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Abstract: Lysosomes are acidic cell compartments containing a large set of hydrolytic enzymes.
These lysosomal hydrolases degrade proteins, lipids, polysaccharides, and nucleic acids into their
constituents. Materials to be degraded can reach lysosomes either from inside the cell, by autophagy,
or from outside the cell, by different forms of endocytosis. In addition to their degradative
functions, lysosomes are also able to extracellularly release their contents by lysosomal exocytosis.
These organelles move from the perinuclear region along microtubules towards the proximity of the
plasma membrane, then the lysosomal and plasma membrane fuse together via a Ca>*-dependent
process. The fusion of the lysosomal membrane with plasma membrane plays an important role in
plasma membrane repair, while the secretion of lysosomal content is relevant for the remodelling of
extracellular matrix and release of functional substrates. Lysosomal storage disorders (LSDs) and
age-related neurodegenerative disorders, such as Parkinson’s and Alzheimer’s diseases, share as a
pathological feature the accumulation of undigested material within organelles of the endolysosomal
system. Recent studies suggest that lysosomal exocytosis stimulation may have beneficial effects on
the accumulation of these unprocessed aggregates, leading to their extracellular elimination. However,
many details of the molecular machinery required for lysosomal exocytosis are only beginning to
be unravelled. Here, we are going to review the current literature on molecular mechanisms and
biological functions underlying lysosomal exocytosis, to shed light on the potential of lysosomal
exocytosis stimulation as a therapeutic approach.
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1. Introduction

Lysosomes are intracellular organelles surrounded by a single membrane and displaying a round
morphology, first discovered by C. De Duve in the early 1950s [1]. From a biochemical point of view,
their distinctive feature is a typically acidic luminal pH. The lysosomal pH has been estimated to be
at least 100 times more acidic than its cytosolic counterpart, ranging from 4.5 to 5.0. The differential
H* concentration is actively maintained by specific vacuolar ATPases (v-ATPases) [2]. Within their
lumen, lysosomes contain about 60 hydrolases, which digest every cell macromolecule (proteins, lipids,
polysaccharides, and nucleic acids) into their constituents, while lysosomal membrane proteins, such as
transporters and ion channels, also contribute to key lysosomal functions [3,4].
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Macromolecules are delivered into lysosomes either extracellularly, via endocytosis or phagocytosis
followed by endosome fusion with lysosomes to produce endolysosomes, or intracellularly,
via autophagy followed by autophagosome fusion with lysosomes, to form autolysosomes (Figure 1).
Once macromolecular substrates are digested within lysosomes, their constituents are exported into
the cytoplasm via specific membrane transporters and used either as an energy source, by catabolic
reactions, or as building blocks, for anabolic reactions. Therefore, lysosomes, which have long
been considered just “waste disposal bags”, are now more correctly regarded as metabolic hubs,
whose degradative function is finally regulated by specific nutrient sensing mechanisms, according to
cell needs [5]. Moreover, lysosomes also play an important homeostatic role for the cell, because the
autophagic process is the only one capable to engulf and then degrade damaged organelles, such as
mitochondria and peroxisomes, a key function to maintain cell fitness [6,7].
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Figure 1. Representation of lysosomal biogenesis, major trafficking route and exocytosis.
Materials to be degraded into lysosome can be either of extracellular or intracellular origin.
Cells receive their extracellular cargoes for degradation by different forms of endocytosis and their
intracellular cargoes by different forms of autophagy, namely by macroautophagy, which includes
the engulfment of large cytoplasmic entities and damaged organelles within a double membrane
structure, the autophagosome. This entity then fuses with lysosomes, forming an autolysosome.
Lysosome biogenesis requires both the biosynthetic and endocytic pathways. Lysosomes receive their
specific soluble hydrolases and membrane proteins cargos from the “conventional” secretory pathway.
Briefly, in the trans-Golgi, M6P receptors bind to proteins carrying mannose 6-phosphate residues,
interact with AP1/clathrin complexes, and bud from the apparatus as vesicles. Lysosomal membrane
proteins are delivered to lysosomes in a M6P receptor-independent manner, as their transport from
the trans Golgi network to the lysosome occurs both by a direct route or indirectly via vesicle fusion
with plasma membrane, followed by endocytosis. These vesicles fuse with endosomes, delivering their
lysosomal protein precursor content. EE, Early endosomes; LE/MVB, Late endosomes/MultiVesicular
Bodies; MPR, Mannose Phosphate Receptors; ER, Endoplasmic Reticulum.

Finally, lysosomes not only carry out intracellular functions, but are also capable to release their
content extracellularly, via lysosomal exocytosis. This process fulfils two main purposes, the repair
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and/or remodelling of the plasma membrane and the secretion of lysosomal hydrolases and/or functional
substrates. To carry out these tasks, lysosomes move close to the plasma membrane and fuse with it in
response to specific stimuli. The regulation of this movement by interaction with the cytoskeleton
plays a fundamental role in lysosomal exocytosis. In this manuscript, we are going to review the
current knowledge on lysosomal exocytosis, describe the underlying molecular mechanisms, and focus
our attention on the recent findings concerning the role of lysosomal positioning and movement in
lysosomal exocytosis. The pathological implication of lysosomal exocytosis and the targeting of this
process for therapeutic purpose will be also discussed.

2. Lysosome Biology

2.1. Lysosomal Heterogeneity and Lysosomes Related Organelles

The initial characterization of lysosomes as small organelles with a scattered cytoplasmic
localization has recently given way to a more complex picture. Lysosomes have an heterogenous size
ranging from 100 to 1000 nm, a round morphology and are present in many copies (up to several
hundreds), preferentially located in the perinuclear region [8]. Their size and morphology may vary
consistently according to the cell type [9,10]. Lysosomal compartment is not only heterogenous,
but also highly dynamic. In vivo microscopy has shown that the lysosomal pool actively moves along
microtubules from the perinuclear region towards the plasma membrane, by the so-called anterograde
transport, and from the proximity of the plasma membrane toward the perinuclear region, by the
so-called retrograde transport [11]. Lysosomal pools located in the perinuclear region and in the
proximity of the plasma membrane are functionally different: those located in the perinuclear region
are characterized by a higher acidity (pH 4.5-5.5) and degradative capacity, whereas those located
near the plasma membrane have a higher pH and a lower degradative capacity [12]. Furthermore,
endolysosomes are the principal sites of intracellular acid hydrolases activity and are distinct from
terminal lysosomes, which act as a store of acid hydrolases [13]. Perinuclear localization appears to be
a site for the efficient maturation of endosomes, as the bulk of lysosome-endosome fusion occurs in
this region and it may be coupled to their retrograde transport. More peripheral lysosomes appear to
be involved mostly in membrane repair and secretion [10,12].

To further complicate this heterogenous picture, lysosomes not only show great heterogeneity
within the same cell as well as among different cell types, but in specialized cell types, also co-exist with
the so-called lysosomal related organelles (LRO), which are organelles related to the endolysosomal
system having mostly secretory function [14]. LROs include melanosomes in the pigment cells,
dense granules in platelets, and lytic granules in cytotoxic T lymphocytes [15]. They were initially
considered specialized lysosomes destined for secretion, in contraposition with conventional lysosomes
regarded as the “final destination” of the degradative pathway. However, it later emerged that
conventional lysosomes also possess the machinery for regulated lysosomal exocytosis [16].

2.2. Biogenesis and Reformation of Lysosomes

Lysosome biogenesis requires both the biosynthetic and endocytic pathways. Lysosomes receive
most of their specific soluble hydrolases, such as proteases, lipases, glycosidases and nucleases,
and membrane proteins from the “conventional” secretory pathway. As a matter of fact, the lysosomal
enzyme precursor possesses an N-terminal peptide leading to their translation into ER-associated
ribosomes. From the ER, they are transported into the Golgi apparatus in membrane-bound vesicles.
In the cis-Golgi, they are modified by addition of mannose-6-phosphate (M6P). In the trans-Golgi,
M6P receptors bind to proteins carrying M6P residues and bud from the apparatus as clathrin-coated
vesicles (CCVs). The assembly of CCV requires the Golgi-localized, gamma adaptin ear-containing,
ADP-ribosylation factor-binding (GGA) proteins and the adaptor protein complex 1 (AP1), both binding
clathrin and M6P receptor [17]. These vesicles fuse with early endosomes, delivering their lysosomal
protein precursor content [18]. At the late endosome pH, which is around 6.0, M6P residues detach
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from their receptors. Receptors are recycled back into the trans-Golgi, whereas late endosomes
fuse with lysosomes, releasing their content of hydrolases, which complete their maturation at the
lysosomal acidic pH [19]. A few lysosomal hydrolases are delivered to lysosomes in a manner that
is independent from the addition of M6P residues [20]. The most extensively investigated of these
hydrolases is 3-glucocerebrosidase, whose targeting to lysosomes is mediated by the lysosomal integral
membrane protein-2 (LIMP2) [21]. Furthermore, newly synthesized lysosomal integral membrane
proteins are delivered to lysosomes by in a M6P-receptor independent manner, as their sorting from
the trans Golgi network to the lysosome may occur both by a direct route or an indirect route,
i.e., by vesicular transport to the plasma membrane followed by endocytosis [18]. Endocytosis is a
complex process, driven by different mechanisms, that commonly begins at the plasma membrane,
with its inward invagination leading to the formation of endocytic vesicles. These vesicles fuse with
early endosomes, that later mature into late endosomes, characterized by a more acidic pH [22].
Early endosomes are characterized by their association with Rab5 GTPase. When they mature into
late endosomes, Rab7 replace Rab5. Subsequently, late endosomes fuse with lysosomes, forming the
so-called endolysosomes [23]. Lysosomes may be then reformed from endolysosomes via a fission
mechanism. Briefly, the vesicle forming machinery associates with lysosomes to form vesicles and/or
tubules that undergo fission. The vesicle forming machinery is made up of adaptor protein complexes,
responsible for cargo sorting, coat proteins, such as clathrin, responsible for membrane deformation,
and scission proteins, such as dynamin, responsible for membrane fission [24].

2.3. Lysosomes as Terminal Degradative Organelles

The fundamental function of lysosomes is degradative. Cargos to be degraded into lysosome can
be either of extracellular or intracellular origin. Cells receive their extracellular cargoes for degradation
by different forms of endocytosis. These include phagocytosis, which involves the uptake of solid
material and is mostly associated to specific cells of the immune system, such as macrophages and
dendritic cells, pinocytosis, which involves the uptake of fluids, including the small particles dissolved
therein, and receptor-mediated endocytosis, a process driven by ligand-receptor interaction on the
plasma membrane [25]. On the other hand, lysosomes receive their intracellular cargoes by different
forms of autophagy (“self-eating”). Autophagy is a degradative process of pivotal importance for cell
homeostasis. It is defined by two main features, i.e., the specific degradation of cytoplasmic material or
damaged organelles, and the involvement of the lysosome as a terminal degradative compartment [6].
There are different types of autophagy, differing in the modality of cargo selection: macroautophagy
(often simply called autophagy), microautophagy, and chaperone-mediated autophagy (CMA). In the
case of CMA, membrane fusion is not involved. The cargo is specifically represented by cytosolic
proteins bearing a KFERQ-like motif that form a complex with the co-cytosolic chaperone HSC70.
This complex is then delivered within lysosomes via direct translocation across the lysosomal membrane,
upon interaction with a specific receptor, the 2A isoform of the LAMP2 protein [26]. During the
microautophagic process, cytoplasmic protein complexes interacts with the lysosomal membrane and
are delivered within the organelle by membrane invagination [27]. Although this process involves
cytosolic proteins bearing a KFERQ-like motif interacting with the co-chaperone HSC70, it does not
involve LAMP2A and implicates membrane invagination [28]. As for macroautophagy, it is by far
the best characterized process. Its main feature is the engulfment of large cytoplasmic entities and/or
damaged organelles within a double membrane structure, the autophagosome, which then fuse with
lysosomes to form an autolysosome, using a molecular machinery which resembles that responsible
for the fusion of late endosomes with lysosomes [29].

2.4. Lysosomes as Signaling Hub

The autophagic mechanism and the lysosomal degradative processes are finely tuned. In fact,
lysosomes must sense the metabolic status of the cell to coordinate cargo degradation and cell
metabolic needs, and to remove damaged material, thus maintaining cell homeostasis. In particular,
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lysosomal membrane plays a pivotal role in coordinating catabolic and anabolic cell reactions [30,31].
The two main protein complexes which are responsible for the transduction of anabolic and catabolic
signaling arising from lysosomes are the mechanistic target of rapamycin complex 1 (mTORC1),
which is a master regulator of cell growth and metabolism, and the AMP-activated protein kinase
(AMPK), which is the major cellular sensor of energy stress [32].

mTOR Complex 1 (mTORC1) is made of three main components: mTOR itself,
the regulatory-associated protein of mTOR (Raptor) and the mammalian lethal with SEC13 protein
8 (MLSTS) [33]. mTORC1 is activated only in the presence of both growth factors and nutrients,
by different signaling cascades, which have been extensively reviewed elsewhere [34]. When nutrients
are abundant, mTOR is recruited to the lysosomal membrane and the kinase activity is activated.
On the other hand, when nutrients are scarce, mTOR is inactivated and released from the lysosomal
surface [35]. The mTOR recruitment on the lysosomal surface depends on a specific complex, which is
named LYNUS (lysosomal nutrients sensing) machinery [36]. It consists of the v-ATPase complex,
the transmembrane protein SLC38A9, the pentameric Ragulator complex, whose subunits are known as
LAMTOR 1 to 5 (late endosomal/lysosomal adaptor, MAPK and mTOR activator 1) and a heterodimeric
GTPase complex [37]. The v-ATPase is the protonic pump which is responsible for the maintenance
of the acidic lysosomal lumen, while SLC38A9 is both an amino acid transporter and a sensor for
arginine [38]. The heterodimeric GTPase complex has a key role: in nutrient abundance condition,
it recruits mMTORC1 on the lysosomal surface by interaction with another GTPase, Rheb, which is also
localized on the lysosomal membrane. The Rag GTPases are of for different types (A, B, C and D) and
the heterodimer is composed of either A or B, which appear to be functionally equivalent, in association
with either C or D [39,40]. The recruitment is mediated by the GEF (guanine Exchange factor) activity
of the Ragulator complex, which mediates the loading of GTP on RagA/B. Once activated, Rag GTPases
recruit mTOR to lysosomes. The interaction with Rheb complete the activation of the kinase activity
of mTOR. On the other hand, when the nutrient availability is poor (the system has been mostly
characterized in condition of aminoacid or cholesterol depletion) mTOR is inactivated, due to a stronger
interaction among Ragulator, Rags and the rest of the LYNUS complex [41].

While mTOR is sensitive to the abundance of nutrients such as amino acids, another important
complex, AMPXK, is instead sensitive to glucose availability. Again, the Ragulator platform plays a key
role in the sensing mechanism. When glucose is abundant and glycolysis runs steady, its intermediate
fructose-1,6-bisphosphate (FBP) interacts with aldolase (the glycolytic enzyme that is responsible for
breaking down FBP into dihydroxyacetone phosphate and glyceraldehyde phosphate). Upon FBP
binding, aldolase binds to v-ATPase on the lysosomal surface. Conversely, in the absence of glucose
FBP is not sufficient to ensure the aldolase/v-ATPase interaction. In this condition, the interaction
among v-ATPase, Ragulator and Axin is favoured, leading to LKB1 (liver kinase B1) and AMPK
recruitment, then to AMPK activation by phosphorylation. At the same time, interaction with Axin
arrests Ragulator GEF activity toward Rag, inducing mTOR dissociation and inactivation. Interestingly,
the Ragulator activity is not sensitive only to glucose starvation, as a similar behaviour was observed
during lysosomal deacidification induced by lysosomal stressors [42,43].

These two main pathways converging their signals on the lysosomal membrane have several
downstream effectors that regulate cell metabolism. Regarding lysosomes, the best known of them is the
transcription factor EB (TFEB) [30]. When nutrients are abundant, mTORC1 associates to the lysosomal
membrane, phosphorylates TFEB and retains it on the lysosomal surface, blocking its translocation into
the nucleus. Instead, when nutrients are scarce, mTOR is inactivated and TFEB is dephosphorylated.
In this condition, TFEB can migrate into the nucleus and promote the transcription of the CLEAR
(coordinated lysosomal expression and regulation) gene network [44]. This network includes most
lysosomal genes, such as soluble hydrolases and membrane proteins [45], whose expression at high
levels is fundamental for lysosomal biogenesis and autophagy.

Nutrient availability is a fundamental signal also for calcium release from cytosolic compartments,
including the lysosome. In fact, lysosomes store a significant amount of Ca?* [46], which can be



Membranes 2020, 10, 406 6 of 21

released via two types of channels: transient receptor potential cation channels (TRPMLs) encoded
by mucolipin genes, such as mucolipinl (MCOLN1, also known as TRPML1) and two-pore channels
(TPCs), both activated by PI(3,5)P2 (phosphatidylinositol 3,5-bisphosphate) [47,48].

Starvation is known to induce TRPML1-mediated Ca?* efflux [49]. The peri-lysosomal increase
of Ca?" activates calcineurin, a calcium/calmodulin dependent protein phosphatase, which also
de-phosphorylates TFEB, further reinforcing the starvation signal inducing the nuclear translocation of
TFEB. This translocation improves lysosomal biogenesis and autophagy, implements the lysosomal
degradation of unnecessary intracellular material, prompts nutrient recycling, and provides building
blocks to satisfy cell needs [50]. TRPML1 also regulates mTORC1 through activating calmodulin,
and both TRPML1 and calmodulin are required for mTORC1 reactivation during prolonged
starvation [51]. Ca®* release is important for lysosomal transport and positioning, as its release
induces the retrograde transport of lysosomes versus the perinuclear region via interaction with dynein
motor. Lysosomes located in the perinuclear region have a more acidic pH, which usually corresponds
to a higher degradative capacity. The perinuclear localization also favours lysosome fusion with
autophagosome during the autophagic process [52].

3. Lysosomal Exocytosis

The term lysosomal exocytosis refers to the regulated extracellular release of lysosomal enzymes.
During this process, lysosomes migrate from the perinuclear region to the cell surface proximity
and fuse with the plasma membrane, releasing their contents extracellularly [53,54] (Figure 2). It is
a Ca’*-regulated process that has an important role in secretion and plasma membrane repair.
Therefore, it plays a pivotal role in several physiological process, such as bone resorption and antigen
presentation. Lysosomal exocytosis was initially assessed by detecting lysosomal enzymes activity into
cell culture medium, whereas currently the most frequently used assay is the detection of lysosomal
membrane proteins such as LAMP1 or even TRPML1 on the plasma membrane [55-57]. In fact,
the extracellular presence of lysosomal enzymes may be due to another cellular pathway. As a
matter of fact, a certain number of vesicles may escape the conventional secretory route, fuse with
plasma membrane, and release their content extracellularly [58]. Lysosomal hydrolases released in
the extracellular environment may still reach the lysosome. In fact, these proteins are recaptured
by M6P receptors localized on at the plasma membrane, stimulating their internalization by the
endocytic process, followed by their delivery to lysosomes [59]. Lysosomal exocytosis is considered
as an “unconventional secretion” process implicating the direct fusion of lysosomes with plasma
membrane [53].
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Figure 2. Schematic representation of lysosomal exocytosis. Lysosomes migrates from the perinuclear
region to plasma membrane proximity and fuse with the plasma membrane, releasing their content
extracellularly. Most lysosomes are localized around the nucleus, but a pre-requisite for lysosomal
exocytosis is their transport in the proximity of the plasma membrane along microtubules via kinesin
motor proteins. The dynamics of lysosomes within cytoplasm also includes the retrograde transport
from periphery to nucleus along microtubules, mediated by dynein motor proteins. Vesicle-associated
membrane protein 7 (VAMP?) is present on the surface of lysosomes and interacts with syntaxin-4 and
with synaptosome-associated protein of 23 kDa (SNAP23) on the plasma membrane. The lysosomal
Ca?* channel TRPMLI1 provides Ca?* for lysosomal membrane fusion, which is sensed by Syt-VII.
ER, Endoplasmic Reticulum, MTOC, microtubule-organizing center.

3.1. The Molecular Machinery of Lysosomal Exocytosis

3.1.1. Lysosomal Movement and Positioning: How Lysosomes Translocate During Lysosomal Exocytosis

Most lysosomes are localized around the nucleus and the microtubule-organizing centre
(MTOC) [11], but a pre-requisite for lysosomal exocytosis is their transport in the proximity of
the plasma membrane [60]. The lysosome anterograde transport along microtubules is relatively
fast (about 0.5 um s~!) and comparable to other types of vesicle transport [61]. It covers rather long
distances and is affected by lysosome size [62]. As for other types of vesicle transport, it requires
the interaction among motor proteins, regulators, and adaptors [63], although specific components
such as BORC (BLOC-one-related complex, where BLOC stands for biogenesis of lysosome-related
organelles complex) are required for the transport of lysosomes, but not of synaptic vesicle precursors
in mammalian axons [64].

Kinesin superfamily proteins (KIFs) are a large family of motor proteins involved in nucleus
to periphery transport along microtubules. They are typically made up of a motor domain binding
to microtubules and a tail domain linking specific adaptors or cargos [65]. Several kinesins affect
lysosome movement, including kinesin-1, -2, and 3 [66—68], but kinesin-1 is the best-characterized.
Like most kinesins, it comprises two heavy chains (KIF5A, KIF5B, or KIF5C) and two light chains
(KLC1, KLC2, KLC3, or KLC4) [69]. Several studies have shown that lysosomes and late endosomes
bind to a few kinesins, but there is no clear correspondence of one organelle to one kinesin. So far,
only the kinesin-1 heavy chain KIF5B has been identified as exclusively associated with lysosomes [70].

Small GTPases have an important role in regulating vesicle transport. Arl8 has been discovered
as the primary regulatory GTPase on the lysosome. It is a member of the Arf family and two Arl8
genes have been identified Arl8a and Arl8b [71]. Among 30 members of this family, only Arl8 has
been found to be associated, although not exclusively, with lysosomes [72]. Arl8 links lysosomes to
kinesin-1 via the large protein complex called BORC, which comprises 8 subunits, from BORCS1 to
BORCS3 in common with the BLOC-1 complex involved in the biogenesis of LROs [73], and from
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BORCS4 to BORCSS specific for lysosomes [52,74]. The association of BORC complex with lysosomes
occurs on the cytoplasmic side of the organelle.

Once bound to the lysosomal membrane in its active form, Arl8 recruits a few factors, namely the
adaptors SifA (Salmonella-Induced Filaments A) and Kinesin-Interacting Protein (SKIP), also known as
Pleckstrin Homology Domain-Containing Family M Member 2 (PLEKHM?2), a protein that then recruits
kinesin-1 to lysosomal membranes, and HOPS (homotypic fusion and protein sorting), a complex that
is necessary for fusion between late endosomes and lysosomes through Rab7 binding [75]. Membrane
phospholipids are also involved in mediating the binding of the lysosomes to kinesins. In fact,
another adaptor able to recruit kinesin-1 to lysosomes, FYVE- and coiled-coil-domain-containing
protein (FYCOL1), has been shown to rely on the ER-anchored protein protrudin to interact with
lysosomes. Protrudin binds simultaneously to Rab7 and PI(3)P (phosphatidylinositol 3-phosphate)
present on the lysosomal membrane, then transfers the organelle to FYCO1 and kinesin-1 for their
movement towards the plasma membrane [76,77].

The dynamics of lysosomes within cytoplasm also includes the retrograde transport from
periphery to nucleus along microtubules, mediated by dynein motor protein. The interaction of
lysosomes with dynein is usually mediated by Rab?7, the small GTPase considered a marker of
the late endosomal compartment. Rab7 binds to late endosomes and lysosomes via a specific
effector, RILP (Rab interacting lysosomal protein), that in turn interacts with dynein and with a
subunit of the dynactin complex, p1505™ed [78]. In addition to Rab7-RILP, other complexes have
been shown to connect lysosomes to dynein. For instance, the transmembrane protein TMEM55B,
also known as phosphatidylinositol-4,5-bisphosphate 4-phosphatase (PIP4P1) binds to the dynein
adaptor C-Jun-amino-terminal kinase-interacting protein) (JIP4) to facilitate lysosome transport toward
the perinuclear region [79]. As in the case of kinesin interaction, lysosomal membrane phospholipids
may be relevant for an interaction with motor proteins. As mentioned above, the TRPML1 Ca?*
channel is activated by PI(3,5)P2 on lysosomal membrane. The consequent Ca®" efflux activates the
Ca?* sensor apoptosis-linked gene 2 (ALG2), an EF-hand-containing protein which in turn binds to
dynein [80].

Microtubules are fundamental for long range transportation of lysosomes, either anterograde
or retrograde, but lysosomes also make short range movement interacting with actin cytoskeleton
and myosin motor proteins. Lysosome interaction with actin cytoskeleton may have important
implications for the maintenance of lysosomal position in the proximity of the plasma membrane,
a pre-requisite for lysosomal exocytosis. The Wiskott-Aldrich syndrome protein and scar homolog
(WASH) complex has a critical role in mediating the interaction of lysosomes with actin cytoskeleton
via Arp2/3 complex [81,82]. Moreover, the WASH complex interacts with a subunit of BLOC-1 complex,
involved in lysosomes—endosomes formation and trafficking. As WASH co-localizes with y—tubulin,
it has been speculated that WASH may have a role in lysosome—endosome transport connecting actin
and microtubules [83]. Further, an actin motor protein, the myosin heavy chain IIA (NMHC IIA) has
been demonstrated to be involved in the positioning of lysosomes at the periphery of the cell [84].
Interestingly, evidence has been provided that F-actin mesh also acts as a sort of barrier slowing down
the movement of vesicles via their interaction with myosin [85].

3.1.2. Docking and Fusion

The mechanism of membrane fusion has been widely investigated, e.g., in autophagosome-late
endosome fusion, or in the fusion of late endosomes with lysosomes [86,87]. The specific molecular
events underlying lysosomes fusion with plasma membrane are similar, although they have been
far less investigated. This process requires the formation of the N-ethylmaleimide-sensitive factor
attachment receptor (SNARE) complexes. There are two groups of SNARESs: vesicle-associated or
v-SNARESs, and target-associated or t-SNAREs, which are localized on the destination membrane.
SNARE proteins are characterized by a coiled-coil domain stretch containing 60-70 amino acids called
the SNARE motif [88]. During membrane fusion, SNARE proteins on opposite membranes form
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a trans-SNARE complex that pulls membrane closes to each other. Usually, the final fusion step is
mediated by calcium release [88]. In the case of lysosomes, it has become clear that vesicle-associated
membrane protein 7 (VAMP?) is present on the surface of lysosomes and interacts with syntaxin-4
and with synaptosome-associated protein of 23 kDa (SNAP23) on the plasma membrane. Upon this
interaction, lysosomes are docked to the plasma membranes, but membranes are still distinct [89].
The final fusion step requires the local release of Ca®*. In the case of lysosomal exocytosis, it has now
become clear that, as well as the ER, lysosomes are a store of CaZ*, with a concentration almost like the
ER [90]. Lysosomal Ca®* ions can be released through TRPML1 Ca?* channel, which facilitates the
fusion of lysosomal and plasma membranes [91]. To prompt membrane fusion, the local release of Ca*
must be sensed by specific sensors. The best known of them belong to the synaptotagmin (Syt) family,
whose members have two Ca®" binding domains on the cytoplasmic side. In the case of lysosomal
exocytosis, Syt-VII has been identified as the lysosomal sensor [92]. Once bound to Ca?*, Syt-VII may
possibly increase phosphoinositide binding with the juxtaposed SNARE complexes and facilitate
membrane curvature, prompting lipid bilayer mixing [93]. However, there is evidence that other Ca?*
sensors may participate in lysosomal exocytosis [54,94]. These additional sensors include calmodulin,
which is possibly implicated also in late endosome-lysosome fusion [95], and ALG2, the lysosomal
targeted Ca?* sensor which is also responsible for the interaction with the dynein motor [39].

3.1.3. Regulation of Lysosomal Exocytosis

Lysosomes localized around the cell nucleus must be transported toward cell periphery
along microtubules before their fusion with the plasma membrane. Therefore, the regulation
of lysosome anterograde transport, peripheral positioning and localized membrane fusion is
fundamental to implement lysosomal exocytosis. Conversely, factors favouring retrograde transport
and perinuclear positioning are an obstacle for lysosomal exocytosis. In polarized epithelial cells,
the compartmentalization of the plasma membrane SNARE syntaxin-4 at the basolateral membranes
leads to directional lysosomal exocytosis, as membrane fusion takes place at the basolateral membrane,
but not at the apical membrane [96]. In macrophages, during phagocytosis, lysosomal exocytosis
occurs locally at the site of particle uptake [56].

The maintenance of lysosome position in the proximity of the plasma membrane is important for the
regulation of lysosomal exocytosis and strongly depends on the LYNUS status [97]. Nutrient depletion
suppresses mTORC1 activity and increases TFEB nuclear localization, leading to a more perinuclear
lysosome localization and implementing lysosome biogenesis, allowing for increased lysosomal fusion
and autophagy. The nutrient-dependent distribution of lysosomes in the proximity of the perinuclear
region involves the BORC complex [98]. Specifically, the BORCS6 subunit, also known as lyspersin,
is required to connect the BORC complex to a subunit of the Ragulator complex on the lysosome
surface [99]. Nutrient availability may modulate lysosomal exocytosis not only acting on lysosomal
movement and positioning, but also by regulating lysosomal Ca?* release, which is essential for fusion
with plasma membrane during lysosomal exocytosis. Indeed, Ca?* release is regulated via TFEB,
which increases the transcriptional activation of the lysosomal Ca?* channel TRPML1, thus inducing
the fusion of lysosomes with the plasma membrane [55]. In turn, to increase its transcriptional activity
on lysosomal genes, TFEB must be dephosphorylated. Upon its dephosphorylation, it translocates
into the nucleus. TFEB dephosphorylation requires mTORC1 inactivation, which is associated with
nutrients availability decrease [29]. Therefore, TFEB on one side implements the degradative ability of
lysosomes clustered on the perinuclear region by increasing lysosomal hydrolases expression, but on
the other side promotes lysosomal exocytosis by inducing localized release of lysosomal Ca?*.

From a general point of view, lysosomal lipids are important regulators of lysosomal membrane
trafficking and fusion. Cholesterol and sphingolipids specifically affect lysosome membrane fusion
machinery. For instance, the intralysosomal cholesterol level is a factor prompting lysosomal movement
from the cell periphery to nucleus and therefore hampering lysosomal exocytosis, as when cholesterol
is abundant, the cholesterol sensor oxysterol-binding protein-related protein 1L (ORP1L) interacts
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with the Rab7/RILP complex, recruiting the dynein/dynactin complex to the lysosome for retrograde
transport [100]. SNARESs, such as plasma membrane syntaxin 1 and SNAP25 or secretory vesicle
synaptobrevin 1/2 are associated with cholesterol rich domains on membranes [101]. In pathologies
characterized by secondary cholesterol accumulation, such as multiple sulfatase deficiency and
mucopolysaccharidosis type III, late endosome-lysosome fusion is impaired by an altered localization
of the lysosomal SNARE VAMP?, which is sequestered in cholesterol-enriched regions of endolysosomal
membranes with a consequent alteration of sorting and recycling, although the effects on lysosomal
exocytosis is unclear [102]. Therefore, lysosomal cholesterol sensing favours retrograde transport,
but a cholesterol adequate level is a pre-requisite for lysosome fusion with plasma membrane. As for
sphingomyelin, its lysosomal accumulation inhibits TRPML1 channel activity, thus hampering the Ca®*
release from lysosomes, which is fundamental for membrane fusion during lysosomal exocytosis [103].
Lysosomal enzymes acting on membrane lipids as substrate have also been reported to regulate
lysosomal exocytosis. Neuraminidase 1 (Neul), which cleaves terminal sialic acid residues from
glycoproteins and glycolipids, de-glycosylates LAMP1 lysosomal membrane protein and impairs
lysosomal exocytosis [104]. Acid sphingomyelinase is released extracellularly when cells are wounded
contributing to the restoration of plasma membrane integrity through conversion of sphingomyelin
into ceramide, which generates endocytic vesicles internalizing the lesions and resealing the plasma
membrane [105].

The specific composition of the lysosomal membrane affects lysosome contacts with other
organelles, in turn influencing lysosomal position, and indirectly, lysosome exocytosis. For instance,
contacts with the ER promote lysosome localization to the perinuclear area, that favours lysosomal
fusion with other organelles but not with the plasma membrane [52]. Negative regulation of lysosomal
exocytosis has been reported to be associated with the expression of RNF167-a, a lysosomal-associated
ubiquitin ligase, whose expression has been associated with perinuclear clustering of lysosomes [106].

Cytosolic pH possibly plays a role in regulating lysosomal exocytosis, although early reports
are contradictory and further studies are possibly needed to address this point. Early observations
reported that cytosolic acidification induces the anterograde movement of lysosomes to the peripheral
region, thus facilitating lysosomal exocytosis, while cytosolic alkalinization induces retrograde
movement [107,108]. In macrophages, lysosomal alkalinization was reported to strongly stimulate
lysosomal exocytosis [109]. Other studies provide evidence that extracellular acidification induces
the outward movement of lysosomes and lysosome exocytosis, to maintain cytosolic pH [110].
Furthermore, the TRPML3 channel was demonstrated to sense lysosomal pH alkalinization by
pathogens, thus triggering Ca®* efflux and pathogen expulsion [111]. Interestingly, lysosomotropic
drugs, which alter lysosomal pH inducing alkalinization, have been shown to prompt lysosomal
exocytosis, as evidenced by increased levels of the lysosomal enzyme cathepsin D in the extracellular
milieu [112]. Many of these drugs are CADs (Cationic Amphiphilic Drugs), i.e., hydrophobic weak
bases that are sequestered and protonated within lysosomes [113]. They induce TFEB-mediated
lysosomal biogenesis and translocation of lysosomes from the perinuclear zone towards the plasma
membrane, increasing lysosomal enzyme release in cell culture medium. The evidence that in
cancer cells these chemotherapeutics highly accumulate in lysosomes via cation-trapping, leading to
lysosomal exocytosis, indicates that lysosomal exocytosis may be a component lysosome-mediated
cancer multidrug resistance [112]. Indeed, lysosomal exocytosis not only induces the release of
anticancer drugs that highly accumulate in lysosomes, decreasing their intracellular concentration,
but also prompts the secretion of several lysosomal enzymes, such as cathepsins, whose extracellular
activity is associated with malignant processes, including invasion, metastasis, and activation of
angiogenesis [114],

Other physiological factors have been demonstrated to regulate lysosomal exocytosis. In dendrites,
backpropagation action potential consequent to neuronal stimulation have been shown to elicit
Ca?* release from lysosomes, an occurrence stimulating the fusion of lysosomes with the plasma
membrane [115]. Increased lysosomal size hampers exocytosis. Large lysosomes in fibroblasts from
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Chediak-Higashi patients show reduced exocytosis, but when normal size was ameliorated by treatment
with a protease inhibitor, lysosomal exocytosis was repristinated [116].

4. Lysosomal Exocytosis Associated Function

Two essential functions have been attributed to lysosomal exocytosis, i.e. membrane remodelling
and secretion. The first one is involved in many physiological processes, regarding either all cells,
such as membrane repair, or specialized cell types, such as neurons for neurite growth or macrophages
phagocytosis [117]. The secretion of lysosomes is fundamental for many specialized cell activities,
such as antigen presentation in antigen presenting cells (APCs) [118], bone absorption in osteoclasts [119]
and transmitter release [120] in neurons. Initially, lysosomal exocytosis was considered to be limited to
these specialized secretory cells, but later, a few studies clearly indicated that this process occurs in all
cell types [121,122].

4.1. Membrane Repair and Remodeling

Plasma membrane integrity is essential for cell homeostasis and requires active mechanism of
repair. It has been discovered that the repair of plasma membrane requires the localized release of
Ca?*, which triggers the fusion of lysosomes (and possibly of other vesicles) with plasma membrane to
replace the damaged membrane with intracellular vesicles membrane [123]. Besides this fundamental
aid to plasma repair, lysosomal exocytosis also allows the extracellular release of lysosomal enzymes,
which play a role in promoting the endocytosis of damaged membranes, therefore completing the
repair process [124].

In specialized cell types, the remodelling of membrane is essential to carry on specific functions.
In many cell types of the immune system cells, lysosomal exocytosis plays a key role. For instance,
macrophages are involved in the uptake of large extracellular particles, such as apoptotic dying cells but
also microbial invaders. This process involves the elongation of membrane structures, that surround
the extracellular particle to engulf [125]. The elongation requires the membrane to rapidly form and
elongate, and to achieve this objective, cells exploit the fusion of intracellular membranes coming from
endosomal/lysosomal compartment with plasma membrane, a process called focal exocytosis [51].
The fundamental role of lysosomal exocytosis in the phagocytic process was demonstrated using
dominant negative forms of VAMP? or Syt-VII, whose expression reduced large particle uptake [56,92].
A similar defect was also present in TRPML1 KO macrophages, further reinforcing the evidence that
local release of Ca?* by lysosomal deposits is relevant for phagocytosis [93]. Lysosomal exocytosis is
also involved in host—pathogen interaction. Viruses have been demonstrated to hijack the autophagic
secretion and to exploit extracellular vesicles biogenesis mechanisms during their release from infected
cells [126,127]. Further, a recent study has provided evidence that 3-coronavirus could use lysosomal
organelles for cellular egress, thus focusing the attention on lysosomal function as therapeutic
target [128].

In the nervous system, neurite outgrowth is a process that requires the rapid elongation of plasma
membrane at the neurite tip. This process is mediated by the localized exocytosis of intracellular
vesicles from the endolysosomal system [117]. In fact, the inactivation of Syt-VII gene significantly
reduces lysosomal exocytosis and neurite outgrowth [129]. Another important process in the nervous
system which involves lysosomal exocytosis is myelination in Schwann cells. Indeed, it has been
demonstrated that the myelin protein P0 is contained within late endosomes/lysosomes in Schwann
cells and that this protein is released upon Ca?*-dependent lysosomal exocytosis [130].

In cancer cells, lysosomal exocytosis has been involved in several membrane processes that are
peculiar of these cells. Cancer cell invasive behaviour requires the formation of invadopodia that
overgrow through the basement membrane. This process relies on the remodelling of the extracellular
matrix and involves lysosomal exocytosis. This allows not only to release the enzymes required
for matrix remodelling, but also to form the membrane protrusion to invade tissue [131]. Indeed,
during anchor cell invasion in C. elegans, localized lysosomal exocytosis directed by netrin receptor
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provides a local lysosome membrane source necessary to build up the large protrusion that promotes
tissue invasion [132]. Cancer cells are characterized by the so-called pH inversion, i.e., they have
a higher intracellular pH and a lower extracellular pH as compared to their normal counterparts.
Extracellular acidosis was found to increase the localization of LAMP2 on the plasma membrane, a clear
indication of increased lysosomal exocytosis. This finding suggests that cells chronically exposed
to an acidic extracellular milieu stimulate lysosomal exocytosis to protect their plasma membrane
from damage due to acidic hydrolysis [133]. In addition, there is evidence that lysosomal exocytosis
contributes to the maintenance of a relatively high intracellular pH. In fact, lysosomal exocytosis not
only allows cells to extrude H* contained in the lysosomal lumen, but also translocates v-ATPases from
lysosomal to plasma membrane, where they continue to extrude H* from cytosol to the extracellular
environment [134].

4.2. Lysosome Secretion

The secretion of lysosomal content, namely lysosomal enzymes, has been indicated to have a
different function, either common to many cell types or cell type specific. In osteoclasts, specific proteases
and a low pH are necessary for the erosion of the small cavities within the bone matrix. Therefore,
osteoclasts rely on lysosomal exocytosis for bone resorption and mutations in genes encoding for
lysosomal proteins are the cause of several forms of human osteopetrosis [135,136]. In immune cells,
lysosomal exocytosis is fundamental. First, although the extracellular pH is not their optimal one,
the extracellular release of lysosomal hydrolases digests pathogens defending the organism against
them [111,137]. Moreover, in macrophages, polarized lysosomal exocytosis is important for antigen
presentation mediated by MHC class II complex [138]. In B-cells, the formation of an immune synapse,
which is required for efficient antigen presentation, involves lysosomal exocytosis, as demonstrated by
the role of the lysosomal SNARE VAMP?7 [109].

Recent evidence has been provided that, in the CNS, lysosomal exocytosis plays a key role in ATP
secretion [120,139]. Lysosomes contain high levels of ATP [139] and P2X4 receptor forms functional
ATP-activated cation channels on lysosomal membranes regulated by luminal pH [140]. In astrocytes,
ATP release is thought to be dependent on lysosomal exocytosis [141]. In addition, evidence has been
provided that, in Schwann cells, HIV-1 gp120 induces lysosomal exocytosis, increasing the secretion of
ATP into the extracellular medium [142].

Secretion via lysosomal exocytosis is particularly important for cancer cells. Cancer cells
exploit the extracellular release of lysosomal enzymes to degrade the extracellular matrix
(ECM) and favour the invasion of adjacent tissue, to propagate invasive signals and to purge
lysosomotropic chemotherapeutics [143]. In sarcomas, cancer cells acquire malignant traits by inducing
LAMP1-dependent lysosomal exocytosis. The cleavage of LAMP1 sialic acids by Neul limits the
extent of lysosomal exocytosis, whereas the downregulation of Neul induces the accumulation
of oversialylated LAMP1 and exacerbate lysosomal exocytosis [143]. A genetic screen aimed at
identifying driver genes for lung cancer metastasis found that TMEM106B protein positively modulates
the expression of lysosomal genes and increases lysosomal exocytosis, followed by the release
of active lysosomal cathepsins, which are required for cancer cell invasion and metastasis [144].
Lysosomal exocytosis allows cancer cells to get rid of anticancer drugs because the enhanced lysosomal
sequestration of chemotherapeutics moves drugs away from their intracellular targets, paving the way
for cancer multidrug resistance. However, little is known regarding the fate of lysosome-sequestered
drugs [112]. A few endolysosomal secreted proteins have been indicated to be important in ECM
degradation, such as matrix metalloproteinases and possibly integrins, although lysosomal exocytosis
is not the only pathway allowing them to reach plasma membrane [145].

There is also evidence that lysosomal exocytosis is important for the maintenance of cell
homeostasis, namely the extracellular elimination of metal ions. In fact, lysosomal exocytosis is
fundamental to maintain copper homeostasis. Wilson disease is a disorder due to mutations in the
copper transporter ATP7B. This channel is localized into Golgi and pumps copper from the cytosol for
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protein biosynthesis. When cytosolic copper concentration is too elevated, ATP7B moves from the
Golgi to lysosomes and imports it into their lumen, using lysosomal exocytosis to eliminate intracellular
copper and release it extracellularly [146]. Similarly, it has been reported that lysosomal exocytosis
plays a key role in Zn?* detoxication pathway. Lysosomes serve as Zn’>* depots that import Zn?* from
cytoplasm when its cytosolic concentration is too high, then release Zn?* outside the cell by exocytosis,
alleviating the detrimental effects of its accumulation [147].

Recent results also demonstrated that upon lipophagy, i.e., the specialized form of macroautophagy
which is responsible for the degradation of lipid droplets within lysosomes, fatty acids are delivered
extracellularly via lysosomal exocytosis [148]. As these fatty acids are presumably taken up by
neighbouring cells, this may represent a mechanism of lipid exchange among cells, for signaling and
energy purposes.

4.3. Lysosomal Exocytosis as Therapeutic Target

Many pathological conditions are characterized by intracellular accumulation of undigested
substrates within organelles of the endolysosomal system. Among them, LSDs are a group of
inherited metabolic disorders due to mutation either in lysosomal hydrolases or membrane protein
and transporters. Due to these deficiencies, lysosomes accumulate unprocessed substances, leading to
multisystemic pathological symptoms depending on the type of primary storage material but very
often associated to neurodegeneration. In fact, age-related neurodegenerative diseases, such as
Alzheimer’s and Parkinson’s diseases, share with LSDs the accumulation of insoluble protein
aggregates within organelles of the endolysosomal system [149]. For these groups of pathologies,
the stimulation of lysosomal exocytosis has appeared as an attractive therapeutic strategy, aimed at
getting rid of undigested substrates by their extracellular expulsion, therefore preserving intracellular
homeostasis [150]. In a murine model of metachromatic leukodystrophy, a lysosomal disorder
characterized by the deficiency of arylsulfatase A enzyme, which results in the accumulation of
sulfatide, the pathology was shown to be associated with the presence of sulfatide in body fluids,
released by Ca?*-dependent lysosomal exocytosis [151]. TFEB regulates lysosomal exocytosis via Ca2*
release from TRPLM1 channel. Its overexpression in murine models of multiple sulfatase deficiency
and mucopolysaccharidoses type IIIA has been shown to promote cellular clearance [55]. Similar results
were also obtained for glycogenosis type Il (Pompe’s disease) [152]. More recently, the indirect activation
of TFEB by mTORC1-independent pathways was also proven to be useful to promote cellular clearance.
Akt phosphorylates TFEB and represses its nuclear translocation. The pharmacological inhibition of
Akt confirmed the promotion of cellular clearance in cell models from neuronal ceroid lipofuscinosis
(Batten disease) [153]. Similarly, c-Abl phosphorylates TFEB and represses its nuclear translocation.
c-Abl inhibition activates TFEB and promotes cellular clearance in a Niemann-Pick type C (NPC)
models, a neurodegenerative disease characterized by cholesterol accumulation in lysosomes [154].
TRPML agonists such as SF-51 and ML-SA1 were also proven effective to promote cellular clearance in
NPC [155,156] and mucolipidosis type IV [156]. As for neurodegenerative diseases, TFEB regulates
lysosomal exocytosis of tau and its loss of function exacerbates tau pathology and spreading in
disorders characterized by tau accumulation, such as Alzheimer’s disease [157]. In Parkinson’s disease,
lysosomal exocytosis is involved in clearing intracellular x-synuclein aggregates. The upregulation
of lysosomal exocytosis by increasing lysosomal Ca?* levels with three different TRPML1 agonists,
ML-5A1, SF-22, and MK6-83, is sufficient to rescue defective a-synuclein accumulation and secretion
in neurons [158]. The activation of TRPML1 by ML-SA1 agonist clears the intracellular accumulation
of amyloid beta peptide in preclinical models of HIV infection [159]. Altogether, these results validate
the potential of this therapeutic approach for neurodegenerative disorders. However, the effect on
neighbouring cells of a large amount of toxic materials released in the extracellular space must be
carefully assessed. Recent studies demonstrated that in sialidosis, a lysosomal disorder caused by Neul
deficiency, the excessive release of vesicles from late endosome multivesicular bodies was identified as
the pathogenic pathway linking a lysosomal deficiency to generalized fibrosis [160].
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5. Conclusions

Lysosomal exocytosis has a recognized functional role in plasma membrane repair and secretion,
that has been mostly characterized and investigated in specialized cell types, namely of the nervous
and immune systems, but has also been recognized to be relevant to maintain cell homeostasis in all
cell types. From a methodological point of view, the evidence of an extracellular increase of lysosomal
enzymes activity is not sufficient to claim the evidence of lysosomal exocytosis, but the process requires
the fusion of the lysosomal membrane with plasma membrane, with the consequent translocation of
proteins typically associated with the lysosomal membrane onto the plasma membrane. However,
many details of the process are still unknown. Considering the high heterogeneity of lysosomal
population, the percentage of total lysosomes that can undergo exocytosis without stimulation, or upon
specific stimuli in different cell types is unknown. Several proteins are involved in lysosome transport,
positioning, and docking/fusion with the plasma membrane, such as motor proteins, Rabs, and SNARESs.
However, these protein families are vast and redundant, and their specific association with the different
organelles of the endolysosomal system is only partially known. Lysosomal exocytosis and its most
known effectors, such as TFEB andTRPML1, have gained considerable interest as a therapeutic
target for a large group of pathologies characterized by the intracellular accumulation of undigested
substrates, predominantly protein aggregates, namely LSDs and age-related neurodegenerative
disorders. The impact on the surrounding tissue of this “forced clearance” has been limitedly
investigated, but the evidence that it may be detrimental for the surrounding tissue underlines the
necessity of further elucidation of the molecular basis of lysosomal exocytosis.
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