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In non-polarized cells, calcium-
induced exocytosis of “conventional”
lysosomes is important in diverse pro-
cesses like
exposure to pore-forming toxins and

membrane repair after
clearance of cellular debris. Resealing of
torn membranes is especially critical for
barrier epithelia that directly interact
with pathogens and toxins, which can
result in membrane microdisruptions
and lesions. However, whether lyso-
somes participate in membrane repair
in polarized epithelia has been an open
question. We recently reported that in
polarized Madin-Darby canine kidney
(MDCK) cells, localized influx of cal-
cium induces lysosomes to fuse with
the basolateral membrane. This spa-
tial segregation of exocytosis depends
on an intact actin cytoskeleton, mem-
brane cholesterol and restricted distri-
bution of fusion machinery such as the
t-SNARE syntaxin 4. Our data show
that the polarity of syntaxin 4 (which
is regulated by the clathrin adaptor pro-
tein AP-1) dictates whether lysosomes
parachute down to the basolateral mem-
brane or take a ladder up to the apical
membrane. Here, we speculate about
additional machinery (such as the lyso-
somal calcium sensor synaptotagmin
VII and the v-SNARE VAMP?7) that
could be involved in polarized fusion
of lysosomes with the epithelial mem-
brane. We also discuss the potential
importance of lysosome exocytosis in
maintaining membrane integrity in the
retinal pigment epithelium, the primary
tissue affected in blinding diseases such
as age-related macular degeneration.
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Lysosome-Plasma Membrane
Fusion: Multiple Modes and Roles

Lysosomes are morphologically heteroge-
neous, acidic organelles that are part of
the highly dynamic endocytic network of
the cell."? Lysosomes receive acid hydro-
lases and membrane proteins from the
biosynthetic route and degrade cargo
acquired by endocytosis, phagocytosis or
autophagy. Cells such as melanocytes and
platelets have lysosome-related organelles
(LROs) that carry out specialized func-
tions. Lysosomes and LROs are critical for
maintaining cellular homeostasis because
they function as signaling platforms and
are involved in cholesterol trafficking,
immune response and plasma membrane
repair.”? Consequently, defective lysosome
function can contribute to the patho-
genesis of numerous age-related diseases
including Alzheimer disease, Parkinson
disease and age-related macular degen-
eration.®> A central requirement for lyso-
somes to carry out their diverse functions
is their ability to fuse with late endosomes
and autophagosomes to form hybrid
organelles or with the plasma membrane
for exocytosis.”> Although lysosomes are
considered to be terminal degradative
compartments, exocytosis of secretory and
conventional lysosomes has been observed
in several cell types.

A growing body of work now sug-
gests that lysosome exocytosis operates in
diverse paradigms that control cell health
and disease as detailed below:

Immunity and pigmentation. In cyto-
toxic T lymphocytes and natural killer
cells, secretory lysosomes fuse with the
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Figure 1. The epithelial-specific clathrin adaptor AP-1B regulates the polarity of calcium-induced
lysosome exocytosis. 3-D rendering of surface LAMP2 staining in polarized wild-type MDCK cells
(top left) and cells lacking the p subunit of AP-1B (w1BKD, bottom right) after a short exposure to
the calcium ionophore ionomycin. The nuclear stain DAPI is in blue, and the tight junction marker
Z0-1 is in red. In wild-type cells, LAMP2 is restricted to the basolateral domain (below ZO-1),
whereas in w1BKD cells, LAMP2 is on both the apical and basolateral domains, indicating non-

polar lysosome exocytosis.

plasma membrane to release perforin, gran-
zyme and other molecules involved in the
immune response and target cell apoptosis.
In activated monocytes, ATP triggers cal-
cium influx and subsequent exocytosis of
secretory lysosomes, which also release pro-
inflammatory cytokines such as interleukin
IL-1B.° Impaired exocytosis of secretory
lysosomes in immune cells and melano-
cytes causes numerous autosomal human
genetic diseases characterized by immune
dysfunction and pigmentation defects.”
Membrane repair. Fusion of conven-
tional lysosomes with the plasma mem-
brane has been documented extensively in
fibroblasts and other non-polarized cells.®’
Upon mechanical membrane damage or
exposure to pore-forming toxins, calcium
from the extracellular milieu rushes into
the injured cell and triggers rapid resealing
of membrane holes. This [Ca*]i-regulated
exocytosis is an ubiquitous process critical
for maintaining membrane integrity and
for ensuring cell survival. What could be
the source of the intracellular membrane
required for patching tears after cell injury?
Nearly two decades ago, Andrews and col-
leagues observed that during 7rypanosoma
cruzi infection, binding of the parasite to
the cell membrane triggers calcium influx
and lysosome fusion with the plasma mem-
brane.” Subsequently, it was confirmed
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that calcium ionophores and pore-forming
toxins like streptolysin O also lead to lyso-
some exocytosis within minutes of calcium
influx.®® Exocytosis can be monitored by
the appearance of lysosome-associated
membrane proteins (LAMP1 or LAMP2)
on the plasma membrane in non-permea-
bilized cells and by the release of lysosomal
hydrolases (3-hexosaminidase, acid sphin-
gomyelinase, etc) into the extracellular
medium.

Pathogen entry and infection. Studies
show that pathogens exploit lysosome exo-
cytosis for invasion and infection: 7. cruzi,
which causes Chagas disease, recruits
lysosomes to the plasma membrane and
the gradual fusion of lysosomes forms the
parasitophorous vacuole that envelopes the
parasite. The acidic environment of the
lysosome disrupts the vacuole and allows
the parasite to replicate in the cytosol.
Thus, lysosomes act as safe havens for the
trypomastigotes within the cell and lyso-
some exocytosis facilitates successful 7.
cruzi infection."! Contrary to its role in
Chagas disease, lysosome exocytosis is
protective in tuberculosis:'? infection of
macrophages with Mycobacterium tubercu-
losis causes microdisruptions on the plasma
membrane, leading to necrosis that pro-
motes bacterial replication and infection.
Lysosomes and vesicles derived from the
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Golgi apparatus participate in resealing
these membrane lesions and prevent mac-
rophage necrosis. Membrane repair in this
scenario depends on prostaglandin E2,
which regulates syntaptotagmin VII, the
lysosomal calcium sensor that is required
for lysosome-plasma membrane fusion.
M. tuberculosis blocks prostaglandin E2
synthesis by inducing the production of
lipoxin A4; this in turn prevents mem-
brane repair and facilitates necrosis.'?
Debris removal. In lysosomal storage
disorders, it is conceivable that fusion of
lysosomes with the plasma membrane can
help clear accumulated debris. In muco-
lipidosis type IV, an autosomal recessive
disorder caused by mutations in muco-
lipin-1, calcium-induced exocytosis of
lysosomes is inhibited.”” In metachro-
matic leukodystrophy, another lysosomal
storage disease caused by arylsulfatase A
deficiency, fusion of lysosomes with the
plasma membrane helps remove intraly-

sosomal inclusions.'

Molecular Machinery of Lysosome
Exocytosis in Non-Polarized Cells

Several studies have identified the molec-
ular machinery required for lysosome-
plasma membrane fusion in non-polarized
cells, including the lysosomal calcium
sensor synaptotagmin VII, the v-SNARE
VAMP7 and SNAREs syntaxin 2,
syntaxin 4 and SNAP 23.35516 Work by
Andrews and colleagues showed that
calcium causes a conformational change
in synaptotagmin VII, which facilitates
the formation of the four-helical bundle
between t- and v-SNAREs and subsequent
fusion between the lysosomal and plasma
membranes. Studies have also shown that
actin is a barrier to exocytosis, whereas
microtubule-mediated long-range trans-
port is essential to dock lysosomes at or
near the membrane, but that microtubules
are not involved in lysosome exocytosis

per se.®V

Molecular Machinery of Lysosome
Exocytosis in Polarized Epithelia

Although fusion of lysosomes with the
plasma membrane of non-polarized cells
has been extensively documented, little is
known about the mechanism of lysosome
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Figure 2. “Chutes and ladders” model of lysosome exocytosis in polarized epithelia. (A) In MDCK cells, lysosome exocytosis occurs preferentially at the
basolateral membrane in response to localized calcium influx. Polarized expression of the t-SNARE syntaxin 4 at the basolateral membrane (mediated
by the clathrin adaptor AP-1) and cortical actin at the apical membrane spatially restrict fusion of lysosomes to the basolateral domain. (B) In cells lack-
ing the W subunit of AP-1 or in cells treated with cytochalasin D to depolymerize the actin cytoskeleton or methyl-b-cyclodextrin to deplete mem-
brane cholesterol, syntaxin 4 is misdirected to the apical membrane. This non-polar distribution of the t-SNARE induces lysosome exocytosis at both
the basolateral (chutes) and apical (ladders) membranes.

exocytosis in polarized epithelia. We
recently conducted a detailed analysis
of lysosome exocytosis in Madin-Darby
canine kidney (MDCK) cells, the canoni-
cal polarized epithelial cell model.”® Our
results show that in these cells, exposure
to the calcium ionophore ionomycin or
the pore-forming toxin Streptolysin O
induces lysosomes to fuse predominantly
with the basolateral membrane. This is
in agreement with previous studies show-
ing that 77 cruzi infects polarized MDCK
cells from the basolateral surface only.” In
polarized MDCK, the -SNARE syntaxin
4 is restricted to the basolateral domain
and depletion of syntaxin 4 inhibits exo-
cytosis. These data indicate that the baso-
lateral localization of syntaxin 4 is critical
for dictating the polarity of lysosome exo-
cytosis. The epithelial-specific clathrin
adaptor protein AP-1B has been shown
to participate in biosynthetic delivery of
syntaxin 4 to the basolateral membrane.?
In MDCK cells lacking the w subunit of
either AP-1B (w1B) or the ubiquitously-
expressed AP-1A (wlA), syntaxin 4 is
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non-polar and as a result of this mispolar-
ization, lysosomes fuse with the both the
apical and basolateral membranes (Fig. 1).

In wild-type MDCK cells, ~4-6% of
total cellular B-hexosaminidase is released
at the basolateral surface, indicating that
calcium-induced lysosome exocytosis is a
local event that mostly involves lysosomes
that are already pre-docked at the plasma
membrane.® Indeed, microtubule depoly-
merization did not affect the polarity or
extent of lysosome exocytosis in MDCK
cells as reported previously for non-polar-
ized cells.” On the other hand, actin depo-
lymerization induced lysosome fusion at
the apical membrane, possibly by dispers-
ing syntaxin 4 clusters from the basolat-
eral to the apical membrane. Depletion
of membrane cholesterol had a similar
effect on syntaxin 4 dispersal, leading to
non-polar exocytosis. On the other hand,
overloading lysosomes with cholesterol
completely inhibited exocytosis, possi-
bly due to decreased lysosome motility™
or abnormal sequestration of target and

vesicular SNAREs** (Fig. 2).
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Relevance of Lysosome
Exocytosis in Polarized Epithelia

Epithelial cells line body cavities and tubu-
lar structures, forming a physical barrier
between the organism and the external
environment. Lysosome exocytosis is there-
fore likely to be a major player in maintain-
ing membrane integrity after exposure to
pathogens and toxins. Our data show that
lysosome exocytosis is restricted to the
basolateral domain in epithelia that express
the clathrin adaptor AP-1B. In these cells,
apical membrane tears could be patched
with membrane from primary cilia or
224 In highly metabolically
active epithelial cells such as hepatocytes
and the retinal pigment epithelium, lyso-
some exocytosis could also function as a
conduit to rid the cell of unwanted debris.
For instance, in rat hepatocytes, secretion
of copper-laden lysosomes into bile is one
mechanism by which cells deal with excess
copper.” Apical lysosome exocytosis into

microvilli.

bile is in agreement with studies showing
that hepatocytes do not express AP-1B*
and underscores the role of this adaptor
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protein in spatially restricting lysosome
fusion with the basolateral membrane.

In the eye, the post-mitotic cells of
the retinal pigment epithelium (RPE)
perform many functions indispensable
for vision including the daily phagocy-
tosis and degradation of shed photore-
ceptor outer segment discs.”” Damage to
the RPE is an initiating factor in many
blinding diseases such as age-related
macular degeneration.?® With age, lipid-
protein aggregates accumulate within
RPE lysosomes (called lipofuscin) and
in the RPE basement membrane (called
drusen). Lysosome exocytosis in the RPE
could potentially be a route for lipofus-
cin to exit the cell: indeed, exocytosis of
undigested outer segment discs and latex
particles at the basolateral surface of RPE
has been documented in vitro.?** The
RPE is also susceptible to membrane
damage as a result of chronic comple-
ment activation and deposition of sub-
lytic membrane attack complexes.’ Since
these cells do not express AP-1B, lyso-
some exocytosis could potentially protect
both the apical and basolateral surfaces
from complement-mediated damage.

Outstanding Questions

Much remains to be understood about the
mechanism and relevance of lysosome exo-
cytosis in polarized cells: what are the roles
of the lysosomal calcium sensor synapto-
tagmin VII and the v~-SNARE VAMP7
in apical vs. basolateral exocytosis? Does
compensatory endocytosis after lysosome
fusion occur with comparable kinetics in
epithelial cells as in non-polarized cells?
Is there any overlap in the machinery
involved in regulated lysosome exocytosis
and constitutive secretion of exosomes?
Does the efficiency of lysosome exocytosis
decline with age and could defective mem-
brane repair contribute to diseases such as
diabetes,*” atherosclerosis® and age-related
macular degeneration? It is tempting to
speculate that an inability to repair mem-
brane microdisruptions and sustained cal-
cium influx could promote inflammation
and aberrant signaling, which can in turn
impact cell fate decisions, disease initia-
tion and progression.
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