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ABSTRACT

Lysosomes are essential organelles degrading a wide range of substrates, maintaining cellular homeostasis, and regulating cell

growth through nutrient and metabolic signaling. A key vulnerability of lysosomes is their membrane permeabilization (LMP),

a process tightly linked to diseases including aging, neurodegeneration, lysosomal storage disorders, and cardiovascular disease.

Research progress in the past few years has greatly improved our understanding of lysosomal repair mechanisms. Upon LMP,

cells activate multiple membrane remodeling processes to restore lysosomal integrity, such as membrane invagination, tubu-

lation, lipid patching, and membrane stabilization. These repair pathways are critical in preserving cellular stress tolerance and

preventing deleterious inflammation and cell death triggered by lysosomal damage. This review focuses on the expanding

mechanistic insights of lysosomal repair, highlighting its crucial role in maintaining cellular health and the implications for

disease pathogenesis and therapeutic strategies.

1 | Introduction

Tires serve as a cushion that absorbs the shocks and impacts from
the road to safeguard the vehicle for a smooth ride. However, even
the most durable tires are prone to damage. At some point, every-
one experiences a flat or punctured tire. If addressed promptly, the
damage can be repaired, allowing the vehicle to continue its jour-
ney. However, if left unchecked, even minor damages can develop
into significant issues that compromise the vehicle's safety. In severe
cases, the tire must be replaced to maintain the vehicle's function-
ality. Similarly, in our cells, lysosomes function as the “tires” which
clear cellular stress to maintain homeostasis and cell function. Like
tires, lysosomes are vulnerable to damage and are often promptly
repaired, the failure of which can result in serious consequences,
such as senescence or cell death.

Lysosomes are degradative organelles with acidic luminal
pH and dozens of hydrolytic enzymes. They are the center for

cellular detection of nutrients and metabolic signals in control
of cell growth, which is often targeted for healthy aging or
longevity promotion (Tan and Finkel 2023). Lysosomes degrade
a wide range of substrates delivered through macroautophagy,
microautophagy, or endocytosis. Lysosomal substrates range
from regular macromolecules, to hyperactivated signaling
complexes, to misfolded proteins, to damaged organelles, to
extracellular cargos and invading pathogens. Lysosomes coor-
dinate with many other organelles and cellular components in
handling substrates destined for hydrolytic breakdown. In
response to various types of cellular stress, the entire lysosomal
substrate degradation system—including autophagic substrate
delivery, and lysosomal quantity, quality, acidification, and
activity—is often upregulated to enhance cellular stress clear-
ance (Tan and Finkel 2023). Given that the scale of this system
can be adjusted based on cellular stress status, we refer to this
lysosomal degradation network as the Lysosomal Processing
and Adaptation System (LYPAS) (Tan and Finkel 2023). LYPAS
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incorporates not only lysosomes, but also lysosomal substrate
delivery pathways, enzyme trafficking systems, acidification,
nutrient recycling, osmoregulation, lysosomal biogenesis, and
lysosomal quality control (Tan and Finkel 2023).

As a general cellular stress clearance system, LYPAS is frequently
compromised in pathological conditions, diminishing cellular
stress tolerance, causing inflammation and cell death. This is
particularly relevant in aging and diseases, where the demand for
LYPAS activity rises to cope with elevated cellular stress and
damage. One emerging defect of LYPAS is impaired integrity of
lysosomes themselves. Endolysosomal (referred to as lysosomal
hereafter) membrane damage or permeabilization (LMP), is fre-
quently found in both normal physiology and disease pathogenesis
(Wang et al. 2018). A wide range of pathologies are associated with
LMP, such as normal aging, Alzheimer's and Parkinson's diseases,
amyotrophic lateral sclerosis (ALS), lysosomal storage disorders
(LSDs), atherosclerosis, autoimmune diseases, inflammatory dis-
eases, and ischemia-reperfusion injury (Tan and Finkel 2023;
Wang et al. 2018; Meyer and Kravic 2024; Gros and Muller 2023).
The common occurrence of LMP across diverse diseases under-
scores the vulnerability of lysosomal membranes to damage. They
are vulnerable to reactive oxygen species (ROS), microbes, nano-
particles, pathogenic protein aggregates, lysosomotropic com-
pounds, and other cellular stressors (Serrano-Puebla and
Boya 2018; Gomez-Sintes et al. 2016). Cells must maintain the
integrity of lysosomal membranes for cellular homeostasis. In
healthy cells, efficient repair mechanisms rapidly restore lyso-
somal integrity, preventing cell death and maintaining metabolic
balance. When the repair fails, damaged lysosomes can release
toxic enzymes, triggering inflammation, autophagy dysfunction,
and cell death (Gomez-Sintes et al. 2016), highlighting the
importance of lysosomal membrane repair in maintaining cellular
health and preventing disease pathogenesis.

In the past few years, our understanding of lysosomal repair
mechanisms has rapidly expanded. Following LMP, various protein
complexes are activated to facilitate lysosomal membrane stabili-
zation and repair, involving robust membrane remodeling such as
invagination, tubulation, lipid patching, and protein-mediated
membrane stabilization (Figure 1). Thus, our cells are resourceful
in directly repairing damaged lysosomes, which will be the focus of
this review. When repair efforts fail, “lysophagy,” the degradation of
lysosomes by macroautophagy, is activated to restrict harmful ef-
fects of lysosomal damage, which have been recently reviewed
(Meyer and Kravic 2024; Yang and Tan 2023; Henn et al. 2025; Jia
et al. 2025). Another critical part of lysosomal quality control is the
regeneration of proto-lysosomes from damaged ones as well as de
novo lysosomal biogenesis driven by transcription factor EB
(TFEB)/TFE3, which further improves cellular stress resistance
(Meyer and Kravic 2024; Yang and Tan 2023; Henn et al. 2025; Jia
et al. 2025; Martina 2014). In this review, we focus on the recent
progress in the mechanistic understanding of direct lysosomal
repair and discuss their implications for health and disease.

2 | Membrane Invagination: Selective Repair via
Microlysophagy

A common mechanism to repair damaged lysosomal mem-
branes is to seal membrane pores by pushing it away from the

cytosol. Endosomal sorting complex required for transport
(ESCRT) is the first machinery known to directly repair dam-
aged lysosomes (Radulovic et al. 2018; Skowyra et al. 2018). The
most well-known function of ESCRT is intraluminal sorting,
during which the limiting membrane of endolysosomes is
pushed away from the cytosol to form intraluminal vesicles
(ILVs) (Olmos 2022; Vietri et al. 2020a). This process is also
referred to as microautophagy or microlysophagy. The same
mechanism is thought to also act on the damage sites of lyso-
somes for rapid membrane repair (Figure 2).

2.1 | ESCRT-Mediated Repair

The ESCRT machineries are among the best characterized
membrane-remodeling protein complexes. They maintain the
integrity of multiple subcellular membranes including the
plasma membrane, the nuclear envelop, autophagosomes, and
lysosomes (Olmos 2022; Vietri et al. 2020b). The ESCRT path-
way consists of a series of protein complexes (ESCRT-O0, -I, -II,
and -IIT) that work together to recognize, sequester, and repair
the damaged portions of a target membrane (Olmos 2022; Vietri
et al. 2020Db).

ESCRT is a fast-acting complex recruited to lysosomes imme-
diately upon LMP, typically within a few minutes (Radulovic
et al. 2018; Skowyra et al. 2018; Tan and Finkel 2022). The
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FIGURE 1 |
theory, lysosomal membrane damage can be repaired through at least

Overview of cellular strategies in lysosomal repair. In

four distinct strategies: (1) invagination of the damaged membrane
segment into the lysosomal lumen for degradation, also known as mi-
crolysophagy; (2) tubulation and budding of damaged membrane seg-
ments for removal; (3) patching of damaged membranes with lipids; (4)
stabilization of damaged membranes by protein assemblies, which may
facilitate membrane recovery. Reports in the literature support the ex-
istence of lysosomal repair mechanisms corresponding to each of these
categories, although some of these mechanisms require more in-depth
investigation.
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FIGURE 2 | Lysosomal repair by ESCRT-mediated membrane invagination or microlysophagy. (1) Ca®* leakage from damaged lysosomes

triggers ESCRT recruitment through the Ca®* effector ALG2. (2) There are also ALG2-independent mechanisms for ESCRT recruitment to damaged
lysosomes. Lysosomal protein ubiquitination may be one such mechanism, which recruits ESCRT-0 or -I subunits through their ubiquitin-binding
motifs. Once assembled, ESCRT-III forms oligomers that seal damaged lysosomal membranes through membrane remodeling or intraluminal
membrane invagination (microlysophagy). (3) ESCRT-independent membrane invagination has also been proposed through Ca**-dependent
sphingomyelin (SM) exposure and subsequent SM conversion to ceramide. (4) CASM/lysosomal membrane Atg8ylation through the ATG5-ATG12
E3-like complex also plays a role in ESCRT recruitment. It is yet to be determined if ALG2 recruits ESCRT independently of CASM. (5) The lipid
conjugation of ATGS proteins, particularly GABARAPs, is critical for ALIX recruitment in response to lysosomal membrane damage. (6) The ESCRT
recruitment and function are further regulated by STK38 and LRRK2. LAPTM4A, lysosomal associated protein transmembrane 4A; RNF152, Ring
Finger Protein 152; ALG2, apoptosis-linked gene 2; ALIX, ALG2-interacting protein X; VPS4, vacuolar protein sorting 4; STK38, serine/threonine-
protein kinase 38; DOKI1, docking protein 1; PS, phosphatidylserine; PE, phosphatidylethanolamine.

recruitment of ESCRTs likely initiates with lysosomal Ca**
release (Figure 2), as lysosomes are Ca®" stores with their
luminal Ca** level comparable to that inside the ER (Li
et al. 2019). The Ca®*-binding protein programmed cell death
protein 6 (PDCD6)/apoptosis linked gene 2 (ALG2) plays a key
role in Ca**-dependent ESCRT recruitment in plasma mem-
brane repair (Scheffer et al. 2014), and it also appears to initiate
ESCRT assembly on damaged lysosomes. Indeed, ALG2 can be
recruited by either lysosomal damage (Skowyra et al. 2018;
Shukla et al. 2022) or LMP-independent lysosomal Ca*" release,
through both electrostatic and hydrophobic interactions
(Shukla et al. 2024; Li et al. 2016). Ca**-binding is sufficient to
trigger the membrane recruitment of ALG2, which in turn
further recruits ESCRT-III subunits through either ALG2-
interacting protein X (ALIX) or ESCRT-I/II (Shukla et al. 2022).
This mechanism is strongly supported by in vitro reconstitution
of ALG2-mediated ESCRT assembly and by the colocalization of
ALG2 with ESCRT subunits on damaged lysosomes in cells
(Shukla et al. 2022). The ESCRT-III proteins, once recruited, are
expected to assemble into spirals or dome-like structures
around the damage sites, leading to membrane constriction
and/or intraluminal membrane scission by AAA+ ATPase
VPS4 (Olmos 2022; Vietri et al. 2020a; Shukla et al. 2022). This
process is energy-dependent and tightly regulated to ensure
efficient membrane repair. Serine-threonine kinase 38 (STK38)
is recruited to damaged lysosomes where it promotes ESCRT
disassembly through phosphorylating a scaffold protein, dock-
ing protein 1 (DOK1), which triggers the subsequent recruit-
ment of VPS4 for membrane scission (Ogura et al. 2023).

The ALG2-ESCRT system not only rapidly repairs damaged
lysosomes, but it also protects lysosomes from potential osmotic
rupture (Chen et al. 2024). Specifically, ALG2 is recruited to
intact lysosomes by Ca®' signaling due to either lysosomal
osmotic stress or activation of TRPMLI1, a lysosomal Ca’t

channel (Chen et al. 2024). In this context, ALG2 is critical for
lysosomal resistance to potential osmotic rupture, in a
way dependent on ALG2-mediated ESCRT recruitment
(Chen et al. 2024). However, when lysosomes are damaged,
knockdown of ALG2 did not affect lysosomal recruitment of
CHMP4B, an ESCRT-III subunit (Yim et al. 2022), suggesting
additional ALG2-independent lysosomal ESCRT recruitment.
Since the double knockdown of ALIX and tumor susceptibility
gene 101 (TSG101), an ESCRT-I subunit, fully abolishes ESCRT-
III recruitment to damaged lysosomes (Skowyra et al. 2018), the
ALG2-independent mechanism for ESCRT-III recruitment
should act upstream of ALIX or TSG101.

Although ESCRT-mediated membrane constriction might be
sufficient to directly seal lysosomal pores, such repair may also
involve the turnover of lysosomal membrane components or
microlysophagy if membranes around the pore are sorted into
the lysosomal lumen as ILVs. Microlysophagy is observed in
response to lysosomal osmotic stress or glucose starvation,
which is dependent on autophagy protein 5 (ATGS5), a key
component of the ATG8-conjugation system, but independent
of macroautophagy (Lee et al. 2020). Such macroautophagy-
independent conjugation of ATG8 (LC3s or GABARAPs in
mammalian cells) to the membrane has been referred to as
noncanonical membrane Atg8ylation (Deretic et al. 2024;
Kumar et al. 2021), noncanonical LC3 or GABARAP lipidation
(Florey et al. 2015), noncanonical autophagy (Deretic
et al. 2024; Durgan and Florey 2022), or conjugation of ATG8 to
single membranes (CASM) (Durgan and Florey 2022), among
other names, but CASM has been most widely used in litera-
ture. The role of CASM in ESCRT-mediated microlysophagy is
supported by the regulation of ESCRT assembly through lyso-
somal GABARAP lipidation (Ogura et al. 2023). Indeed, GA-
BARAPs associate with VPS37A, an ESCRT-I subunit, and
ALIX on damaged lysosomes (Ogura et al. 2023; Corkery 2024;
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Javed et al. 2023). Thus, CASM-dependent lysosomal ESCRT
recruitment may be redundant with ALG2-dependent ESCRT
assembly (Figure 2).

A highly conserved ubiquitination-driven, ESCRT-mediated
microlysophagy pathway may also contribute to lysosomal
repair (Zhu et al. 2017; Zhang et al. 2021). This pathway is
initiated by the ubiquitination of specific lysosomal membrane
proteins, which recruits ESCRT complexes for membrane in-
ward budding (Li et al. 2015a, 2015b) (Figure 2). Such protein
ubiquitination and subsequent turnover by microlysophagy
have been observed constitutively for certain substrates such as
lysosomal-associated transmembrane protein 4 A (LAPTM4A)
and RNF152, a transmembrane E3 ubiquitin ligase (Zhang
et al. 2021). Selective turnover of other lysosomal membrane
proteins has been observed during starvation or lysosomal stress
responses (Lee et al. 2020; Li et al. 2015a, 2015b; Arines
et al. 2021). Since lysosomal membrane damage involves ex-
tensive protein ubiquitination (Hung et al. 2013; Maejima
et al. 2013; Gahlot et al. 2024; Teranishi et al. 2022; Kravi¢
et al. 2022; Koerver et al. 2019; Chauhan et al. 2016), such
ubiquitination might drive ESCRT-mediated microlysophagy.
For example, transmembrane protein 55B (TMEMS55B)-
dependent ubiquitination facilitates the recruitment of
ubiquitin-binding ESCRT subunits for lysosomal repair during
oxidative stress (Jeong et al. 2024). The ubiquitination-driven
intraluminal sorting may function in parallel with, or be an
integral part of, CASM-dependent microlysophagy.

Thus, the ESCRT complexes provide a rapid repair mecha-
nism that is expected to quickly fix small pores on the lyso-
somal membrane. The assembly of ESCRT on damaged
lysosomes appears to be driven by both ALG2-dependent and
-independent mechanisms. The latter might involve addi-
tional Ca®* effectors, ATGS proteins, direct ESCRT recruit-
ment by ubiquitin, or effectors of membrane curvature at the
damage site. The potential redundancy in ESCRT recruitment
ensures efficient lysosomal engagement of this complex for
rapid repair.

2.2 | Sphingomyelin-Mediated Inward
Invagination

The luminal budding of damaged lysosomal membranes has
also been proposed to occur through ESCRT-independent
mechanisms involving sphingolipids (Ellison et al. 2020;
Niekamp et al. 2022) (Figure 2). Sphingomyelin, an abundant
sphingolipid normally restricted to the luminal leaflet of the
lysosomal membrane, is exposed on the cytosolic side during
lysosomal damage (Ellison et al. 2020; Niekamp et al. 2022).
Such redistribution is achieved by Ca2*-dependent lipid
scrambling, followed by metabolic conversion of sphingomyelin
to ceramide by neutral sphingomyelinases (Niekamp
et al. 2022). Due to its cone-like molecular shape, ceramide on
the cytosolic leaflet of endosomal membranes can generate
negative membrane curvature for intraluminal membrane
budding (Trajkovic et al. 2008). Similarly, ceramide accumula-
tion on the lysosomal surface is thought to induce a negative
curvature, allowing microlysophagy-like membrane budding in
the absence of ESCRT (Niekamp et al. 2022). It seems likely that

ESCRT and ceramide may work together for optimal membrane
repair efficiency.

Interestingly, sphingomyelin-to-ceramide conversion by acid
sphingomyelinase (ASM) on the luminal side of the lysosomal
membrane also promotes lysosomal integrity (Kirkegaard
et al. 2010). Consistently, loss of function of the ASM gene,
which causes sphingomyelin accumulation in Niemann Pick
disease type A (NPA) (Brady et al. 1966), is accompanied by
increased lysosomal leakage (Gabandé-Rodriguez et al. 2014).
The membrane stabilization activity from ceramide located to
either leaflet of the lysosomal membrane may involve distinct
mechanisms. New insights may come from communications of
ceramide or sphingomyelin with the other lysosomal membrane
remodeling mechanisms.

3 | Membrane Tubulation: Shedding and
Recycling

In contrast to membrane invagination, lysosomes may be
repaired alternatively through membrane tubulation. In theory,
the budding and shedding of damaged membranes could
directly repair lysosomes; otherwise, new proto-lysosomes may
be formed from severely damaged lysosomes through the bud-
ding of intact membranes, leaving the irreparable part for ly-
sophagy. A classic example of lysosomal membrane budding is
autophagic lysosome reformation (ALR) (Yu 2010a). In
response to prolonged starvation, ALR generates nascent lyso-
somes by pulling tubular membrane structures from autolyso-
somes, which are then severed to form proto-lysosomes that
gradually mature (Yu 2010a). Since lysosomal tubulation can be
triggered by Ca®* release through the lysosomal cation channel
TRPML1 (Li et al. 2016), it would also be induced by Ca®**
leakage during LMP. Consistently, several lines of evidence
have shown lysosomal tubulation in response to LMP, although
it is less understood whether the bud-off membranes are dam-
aged or not.

One example of LMP-induced lysosomal tubulation is driven by
leucine-rich repeat kinase 2 (LRRK2) (Bonet-Ponce et al. 2020),
a risk gene commonly mutated with increased activity in
Parkinson's disease (Rocha et al. 2022; Bentley-DeSousa
et al. 2025a) (Figure 3). In response to LMP, LRRK2 is re-
cruited to lysosomes by CASM (Eguchi et al. 2024). Lysosomal
LRRK2 phosphorylates multiple Ras-related in brain (RAB)
GTPases to recover lysosomal function (Bonet-Ponce et al. 2020;
Eguchi et al. 2018; Herbst et al. 2020). The phosphorylation of
RAB10 and RAB35 by LRRK2 further triggers lysosomal
recruitment of a motor adapter protein c-Jun N-terminal kinase
(JNK)-interacting protein 4 (JIP4) (Bonet-Ponce et al. 2020).
JIP4 in turn mediates the formation of lysosomal-associated
membrane protein 1 (LAMP1)-negative tubular structures and
subsequent vesicle shedding from damaged lysosomes (Bonet-
Ponce et al. 2020). This LMP-induced, JIP4-mediated lysosomal
tubulation is dependent on LRRK2 and termed lysosomal tu-
bulation/sorting driven by LRRK2 (LYTL) (Bonet-Ponce
et al. 2020). Since LMP-induced LRRK2 recruitment is medi-
ated by CASM (Eguchi et al. 2024) and specifically GABARAP
lipidation (Bentley-DeSousa et al. 2025b), LYTL should also be
CASM-dependent.
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FIGURE 3 |
negative membranes. (1) CASM/lysosomal membrane Atg8ylation plays a key role in recruiting LRRK2 to damaged lysosomes, which in turn triggers
JIP4-mediated lysosomal tubulation, known as lysosomal tubulation/sorting driven by LRRK2 (LYTL). (2) CASM also associates with LRRK2-
independent tubulation of LC3-positive, LAMP1-negative lysosomal membranes. The exact function of these CASM-related lysosomal tubulation is

LMP-induced lysosomal membrane tubulation. Lysosomal membrane damage triggers the tubulation of both LAMP1-positive and -

yet to be determined. (3) Another lysosomal tubulation pathway is mediated by the RAB7 GTPase-activating protein TBC1D15 and contributes to
lysosomal reformation. In response to severe lysosomal damage, macroautophagy-related ATGS8 recruits TBC1D15 to the lysosome independent of
CASM. TBC1D15 then recruits multiple proteins from the autophagic lysosomal reformation pathway, including clathrin and dynamin2. TBC1D15-
dependent lysosomal tubulation recycles lysosomal components before autophagic turnover of overly damaged lysosomes. JIP4, c-Jun N-terminal
kinase (JNK)-interacting protein 4; PS, phosphatidylserine; PE, phosphatidylethanolamine; LRRK?2, leucine-rich repeat kinase 2. LAMP1, lysosomal-

associated membrane protein 1.

LMP-induced CASM is additionally connected with lysosomal
tubulation seemingly independent of LRRK2 (Cross et al. 2023)
(Figure 3). These tubules are LAMP1-negative but LC3-positive
and are not affected when LRRK2 is inhibited (Cross
et al. 2023). Although the exact roles of LYTL and LMP-induced
LC3 tubules in lysosomal damage response are still under
investigation, they might have significant impact on lysosomal
quality control and Parkinson's disease. Of note, a pathogenic
LRRK2 mutant implicated in Parkinson's disease showed
increased lysosomal localization, JIP recruitment, and lyso-
somal tubulation (Bonet-Ponce et al. 2020).

Membrane tubules can also be regenerated from damaged
lysosomes for proto-lysosome formation (Bhattacharya
et al. 2023; Eriksson et al. 2020) (Figure 3). In the late stages of
lysosomal damage by LLOME, a RAB7 GTPase-activating pro-
tein (GAP) TBC1D15 is recruited to the lysosome by binding to
ATGS (Bhattacharya et al. 2023). TBC1D15 connects damaged
lysosomes with membrane budding and tubulation proteins,
such as clathrin and kinesin family member 5b (KIF5B), fol-
lowed by membrane scission by dynamin-2 (Bhattacharya

et al. 2023). This process mediates lysosomal regeneration
independently of TFEB-dependent transcriptional lysosomal
biogenesis (Bhattacharya et al. 2023). TBC1D15-dependent
lysosomal tubules are LAMP1-positive, consistent with their
roles in lysosomal regeneration (Bhattacharya et al. 2023). This
regeneration process is critical for the turnover of galectin 3, a
cytosolic lectin that binds to exposed {3-galactoside on damaged
lysosomes, after LLOME washout in a macroautophagy-
dependent manner (Bhattacharya et al. 2023). It seems likely
that part of the lysosomal components is recycled for lysosomal
reformation before the remaining is destroyed by lysophagy.

In summary, LMP triggers multiple tubulation processes on the
lysosome, underscoring the dynamic nature of lysosomal repair
or regeneration. Future studies are needed to clarify the func-
tions and regulation of each tubulation pathway. LRRK2-
dependent and -independent lysosomal tubules, including JIP4-
positive and LC3-positive tubules, may represent cellular
responses to different stages of lysosomal membrane damage, as
LRRK2 appears to be recruited at a later stage (Wang
et al. 2025). Such lysosomal membrane dynamics could be
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disrupted by LRRK2 mutations in Parkinson's disease. Lyso-
somal regeneration mechanisms, such as those involving
TBC1D15 and macroautophagy, further demonstrate cellular
capacity to restore lysosomal integrity following damage.

4 | Lipid Patching: Rapid Repair Through Lipid
Delivery

While membrane invagination and tubulation are effective
strategies to repair damaged membranes, a more direct repair
approach is lipid patching—filling membrane pores through
lipid delivery. Two biochemical screens investigating lysosomal
changes upon LMP, using proteomics and lipidomics
respectively, reached the same conclusion that endoplasmic
reticulum (ER)-to-lysosome lipid transfer mediates rapid
lysosomal repair (Tan and Finkel 2022; Radulovic et al. 2022).
This repair mechanism is driven by LMP-induced lysosomal

phosphatidylinositol 4-phosphate (PI4P) signaling and is thus
designated the phosphoinositide-initiated membrane tethering
and lipid transport (PITT) pathway (Tan and Finkel 2022).

LMP triggers rapid membrane contacts between the ER and
damaged lysosomes through PI4P signaling (Figure 4). Phos-
phatidylinositol 4-kinase 2-alpha (PI4K2A), recruited upon
lysosomal Ca** leakage, directly generates PI4P on damaged
lysosomes by phosphorylating phosphatidylinositol (PI) (Tan
and Finkel 2022; Radulovic et al. 2022). PI4P further recruits
multiple PI4P effectors from the oxysterol-binding protein
(OSBP)-related protein (ORP) family. Five ORP family members
are redundantly recruited, including ORP9, ORP10, ORP11,
OSBP, and ORPI1L (Tan and Finkel 2022; Radulovic et al. 2022;
Anand et al. 2023). They tether damaged lysosomes to the ER by
simultaneously binding to PI4P on the lysosome and vesicle-
associated membrane protein-associated protein A (VAPA) and
VAPB on the ER (Tan and Finkel 2022; Radulovic et al. 2022).
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Lipid exchanging

PI4P signaling >

> Large-scale lipid transport for lysosomal repair
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FIGURE 4 |

The PITT pathway - patching damaged lysosomes through lipid transfer. The phosphoinositide-initiated membrane tethering and

lipid transport (PITT) pathway mediates rapid lysosomal repair through ER-to-lysosome lipid transfer. (1) PI4P signaling: Ca®* leakage from
damaged lysosomes triggers lysosomal recruitment of PI4K2A which generates prominent levels of phosphatidylinositol-4-phosphate (PI4P) on the
lysosomal membrane as a signaling messenger. (2) Membrane tethering and lipid exchanging: PI4P serves as a damage signal to recruit oxysterol-
binding protein (OSBP) and OSBP-related proteins (ORP9/10/11) which tether damaged lysosomes to the ER membrane via simultaneous inter-
actions with the lysosomal PI4P and ER-anchored adapter proteins vesicle-associated membrane protein (VAMP)-associated protein A and B (VAPA/
VAPB); at the membrane contacts, OSBP and ORPs mediate PI4P/cholesterol and PI4P/phosphatidylserine (PS) exchanging between ER and
lysosomes, leading to lysosomal accumulation of both cholesterol and PS. Increased cholesterol levels improve lysosomal membrane rigidity and
stability. (3) Lysosomal repair via large-scale lipid transfer: lysosomal PS activates ATG2-mediated lipid delivery to repair damaged membranes.
Additional bridge-like lipid transfer proteins such as VPS13C and BLTP3A are also recruited to damaged lysosomes. The lipid scramblase ATG9 may
also regulate lysosomal membrane remodeling. (4) Damaged lysosomes undergo retrograde transport to the ER-extensive perinuclear region, which
may facilitate lysosome-ER membrane contact formation. Multiple mechanisms promote lysosomal retrograde trafficking upon membrane damage.
Chol, cholesterol; PS, phosphatidylserine; SAC1, ER-anchored PI4P phosphatase; RILP, Rab-interacting lysosomal protein; JIP4, c-Jun-amino-
terminal kinase-interacting protein 4; ER, endoplasmic reticulum; ALG2, apoptosis-linked gene 2; BLTP3A, bridge-like lipid transfer protein family
member 3A.
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At the ER-lysosome contact sites, multiple lipid transfer events
contribute to rapid lysosomal repair (Figure 4). The ORP family
proteins are established lipid exchangers at membrane contact
sites (Delfosse et al. 2020; Mesmin et al. 2013). The five ORPs
fall into two groups: ORP9, ORP10, and ORP11 form hetero-
dimers mediating ER-to-lysosome transfer of phosphatidylser-
ine (PS) in exchange for lysosomal PI4P (Tan and Finkel 2022),
whereas OSBP and ORPI1L each seems sufficient to mediate
PI4P-diven, ER-to-lysosome transfer of cholesterol (Tan and
Finkel 2022; Radulovic et al. 2022). Thus, LMP-induced PI4P
signaling drives ER-to-lysosomal transfer of both PS and cho-
lesterol. Interestingly, either PS or cholesterol is sufficient to
support rapid lysosomal repair (Tan and Finkel 2022). Choles-
terol can increase membrane rigidity and thus provide resist-
ance to lysosomal membrane damage (Radulovic et al. 2022;
Appelqvist et al. 2012; Gutierrez et al. 2016). Meanwhile, PS
further activates another large-scale lipid transfer protein ATG2
for the direct lipid patching of lysosomal pores, independent of
the established roles of ATG2 in macroautophagy (Tan and
Finkel 2022). ATG2 belongs to the bridge-like lipid transfer
protein (BLTP) family (Neuman et al. 2022) and carries a long
hydrophobic groove which is proposed to mediate bulk, non-
selective lipid transfer between membranes (Osawa
et al. 2020, 2019; Maeda et al. 2019). The amphipathic C-tail of
ATG2 appears to recognize PS-positive lysosomal membrane
pores to precisely direct lipid unloading (Tan and Finkel 2022).

While ATG2 is proposed to work with lipid scramblases on both
the ER and the expanding phagophore during macroautophagy
(Li et al. 2021; Huang et al. 2021; Ghanbarpour et al. 2021;
Matoba et al. 2020), it is still unclear if a lipid scramblase is
involved in rapid lysosomal repair. Since the two leaflets of the
lysosomal membrane are interconnected at the damage site, it
was speculated that a lysosomal lipid scramblase may not be
necessary (Yang and Tan 2023). However, ATG9A, a lipid
scramblase working with ATG2 in autophagosome biogenesis,
seems to be dynamically localized to lysosomes upon LMP (De
Tito 2024; Peng et al. 2025) (Figure 4), suggesting that ATG9A
might provide a potential membrane source or lipid scrambling
activity during lysosomal repair. Interestingly, both ATG9A and
ATG2 are also implicated in plasma membrane repair (Claude-
Taupin et al. 2021). Thus, it would be interesting to further
investigate the roles of ATG9A and the lipid unloading mech-
anisms for ATG2 on the lysosome.

In addition to ATG2, another two BLTPs, VPS13C and BLTP3A
(UHRF1BP1), have been recently proposed to regulate lyso-
somal repair (Wang et al. 2025; Hanna 2024) (Figure 4). Simi-
larly to ATG2, VPS13C is rapidly recruited to damaged
lysosomes upon LMP (Wang et al. 2025). Different from ATG2
and VPS13C, BLTP3A associates with and clusters small vesi-
cles to lysosomes in resting conditions through an interaction
with RAB7 (Hanna 2024). Interestingly, upon lysosomal dam-
age, the original interactions are lost and quickly replaced with
lysosomal re-association of BLTP3A through its LC3-interacting
region (LIR) in a CASM-dependent manner (Hanna 2024). By
contrast, both ATG2 and VPS13C are recruited to damaged
lysosomes independently of CASM (Tan and Finkel 2022; Wang
et al. 2025), potentially by directly sensing lysosomal membrane
packing defects at damage sites through their C-terminal
amphipathic helices (Tan and Finkel 2022; Wang et al. 2025).

The LMP-induced recruitment of VPS13C and BLTP3A strongly
suggests their potential roles in lipid transfer between the ER
and lysosomes. However, it is yet to be determined whether
BLTP3A and VPS13C contribute to lysosomal repair and if so,
whether it is mediated by lipid transfer. Any redundancy or
cooperation between ATG2 and other BLTPs in lysosomal
repair should be investigated.

Since the ER-to-lysosome lipid transfer is crucial for rapid
lysosomal repair, it seems important to move damaged lyso-
somes to the perinuclear region, where ER membranes are
denser than in the peripheral area (Puhka et al. 2007). Peri-
nuclear lysosomes are also more stationary, allowing extensive
ER-lysosome contacts (Rayens et al. 2022). We hypothesize that
damaged lysosomes may be transported to the perinuclear area
by multiple redundant mechanisms (Figure 4). First, Ca**
leakage from the lysosome may promote the perinuclear traf-
ficking of lysosomes through ALG2, a Ca**-binding protein,
and dynein motors (Li et al. 2016; Vergarajauregui
et al. 2009). Second, cholesterol accumulation in lysosomes
through the PITT pathway likely further strengthens their
perinuclear localization, similarly to lysosomal storage diseases
(Shen et al. 2012; Chen et al. 2008). Specifically, the
cholesterol-Rab7-RILP axis is known to promote retrograde
lysosomal transport (Cabukusta and Neefjes 2018). Third,
TMEMS55B is transcriptionally upregulated by TFEB/TFE3 to
promote JIP4- and dynein-dependent perinuclear transport of
lysosomes (Willett et al. 2017). Thus, multiple mechanisms
could drive the perinuclear movement of damaged lysosomes,
presumably in favor of more efficient repair and remodeling.

In summary, the PITT pathway drives massive ER-lysosome
lipid exchanges through membrane contacts, which resets
lysosomal lipid compositions as a platform for rapid lysosomal
repair through large-scale lipid delivery. BLTPs, such as ATG2,
VPS13C, and BLTP3A, may coordinate in lysosomal repair.
Lipid delivery by ATG2 and all other BLTPs is expected to be
unidirectional in both macroautophagy and lysosomal repair.
However, it is still unclear what is the driving force for such
large-scale unidirectional lipid transport, but part of the an-
swers could come from the different biophysical properties of
the two membranes connected by BLTPs.

5 | Membrane Stabilization: Structural Support
by Protein Assemblies

In addition to membrane repair by lipid remodeling and lipid
patching, protein assemblies have been shown to stabilize
damaged membranes (Figure 5). As protein condensation can
rapidly respond to sudden changes in the cytosol, it is proposed
that protein condensation functions as a first-aid response to
stabilize lysosomal pores (Bussi et al. 2023).

5.1 | Stress Granules

Stress granules are dynamic, membrane-less cytoplasmic con-
densates consisting of nontranslating messenger ribonucleo-
proteins (mRNPs) that mediate global translation arrest in
response to various types of stimuli such as oxidative stress or
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FIGURE 5 |
contribute to lysosomal repair. (1) Stress granules are triggered both on lysosomes and in the cytosol during lysosomal membrane damage, which
involves protein kinase R (PKR, EIF2AK2) phosphorylation facilitated by Ca®*-dependent ALIX assembly on the lysosome. PKR subsequently
phosphorylates elF2a to activate stress granule formation. (2) Annexin Al, A2, and A7 (ANXAs) promote lysosomal repair by localizing to large
membrane pores where ANXAs may oligomerize to stabilize and repair the membrane. (3) Myoferlin localization to lysosomes in cancers can
increase lysosomal membrane stability, which may be driven by Ca**- and PS-stimulated Myoferlin oligomerization. (4) The heat shock chaperone
protein Hsp70 promotes lysosomal membrane stability by binding to bis-(monoacylglycero)-phosphate (BMP) on intraluminal vesicles (ILVs) in the

Lysosomal membrane stabilization by multiple pathways. The lysosomal membrane is stabilized by multiple mechanisms that may

lysosomal lumen, which in turn activates acid sphingomyelinase (ASM) to convert sphingomyelin (SM) into ceramide. The latter may increase
lysosomal membrane stability indirectly through improved lysosomal lipid metabolism. ALG2, apoptosis-linked gene 2; ALIX, ALG2-interacting

protein X; ILV, intraluminal vesicle; PACT, protein activator of the interferon-induced protein kinase; PS, phosphatidylserine.

heat shock (Alberti et al. 2019). RNA-binding proteins G3BP1
and G3BP2 are essential components of stress granules that
contribute to their formation through multivalent interactions
with other molecules such as RNAs and eukaryotic translation
initiation factor 2a (eIF2a) (Yang et al. 2020). In response to
LMP, stress granule proteins including G3BP1 and NUFIP2 are
recruited to lysosomes independently of their condensation or
stress granule formation (Jia et al. 2022). Protein kinase R (PKR,
also known as EIF2AK2) is activated, which in turn triggers
stress granule formation likely by phosphorylating elF2a, a key
component of stress granules (Jia et al. 2022) (Figure 5). The
ESCRT components ALIX and ALG2 crosstalk with stress
granule formation by promoting PKR association with its acti-
vator PACT (also known as PRKRA or Protein Activator of
Interferon Induced Protein Kinase EIF2AK2) (Duran
et al. 2024). Interestingly, both ALIX and ALG2 are required for
stress granule formation (Duran et al. 2024), although the
lysosomal ALIX recruitment is dependent on CASM
(Corkery 2024) whereas ALG2 directly responds to lysosomal
Ca2+ leakage (Shukla et al. 2024; Chen et al. 2024). In U20S
cells, most stress granules are formed away from lysosomes
(Jia et al. 2022), whereas in human induced pluripotent stem
cell-derived macrophages (iPSDMs) stress granules emerge se-
lectively on damaged lysosomes (Bussi et al. 2023). The
lysosome-associated stress granules have been proposed to plug

and stabilize the membrane, thus preventing potential mem-
brane rupture and lysosomal leakage (Bussi et al. 2023).

5.2 | Annexins-Mediated Repair

Another family of proteins that repair damaged lysosomes
through membrane stabilization are annexins (Figure 5). They
are Ca®*-dependent phospholipid-binding proteins previously
reported to repair the plasma membrane (Lennon et al. 2003;
Demonbreun et al. 2016; Bouter et al. 2011; Boye et al. 2017;
Blackwood and Ernst 1990). Each of the ubiquitous annexins
(ANXA1, A2, A4, A5, A6, A7, and All), when stably expressed
in U20S cells, are similarly recruited to lysosomes after LMP
(Yim et al. 2022; Scharf et al. 2012). Among them, ANXA1,
ANXAZ2, and ANXA7 have been reported to mediate lysosomal
repair (Yim et al. 2022; Ebstrup et al. 2023). While the ESCRT
subunit CHM4A is localized to lysosomes with either small or
large membrane pores, ANXA1 and ANXA2 are preferentially
recruited to lysosomes with wounds larger than 4.6nm in
diameter, where annexins have a role in preventing the leakage
of lysosomal contents (Yim et al. 2022). These are consistent
with ESCRT-independent recruitment of annexins (Yim
et al. 2022; Ebstrup et al. 2023). Of note, ANXA2 can promote
the aggregation of membranes containing PS and cholesterol in
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response to Ca?* (ref (Blackwood and Ernst 1990); Ayala-
Sanmartin et al. 2001; Driicker et al. 2014). Thus, it seems likely
that the ER-to-lysosome transfer of PS and cholesterol through
the PITT pathway (Tan and Finkel 2022) might contribute to
annexin recruitment and subsequent membrane remodeling.
This is consistent with annexin recruitment at a later time point
after LMP (Yim et al. 2022), as it takes time to accumulate PS
and cholesterol on the lysosome. Thus, annexin-mediated
lysosomal repair might involve annexin oligomerization,
membrane remodeling, and subsequent membrane sealing
(Lennon et al. 2003; Demonbreun et al. 2016; Bouter et al. 2011;
Boye et al. 2017). It is also likely that annexins can stabilize the
damaged membrane to enable more efficient repair by ESCRT
or the PITT pathway.

5.3 | Myoferlin and Hsp70

Lysosomal membranes are also potently stabilized by other
proteins, such as the Ferlin family and heat-shock proteins.
These proteins, when highly expressed and/or enriched in
lysosomes, increase lysosomal membrane stability.

The Ferlin family of membrane repair proteins, particularly
Myoferlin (MYOF) and Dysferlin (DYSF), also play a crucial
role in maintaining lysosomal membrane integrity (Figure 5). In
pancreatic ductal adenocarcinoma, these proteins are over-
expressed and/or enriched in lysosomes, which is associated
with poor prognosis (Gupta et al. 2021). MYOF appears to
support tumor growth or survival by promoting effective lyso-
somal repair or stability and potentially facilitating cancer cell
adaptation to cellular stress (Gupta et al. 2021). Like ANXA2,
ferlins also show Ca**-dependent binding to PS and promote
membrane fusions (Davis et al. 2002; Doherty et al. 2005). Thus,
MYOF might also cooperate with the PITT pathway in lyso-
somal repair and membrane stabilization.

Heat-shock protein 70 (Hsp70, HSPA1A, or Hsp70.1), a stress-
induced chaperone protein, stabilizes the lysosomal membrane by
activating acid sphingomyelinase (ASM) which converts sphin-
gomyelin to ceramide on intraluminal vesicles (ILVs) inside
lysosomes (Kirkegaard et al. 2010) (Figure 5). In the lysoso-
mal lumen, Hsp70 binds to the negatively charged phospholipid
bis-(monoacylglycero)-phosphate (BMP) on ILVs through its
N-terminal nucleotide binding domain (NBD) (Calvaresi
et al. 2021). This binding increases the activity of ASM and is
essential for Hsp70-mediated lysosomal membrane stabilization
(Kirkegaard et al. 2010; Petersen et al. 2010). Hsp70 appears to be
localized to the endolysosomal lumen through stress-induced
secretion followed by endocytic trafficking, which may allow
nonautonomous improvement of lysosomal membrane stability in
the tissue level (De Maio 2014). Of note, Hsp70 is an ATPase
which hydrolyzes ATP through its NBD (Young 2010), but it is not
determined whether and how such ATPase activity contributes to
its lysosomal membrane stabilization.

6 | CASM: Multi-Tasking in Lysosomal Repair

CASM, the covalent conjugation of ATG8s to the lysosomal
membrane, is a common lysosomal stress response (Durgan and

Florey 2022) (Figure 6). CASM involves the direct recruitment
of the ATGS8-conjugation machinery, ATG16L1-ATG5-ATG12
(ref (Ichimura et al. 2000); Mizushima et al. 2003), by the en-
dolysosomal V-ATPase proton pump, independent of macro-
autophagy (Cross et al. 2023; Xu et al. 2019; Hooper et al. 2022).
In response to lysosomal membrane damage, Tectonin Beta-
Propeller Repeat Containing 1 (TECPR1) can alternatively
recruit the ATG12-ATG5 complex for lysosomal Atg8ylation
independent of the V-ATPase-ATG16L1 axis (Kaur et al. 2023;
Corkery et al. 2023; Boyle et al. 2023; Wang 2023a). Interest-
ingly, in CASM, ATGS8 is conjugated to both PE and PS (Durgan
et al. 2021), different from sole PE conjugation of ATGS8 in
macroautophagy. The ER-to-lysosome transfer of PS driven by
the PITT pathway (Tan and Finkel 2022) may facilitate ATG8-
PS conjugation during lysosomal damage. The level of Atg8y-
lation in response to lysosomal damage is remarkable, as all the
cytosolic ATGS8 proteins, even if overexpressed, are almost
completely conjugated to lysosomes (Cross et al. 2023). Thus,
one would expect major functions of membrane Atg8ylation or
CASM in endolysosomal stress response independent of
macroautophagy.

CASM is emerging as a contributor to lysosomal repair. As-
says using lysosomal pH sensors revealed reduced repair
efficiency in cells deficient in Atg8ylation (Corkery 2024;
Wang 2023b). CASM might promote lysosomal repair
through multiple mechanisms (Figure 6). (i) LC3 conju-
gated to damaged lysosomes associates with large-scale lipid
transfer proteins, such as ATG2 and BLTP3A (Cross
et al. 2023; Hanna 2024). Although CASM is not necessary to
recruit ATG2 to damaged lysosomes (Cross et al. 2023), the
recruitment of BLTP3A is dependent on its ATG8-binding
motif (Hanna 2024). Of note, Atg8ylation on phagosomes or
lysosomes in other contexts also stimulate the ATG2-ATGS8
interaction, suggesting that BLTP-mediated lipid transfer is
likely a general mechanism to alleviate membrane stress
(Cross et al. 2023). (ii) Sphingomyelin exposure was recently
found to directly recruit TECPR1 for ATG16L1-independent
Atg8ylation on damaged lysosomes (Kaur et al. 2023; Boyle
et al. 2023), linking sphingomyelin-mediated lysosomal
repair to CASM and microlysophagy. (iii) CASM is
also a platform to recruit the ESCRT complexes (ALIX
and VPS37A) to damaged lysosomes (Ogura et al. 2023;
Corkery 2024; Javed et al. 2023). Thus, CASM seems to
coordinate several lysosomal repair pathways, including
PITT, sphingomyelin, and ESCRT.

CASM also cross-talks with additional processes in lysosomal
remodeling and quality control (Figure 6). (i) CASM appears to
be associated with microtubule-dependent lysosomal tubulation
and scission upon lysosomal damage. The dynamic LC3-
positive tubules were negative for the lysosomal marker
LAMPI1, but they emerge from LAMPI-positive lysosomes
(Cross et al. 2023). LMP-driven tubulation of LC3-positive
lysosomal membranes seems to be independent of ALR
(Yu 2010) or lysosome tubulation/sorting driven by LRRK2
(LYTL) (Bonet-Ponce et al. 2020). (ii) CASM can recruit
LRRK2 through GABARAP lipidation, which adds another
layer of regulation to ESCRT assembly on damaged lysosomes
(Eguchi et al. 2018; Herbst et al. 2020). CASM-mediated
LRRK2 recruitment is activated not only by lysosomal damage
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FIGURE 6 |
membranes (CASM) or lysosomal membrane Atg8ylation is a robust response triggered by lysosomal stress including membrane damage. CASM is
redundantly activated by either the V-ATPase-ATG16L1 axis or sphingomyelin (SM)-TECPR1 axis. CASM cross-talks with multiple lysosomal repair/
quality control pathways through ATG8 interactions with different proteins, such as ATG2 (PITT), BLTP3A, ALIX and VPS37A (ESCRT), LRRK2
(LYTL), and FNIP/FLCN (TFEB). Most of the interactions have been clearly defined by the presence of ATG8-interacting motifs (AIM) in these
proteins. BLTP3A, bridge-like lipid transfer protein family member 3A; LYTL: lysosomal tubulation/sorting driven by LRRK2; PS, phosphati-

CASM/Membrane Atg8ylation coordinates multiple lysosomal repair/quality control pathways. Conjugation of ATGS8 to single

dylserine; PE, phosphatidylethanolamine; TECPR1, tectonin beta-propeller repeat-containing protein 1; TFEB, transcription factor EB.

(Eguchi et al. 2024) but also during the activation of the
stimulator of interferon genes (STING) (Bentley-DeSousa
et al. 2025b; Huang et al. 2025), an innate immune adapter
that activates CASM through its conserved proton channel
activity (Xun et al. 2024; Fischer et al. 2020; Liu et al. 2023).
(iii) CASM provides a robust platform to activate TFEB/TFE3
in response to diverse cellular stresses including lysosomal
damage and STING activation (Nakamura et al. 2020; Kumar
et al. 2020; Goodwin et al. 2021; Lv et al. 2024; Klein
et al. 2024). In summary, CASM is a general lysosomal
membrane stress response that communicates with lysosomal
repair, recycling, and regeneration.

7 | Lysosomal Repair in Aging, Diseases and
Therapies

Given the fundamental roles of lysosomes in cellular stress
clearance, it is not surprising that our cells have evolved multi-
layered rapid lysosomal repair mechanisms. In stressed condi-
tions such as senescence, efficient lysosomal repair becomes
particularly important, as cells rely heavily on LYPAS for stress
clearance (Tan and Finkel 2023; Rovira et al. 2022). Particularly,
increased lysosomal delivery of substrates, such as protein ag-
gregates, can raise the risk of lysosomal membrane damage
(Murley et al. 2025). As such, defective or insufficient lysosomal
repair is associated with aging and many diseases, which should
be leveraged for therapeutic potential.

Genetic defects in lysosomal repair are increasingly recognized
as key contributors to neurodegenerative diseases such as Alz-
heimer's and Parkinson's. Loss of PI4K2A, the key enzyme of
the PITT pathway, causes hereditary spastic paraplegias (HSP)-
like neurodegeneration in mice with lipofuscin accumulation in
Purkinje neurons, an indication of lysosomal defects (Simons
et al. 2009). As intercellular spreading of prion-like pathogenic
proteins involves lysosomal escape through membrane dam-
ages, disrupting PITT- or ESCRT-mediated lysosomal repair
exacerbates tau fibril spreading in Alzheimer's disease models
(Tan and Finkel 2022; Chen et al. 2019). Damaged lysosomes
also recruit and activate LRRK2 (Bonet-Ponce et al. 2020;
Eguchi et al. 2024, 2018; Herbst et al. 2020), the activity of
which seems to regulate ESCRT recruitment and lysosomal
tubulation (Bonet-Ponce et al. 2020; Eguchi et al. 2024, 2018;
Herbst et al. 2020; Bonet-Ponce and Cookson 2022). It is likely
that acute LRRK2 activation plays a beneficial role in lysosomal
quality control, but chronic LRRK2 activation due to either
mutations or long-term lysosomal stress may compromise
lysosomal functions. Another Parkinson's disease risk gene
VPS13C is also recruited to damaged lysosomes (Wang
et al. 2025). Loss of function of VPS13C clearly activates TFEB-
mediated lysosomal biogenesis (Hancock-Cerutti et al. 2022), a
common response during cell stress including lysosomal stress
(Yang and Tan 2023; Napolitano and Ballabio 2016). Loss of
VPA13C also activates the cGAS-STING innate immune path-
way (Hancock-Cerutti et al. 2022), the chronic activation of
which is associated with normal aging and Alzheimer's and
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Parkinson's diseases (Carling et al. 2024; Xie et al. 2023;
Udeochu et al. 2023; Gulen et al. 2023; Sliter et al. 2018). It is
important to investigate what specific roles VPS13C and other
BLTPs have on damaged lysosomes and how such roles could
be targeted for lysosomal benefits.

Lysosomal storage diseases are also associated with failures in
lysosomal repair. Lysosomal cholesterol overload or sphingo-
myelin accumulation, often seen in lysosomal storage disease
such as Niemann-Pick disease, type C (NPC), causes persistent
LMP, abnormal PI4P signaling (Lim et al. 2019), and dys-
functional ESCRT aggregation on lysosomes, leading to broad
lysosomal dysfunction (Yong et al. 2024). These observations
imply lysosomal repair failure, despite the activation of PI4P
signaling and ESCRT recruitment. Therefore, a different lyso-
somal repair or stabilization strategy is needed to restore lyso-
somal stability. Indeed, recombinant Hsp70 has been found to
reduce lipid storage in different NPC disease models, including
NPC-knockout and loss-of-function mutations (Gray et al. 2022;
Pipalia et al. 2021). Remarkably, recombinant Hsp70 can also
correct the defects of Niemann-Pick disease type A (NPA) and
type B (NPB) caused by mutations in the sphingomyelin
phosphodiesterase 1 gene (SMPD1) encoding for ASM
(Kirkegaard et al. 2010). Both NPA and NPB are severe lyso-
somal storage diseases with decreased lysosomal stability and
increased lysosomal accumulation of cholesterol and sphingo-
myelin similar to NPC (Schuchman 2007). Recombinant Hsp70
is thought to correct the defects from ASM mutations by
internalization and subsequent augmentation of lysosomal
ASM activity through Hsp70 binding to BMP, thus promoting
sphingomyelin-to-ceramide conversion (Kirkegaard et al. 2010).
Consistently, increasing lysosomal BMP levels by thioperamide
maleate reduced cholesterol overload in NPC models (Moreau
et al. 2019) and amyloid deposits in aged and Alzheimer's dis-
ease tNeurons (Chou et al. 2025). However, the consistent
therapeutic benefits of Hsp70 for both NPA/B and NPC indicate
that Hsp70 can stabilize lysosomal membrane and alleviate
lysosomal lipid storage through additional mechanisms. For
example, increased Hsp70 levels may enable additional cho-
lesterol exit pathways independent of Niemann-Pick C1
(NPC1), an established cholesterol transporter. Exploring such
cholesterol exit mechanisms may open new therapeutic strate-
gies to improve lysosomal lipid homeostasis and membrane
stability in lysosomal storage disease.

In addition to genetic defects affecting lysosomal repair, chronic
lysosomal stress coupled with failed repair is emerging as a
key contributor to age-related pathology. The buildup of path-
ogenic protein aggregates, including amyloid-£, tau fibrils, and
a-synuclein, is a hallmark of many degenerative diseases
(Calabrese et al. 2022). Protein aggregates can cause recurrent
lysosomal damage, eventually exceeding the lysosomal repair
capacity, as exemplified by aggregates-mediated lysosomal
damage in quiescence (Murley et al. 2025). Constitutive lyso-
somal damage and repair failure are observed in transdiffer-
entiated neurons derived from aged or Alzheimer's disease
fibroblasts (Chou et al. 2025). The accumulation of PI4K2A, the
PITT pathway initiating enzyme, in lipofuscin-like deposits in
HSP neurodegenerative models (Khundadze et al. 2021) may
also reflect a failed attempt at lysosomal repair. Furthermore,
the resulting lysosomal dysfunction may further exacerbate

aggregate spreading and disease progression. Thus, it is
important to preserve, restore, or boost lysosomal repair
capacity for healthy aging and treating age-related pathologies.
Interventions that increase lysosomal resilience—such as
pharmacologic activation of PITT or ESCRT pathways, boosting
chaperone availability (e.g., Hsp70), or modulating lysosomal
lipid composition—may help slow disease progression by im-
proving lysosomal stability. Additionally, identifying early bio-
markers of lysosomal repair failure, such as persistent
lysosomal galectin 3 puncta or the accumulation of deacidified
lysosomes, could enable early diagnosis and therapeutic
innervation. A deeper understanding of how specific repair
pathways intersect with protein aggregation, lipid imbalance,
and innate immune activation will be valuable for guiding
combination strategies to restore lysosomal integrity and func-
tion in age-related disease.

Efficient lysosomal repair serves as a critical defense mechanism
against infection, which is often exploited by pathogens to evade
lysosomal degradation. For example, ESCRT-mediated lysosomal
repair is inhibited by the mycobacterial type VII secretion system,
with the effectors EsxG and EsxH competing with ESCRT for
recruitment to damaged lysosomes (Mittal et al. 2018). While
macroautophagy has established roles in microbe Kkilling
(Gutierrez et al. 2004; Nakagawa et al. 2004), lysosomal stress-
induced CASM is emerging as another essential mechanism for
microbe suppression (Xu et al. 2019), which is also targeted by
pathogens. The Salmonella effector SopF ADP-ribosylates
V-ATPase, disrupting its interaction with ATG16L1 and compro-
mising the V-ATPase-ATG16L1-CASM axis, weakening host
defense and promoting intracellular bacterial growth (Xu
et al. 2019). Similarly, the Legionella effector RavZ irreversibly
removes the conjugated form of ATG8 proteins from host mem-
branes (Choy et al. 2012). RavZ is believed to enable Legionella
growth by inhibiting autophagy (Choy et al. 2012), but recent
studies indicate that it also blocks CASM (Goodwin et al. 2021; Lv
et al. 2024). As CASM coordinates multiple lysosomal repair
pathways, both SopF and RavZ may inhibit lysosomal repair, in
addition to their established roles in blocking autophagy and
TFEB activation (Goodwin et al. 2021; Lv et al. 2024; Choy
et al. 2012). Thus, inhibiting bacterial or viral proteins that inter-
fere with lysosomal repair could serve as a general therapeutic
strategy for infectious disease. Additional therapeutic strategies for
infection may come from pathways that protect lysosomes against
pathogen-mediated damage. Upon exposure to bacterial compo-
nents such as lipopolysaccharide (LPS) or peptidoglycan, or to pro-
inflammatory cytokines such as IFNy or TNF, macrophages seem
to activate multiple mechanisms to enhance their lysosomal
damage resistance (Wong et al. 2022). Further understanding the
underlying mechanisms may open new, general strategies for
combating pathogen infection.

Although efficient lysosomal repair supports healthy aging,
cancer cells take advantage of it to sustain their high demand
for lysosomal activity in stress clearance. For example, Hsp70 is
overexpressed in many cancers (Albakova et al. 2020). Hsp70
localizes to lysosomal membranes of cancer cells where it pre-
vents cell death by blocking LMP caused by multiple types of
stressors, such as tumor necrosis factor (TNF), etoposide, and
H,0,(Gyrd-Hansen et al. 2004). Overexpression of PI4K2A, the
key enzyme in the PITT pathway, is also observed in many

11 of 17



cancers, where it enhances malignancy by promoting proteos-
tasis, positioning PI4K2A as a potential target for cancer ther-
apy (Pataer et al. 2020; Li et al. 2017, 2010). The reliance of
cancer cells on high lysosomal activity creates a therapeutic
opportunity to target lysosomal integrity for anticancer treat-
ments. Indeed, cancer cells are more vulnerable to LMP
inducers (Serrano-Puebla and Boya 2018). For example, cationic
amphiphilic drugs (CADs) can selectively target lysosomes and
induce LMP to kill cancer cells, as well as to promote lysosomal
escape of other chemotherapy drugs (Nielsen et al. 2024;
Petersen et al. 2013; Ellegaard et al. 2023; Groth-Pedersen and
Jadtteld 2013). Likely due to the upregulation of Hsp70, an ASM
activator (Kirkegaard et al. 2010), ASM itself is found to be
transcriptionally downregulated across various cancers, which
renders cancer cells more susceptible to ASM inhibition
(Petersen et al. 2013). Given that cancer often affects senior
individuals who are also susceptible to age-related degenerative
diseases, precise targeting of LMP inducers to cancer cells is
essential to prevent unintended lysosomal damage in non-
cancerous, vulnerable cell types such as neurons.

Despite detrimental consequences of lysosomal damage, con-
trolled LMP can have beneficial roles. In selective immune cells,
LMP facilitates antigen escape from endo-lysosomal compart-
ments into the cytosol, enabling proteasomal processing and effi-
cient cross-presentation (Scott et al. 2025). More generally, mild,
and transient lysosomal stress may trigger beneficial adaptations,
leading to improved lysosomal quality, quantity, and activity. For
example, trehalose, a natural disaccharide capable of ameliorating
neurodegeneration, has been recently found to activate TFEB-
mediated lysosomal biogenesis and autophagy upregulation
through controlled lysosomal stress, including mild LMP and a
modest increase in the lysosomal pH (Jeong et al. 2021; Rusmini
et al. 2019). This concept, known as lysohormesis, suggests that
controlled activation of lysosomal stress responses could
strengthen lysosomal repair pathways and improve cellular resil-
ience in aging and age-related diseases (Tan and Finkel 2023;
Tan 2025). By stimulating key mechanisms of lysosomal repair,
such as ESCRT-mediated membrane sealing, PITT-mediated lipid
patching, and chaperone-mediated lysosomal stabilization, mild
lysosomal stress may enhance lysosomal integrity and delay age-
related cell dysfunction (Tan 2025). LMP-independent lysosomal
Ca®* signaling is sufficient to recruit both PITT and ESCRT
components (Tan and Finkel 2022; Chen et al. 2024), suggesting
that any mild lysosomal stress triggering lysosomal Ca** release
could have therapeutic potential through lysohormesis. In neu-
rodegenerative diseases, lysohormetic responses could improve
lysosomal quality control, promote aggregate clearance, and
slow down disease progression. Similarly, in metabolic and lyso-
somal storage disorders, lysohormesis may help maintain lipid
homeostasis and alleviate lysosomal lipid overload. Future
research should aim at establishing precise thresholds of lysosomal
stress that optimize repair benefits while minimizing long-term
damage.

8 | Conclusions and Perspectives

Lysosomal membrane damage is emerging as a common hall-
mark of aging and age-related disease, contributing to patho-
genic inflammation and cell death. Given the importance of

lysosomes in the clearance of a broad array of cellular stress,
efficient lysosomal repair is critical for cellular health and dis-
ease prevention. The past few years have witnessed substantial
progress in our understanding of lysosomal repair. Now we
appreciate that a host of pathways are rapidly triggered by LMP
to restore lysosomal integrity, ranging from membrane stabili-
zation by protein condensates or oligomers, to ESCRT- and
ceramide-mediated microlysophagy, to PITT-mediated lyso-
somal lipid remodeling and BLTP-mediated membrane patch-
ing, to membrane tubulation and recycling. Interestingly, many
of these membrane repair mechanisms are not confined to
lysosomes but are shared by different subcellular organelles.
The ESCRT machinery is indeed more well-known for its role
in the repair of the plasma membrane and nuclear envelope
(Olmos 2022; Vietri et al. 2020a; Zhen et al. 2021). Similarly,
most of the PITT pathway components, including PI4K2A,
ORP9, ATG2, and the relevant lipids including PI4P and PS,
have been recently implicated in plasma membrane repair as
well (Li et al. 2024). These findings suggest a high degree of
conservation and potential interplay among membrane repair
pathways across organelles. The diverse lysosomal repair
mechanisms highlight the dynamic and multilayered nature of
cellular responses in maintaining lysosomal integrity.

Despite progress in understanding individual repair mecha-
nisms, a major outstanding question is how these pathways are
coordinated to ensure efficient lysosomal recovery. Ca** leak-
age is likely the initiating signal that activates multiple repair
pathways including at least ESCRT, PITT, and CASM (Skowyra
et al. 2018; Tan and Finkel 2022; Goodwin et al. 2021). Ca**
seems to recruit ESCRT through both the Ca** effector ALG-2
(Shukla et al. 2024; Chen et al. 2024) and CASM-mediated ALIX
recruitment (Corkery 2024; Huang et al. 2025), but it is still
unclear which Ca®" effectors activate PITT or CASM. CASM,
direct Atg8ylation onto damaged lysosomes, is emerging as a
central regulator linking almost all lysosomal repair processes.
Additionally, galectin3 has been shown to integrate ESCRT
recruitment, lysosomal ubiquitination, and lysophagy signals
for optimal lysosomal recovery (Chauhan et al. 2016; Jia
et al. 2020, 2018). How CASM and galectin3 coordinate differ-
ent repair mechanisms remains to be further investigated.

It is important to understand how lysosomal repair pathways
are affected by cellular senescence and disease. Though aging
is associated with increased LMP, it remains unclear whether
this is due to impaired repair efficiency or chronic lysosomal
stress overwhelming repair pathways. Comparing the regula-
tory mechanisms of lysosomal repair in physiological and
pathological contexts could open new therapeutic opportuni-
ties. Targeting lysosomal repair pathways to enhance cellular
stress resilience and restore lysosomal function in aging and
disease could be a promising strategy for combating age-related
degeneration. Proper tire maintenance is crucial for a safe
journey, and likewise, efficient lysosomal repair is essential for
a smooth path to healthy aging.
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