters (arrowheads). C, lytic
granules (arrows) of a human cytotoxic T cell depicting the characteristic dense core
containing perforin, immunolabelled with 15 nm protein A gold particles (PAG), surrounded
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by small membrane vesicles. Inset: 3D reconstruction showing the limiting membrane (blue)
and ILVs (yellow). The dense core is not pseudocoloured. D, an ultrathin cryosection of a
mouse dendritic cell showing MHC class Il (MHCII) compartments (arrows)
immunolabeled for MHCII molecules with 10 nm PAG and endosomes (arrowheads)
immunolabeled for the endosomal protein EEA1 with 15 nm PAG. Inset: 3D reconstruction
showing the multiple concentric membrane layers of an MHCII compartment. E, Cigar-
shaped WPBs in a thick section of a human umbilical vein endothelial cell visualized by
cryomicroscopy (left panel). The right panel shows a 3D reconstruction of the vVWF tubules
(blue and yellow) contained within the WPB. F, ultrathin cryosection of a zebrafish embryo
expressing CD63-pHIluorin in the yolk syncytial layer and labelled for GFP with 10 nm
PAG. The plasma membrane of the yolk sac layer is indicated by the dashed line. Note the
MVE in the yolk cell and numerous membrane vesicles labelled for CD63 (arrows) in the
blood. Inset: 3D reconstruction of an MVE in a HeLa cell in the process of fusing with the
plasma membrane. Magnifications are indicated in the panels.
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Figure2.
Model of membrane dynamics during melanosome biogenesis. Shown are pathways of

membrane transport from the Golgi and early endosomes to generate different stages of
melanosomes. Melanosomes mature from stage | (equivalent to vacuolar domain of a sorting
early endosome) to stage IV by progressive acquisition of protein cargoes, mirrored by
morphological changes. Following clathrin-dependent endocytosis from the plasma
membrane, PMEL is targeted to stage | melanosomes within which it forms fibrils, with the
assistance of CD63 and ApoE, on intraluminal vesicles (white circles). The fibrils then
mature to fully assembled sheets in stage Il in a process requiring collisions with lysosomes
mediated by PIKFyve (thick arrow). Melanin synthesis begins upon acquisition of
Tyrosinase (TYR), additional enzymes (e.g. TYRP1 and DCT), and transporters that
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neutralize the luminal pH. The newly generated melanin accumulates on the sheets in stage
I11 and throughout the organelle in stage V. Cargo transport from endosomes occurs by an
AP-3-dependent vesicular pathway taken by TYR and a tubular pathway taken by TYRP1
and other cargoes that requires BLOC-1, RAB22A, AP-1 and KIF13A for membrane tubule
formation along microtubules (Box 1), BLOC-2 for targeting to maturing stage 11
melanosomes, and the vSNARE VVAMP?7 for fusion with melanosomes. An additional
pathway to target DCT and MART-1 to melanosomes from the Golgi requires RAB6 for
vesicle formation and its effector ELKS for docking to melanosomes (Box 2). VAMP7 is
recycled from melanosomes in tubules that require RAB38, its GEF BLOC-3, and the
scaffold protein VARP for formation and/ or VAMP7 incorporation, and that require Myosin
VI, optineurin, the WASH complex, Arp2/3 and actin for tubule constriction, scission and
release (Box 3); the target organelle for these tubules remains speculative (dashed arrow).
Mature stage IV melanosomes in skin melanocytes are captured in the periphery by the
RAB27A/ Melanophilin/ Myosin Va complex, and may fuse with the plasma membrane in a
RAB11B-dependent manner to release melanocores for uptake by neighbouring
keratinocytes.
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Figure 3.
Model of membrane dynamics during Weibel-Palade body (WPB) biogenesis. WPB

biogenesis begins with the assembly of tubular multimers of von Willebrand factor (vWF) in
the Golgi. The quantal length of the multimers is limited by the length of the Golgi cisterna
within an individual stack, the size of which is controlled by RAB6A; vVWF multimer quanta
are then assembled into longer tubules depending on the integrity of the Golgi ribbon.
Immature WPBs encasing VWF tubules bud from the Golgi in a process requiring AP-1 and
clathrin, and then mature by fusion with vesicles bearing CD63 and the vSNARE, VAMPS,
originating from early endosomes in an AP-3-dependent process. BLOC-2 also contributes
to WPB maturation in as yet unknown ways. Small WPBs are secreted basolaterally. By
contrast, maturing large WPBs are transported to the apical plasma membrane of endothelial
cells along microtubules and tethered to the plasma membrane through the action of the
RAB27A/ MyRIP/ MyosinVa complex. Mature WPBs are decorated by several RABs (e.g.
RAB3, 15, 33 and 37), some of which (e.g. RAB3 and RAB15) might positively regulate the
release step. Apical secretion of large WPBs (Box) requires actin polymerization at the basal
tip mediated by Annexin A2, calcium-dependent tethering mediated by MUNC13-4, and
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fusion mediated by the Syntaxin 4/ SNAP-23 tSNARE and either VAMP3 or VAMPS as the
VSNARE. The latter step is facilitated by STXBP3 (Munc18c) and antagonized by STXBP5.
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Table 1.
ELROs in vertebrates and invertebrates
Vertebrates
ELRO Cell Type RAB27/CD63 Human Cellular, Physiological Function
ELRO
Disease/
Disease
Model
Melanosomes Melanocytes or +/+ HPS, CHS, Synthesis, storage and/or release of melanin for
melanophores in skin, GS skin and eye pigmentation, visual acuity, and
retinal pigment epithelia photoprotection
and choroid
Weibel Palade Bodies Endothelial cells +/+ HPS Storage and release of VWF and other proteins for
platelet recruitment
Cytolytic granules Cytotoxic T Cells, ++ HPS, CHS, Storage and release of lytic hydrolases for lysis of
Natural Killer Cells GS, FHL target cells
Dense granules Platelets, +/+ HPS, FHL Storage and release of small active molecules for
Megakaryocytes platelet adhesion and activation
Basophilic secretory Mast cells, Basophils ++ CHS Storage and release of specific molecules for
granules vasodilation at sites of damage
Lamellar bodies Alveolar type Il cells ++ HPS Synthesis, storage and release of lung surfactant
phospholipids and proteins for pulmonary gas
exchange
Phagosomes Macrophages, +/+ (depending HPS Storage and degradation of large particles (e.g.
Neutrophils, Dendritic on the ingested microorganisms, apoptotic cells) and initiation of
cells particle) signal transduction cascades
MHC class 11 Dendritic Cells, B 2+ CHS Processing of antigenic peptides for antigen
compartments lymphocytes, presentation and stimulation of CD4* T cells
Macrophages,
Langerhans cells
Alpha granules Platelets, =/+ GPS, ARC Storage and release of components for blood
Megakaryocytes clotting, platelet adhesion, haemostasis,
inflammation, vascularization
Azurophil (primary) Neutrophils, Eosinophils +/? HPS, CHS Storage and release of lysosomal enzymes and
granules anti-microbial peptides into phagosomes for
degradation
NOX2* inhibitory Dendritic cells +? GS Store the NADPH oxidase N0X2, fuse with
lysosomes phagosomes to limit acidification
Acrosomes Sperm +? GS Penetration of the egg prior to fertilization
Large dense-core Specialized secretory +/? HPS, FHL Storage and release of hormones and
vesicles cells (e.g. adrenal neuropeptides
chromaffin cells)
IRF7 signalling Plasmacytoid dendritic ?/? HPS Accumulate IRF7 and TRAFS3, initiate TLR
lysosomes cells signalling cascade for type 1 interferon production
Notochord vacuoles Notochord inner cell ?/? HPS Required for body axis elongation and spine
morphogenesis
ELRO (putative) Cell Type RAB27/CD63 Human Cellular, Physiological Function
ELRO
Disease/
Disease
Model
Melanocore- Epidermal Keratinocytes 0+ ? Melanin storage for skin pigmentation and
containing organelle photoprotection
Secretory MVESs Most cell types, Model + (not all ? Store ILVs that upon secretion are called
organisms MVES)I+ exosomes and serve multiple functions in target
cell differentiation, immunity, cancer progression,
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granules

pigmentation, bone regeneration, communication
in the CNS, pathogen dissemination, and other
systems.
Fusiform vesicle Urothelium +/? ? Storage of crystalline uroplakin arrays forming,
upon secretion, urothelial plaques for bladder
expansion
Osteoclast secretory Osteoclast +/? ? Secretory lysosomes involved in bone resorption
lysosome and remodelling
Specific (secondary) Neutrophils +/? ? Secretory granules containing cytotoxic proteins
granules involved in the initiation of the inflammatory
response and collagen degradation
Gelatinase (tertiary) Neutrophils +/? ? Secretory granules containing gelatinase and
granules adhesion molecules (among others) for
neutrophils adhesion to and penetration through
the endothelium
Lamellar bodies Epidermal Keratinocytes ?? ARC Storage and release of lipids for skin permeability
Lamellar granules
Surfactant production Teleost swimbladder ?/? HPS Necessary for the proper formation and storage of
and storage epithelium surfactant; similar to lamellar bodies in mammals
organelles
Presynaptic vesicles Neuron synaptic cleft +? ? Secretory vesicles containing neurotransmitters
that are released at the synapse upon stimulation
Pathogen-containing Various host cells ?? HPS? Modification of host phagosome dynamics by
phagosomes or pathogen effectors to promote survival
vacuoles
Non-acidic late Neurons (axons, 0+ ? LAMP1- and/or CD63-positive organelles lacking
endosomes dendrites) acid hydrolases for further degradation
Invertebrates
Evolutionary related Organism ELRO Cellular, Physiological Function
ELRO Disease
Model
Pigment granules Drosophila melanogaster retinal cells HPS Contain pigments necessary for light insulation
throughout the eye
Zinc storage granules Drosophila melanogaster Malpighian tubule HPS Storage compartment for the major total body
epithelial cells pool of chelatable zinc
Gut granules Caenorhabditis elegans intestinal cells HPS Storage compartment containing zinc, anthranilic
acid and lipofuscin
Post-lysosomes Dictyostelium discoideum CHS Poorly acidic compartments that secrete
undigested material into the extracellular space
Mucocysts Tetrahymena thermophila HPS Secretory granules containing dense crystalline
cores that, upon stimulated exocytosis, function as
a cellular defence
Riboflavin granules Bombyx mori Malpighian tubules HPS Needle-shaped yellow granules that store
riboflavin
Integument urate Bombyx mori epidermal cells HPS Uric acid storage and secretory compartment for

photoprotection of the larvae
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