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Abstract

Long known as digestive organelles, lysosomes have now emerged as multifaceted centers responsible for degra-
dation, nutrient sensing, and immunity. Growing evidence also implicates role of lysosome-related mechanisms in
pathologic process. In this review, we discuss physiological function of lysosomes and, more importantly, how the
homeostasis of lysosomes is disrupted in several diseases, including atherosclerosis, neurodegenerative diseases,
autoimmune disorders, pancreatitis, lysosomal storage disorders, and malignant tumors. In atherosclerosis and
Gaucher disease, dysfunction of lysosomes changes cytokine secretion from macrophages, partially through inflam-
masome activation. In neurodegenerative diseases, defect autophagy facilitates accumulation of toxic protein and
dysfunctional organelles leading to neuron death. Lysosomal dysfunction has been demonstrated in pathology of

novel therapeutic strategies.

pancreatitis. Abnormal autophagy activation or inhibition has been revealed in autoimmune disorders. In tumor
microenvironment, malignant phenotypes, including tumorigenesis, growth regulation, invasion, drug resistance,
and radiotherapy resistance, of tumor cells and behaviors of tumor-associated macrophages, fibroblasts, dendritic
cells,and T cells are also mediated by lysosomes. Based on these findings, a series of therapeutic methods target-

ing lysosomal proteins and processes have been developed from bench to bedside. In a word, present researches
corroborate lysosomes to be pivotal organelles for understanding pathology of atherosclerosis, neurodegenerative
diseases, autoimmune disorders, pancreatitis, and lysosomal storage disorders, and malignant tumors and developing
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Background

Overview of lysosomes

Lysosomes are composed of acid lumen and a layer of
lysosomal membrane formed by phospholipid bilayer.
The acid lumen contains a host of hydrolytic enzymes,
including nucleases, proteases, phosphatases, lipases,
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sulfatases, and others. These enzymes are synthesized
in endoplasmic reticulum, and modified in Golgi, where
the proteins are added mannose-6-phosphate residue, a
tag targeting lysosomes [1]. On lysosomal membranes,
the overarching protein maintaining acid luminal pH is
vacuolar H+-ATPase (v-ATPase) that hydrolyses adeno-
sine triphosphate (ATP) to transport protons into lys-
osomes [2]. Other key lysosomal membrane proteins
include several ion channels, through which ions move
inward/outward [3]; lysosome-associated membrane
proteins (LAMPs), including LAMP1-5, among which
LAMP1 and LAMP2 are well documented to be involved
in  phagocytosis, chaperone-mediated autophagy
(CMA), macroautophagy, lipid transport, and aging [4];
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soluble N-ethylmaleimide-sensitive factor activating
protein receptors (SNAREs) and RAB GTPases that are
involved in trafficking and fusion [5]; toll-like receptors
(TLRs) that sense pathogen-associated molecular pat-
terns (PAMPs) and initiate inflammatory response [6];
and mammalian target of rapamycin (mTOR) that co-
ordinates several homeostatic signaling pathways [7].
Notably, a series of terms have been proposed to classify
lysosomes, such as terminal lysosomes, endolysosomes,
protolysosomes, phagolysosomes, and autolysosomes
indicating heterogeneity of lysosomes. In a word, the
complex lysosomal luminal and membrane proteins indi-
cate lysosomes to be pleiotropic organelles.

Lysosomes are formed through fusion of endosomes
and vesicles budded from trans-Golgi network. The main
regulator of lysosomal biogenesis is microphthalmia/
transcription factor E (MiT/TFE) protein family includ-
ing transcription factor EB (TFEB), transcription fac-
tor EC (TFEC), transcription factor binding to IGHM
enhancer 3 (TFE3), and melanocyte inducing transcrip-
tion factor (MITF) [8], among which TFEB is the best
studied. TFEB can be phosphorylated on several sites by
a number of kinases and phosphatases, such as mecha-
nistic target of rapamycin complex 1 (mTORC1) on
Ser211 [9], Ser142 [10], and Ser122 [11], glycogen syn-
thase kinase 3B (GSK3B) on Ser134 and Ser138 [12],
extracellular signal-regulated kinase (ERK) on Serl42
[13], mitogen-activated protein kinase kinase kinase
kinase 3 (MAP4K3) on Ser3 [14], and protein kinase B
(PKB) on Ser467 [15] repressing nuclear translocation
of TFEB. Dephosphorylation of TFEB by calcineurin
[16] and protein phosphatase 2 (PP2A) [17] lets TFEB
enter nuclear to regulate transcription. For example, if
nutrient is in abundance, TFEB is phosphorylated by
mTORC]1, which facilitates 14-3-3-dependent reten-
tion of TFEB in cytoplasm and prevents transcription
function of TFEB [9]. On the contrary, in the context
of starvation or mTOR inhibitor treatment, inactivated
mTOR leads to accumulation of dephosphorylated TFEB
resulting in nuclear translocation of TFEB [10]. Alter-
natively, in some cases, lysosomes release Ca>" through
transient receptor potential mucolipin 1 (TRPML1)
to activate calcineurin that dephosphorylates TFEB
[16]. In nucleus, TFEB transcribes coordinated lysoso-
mal expression and regulation (CLEAR) network genes
that code proteins highly related to structure and func-
tion of lysosomes [18] including receptors and enzymes
participating in lysosomal sorting. Both soluble and
membrane lysosomal proteins should be recognized by
sorting receptors. The best-known sorting receptor is
the mannose-6-phosphate receptors (M6PRs) that rec-
ognize M6P-tagged proteins in the Golgi complex [19].
Newly synthesized lysosomal proteins are successively
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modified by oligosaccharyltransferase [20], GlcNAc-
1-phosphotransferase, and uncovering enzyme [21] to
be tagged with M6P residues. In Golgi complex with pH
6.7, tagged proteins bind with M6PRs, while in acidic
endosomes with pH 6, the proteins are released [19].
Additionally, a subgroup of M6PRs, cation-independent
MPR, is able to localize at plasma membrane, which
underpins retrieving of escaped extracellular lysosomal
proteins [19]. Besides M6PRs, two sorting receptors are
also found, sortilin and lysosomal integral membrane
protein 2 (LIMP-2). Sortilin is involved in the sorting of
prosaposin [22], acid sphingomyelinase [23], cathepsin
D, and cathepsin H [24]. LIMP-2 mediates the transport
of B-glucocerebrosidase [25], whose dysfunction is asso-
ciated with Gaucher disease (GD). For lysosomal mem-
brane proteins, tyrosine-based or dileucine-based signals
are essential for their lysosomal targeting through adap-
tor proteins or Golgi-localising, Gamma-adaptin ear
domain homology, ARF-binding proteins (GGAs) [26,
27]. Early endosomes budding from post-Golgi complex
engage multiple rounds of membrane fusion and fission,
resulting in formation of late endosomes and lysosomes
[28, 29]. In a word, the lysosomal biogenesis pathway is
accurately controlled to keep the homeostasis of cell.

Function of lysosomes

Recent discoveries have changed the former considera-
tion of lysosomes as organelles that degrade and recycle
cellular waste. It is now clear that lysosomes are key orga-
nelles in degradation, innate and adaptive immunity, and
nutrient sensing [28]. Tempting researches have high-
lighted many signal pathways interacting with lysosomal
activities manifesting the central role of lysosomes in
many physiological processes [29]. In addition, progres-
sions of several diseases are also regulated by lysosomes
[30].

Autophagy

Lysosomal degradation is classified as endocytosis and
autophagy that is composed of macroautophagy, micro-
autophagy, and CMA. Cytoplasmic materials, like
mitochondria, are recycled through macroautophagy
triggered by Unc-51-like kinase (ULK) complex and
phosphatidylinositol 3-kinase (PI3K) complex, dur-
ing which double-membrane phagophores are formed
and then mature into autophagosomes [31]. To undergo
degradation, autophagosomes then fuse with lysosomes
with help of microtubule-associated protein 1A/B light
chain 3B (LC3B)-I/II [32]. Microautophagy is described
as a concise process that lysosome directly engulfs
cytosolic material via invagination of lysosomal mem-
brane under the mediation of vacuolar protein sorting 4
(VPS4) and ALG-2 interacting protein X (ALIX) [33]. In
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CMA, cytosolic soluble proteins are recognized through
KFERQ-like motif by complex containing members of
heat shock proteins (HSPs), HSPA8/HSC70. Then the
proteins are translocated into the lysosomal lumen with
help of lysosome-associated membrane protein type 2A
(LAMP2A) for degradation [34]. At present, the mecha-
nisms of autophagy have been intensively studied, thus
demonstrating autophagy dysfunction to be a crucial
step in the pathology of many diseases and a target for
interventions.

Innate and adaptive immunity

Immunity is directly impacted by lysosomal activities in
cells like DCs and macrophages. For innate immunity,
pathogens like bacteria are internalized through phagocy-
tosis and targeted to lysosomes for degradation. In cases
of bacteria that are able to escape from phagosomes into
cytosol, autophagy presents an additional mechanism
that captures and delivers bacteria for lysosomal degra-
dation [35, 36]. Additionally, several TLRs on lysosomal
membrane are able to recognize various microbial and
host-derived ligands and elicit pro-inflammatory signals
[6]. For adaptive immunity, antigenic peptides are gener-
ated for presentation by major histocompatibility com-
plex class IT (MHC-II) molecules to CD4" T cells. During
this process, tubulation of phagosomes and lysosomes
elicited by TLR4 signaling is important for antigen pres-
entation [37, 38]. Interestingly, autophagy displays the
opposite role in MHC-II and MHC-I antigen presenta-
tion. Transfer of cytosolic proteins into lysosomes and
MHC-II presentation is promoted by autophagy [39],
while inhibition of autophagy downregulates MHC-II
presentation [40]. On the contrary, autophagy augments
major histocompatibility complex class I (MHC-I) inter-
nalization resulting in dampened MHC-I presentation
[41], which is mainly based on transporter associated
with antigen processing complex. A better understand-
ing of the innate and adaptive immunity pathway would
be quite important for developing immunotherapy for
cancer.

Amino acid sensing

Another function of lysosomes is amino acid sensing
dependent on the localization of mTORC1 complex to
lysosomal membrane. Activation of Ragulator and Rag
GTPases mediated by amino acid is the key for lysoso-
mal membrane localization of mTORC1 complex [42].
Solute carrier family 38 member 9 (SLC38A9), an amino
acid transporter and sensor, putatively senses arginine
[43], glutamine, and leucine [44] to activate mTORC1
through Ragulator and Rag GTPases. Additional sens-
ing components that are involved in mTORCI1 activation
are Sestrin2 for leucine [45] and cellular arginine sensor
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for mTORC1 (CASTOR) for arginine [46], respectively.
When activated, mTOR functions as the master regulator
of various cellular behaviors such as growth, autophagy,
and lysosomal biogenesis. It’s still unknown whether
other nutrient sensing mechanisms on lysosomal mem-
branes exist.

In brief, lysosomes are the hub of several crucial cel-
lular activities and signals in physiological conditions. In
addition, extra lysosome-related mechanisms have been
reported in diseases including atherosclerosis, neuro-
degenerative diseases, pancreatitis, autoimmune disor-
ders, lysosomal storage disorders, and cancer. There are
some interesting similarities among these mechanisms.
Detailed understanding of these mechanisms inspires the
development of therapies targeting lysosomes.

Role of lysosomes in non-malignant diseases
Lysosomes in atherosclerosis

The development of atherosclerosis may result in coro-
nary syndromes [47], ischaemic strokes [48], intermittent
claudication [49], and aneurysms [50], owing to plaque
growth and thrombus formation. Low-density lipopro-
tein cholesterol (LDL-C) and oxidized LDL (oxLDL) [51]
engulfed by macrophage-derived foam cells accumulation
in the intima of arteries is the key during atherosclero-
sis, which causes chronic inflammation [52]. Afterward,
these cells may engage programmed cell death resulting
in a necrotic core covered by a fibrous cap, whose rup-
turing exposes tissue factor and provokes thrombosis
[53]. As the main source of foam cells, macrophages have
been rigorously studied, in which lysosomes are dem-
onstrated to be involved in almost the whole process of
atherosclerosis.

During the initiation of atherosclerosis, membrane
scavenger receptors such as CD36 [54, 55], scavenger
receptor A (SR-A) [55], and lipoprotein receptor-1 (LOX-
1) [56] are responsible for the internalization of lipids,
especially oxLDL, into lysosomes. The internalized LDL
is hydrolyzed by enzymes like lysosomal acid lipase to
produce free cholesterol that is exported to endoplas-
mic reticulum for re-esterification and storage. Sub-
stantial decrease in lysosomal acid lipase activity leads
to development of premature atherosclerosis in human
[57]. The lipid processing course can be in trouble when
macrophages are exposed to oxLDL [54]. Treatment with
oxLDL or cholesterol crystal caused lysosomal dysfunc-
tion featured with elevated lysosomal pH, increased
lysosomal membrane permeability, diminished degrada-
tion capacity, and morphological changes [58]. Together,
dysfunction of lysosomes owing to oxLDL or decreased
lipase may lead to pathological changes that cause ath-
erosclerosis through regulating autophagy, inflammas-
omes, apoptosis, and lysosomal biogenesis.
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Autophagy has shown its protective role in athero-
sclerosis development through promoting lipid droplet
hydrolysis and eventual efflux of free cholesterol from
foam cells [59]. Inhibition of autophagy by autophagy-
related 5 (Azg5) deletion accelerated atherosclerotic
plaque development [60]. Unfortunately, atherosclerotic
plaque development did impair autophagy conversely in
macrophages [61, 62] accounting for cholesterol crystal
accumulation and dysfunctional mitochondria, which are
responsible for inflammasome hyperactivation, M1-like
polarization, and apoptosis [63]. The cholesterol crys-
tal accumulation activated NOD-like receptor family,
pyrin domain containing 3 (NLRP3) inflammasome that
releases interleukin-1 beta (IL-1p) [62] through lysosomal
leakage containing cathepsins [54]. Impaired autophagy
also caused dysfunctional mitochondria that triggered
apoptosis through reactive oxygen species (ROS) and
cytochrome C [63]. In addition, it has been proved in
other disease models that cathepsins from lysosomes are
also the inducer of apoptosis in cytoplasm [64, 65]. Apop-
tosis of macrophages, or foam cells, is the key step in the
formation of lipid-rich necrotic core [53]. In a word, both
activated inflammasome and apoptosis in macrophages
are crucial for atherosclerotic plaque development.

The aforementioned deteriorations initiate several sig-
nal changes, which are largely based on activated mTOR
indirectly by cholesterol via a lysosomal transmembrane
protein SLC38A9 [66]. Activated mTOR may start sev-
eral detrimental mechanisms. First, mTOR activation
inhibits autophagy, whose suppression causes damages
described in the foregoing paragraph. Second, cholesterol
trafficking from lysosomes to endoplasmic reticulum
is obstructed by activated mTOR [67]. Third, activated
mTOR inhibits nuclear translocation of TFEB [9, 10] that
reverses lysosomal dysfunction [58]. Therapeutic ben-
efits of mTOR disruption by Cre/loxP recombination
[68] or small molecular inhibitors [69] are in accordance
with these mechanisms. What’s more, although detailed
mechanisms are still fuzzy, the association between
mTOR and macrophage polarization are proposed [70,
71]. Inhibiting mTOR elevated M2-like polarization that
stabilizes plaques and hampered M1-like polarization
that promotes plaque rupture [70, 72-74]. It’s noteworthy
that a more complex grouping of macrophages in plaques
has been put forward based on single-cell RNA sequenc-
ing [75]. A better understanding of mTOR-related path-
ways is tempting for mediation of atherosclerotic plaque
development.

In summary, lysosomes in macrophages are involved
in initiation, development, and progression of athero-
sclerotic plaque, which have been exhibited in Fig. 1 and
Table 1. They are the crucial nodes linking lipid degra-
dation, autophagy, apoptosis, inflammasome, lysosomal
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biogenesis, and macrophage polarization. Researches
on lysosomes and mTOR signal are promising for pre-
vention and therapy of atherosclerosis, several of which
have inspired lysosome-targeting clinical trials listed in
Table 4.

Lysosomes in neurodegenerative diseases

Aggregation of abnormal proteins and organelles is com-
mon in neurodegenerative diseases. The autophagy-
lysosome pathway (ALP) is essential for the survival of
non-dividing neurons by contributing to the removal of
abnormal large protein aggregates and organelles [76,
77]. Defective clearance by ALP and/or increased abnor-
mal protein aggregation is common in the pathogenesis
of several neurodegenerative diseases, including Alzhei-
mer’s disease (AD), Parkinson’s Disease (PD), and Hun-
tington disease (HD) [78]. It is difficult to determine
whether the defect of ALP is the cause or result of neu-
rodegeneration. Indeed, aggregation of toxic proteins,
impaired organelles, oxidative stress, and insufficient
ATP can interact with defective ALP leading to a worse
situation and eventual cell death [79, 80]. Several genetic
defects and lysosome-targeting clinical trials have been
summarized in Tables 1 and 4, respectively. Here we
summarily review the role of lysosomal dysfunction in
progressive neurodegenerative disorders.

Alzheimer’s disease

The pathology of AD is defined by the deposition of amy-
loid-beta (AP) peptides in extracellular amyloid plaques
and the accumulation of neurofibrillary tangles in cells
formed by phosphorylated microtubule-associated pro-
tein tau [81]. The dysfunction of ALP has been proposed
to play an important role in AD [82].

Amyloid precursor protein (APP) can be cleaved
through the non-amyloidogenic pathway or the amy-
loidogenic pathway. The non-amyloidogenic pathway
excludes the formation of A [83, 84], while the amyloi-
dogenic pathway produces AP40 and AP42, which tend
to misfold to form aggregates [85]. If lysosomal function
is impaired or AP production increases, Ap will accumu-
late in neurons leading to cell death and the pathological
manifestations of AD [86]. Tau, a microtubule-associated
phosphoprotein, is normally localized in the neuronal
axon, where it promotes microtubule assembly and sta-
bilizes microtubules. In AD, ALP dysfunction promotes
tau aggregation and causes hyperphosphorylated tau that
accumulate and form neurofibrillary tangles in neurons
[87, 88] promoting neurodegenerative development in
AD patients [89]. Additionally, the hyperphosphorylation
of tau may in turn cause autophagy dysfunction owing
to the instability of neuronal microtubules, which affects
the position and function of lysosomes [90].



Zhang et al. J Hematol Oncol (2021) 14:79

Page 5 of 39

oxLDL

— & &\\

/aUtophaQY\ '§ -~ / I

o
/ boq\"ii:& |_’biogenesis ‘

activate, tanslocate, promote
indirectly activate, tanslocate, promote
inhibit

indirectly inhibit

degrade

IL-18
- - ) — — )
; e : o . \I//
i cathepsins —p oy ——>
cathepsms—-‘—\—‘V P &N
\ \ /\ pro-IL-1B8
i \ ‘. inflammasome
cholesterol J E=
dysfunctional \V
ROS- - = -~ d.apoptosis

A

/7

cytochrome C = =~

lysosomal

Fig. 1 Role of lysosomes in development of atherosclerosis. Created with BioRender.com

Genetic variations causing dysfunction in ALP pathway
are important in the pathogenesis of AD. In mice, genetic
inactivation of cathepsin B that cleaves AP42 increased
AB42 and potentiated plaque deposition, while cathepsin
B over-expression reduced the deposition of pre-existing
amyloid protein [91]. Consistent with this, in a popu-
lation-based cohort study, the T allele of cathepsin D
rs17571 was associated with an increased risk of AD [92].
Presenilin 1 (PS1) mutation is one of the main causes of
early-onset familial AD [93, 94]. The PS1 mutant impedes
v-ATPase VOal subunit resulting in impaired proton
pump function, increased lysosomal pH, affected lyso-
somal proteolysis, and destroyed autophagy [95]. The
expression of Beclin 1, an initiator of autophagy path-
way, in AD brain is reduced [96]. The deficient Beclin 1
in vitro and vivo reduced neuronal autophagy resulting in
the deposition of AP, while its overexpression mitigated
the accumulation of AP [97]. Other attempts to restore

ALP [98], such as TFEB transfection [99], have yield
promising therapeutic effects.

In summary, these genetic variations deter the clear-
ance of abnormal proteins in neurons by lysosomes,
indicating restoring LAP in neurons to be a potential
therapeutic strategy.

Parkinson’s disease

The accumulation of misfolded proteins plays a central
role in the pathogenesis in PD and impairs lysosomal
function [100]. Accumulation of aggregated proteins
in Lewy bodies, which are mainly composed of alpha-
synuclein (a-syn), is the major pathogenic event in PD
[101]. Both CMA pathway and macroautophagy pathway
are important for mediating a-syn degradation in neu-
rons [102], while lysosomal dysfunction leads to a-syn
aggregation [103—105]. Inhibition of either system leads
to increased levels of a-syn [106].
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Table 1 Diseases related with lysosomal dysfunction

Diseases Lysosomal dysfunction Outcomes Reference
Atherosclerosis Lysosomal acid lipase deficient Substantial decrease in lysosomal acid lipase  [57]

Neurodegeneration diseases
Alzheimer’s disease

Parkinson'’s disease

Huntington disease

Pancreatitis

Autoimmune disorders

Systemic lupus erythematosus

Crohn's disease

Rheumatoid arthritis

Multiple sclerosis

OxLDL or cholesterol crystal accumulation

Presenilin T mutation

Becn1 ablation

Cathepsin D mutation

Cathepsin B ablation

Snca mutation

Atp13a2 ablation

Gbal mutation

Htt mutation

Wdfy3 ablation
Sgstm1 knockdown

Impaired autophagy flux

Imbalanced cathepsin B and cathepsin L

Enhanced autophagy in T cells

Defect LC3-associated phagocytosis

Defect lysosomal acidification
Defect autophagy

Defect lysosomal acidification
Impaired autophagy

Enhanced autophagy

activity leads to premature atherosclerosis
in human

OxLDL or cholesterol crystal causes lysosomal
membrane permeability, autophagy defi-
cient, mitochondrial dysfunction, inflamma-
some activation, and apoptosis

Defective Presenilin 1-dependent lysosomal
acidification is one of the main causes of
early-onset familial AD

Heterozygous deletion of beclin 1 (Becn1)
results in autophagy disruption, AR deposi-
tion, and neurodegeneration

The T-allele of cathepsin D rs17571 increases
risk of AD

Ablation of cathepsin B increases the abun-
dance of AR42 and potentiates plague
deposition

AS53T point mutation in the Snca gene causes
familial PD

Atp13a2 depletion leads to lysosomal mem-
brane instability, impaired acidification,
blocked clearance of autophagosomes,
a-syn accumulation, and cell death

Mutations in the Gbal gene are important risk
factors for PD

Mutated HTT protein has abnormally long
polyglutamine (polyQ) repeats near the
N-terminus, which promotes formation
of toxic oligomers and neuronal inclusion
bodies

Depletion of Wdfy3 accelerates the accumula-
tion of polyQ aggregates

Sgstm1 knockdown increases mHTT-induced
cell death

Increased autophagosome formation and
decreased autophagosome clearance are
observed

Imbalance between cathepsin B and cath-
epain L contributes to accumulation of
activated intracellular trypsin

Enhanced autophagy causes imbalanced T
cell subsets

Defect LC3-associated phagocytosis leads
to blunted clearance of dying cells and
elevated inflammation

Macrophages in lupus shows elevated lyso-
somal pH

Human or mice deficient in ATG16L1 are more
susceptible to Crohn’s disease

Elevated luminal pH links lysosomal dysfunc-
tion with Crohn's disease risk

Reduced autophagy links altered metabolism
and T cell exhaustion

Enhanced ATGS5 expression in T cells is cor-
related with more sever disability

[54,58,61-63]

[93-95, 340, 341]

[107,108]

[109,110]

[127]

[128]

[140, 342]

[140]

[146-148]

[149]

[343]

[150, 151]

(344]

[152]

[153]
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Table 1 (continued)

Diseases Lysosomal dysfunction Outcomes Reference

Lysosomal storage disorder

Niemann-Pick type C (NPC) disease  NpcT or Npc2 mutation Defective NPC1 or NPC2 causes lysosomal [345]
accumulation of cholesterol and glycosphin-
golipids leading to hepatic, pulmonary, and
neuropsychiatric disorder

Fabry disease Galactosidase a mutation Galactosidase a mutation causes globotria- [346]
osylceramide accumulation in lysosomes
leading to vascular diseases

Tay-Sachs disease B-hexosaminidase a mutation Deficient 3-hexosaminidase a causes GM2 [347]
ganglioside accumulation in lysosomes of
nerve cells leading to neuro disorder

Mucopolysaccharidoses diseases ~ Mutation in mucopolysaccharide catabolic Lysosomal accumulation of mucopolysac- [348]

enzymes charides leads to disorders in bone, cartilage,

connective tissues, and nervous

Pompe disease a glucosidase mutation Mutated a glucosidase causes glycogen accu-  [349]
mulation in lysosomes leading to cardiac
and respiratory failure

Gaucher disease glucosylceramidase 3 mutation Glucosylceramide accumulates in mac- [162]

rophage lysosomes leading to disorder in
visceral organs and nervous system

The A53T point mutation in the Snca gene that
encodes a-syn causes familial PD via accelerated oli-
gomerization or fibrillization of the protein [107, 108].
Other alterations in lysosome-related genes impair the
degradation of misfolded proteins. ATPase cation trans-
porting 13A2 (ATP13A2) depletion leads to a-syn accu-
mulation through lysosomal dysfunction [109, 110].
Mutations in lysosomal hydrolases are also critical risk
factors for the disease [111, 112]. For instance, mutated
glucocerebrosidase, commonly found in Gaucher dis-
ease, is important risk factor for PD [113]. Activating
autophagy by Latrepirdine [114] or TFEB overexpression
[13, 115] showed promising therapeutic effects in pre-
clinical researches.

In a word, genetic alterations promote PD through
both accelerating a-syn accumulation and decelerating
a-syn clearance, and enhancing autophagy is a possible
strategy.

Huntington disease

HD is a rare autosomaldominant neurodegenerative
disease caused by detrimental aggregationprone HTT
mutants (mHTT) with an aberrant expansion of cysteine,
adenine, and guanine (CAG) trinucleotide repeats within
exon 1 of the HTT gene [116-118]. The mHTT has
abnormally long polyglutamine (polyQ) repeats near the
N-terminus, which promotes the formation of toxic oli-
gomers and aggregates to form nuclear and cytoplasmic
neuronal inclusion bodies [119, 120]. Because wild-type
huntingtin serves as a scaffold for the recruitment of

several autophagy proteins [121], accumulation of mHTT
induces lysosomal and autophagy dysfunctions.

Interestingly, HD neurons show an increased number
of autophagosomes and maintain appropriate (or even
higher) levels of autophagy flux [122, 123]. Although the
initiation of autophagy and the formation of autophagic
vesicles increased through inactivating mTOR [124], the
aggregated mHTT and damaged organelles will be sel-
dom transferred to autophagosomes resulting in their
accumulation in the cytoplasm and toxicity [123]. Mac-
roautophagy plays a key role in the clearance of mutant
HTT aggregates [125, 126], during which adaptor pro-
tein, autophagy-linked FYVE protein (ALFY), is neces-
sary for clearing mHTT aggregation [127]. Depletion of
ALFY accelerated the accumulation of aggregates, while
increasing ALFY expression reduced protein aggregates
and mitigated polyQ toxicity [127]. In addition, dys-
function of p62, an autophagy receptor protein, signifi-
cantly increased neuron death induced by mHTT [128].
Notably, when macroautophagy is impaired by mHTT,
compensatory CMA activity may be up-regulated sug-
gesting the existence of crosstalk among autophagy
pathways [129]. However, the compensation mechanism
may decrease with age, leading to neuronal loss and the
pathological manifestations of HD [130]. Rapamycin and
rapamycin analog CCI-779 (temsirolimus) can effectively
attenuate the accumulation of huntingtin protein and
improve the motor performance in the mice [124].

Thus, developing therapies that upregulate autophagy
is likely to relieve mHTT aggregation in patients.
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Lysosomes in pancreatitis

Present researches shed light on the involvement of lys-
osomes in pathophysiology of pancreatitis [131]. Nor-
mally, pancreatic acinar cells secrete digestive enzymes,
many of which are inactive zymogens packed in zymogen
granules until they reach the intestines [132]. A canoni-
cal hypothesis for pancreatitis is intra-acinar trypsinogen
activation [131]. Excessive secretagogue-receptor or bile
salt receptor activation causes abnormal peak-plateau
calcium signal, which disrupts zymogen granule exocyto-
sis, blocks secretion, and initiates the formation of endo-
cytic vacuoles [133, 134]. The vacuoles containing trypsin
and trypsinogen fuse with lysosomes containing cathep-
sin B that transforms trypsinogen into trypsin [131, 135].
Alternatively, macrophages phagocytose extracellular
zymogen-containing vesicles and generate active trypsin
[136]. The unstable endocytic vacuoles would rupture
and release trypsin and cathepsin B into cytoplasm, thus
provoking apoptosis or necrosis [137]. Additionally, cal-
cium or tumor necrosis factor-a (TNF-«) from recruited
leukocytes are able to initiate necroptosis in acinar cells
[138, 139].

However, debates about the intra-acinar trypsino-
gen activation exist, because cathepsins co-localize with
digestive enzymes in physiological autophagy without
manifestation of pancreatitis [140]. Lysosomal dysfunc-
tion in pancreatitis is indicated by the findings that the
maturation of cathepsin B and cathepsin L are reduced
and that autophagosome formation is increased while
lysosomal degradation is decreased [140]. Since cathep-
sin B converts trypsinogen to trypsin [141] while cath-
epsin L digests both trypsinogen and trypsin [142], the
imbalance between cathepsin B and cathepsin L, espe-
cially insufficient cathepsin L maturation, may contribute
to trypsin accumulation and development of pancrea-
titis [140]. Besides abnormal cathepsins, disruption of
autophagy-related genes, ATGS [143], ATG7 [144], or
LAMP2 [145], induces spontaneous or chronic pancrea-
titis implying the importance of autophagy in pancreatitis
pathology.

In summary, the detailed involvement of lysosomal
dysfunction and cathepsin activities in pancreatitis is still
controversial. Quantification or semi-quantification of
autophagy activities and cathepsin activities in patients
or animal models may help clarify the mechanisms. The
lysosomal dysfunction in pancreatitis has been summa-
rized in Table 1.

Lysosomes in autoimmune disorders

Multi-facetted role of lysosomes in autoimmune dis-
orders has been demonstrated by the finding that
autophagy, cathepsin expression, and luminal pH are
altered in different immune cells in patients or mouse
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models [30]. In lupus, activated autophagy supports sur-
vival, development, and differentiation in B cells and T
cells [146, 147]. Imbalance between pro-inflammatory
Th17 and immunosuppressive regulatory T cells (Tregs)
is attributed to autophagy activation in these T cell sub-
sets [148]. However, mice deficient in LC3-associated
phagocytosis, a non-canonical autophagy, showed
blunted clearance of dying cells and elevated inflamma-
tory cytokines, immune complex deposition, and autoan-
tibodies as well as more sever lupus symptom [149].
Autophagy deficiency is also indicated in Crohn’s disease
[150, 151] and T cells from rheumatoid arthritis [152],
while intensified autophagy in T cells is highlighted in
multiple sclerosis [153]. The regulation of glucocorticoid
receptors by lysosomal degradation is a contentious topic
that lysosome inhibitors, chloroquine or bafilomycin Al,
enhance therapeutic effects of glucocorticoid in rheuma-
toid arthritis [154], while autophagy activator, rapamycin,
declines prednisone requirement in lupus patients [155].
The above findings imply various autophagy alterations
in different cell subsets from different autoimmune dis-
orders. Thus, interventions targeting autophagy pathway
should be carefully designed and tested. The lysosomal
dysfunction and lysosome-targeting clinical trials for
autoimmune disorders have been summarized in Tables 1
and 4, respectively.

Lysosomes in lysosomal storage disorders (LSDs)

LSDs are a group of heterogeneous inherited metabolic
disorders, most of which are attributed to mutations of
particular lysosomal hydrolases. The pathology of LSDs
can be explained by the accumulation of the substrates
of the hydrolases or the secondary products forma-
tion instigated by the substrates [30]. An exception is
mucolipidosis type IV, where mutated MCOLN1, a non-
selective cation channel gene, impairs the fusion of lys-
osomes with both autophagosomes and late endosomes
[156]. Common detrimental autophagy alterations and
following changes have been revealed in LSDs. Deregu-
lated mitophagy leads to increased damaged mito-
chondria engendering reactive oxygen species, ATP
production, and imbalanced Ca®* [157]. Microautophagy
is impaired in Pompe disease [158]. Defective CMA
caused by mutated LAMP2 has been claimed in Danon
disease [159]. Detailed descriptions of the deficient pro-
teins in LSDs have been listed in Table 1. The enzyme
replacement therapies for LSDs are underpinned by the
mechanisms that some cation-independent MPRs are
localized at plasma membrane to retrieve escaped extra-
cellular lysosomal proteins [19]. Thus, supplying the
appropriate enzymes is able to reverse the pathology of
LADs. Alternatively, gene therapies are newly devel-
oped to restore deficient genes in patients. Clinical trials
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testing enzyme replacement therapies and gene therapies
of LADs have been listed in Table 4. It will be an interest-
ing topic to compare enzyme replacement therapies with
gene therapies.

A special feature for GD is its relationship with
increased risk for malignancies, particularly hemato-
logical malignancies [160, 161]. The biallelic glucosyl-
ceramidase f gene mutation causes glucocerebroside
accumulation in lysosomes in macrophages, the Gau-
cher cells (GCs) [162] that conglomerate to form Gauch-
eromas in liver, spleen, bone marrow, and even nervous
system [160, 161]. Patients with GD are more frequent
to develop multiple myeloma and several hematological
malignancies [161, 163]. Additionally, elevated frequen-
cies of malignancies in kidney, liver, prostate, testis, brain,
bone, colon, and melanoma are also related with GD
[161, 164]. The predisposition of malignant tumor could
be explained, at least partially, by an altered microenvi-
ronment related to phenotypes of GCs [160]. Impaired
autophagy in GCs led to p65-nuclear factor-kappaB (NF-
kB) activation following with IL-1f secretion by inflam-
masome pathway [165]. However, anti-inflammatory
interleukin-13 (IL-13) was also increased [166]. Several
works demonstrated that the phenotype of GCs resem-
bled alternatively activated macrophages [167, 168]. In
fact, M2-like GCs were surrounded by spleen cells with
strong and frequent M1-like markers such as IL-1( and
monocyte chemotactic protein-1 (MCP-1) [167]. We
propose that the existence of both M1-like and M2-like
macrophages in GD tissues resembles a sterile chronic
inflammation environment facilitating malignancies
development in various mechanisms [169-172]. In a
word, abnormal lysosomal storage disorder in mac-
rophages is closely related to macrophage activation that
may create an inflammatory microenvironment suitable
for tumorigenesis.

Role of lysosomes in tumor microenvironment

Malignant tumor is an increasingly severe health prob-
lem making up the growing rate of death nowadays. In
most cases, conventional therapies display only limited
effects. The difficulties in therapy exist not only in com-
plex tumor cells but also in complicated tumor micro-
environment (TME) composed of macrophages, T cells,
dendritic cells, fibroblasts, and other cells. It has been
clear that the progression and regression of tumors are
highly dependent on the dynamic interactions between
various cells within TME [173]. In the microenviron-
ment characterized by innutrition, acidity, hypoxia,
and ischemia, tumor cells reprogram phenotypes and
behaviors of stromal cells to promote tumor progression
through inducing proliferation, drug resistance, inva-
sion, metastasis, and immunosuppression [173]. These
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interactions are achieved through membrane proteins,
cytokines, metabolites, exosomes, and others. Compel-
ling results have substantiated lysosomes are exceedingly
evolved in the phenotype and behavior changes. In the
following paragraphs, lysosome-related mechanisms in
several cell subgroups are introduced and these mecha-
nisms are summarized in Table 3.

Lysosomes in tumor cells

Massive knowledge about tumor cells has been collected
over the past decades. Tumor cells are now considered
as a group of cells that contain unstable genome with
numerous mutations and are able to proliferate con-
tinuously, evade cell death, induce angiogenesis, invade,
metastasize, avoid immune supervision, resistant to
chemotherapy, and resistant to radiotherapy [174]. Para-
digms such as epithelial-mesenchymal transition and
cancer stem cells have been proposed to explain and link
these malignant behaviors. Additionally, activities of lys-
osomes are implicated in the phenotypes of malignant
cells. The overarching lysosomal activity, autophagy, has
been shown to inhibit tumorigenesis, yet promote tumor
progression. Autophagy prevents tumorigenesis by inhib-
iting the transformation of pre-malignant cells [175, 176].
Genotoxic ROS and dysfunctional mitochondria are
eliminated by autophagy [177, 178]. Moreover, autophagy
could process genomic instability, such as extruded cyto-
plasmic chromatin fragments [179], micronuclei [180],
and endogenous retrotransposons [181]. However, eleva-
tion of autophagy has been shown in primary tumor cells
and cell lines [182, 183]. Comparing the differences of
autophagy between pre-malignant cells and cancer cells
will be an interesting topic. Autophagy, as well as other
lysosome-related mechanisms facilitate tumor progres-
sion by promoting malignant phenotypes mentioned
above. Here we focus on the mechanisms through which
lysosomes regulate proliferation, invasion, radiotherapy
resistance, and chemotherapy resistance.

Regulation of tumor cell proliferation by lysosomes

Lysosomes regulate tumor cell proliferation through
manipulating growth factor signals and providing nutri-
ents. Growth factor signals are initiated at plasma mem-
brane by receptor tyrosine kinases (RTK), which can be
limited by endocytic degradation in lysosomes [184].
Epidermal growth factor receptor (EGFR), a member
of RTK, can be internalized from plasma membrane to
macropinocytic structures with help of adaptor mol-
ecule, growth factor receptor bound protein 2 (Grb2),
when cells are stimulated with epidermal growth factor
(EGEF), the ligand of EGFR [185]. This feedback mecha-
nism can be controlled by a tumor suppressor protein,
receptor-associated late transducer (RALT) [186]. On the
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other hand, in order to sustain tumor growth, tumor cells
need more nutrients than normal cells to provide energy
and biosynthetic material [187]. Lysosomes degrade
recycled intracellular materials and internalized extra-
cellular proteins by autophagy and macropinocytosis,
respectively, to supply amino acids [183, 187, 188]. The
utilization of extracellular proteins for nutrient supple-
ments is achieved when mTORCI1 is inactivated [189].
As expected, inhibited autophagy and macropinocyto-
sis impeded tumor growth [182, 187]. Moreover, David-
son et al. put the hypothesis forward in their review that
autophagy may also be an adaptive strategy to salvage
nucleotides by recycling endogenous and exogenous
nucleic acids [174]. Collectively, lysosomes are the key
regulator of both proliferation signal and proliferation
materials. A good question is whether lysosomes are able
to regulate other growth factor signals and provide other
kinds of nutrients for tumor cells.

Regulation of tumor cell invasion by lysosomes

Invasion is one of the most crucial malignant behaviors,
which jeopardizes adjacent normal tissues and is tightly
related to metastasis. A key step of invasion is degrada-
tion of the extracellular matrix. Cathepsins, a family of
peptidase in lysosome, have been extensively researched,
because of their significant relationship with invasion,
metastasis, and prognosis [190]. They are categorized
into cysteine peptidases (cathepsins B, C,F, H, K, L, O, S,
V, W, and X), serine peptidases (cathepsins A and G), and
aspartic peptidases (cathepsins D and E) [65]. Expres-
sion alterations of cathepsins are ubiquitous in tumors,
as summarized in Table 2. Both tumor cells and stromal
cells are able to release cathepsins into TME; however,
cathepsins from distinct cells may have different func-
tions [191, 192]. In most cases, up-regulated cathepsins
are associated with migration, invasion, and metasta-
sis indicating tumor progression and poor prognosis.
Thus, many of the cathepsins have been identified as
prognostic markers or therapeutic targets. Cathepsin B,
for example, is able to degrade laminin, collagen IV, and
fibronectin, three major components of the basement
membrane, at both acid and neutral pH [193]. To make
matters worse, cystatins, endogenous cathepsin inhibi-
tors, are down-regulated in some cancers [194]. Besides
degradation of extracellular matrix, cathepsin B and X in
several tumor cell lines are able to stimulate epithelial-
mesenchymal transition (EMT), a process that has been
wildly recognized to promote invasion [195]. Moreover,
cathepsin B also promotes migration in glioma-initiating
cells through mediating c-Jun amino terminal kinase
(JNK) [196]. Consistent with these findings, administra-
tion of cathepsin inhibitors diminished tumor invasion
[197]. Interestingly, although potentiated invasion and
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metastasis caused by elevated expression of cathepsins
are wildly recognized, several reverse relationships
between cathepsins and tumor progression have been
reported (Table 3). Augmented cathepsin X was involved
in early tumorigenesis of colon carcinoma, nonetheless,
gradual loss of cathepsin X was detected during advanced
local invasion and metastasis leading to poor prognostic
outcome [198]. A similar pattern was found in cathepsin
E whose expression was significantly higher in Barrett’s
esophagus than normal tissue, but esophageal adeno-
carcinoma expressed a relatively lower cathepsin E level
than Barrett’s esophagus [199]. Another favorable role
of cathepsins in patients was seen in cathepsin V from
thymic carcinoma [200] and cathepsin E from bladder
cancer [201] and breast cancer [202]. The diverse effects
of cathepsins on different tumors imply various unknown
mechanisms. In fact, the roles of cathepsins in tumor are
considerably beyond promoting invasion [197]. More
details about the involved mechanisms would be help-
ful for understanding their different effects on tumor
progression.

Regulation of tumor cell radioresistance by lysosomes

Radiotherapy is now wildly used in the therapy of
malignant tumors, whose therapeutic effect is based
on direct DNA damage through radiation itself and
indirect DNA damage through ROS and reactive
nitrogen (RNS) species. Following DNA damage, cell
death is induced in tumor cells. However, tumor cells
sometimes develop radioresistance resulting in recru-
desce and therapy failure. Several factors related to
radioresistance have been revealed at present, includ-
ing autophagy, cathepsins, and tumor stem cells. The
autophagy response may vary depending on differ-
ent dosages and kinds of radiation, as well as different
tumor cells. More frequently, ionizing radiation induces
autophagy [203] through mTOR inhibition [204] or
autophagy-related 4B cysteine peptidase (ATG4B)
[205] activation. Although detailed mechanisms are
still ambiguous, the protective role of autophagy in
tumor cells treated with radiation has been verified in
various tumor cells, possibly depending on liver kinase
B1 (LKB1) [206] and p53 [207]. In accordance with
the reported protective role of autophagy, a series of
attempts blocking autophagy resulted in increased radi-
osensitivity, including pharmacological inhibition, gene
silencing, and gene knockout [203]. Therapy strategies
combining radiotherapy and autophagy inhibition have
been tested, which showed promising outcomes [208,
209]. Knockdown of TFEB, the downstream transcrip-
tion factor of mTOR, diminished radioresistance in
cancer cells, indicating the involvement of lysosomal
biogenesis in autophagy-dependent radioresistance
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Table 3 Function of lysosomes in subset of cells in TME
Cell subset Function of lysosomes Outcomes Reference
Tumor cell  Proliferation EGFR can be internalized from plasma membrane and degrade in lysosomes [184,185]
Autophagy and macropinocytosis provide extra nutrients [183, 187, 188]
Invasion Cathepsins degrade extracellular component and promote EMT [193,195]
Radioresistance Radioresistance can be achieved through autophagy, cathepsins, and tumor stem  [205, 206, 212, 214, 215]
cells
Chemoresistance Drugs are sequestrated in lysosomes by actively transportation or passive diffu- [220]
sion
Autophagy promotes or inhibits cancer cell death in different situation [232-237]
TAMs M2-like polarization Autophagy, LAP, and CMA regulate M2-like polarization at most cases [257, 259, 260]
M1-like polarization TLRs on lysosomal membrane regulate M1-like polarization [262, 264, 266]
Elevated luminal pH is correlated with M1-like polarization [275,276]
Invasion promotion TAM-derived cathepsins promote tumor invasion [280, 283, 284]
Chemoresistance induction  TAM-derived cathepsins protect tumor cells from drug-induced apoptosis [279]
Infiltration promotion TAM-derived cathepsins promote macrophage infiltration into TME [290, 291]
DCs Antigen presentation LAMP3" DCs are able to elicit CD8" T cell immunity. Autophagy may promote or  [293-296]
inhibit antigen presentation
CAFs Chemoresistance regulation  Autophagy in CAFs promotes or inhibits chemoresistance in different tumor [303, 304]
Proliferation promotion Autophagy in CAFs provides nutrients for tumor cells [299, 300]
Invasion promotion Autophagy in CAFs promotes EMT in tumor cells [305]
Stemness promotion CAFs with active autophagy release HMGB1 to enhance stemness in tumor cells ~ [306]
T cells CD8* T cell immunity Autophagy in CD8™ T cells promotes or inhibits CD8* T cell immunity in different  [309, 310]
tumor
CD4™ T cell immunity Autophagy in CD4™ T cells inhibits anti-tumor effects by T,,9 cell [311,312]
Treg inhibition Autophagy in Treg promotes survival and stability of Treg cells [313]

[210]. However, Kim et al. showed that radiation-acti-
vated mTOR and elicited de novo protein synthesis
instead of autophagy [211] implying a context-depend-
ent regulation of mTOR and autophagy. Besides
autophagy, cathepsins also mediate radioresistance
in tumor cells. Elevation of cathepsin B [212], S [213],
and L [214] was observed in tumor cells after radiation
treatment. Potential mechanism of cathepsin-induced
radioresistance is related to cell cycle mediation and
DNA repairment, because knockdown of cathepsin L
led to G,/M phase cell cycle arrest [214] and decreased
phosphorylation of DNA repair checkpoint protein,
ataxia-telangiectasia-mutated kinase (ATM) and DNA-
dependent protein kinase (DNA-PKcs) [215]. Nuclear
translocation of NF-«kB and following activation of
cyclin D1 and ATM were highlighted as downstream
signal of cathepsin L [216]. A link between cathepsins
and tumor stem cells is another mechanism of radiore-
sistance. Cathepsin B [212, 217] and L [218] have been
shown to relate significantly with tumor stem cells,
a subgroup of cells that are resistant to radiotherapy
[219]. Cathepsin L knockdown dramatically reduced
CD133, a stem cell marker [215]. In a word, knockdown
or inhibition of cathepsins and autophagy are potential
strategies to increase the radiosensitivity of tumor cells.

Regulation of tumor cell chemoresistance by lysosomes

An intriguing mechanism of lysosome-mediated chem-
oresistance in tumor cells has been well elaborated.
Briefly, drugs can be sequestrated in lysosomes through
passive diffusion or active transportation, which pre-
vents drugs from reaching their intracellular targets
[220]. For passive diffusion, lysosomes are distinguished
by their luminal pH of about 4.5-5, hence lysosomes are
able to sequester lipophilic, weakly basic drugs without
the help of transporters [221, 222]. Once accumulate in
lysosomes, these drugs can hardly pass the lysosomal
membrane because of protonation [220]. Alternatively,
chemotherapy drugs can also enter lysosomes through
trafficking by P-glycoprotein (P-gp), an ATP-depend-
ent efflux pump [221]. Normally, P-gp is embedded in
the plasma membrane, but it can be incorporated into
lysosomal membranes through intracellular trafficking
[223]. Of note, acid lysosomal pH and P-gp may coop-
erate to achieve drug sequestration [224]. Several effec-
tors are involved in the mediation of drug sequestration,
including P-gp expression, luminal pH, and lysosomal
biogenesis. Expression of P-gp can be up-regulated by
hypoxia-inducible factor-1a (HIF-1a) elicited by stressors
in the microenvironment [223]. In breast cancer cell line,
drug-resistant MCF-7 cells appeared more acid luminal
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pH than normal MCF-7 cells [225]. As expected, increase
in lysosomal pH and drug-sensitization were observed
through knockdown of v-ATPase that maintains lumi-
nal acid pH [226]. Exposed to hydrophobic weak bases
drugs, cancer cells showed an increased number of lys-
osomes per cell [227], indicating lysosomal biogenesis.
The lysosomal biogenesis could be regulated by inhibi-
tion of mTOR and nucleus translocation of TFEB when
weak base drugs accumulate in lysosomes [228]. Devel-
opment of methods targeting drug sequestration may
help improving the effect of chemotherapy.

It’'s still in passionate debate whether autophagy
should be inhibited or stimulated in tumor therapy.
On the one hand, extensively activated autophagy can
result in autophagic cell death [229]. On the other
hand, massive evidence have highlighted autophagy as
a process protecting cancer cells against chemotherapy

Page 17 of 39

[230, 231]. In pre-clinical researches, inhibition of
autophagy flux enhanced anti-tumor effects of drugs
against glioblastoma [232], breast cancer [233], gas-
tric cancer, [234], and pancreatic cancer [235]. On the
contrary, a positive correlation between autophagy and
cell death has been found in squamous carcinoma [236]
and lymphoblastic leukemia [237]. In clinical trials,
both autophagy stimulator, rapamycin, and inhibitor,
hydroxychloroquine are largely tested. Further results
with quantification or semi-quantification, rather than
stimulation/inhibition, of autophagy in cancer cells
might be helpful in determining how interventions tar-
geting autophagy should be administrated.

The lysosome-related mechanisms have been sum-
marized in Fig. 2. Interventions targeting these
mechanisms seem to be promising. Interestingly, dif-
ferent mechanisms are found in tumor associated mac-
rophages and other components of tumors.
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Table 4 Interventions targeting lysosomes
Disease Intervention Stage of development Comment NCT number
Atherosclerosis Temsirolimus & Dexamethasone Phase I mTOR inhibitor NCT03942601
Temsirolimus Phase Il mTOR inhibitor NCT04433572
Chloroquine Not applicable Autophagy/lysosome inhibitor NCT00455403
Hydroxychloroquine Phase IV Autophagy/lysosome inhibitor NCT04161339
Alzheimer’s disease Trehalose Phase | Autophagy inducer NCT04663854
Hydralazine Phase Il Autophagy inducer NCT04842552
Rapamune Phase | Autophagy inducer NCT04200911
Rapamycin Phase Il Autophagy inducer NCT04629495
Parkinson’s disease Exablate BBBD with Cerezyme Not applicable Enzyme replacement therapy NCT04370665
Systemic lupus erythematosus ~ Hydroxychloroquine or chloroquine  Phase ll Autophagy/lysosome inhibitor NCT01946880
Sirolimus Phase I Autophagy inducer NCT04582136
Sirolimus Phase Il Autophagy inducer NCT04736953
Rapamycin Phase I Autophagy inducer NCT00779194
Crohn’s disease Rapamycin Not applicable Autophagy inducer NCT02675153
Ciprofloxacin + Doxycy- Phase Il Combination of hydroxychloroquine  NCT01783106
cline 4+ Hydroxychloro- with others
quine + Budesonide
Rheumatoid arthritis Temsirolimus Phase Il mTOR inhibitor NCT00076206
Sirolimus Phase I/l Autophagy inducer NCT00392951
Infliximab + DMARDs (methotrexate;  Phase lll Combination of chloroquine with NCT00521924
chloroquine; leflunomidum; cyclo- others
sporin A; sulfasalazine; OM 89)
Multiple sclerosis Temsirolimus Phase ll mTOR inhibitor NCT00228397
Sirolimus Phase I/11 Autophagy inducer NCT00095329
Fabry disease Agalsidase alfa Phase lll Enzyme replacement therapy NCT01298141
Agalsidase beta Phase IV Enzyme replacement therapy NCT00081497
Tay-Sachs disease AXO-AAV-GM2 Phase | Gene therapy NCT04669535
Mucopolysaccharidosis diseases ~ Aldurazyme (for type I) Phase lll Enzyme replacement therapy NCT00258011
Idursulfase (for type Il) Phase II/1ll Enzyme replacement therapy NCT00630747
SAF-301 (for type IIl) Phase I/1l Gene therapy NCT02053064
ABO-102 (for type IIl) Phase I/1l Gene therapy NCT04088734
Naglazyme (for type IV) Phase IV Enzyme replacement therapy NCT00299000
elosulfase alfa (for type IV) Not applicable Enzyme replacement therapy NCT03204370
AAV2/8 TBG.hARSB (for type IV) Phase I/11 Gene therapy NCT03173521
UX003 (for type VII) Phase I/Il Enzyme replacement therapy NCT01856218
Pompe disease Alglucosidase alfa Phase IV Enzyme replacement therapy NCT04676373
Gaucher disease Imiglucerase Phase IV Enzyme replacement therapy NCT04656600
Velaglucerase alfa Phase IV Enzyme replacement therapy NCT04718779
taliglucerase alfa Phase IV Enzyme replacement therapy NCT04002830
Non-small cell lung cancer Binimetinib 4 Hydroxychloroquine Phase Il Combination Therapy NCT04735068
Paclitaxel 4+ Carboplatin = Bevaci- Phase Il Combination Therapy NCT01649947
zumab £ Hydroxychlorogquine
Bevacizumab + Carboplatin +Pacli- ~ Phase I/l Combination Therapy NCT00728845
taxel + Hydroxychloroquine
Sunitinib 4+ Rapamycin Phase | Combination Therapy NCT00555256
Neratinib £ Temsirolimus Phase I Combination Therapy NCT01827267
Small cell lung cancer Chloroquine Phase | Autophagy/lysosome inhibitor NCT00969306
Etoposide + Carboplatin + Atezoli- Phase I/11 Combination Therapy NCT04101357

zumab +BNT411 (TLR7/8 agonist)
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Disease Intervention Stage of development Comment NCT number
Colon cancer Bupivacaine liposome suspension Phase IV Bupivacaine slowly released from NCT02052557
(for pain control) lysosomes
FOLFOX/bevacizumab =+ Hydroxy- Phase I/Il Combination Therapy NCT01206530
chloroquine
Vorinostat 4+ Hydroxychloroquine Phase I Combination Therapy NCT02316340
nab-rapamycin + mFOLFOX6 and Phase | Combination Therapy NCT03439462
Bevacizumab
Temsirolimus + Cetuximab Phase | Combination Therapy NCT00593060
Pembrolizumab + Poly-ICLC (TLR3 Phase I/Il Combination Therapy NCT02834052
agonist)
FOLFIRI + Cetuximab + IMO-2055 Phase | Combination Therapy NCT00719199
(TLR9 agonist)
Breast cancer Hydrochloroquine Phase ll Autophagy/lysosome inhibitor NCT01292408
Ixabepilone + Hydroxychloroquine Phase I/l Combination Therapy NCT00765765
Letrozole + Palbociclib 4+ Hydroxy- Phase I/11 Combination Therapy NCT03774472
chloroquine
Chloroquine Phase Il Autophagy/lysosome inhibitor NCT02333890
Zoledronic acid + Odanacatib (cath- ~ Phase I/l Combination Therapy NCT00399802
epsin Kinhibitor)
Trastuzumab + Rapamycin Phase ll Combination Therapy NCT00411788
Inetetamab + Rapamycin +Chemo-  Phase lll Combination Therapy NCT04736589
therapy
Rapamycin Phase ll mTOR inhibitor NCT02642094
Radiation + Cyclophospha- Phase I/11 Combination Therapy NCT01421017
mide 4 Imiquimod (TLR7 agonist)
Hepatocellular cancer Sorafenib 4 Hydroxychlorogquine Phase Il Combination Therapy NCT03037437
temsirolimus Phase Il mTOR inhibitor NCT01079767
RO7119929 Phase | TLR7 agonist NCT04338685
Cholangiocarcinoma ABC294640 + Hydroxychloroquine Phase Il Combination Therapy NCT03377179
Gastrointestinal cancer Cobimetinib 4 Atezoli- Phase /1l Combination Therapy NCT04214418

Prostate cancer

Biliary cancer
Ovarian cancer

zumab + Hydroxychloroquine
Hydroxychloroquine
Docetaxel &= Hydroxychloroquine
Odanacatib
Temsirolimus
Bevacizumab + Temsirolimus
Temsirolimus + Diphenhydramine
Trametinib + Hydroxychloroquine
Temsirolimus

Cisplatin + Pembrolizumab + Rinta-
tolimod (TLR3 agonist)

OC-L+ Ampligen (TLR3 agonist)

Early Phase 1
Phase Il
Phase Il
Phase Il
Phase /11
Phase Il
Phase Il
Phase Il
Phase /11

Phase I/11

Autophagy/lysosome inhibitor
Combination Therapy
Cathepsin Kinhibitor

mTOR inhibitor

Combination Therapy
Combination Therapy
Combination Therapy

mTOR inhibitor

Combination Therapy

Combination Therapy

NCT02421575
NCT00786682
NCT00691899
NCT00919035
NCTO01083368
NCT00887640
NCT04566133
NCT00926107
NCT03734692

NCT01312389
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Table 4 (continued)
Disease Intervention Stage of development Comment NCT number
Pancreatic cancer 1Y3214996 & Hydroxychloro- Phase Il Combination Therapy NCT04386057
quine sulfate
Gemcitabine + Abraxane 4+ Hydroxy-  Phase I/II Combination Therapy NCT01506973
chloroquine
Binimetinib + Hydroxychloroquine Phase | Combination Therapy NCT04132505
Sirolimus Phase I mTOR inhibitor NCT00499486
Bevacizumab 4 Temsirolimus Phase ll Combination Therapy NCT01010126
Radiation Ther- Phase | Combination Therapy NCT04050085
apy + Nivolumab 4 SD-101 (TLR9
agonist)
INCAGNO01949 4+ CMP-001 (TLR9 Phase | Combination Therapy NCT04387071
agonist)
Melanoma Dabrafenib+Trametinib &= Hydroxy- ~ Phase Il Combination Therapy NCT04527549
chloroquine
Sorafenib +Temsirolimus Phase | Combination Therapy NCT00349206
MART-1 Antigen £ GLA-SE (TLR4 Early Phase | Combination Therapy NCT02320305
agonist)
NY-ESO-1 protein 4+ Monta- Phase I/11 Vaccine NCT01079741
nide + Poly ICLC (TLR3 agonist)
Multiple myeloma Bortezomib + hydroxychloroquine Phase | Combination Therapy NCT00568880
Brain neoplasms Temsirolimus Phase | mTOR inhibitor NCT00949026
Head and neck cancer Temsirolimus 4+ Weekly Pacli- Phase I/l Combination Therapy NCT01016769
taxel + Carboplatin
Cetuximab 4 EMD 1201081 (TLR9 Phase I Combination Therapy NCT01040832
agonist)
Renal cell cancer Sunitinib + Temsirolimus Phase | Combination Therapy NCT01122615
Bladder cancer Temsirolimus Phase Il mTOR inhibitor NCT01827943
Sirolimus Early Phase | mTOR inhibitor NCT02753309
Glioma Tumor-lysate pulsed DC vaccina- Phase I Vaccine NCT01204684
tion+adjuvant poly ICLC (TLR3
agonist)
Esophageal cancer URLC10-177 4 TTK-567 +CpG-7909  Phase I/l Vaccine NCT00669292
(TLR9 agonist)
Follicular Lymphoma Radiation Therapy + Ibruti- Phase /1l Combination Therapy NCT02927964
nib+SD-101 (TLRY agonist)
Non-Hodgkin Lymphoma local irradiation +CPG 7909 (TLR9 Phase I/1l Combination Therapy NCT00185965
agonist)
Advanced or metastatic tumor  Avdoralimab + Monali- Phase Il Combination Therapy NCT04333914
combined with COVID-19 zumab 4+ GNS651 (autophagy
inhibitor)
Nonspecific cancer GSK1795091 Phase | TLR4 agonist NCT02798978
Anti-Cancer Agent+SHR2150 (TLR7 ~ Phase I/II Combination Therapy NCT04588324
agonist)
Echopulse +PD-1 4 Imiquimod Phase | Combination Therapy NCT04116320
(TLR7 agonist)
Durvalumab +MEDI9197 (TLR7/8 Phase | Combination Therapy NCT02556463
agonist)
Ipilimumab 4 Nivolumab +Tilsotoli-  Phase | Combination Therapy NCT04270864
mod (TLR9 agonist)
NY-ESO-1 protein 4+ Monta- Phase | Vaccine NCT00821652
nide & Resiquimod (TLR7/8
agonist)
BMS 986178+ SD-101 (TLR9 agonist)  Phase | Combination Therapy NCT03831295

Function of several repeatedly mentioned chemical: mTOR inhibitor: Temsirolimus, Sirolimus, Rapamycin, Rapamune; autophagy/lysosome inhibitor:

Hydroxychloroquine, Chloroquine. +: combination; +/—: with or without
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Lysosomes in tumor-associated macrophages (TAMs)
Massive infiltrated TAMs in tissues always indicate
chemotherapy resistance, tumor angiogenesis, immune
suppression, metastasis, and poor prognosis [238-240].
Therefore, TAMs have been a hotspot for a few decades.
Polarization of TAMs has been proposed to give an out-
line of diverse phenotype changes of TAMs, which are
able to assume distinct and metastable phenotypes in
response to different environmental stimuli [241, 242].
Although more complicated spectrum of macrophage
polarization have been proposed [243, 244], the para-
digm of M1/M2 is now wildly used. M1 macrophages,
namely activated macrophages, show pro-inflamma-
tory phenotype, which is stimulated by ligands of TLRs,
interferon gamma (IFN-y), tumor necrosis factor alpha
(TNF-a), and pathogenic microorganisms [241, 245-
247]. On the contrary, transforming growth factor beta
(TGE-p), interleukin-4 (IL-4), interleukin-10 (IL-10), and
IL-13 induce M2 macrophages, also known as alterna-
tively activated, macrophages that serve as anti-inflam-
matory factors [241, 242, 248-251]. TAMs are broadly
M2-like macrophages even though they may temporarily
express M1-like phenotypes at the early stage of tumor
growth [252]. Lysosomes in TAMs have been shown to
participate in polarization regulation, as well as addi-
tional behaviors distinct from macrophage polarization,
such as immune mediation, stromal degradation, and
angiogenesis.

Regulation of TAM polarization by autophagy

Direct regulators of macrophage polarization are tran-
scription factors such as NF-kB, signal transducer and
activator of transcription 3 (STAT3), signal transducer
and activator of transcription 6 (STAT6), and hypoxia-
inducible factor-2a (HIF-2a) [253—-256]. Through activa-
tion or degradation of these transcription factors or their
up-stream mediators, many factors take part in regula-
tion of macrophage polarization. Lysosomal membrane
proteins and luminal proteins participate in macrophage
polarization by mediating autophagy, as well as other
degradation activities. Alternatively, these lysosomal
proteins, together with luminal ions, are able to regulate
polarization through aforementioned transcription fac-
tors independently from degradation activities.

The relationship between autophagy and macrophage
polarization is controversial. Many researches manifested
that autophagy promoted M2-like polarization of mac-
rophages, but several others showed opposite discoveries.
In a model of colorectal carcinoma, autophagosome deg-
radation and downstream M2-like polarization of TAMs
were demonstrated to be positively related, which was
mediated by cathepsin S [257]. In vitro treatment of chlo-
roquine or knockout of cathepsin S retarded autophagic
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flux, increased expression of Ml-type gene, inducible
nitric oxide synthase (iNOS), and abrogated upregulation
of M2-type genes, arginase-1 (Arg-1), found in inflam-
matory zone 1 (FIZZ1), and IL-10 [257]. Accordingly,
in vivo experiment found that cathepsin S knockout sig-
nificantly decreased tumor burden and liver metastasis
[257]. A possible link between autophagy and M1-like
polarization has been proposed to be degradation of
NE-kB [256, 258]. Selective autophagy was involved
in M2-like polarization of bone marrow-derived mac-
rophages (BMDMs) treated with hepatoma tumor cell
conditional medium [256, 258]. The conditional medium
from hepatoma cell line ML-1,, elevated M2-like expres-
sion pattern in BMDMs by stimulating sequestosome 1
(p62/SQSTM1) depended ubiquitination of NF-kB p65
followed by autophagy-mediated degradation of NF-«xB
p65 [256]. Afterwards, autophagosomes loaded with
NEF-kB p65 formed autolysosomes with lysosomes under
the guidance of extracellular signal-regulated kinase
1/2 (ERK1/2), downstream of TLR2 signal [256]. How-
ever, M. Shan et al. reported that M2-like markers were
heightened in RAW 264.7 incubated with conditional
medium from mouse breast cancer cell line 4T1, and at
the same time autophagy indicated by puncta of GFP-
LC3 and western blot of IC3-II was inhibited [253]. The
M2-like polarization could be attributed to elevated ROS
from mitochondrial, which was able to be diminished by
rapamycin, an autophagy inducer [253]. In vivo, stimula-
tion of autophagy by rapamycin dampened tumor growth
and metastasis in tumor-bearing mice injected with iso-
prenaline, an inducer of intracellular ROS [253]. The
more detailed mechanism was that rapamycin-induced
autophagy decreased levels of p-mTOR, ROS/p-ERK1/2
causing inhibition of downstream signal molecules
pIyr705-STAT3 and HIF-1a, which attenuated isoprena-
line-mediated M2-like polarization [253]. The conflicting
role of autophagy in macrophage polarization could be
explained by diverse substrates of autophagy in different
conditions. Therefore, it should be carefully evaluated to
decide whether stimulating or suppressing autophagy is
beneficial in different situations.

Except for canonical autophagy, other degradation
activities can also mediate TAM polarization. LC3-asso-
ciated phagocytosis (LAP), a non-canonical autophagy,
was positively associated with M2-like markers in TAMs
[259]. In mice deficient in LC3-associated phagocyto-
sis, stimulator of interferon genes (STING)-depend-
ent type I IFN response in TAMs might be the key for
reducing expression of CD206 in TAMs and enhancing
anti-tumor effects of T cells [259]. LAMP2A-mediated
selective lysosomal degradation in TAMs was another
newly discovered process that regulated phenotypes of
TAMs [260]. Although LAMP2A has been reported to



Zhang et al. J Hematol Oncol (2021) 14:79

contribute to chaperone-mediated autophagy, the author
did not clarify the classification of LAMP2A-mediated
degradation here. M2-like macrophage activation, immu-
nosuppressive tumor microenvironment, and tumor
growth were reversed by inhibiting LAMP2A, whose
targets were found to be peroxiredoxin 1 (PRDX1) and
CREB-regulated transcription coactivator 1 (CRTC1)
[260]. In the context of LAMP2A knockdown, height-
ened PRDX1 was correlated with a higher level of H,O,
and downstream inflammatory activation. At the same
time, elevated CRTC1 increased phosphorylated cAMP
responsive element binding protein (p-CREB) without
perturbing downstream CCAAT/enhancer-binding pro-
tein p (CEBP/P) resulting in inflammatory activation of
macrophages [260]. However, a contrary finding showed
that blocking selective lysosomal degradation by ATPase
HT transporting VO subunit d2 (ATP6V0d2) knockout
elevated M2-like markers in TAMs resulting in promoted
tumor growth in tumor-bearing mice [255]. The differ-
ent results can be explained by distinct degradation tar-
get, which was found to be HIF-2a here [255]. Of note,
downregulation of ATP6V0d2 can also be achieved in
TAMs by lactate in TME through mTORC1/TFEB path-
way [255]. These results indicate that lysosomal degrada-
tion targets can vary in different contexts, thus leading
to different phenotypes of TAMs. More details of the
degradation processes are in need for understanding the
mediation of TAM polarization.

Activation of TAMs by TLRs

TLRs belong to a family of pattern recognition receptors
that senses invading pathogens during innate immune
response. Although some specific stimulators for TLRs
have been found, TLRs recognize diverse microbial and
host-derived ligands physiologically. Two main localiza-
tions of TLRs in cells have been found. Roughly, TLR1,
2, 4-6, and 10 localize to plasma membrane, while TLR3,
4, 7-9, and 11-13 localize to endolysosomal membranes
[6]. Downstream signals of these TLRs are transduced
through either myeloid differentiation factor 88 (MyD88)
or TIR-domain containing adaptor molecule (TRIF) [6].
Interestingly, TLR4 primarily activates to induce MyD88
signal at the plasma membrane, and then it is endocy-
tosed to elicit TRIF signal [261]. These two pathways
compose a network causing changes in transcription
level via several transcription factors including NF-kB.
Here we focus on the anti-tumor effects of ligands elic-
iting lysosomal TLRs. A plethora of TLR ligands have
been developed to imitate the situation of innate immune
response, which have shown fascinating effects in revers-
ing M2-like phenotypes of TAMs. Both poly(I:C), a
TLR3 stimulator, and LPS, classical TLR4 stimulator,
activated M1 macrophages to produce antitumor nitric
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oxide (NO) leading to inhibited tumor growth [262]. This
antitumor effect could be augmented when TLR ligands
synergized with type I and II IFNs [262]. Besides NO
production, LPS-treated M1-like TAMs increased lysis
of ovarian carcinoma cells mediated by nature killer cells
(NK cells) [263]. In addition, polyethyleneimine [264],
cationic dextran [264], and multiwalled carbon nano-
tubes [265] also activated TLR4 signal in TAMs lead-
ing to reversed M2-like phenotypes and reduced tumor
burden possibly through NF-«B. Several TLR7 ligands
including CL264 [262], 1V270 [266], Gardiquimod [267],
let-7b [268], and R848 [269] yielded similar impacts on
M2-like TAMs. Improved anti-tumor effects of TLR7
ligands were achieved when the ligands were combined
with IFNs [262], anti-programmed cell death protein
1 (PD1) antibody [266], and TGF-B receptor inhibitor
[267]. Differently, TLR9 agonist, CpG ODN, potentiated
tumor antigen presentation activity of TAMs, instead
of M1-like polarization, causing slowed tumor growth
in vivo when combined with engineered T cell transfer
[270]. It is worth noting that, ligands of TLRs should be
selected carefully or delivered specifically, because they
may also activate TLRs in tumor cells leading to facili-
tated proliferation, survival, drug resistance, immuno-
tolerance, and angiogenesis [271, 272]. At present, some
TLR agonists have entered clinical trials listed in Table 4,
indicating their potential capability in improving combi-
nation therapy and immunotherapy for cancer.

Activation of TAMs by inorganic ions and pH changes

Luminal inorganic ions are another factors influencing
TAM polarization. Lysosomes are characterized by low
luminal pH around 4-6, which is dynamically main-
tained by diverse transmembrane proteins on lysoso-
mal membrane. Thanks to the profound development
of endolysosomal patch clamp technique, plenty of ion
channels and transporters have been identified [273].
Basing on these findings, regulation of luminal pH and
related mechanisms involving these transmembrane
proteins are able to be explored. Chloroquine, a weak
base agent, is able to be trapped in lysosomes, causing
elevated lysosomal pH [274]. Interestingly, chloroquine
switched TAMs from M2 to M1 phenotype resulting in
decreased myeloid-derived suppressor cells (MDSCs)
and Tregs, which enhanced anti-tumor T-cell immunity.
In chloroquine treated TAMs, the elevated lysosomal
pH caused Ca" release through lysosomal Ca?* chan-
nel TRPMLI. Released lysosomal Ca®* activated p38 and
NF-«B, which implemented M1 polarization of TAMs
[275]. In parallel, metabolism reprogramming in TAMs
from oxidative phosphorylation to glycolysis by TFEB
was Ca’"-dependent facilitating anti-tumor effect fur-
ther [275]. Likewise, hydroxychloroquine, a derivative
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of chloroquine, heightened M1-like molecules (iNOS,
IFN-y, IL-12b, IL-1b, and MHC II) in TAMs and induced
CDS8" T cell infiltration and activation [276]. In accord-
ance with these findings, an intriguing comparison of
acidity between M1 and M2 polarized macrophages
found phagosomes in M1 macrophages to preserve more
neutral pH, greater oscillatory alkalinization, and slower
acidification than phagosomes in M2 macrophages [277].
Mechanistically, the property of phagosomes in M1 mac-
rophages was attributed to proton consumption upon
superoxide generation by the nicotinamide adenine dinu-
cleotide phosphate (NADPH) oxidase, intermittent open-
ing of voltage-gated proton channel (Hy1) channels, and
reduced proton-pumping activity [277]. It seems that
luminal pH could dynamically interact with phenotype
of macrophages. Not only are interventions of luminal
pH able to change phenotypes of macrophages, but also
polarized macrophages demonstrate different luminal
pH. Limited information about the relationship between
ion channels and phenotype of TAMs are available at
present. Since totally 22 ion channels have been discov-
ered on lysosome-related vesicles, compelling findings
may exist in this field. Novel inhibitors or activators of
the lysosomal ion channels may provide extra access to
regulating phenotype of TAMs.

Role of cathepsins in function of TAMs

Although polarization of TAMs is the greatest focus,
other behaviors of TAMs are also of importance. As
mentioned above, expression alteration of cathepsins
is detected wildly in TME. The origins of cathepsins in
tumor tissues have been revealed to be both tumor cells
[191, 192] and TAMs [191, 278-280]. For TAMs, the ver-
satile proteins regulate extracellular matrix degradation,
angiogenesis, chemoresistance, and macrophage recruit-
ment in TME. As a family of peptidases, cathepsins
degrade not only peptide in lysosomes but also extra-
cellular stroma. Although the extracellular environment
does not provide optimal pH condition for cathepsins,
cathepsins could still retain proteolytic activities. For
example, cathepsin B can function as an exopeptidase at
acid pH, while it has endopeptidase activity at neutral pH
due to the conformational change of the occluding loop in
cathepsin B [281]. Including cathepsins, other proteases
such as urokinase-type plasminogen activator (uPA), tis-
sue plasminogen activator (tPA), elastases, and matrix
metalloproteinases (MMPs) form a cascade of proteolytic
activation to facilitate degradation of extracellular matrix
[282]. In models of breast cancer, TAM-derived cathepsin
B [283], X [283], and L [284] were requisite for tumor cell
invasion and metastasis. Likewise, cathepsin B [280], S
[280], and X [191] from TAMs contributed to tumor cell
invasion in pancreatic cancer. IL-4 has been repeatedly
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accused of stimulating cathepsin secretion in TAMs [254,
280, 284]. Besides secreted cathepsins, cathepsins in lys-
osomes of TAMs could be responsible for the digestion
of internalized collagen fragment from tumor microenvi-
ronment [285]. Owning, at least in part, to extracellular
matrix degradation, cathepsins augment angiogenesis. It
has been reported that TAM-derived cathepsin S con-
tributed to angiogenesis in colorectal tumor [286]. More
in-depth results highlighted IL-4 to be responsible for
inducing TAM-supplied cathepsins B and S to promote
angiogenesis in pancreatic tumor [280]. Thus, cathepsins
from not only tumor cells but also TAMs are able to pro-
mote invasion and angiogenesis.

Importantly, catalytic activity may be or may not be
pivotal for the functions of cathepsins, which would
elicit diverse mechanisms by different motifs [191]. In
the apoptosis pathway induced by chemotherapy agents,
cathepsins released from disturbed lysosomes into cyto-
plasm are crucial for eliciting tumor cell death [64], which
is a process independent of catalytic activity [287]. How-
ever, paclitaxel increased macrophage-derived cathepsins
B and S that protected tumor cells from apoptosis [279].
The effect that TAMs curtailed mammary tumor cell
death induced by paclitaxel, etoposide, or doxorubicin
was reversed by cathepsin inhibition [279]. I. Larionova
et al. proposed a possible mechanism in their review to
explain how cathepsin B from TAMs protected tumor
cells. These cathepsin B elicited NF-kB in tumor cells
and enhanced chemoresistance by inducing IL-1p and
TNFa secretion [288]. It’s fairly reasonable, since a simi-
lar mechanism has been deciphered in MDSCs [289]. The
paradoxical results on apoptosis regulation imply a vari-
able function of cathepsins depending on their origin and
location. Thus, knockdown or inhibiting TAM-derived
cathepsins may be able to mitigate chemoresistance.

For macrophage recruitment, macrophage-supplied
cathepsin K upregulated cyclooxygenase-2 (COX2) and
chemokine ligand 2 (CCL2), two cytokines recruiting
macrophages, and knockout of cathepsin K decreased
macrophage infiltration [290]. Later research unrave-
led role of cathepsin S in the regulation of CCL2 [291].
This regulation relied on CD74, a substrate of cathepsin
S, and NF-«B [291]. There seems to be a positive feed-
back that cathepsins from TAMs or tumor cells regulated
cytokines that participated in the recruitment of more
macrophages.

In summary, malignant behaviors of tumors are attrib-
uted, on a large scale, to M2-like polarization and several
other activities of TAMs. Lysosomes are able to regu-
late phenotypes of TAMs with or without degradation-
related mechanisms. These mechanisms are achieved
based on components of lysosomes, including membrane
proteins, luminal proteins and ions, which have been
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exhibited in Fig. 3. Potential therapy targets can be found
based on the detailed understanding of these compelling
mechanisms.

Lysosomes in dendritic cells (DCs)

Besides macrophages, DCs are the other subset of
antigen-presentation cells that prime CD8" T cells by
MHC-I or CD4" T cells by MHC-II. Functions of DCs
are negatively regulated by a number of factors in TME,
such as IL-6, IL-10, and TGEF-B [292]. Mechanistically,
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IL-6 reduced human leukocyte antigen (HLA)-DR sur-
face expression levels by lysosomal protease, cyclooxyge-
nase 2, arginase, and STAT3 activation, thus attenuating
T cell stimulation [293]. Despite the mechanisms that
inhibit activities of DCs, a group of LAMP3" DCs in
hepatocellular carcinoma have been found to possess
the ability to regulate multiple T cell subsets and migrate
from tumors to hepatic lymph nodes [294]. An evalu-
ation of esophageal squamous cell carcinoma samples
from 80 patients also found that infiltrating LAMP3"
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DCs were positively correlated with intratumoral CD8*
T cells and favorable prognosis indicating a potential
important role of LAMP3 in antigen presentation by DCs
[295]. Although lysosomal proteases are involved in inhi-
bition of HLA-DR and antigen presentation [293], con-
ditional knockout of vacuolar protein sorting 34 (Vps34),
an autophagy-related protein, in DCs caused defect in
corpse-associated antigen cross-presentation to MHC-
I-restricted T cells and higher incidence of lung metas-
tases by melanoma [296]. However, classical MHC-I and
MHC-II antigen presentation pathways were enhanced
in Vps34 knockout DCs [296], indicating multi-facetted
mediation of antigen presentation by autophagy. In sum-
mary, the role of lysosomes in DCs during infection has
been extensively studied, but it remains largely fuzzy how
lysosome-related mechanisms in DCs are involved in
anti-tumor immunity and immune evasion in TME.

Lysosomes in cancer-associated fibroblasts (CAFs)

In tumor, another prevalent subset of stromal cells is
CAFs that interact with tumor cells through oxidative
stress and NF-«kB activation to secrete plenty of cytokines
(e.g., IL-6, IL-8, IL-10, and IFNy), growth factors (e.g.,
basic fibroblast growth factor (FGFP) and TGFp2), and
other factors (e.g, MMP-2, MMP-9, and fibronectin)
[297, 298]. Several cytokines, such as IFNy, IL-6, IL-8,
IL-10, TGEB, and TNFa, induce autophagy in CAFs
[298]. Autophagy in CAFs degrades caveolin-1, which
in turn enhances autophagy in CAFs through a feed-
forward mechanism [299]. Autophagy in CAFs promotes
tumor progression by providing recycled nutrients, pro-
tecting from apoptosis, and inducing genomic instability
in cancer cells [299, 300]. Additionally, down-regulation
of breast-cancer susceptibility gene 1 (BRCA1) [301] and
activation of peroxisome proliferator-activated receptor y
(PPARYy) [302] in CAFs also increases autophagy and pro-
motes tumor growth in vivo.

Downstream mechanisms that are mediated by CAF
autophagy during tumor progression include promoting
chemotherapy resistance, EMT, and cancer stem cells.
Contradictory associations have been reported in CAF
autophagy and chemotherapy resistance of pancreatic
cancer, where inhibition of CAF autophagy augmented
[303] or diminished [304] anti-proliferation effect of
gemcitabine. Triple-negative breast cancer cells showed
potentiated migration, invasion, proliferation, and EMT
after treatment with conditional medium from CAFs with
a high level of autophagy, while conditional medium from
CAFs pretreated with 3-Methyladenine, an autophagy
inhibitor, did not have this effect [305]. Stemness of lumi-
nal breast cancer cells was enhanced depending on TLR4
stimulated by high-mobility group box 1 (HMGBI1) from
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autophagic CAFs indicating high LC3II/TLR4 to be poor
prognosis markers for breast cancer [306].

In summary, cross-talk between CAFs and tumor cells
through oxidative stress, cytokines, and nutrients depend
largely on autophagy resulting in more malignant behav-
iors of tumor cells. Disturbing autophagy in CAFs seems
to be promising to control tumor progression.

Lysosomes in T cells

In TME, T cells are the group of cells responsible for kill-
ing tumor cells. Upon recognition of tumor antigen by
T-cell receptor, cytotoxic T lymphocytes release perforin
and granzyme B from secretory lysosomes to kill target
cells [307]. Autophagy has been revealed to influence T
cell homeostasis, differentiation, function, and aging
[308]. Yet, there are only a few researches focusing on the
detailed role of lysosomal activities, such as autophagy, in
T cell behaviors in TME.

Elevated extracellular potassium owing to necrotic
cells reduced nutrient uptake in CD8" T cells thereby
inducing autophagy [309]. Elevated autophagy triggered
metabolic and epigenetic reprogramming resulting in
suppressed CD8" T cell effector yet preserved stem-
like behaviors including self-renewal, expansion, and
multipotency, which suppressed B16 tumor growth and
improved survival of mice in general [309]. Differently,
another research shows that knockout of autophagy-
related genes in T cells enhanced their immunity against
breast cancer characterized as promotion of effector
memory phenotype and IFN-y and TNF-a production
[310]. Atg5~~ CD8" T cells presented promoted glucose
metabolism, altered histone methylation, and upregu-
lated transcription of metabolic and effector genes [310].
The contradictory results may be explained by different
baselines of control groups, in other words, high extracel-
lular potassium in melanoma may not exist in the model
of breast cancer.

As for CD41 T cells, autophagy selectively degrades
PU.1, the main Ty9 cell transcription factor, and inhib-
ited anti-tumor immunity [311]. On the contrary, genetic
or pharmacological inhibition of autophagy restored
anti-tumor effects by enhancing IL-9 production from
Ty9 cells [312]. Other CD4™ subsets were not modulated
by autophagy in TME [312].

Treg cells are an immune-suppressive subset of T
cells in TME. Conditional knockout of Afg5 or Atg7 in
Treg cells impaired survival and stability of Treg cells,
thus suppressing colon adenocarcinoma growth, which
was underpinned by upregulated mTORCI1, c-Myc, and
glycolytic metabolism owing to autophagy deficiency
[313]. Similar mTORC1-related hyper-glycolytic metab-
olism has been found in Treg cells deficient in lysoso-
mal TRAF3-interacting protein 3 (TRAF3IP3) [314].
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Knockout of TRAF3IP3 in Treg cells also booted antitu-
mor responses [314].

In general, genetic or pharmacological inhibition
of autophagy in T cells is able to promote anti-tumor
immunity. The link between autophagy and alteration of
metabolic states in different subsets of T cells from TME
needs more intensive illustrations.

Emerging therapy strategies targeting lysosomes

With the knowledge of various lysosome-related mecha-
nisms in development of diseases, massive researches
targeting lysosomes for therapy are reasonable. Several
kinds of strategies have been proposed. First, enzyme
replacement therapies are exploited for lysosomal stor-
age disorders like GD. Second, huge amount of chemicals
are able to specifically target lysosomal proteins or lyso-
some-related signal proteins in order to modulate behav-
iors of cells. Third, plenty of selective vehicles have been
developed for transfecting exogenous nucleic acid or
antigens to mediate expression of lysosomal proteins or
elicit adaptive immunity. Finally, some nanomaterials are
designed to aggregate in lysosomes for eliminating target
cells. Many of these therapies have entered clinical trials,
which are summarized in Table 4. Potential therapeutic
interventions in pre-clinical results are listed in Table 5.

Enzyme replacement therapies

Although lysosomal enzymes are usually synthesized in
ER and modified in Golgi network, some extracellular
enzymes can be taken up and delivered to lysosomes,
which makes enzyme replacement therapy possible [315].
Decades ago, patients with GD were treated with glu-
cocerebrosidase extracted from placentae. Afterward,
recombinant enzymes produced by CHO cells were
invented [316]. At present, enzyme replacement therapy
for type 1 Gaucher disease has been a successful com-
mercial therapy [315]. Additional clinical trials applying
enzyme replacement therapies for other LSDs have been
summarized in Table 4. More effective enzyme replace-
ment therapies are expectable. However, there is still a
big challenge for the application of enzyme replacement
therapy, because we lack efficient methods for systemati-
cal delivery, especially across blood—brain barrier. Thus,
both recombinant enzymes and delivery strategies are of
great importance for enzyme replacement therapies.

Regulating autophagy

Autophagy is the key process in the development of ath-
erosclerosis, neurodegeneration diseases, autoimmune
disorders, and tumor, especially in orchestrating mac-
rophage phenotypes. As mentioned above, activating
autophagy by Latrepirdine and CCI-779 are potential
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therapy methods for PD [114] and HTT [124], respec-
tively. This complex cellular process has many feasible
targets for intervention. Among the set of proteins con-
stituting the pathway that regulates autophagy, mTOR
is the central one for targeting. Table 4 shows plenty of
clinical trials where mTOR inhibitors, such as temsiroli-
mus, sirolimus, and rapamycin, are applied alone or in
combination with other therapies for atherosclerosis,
autoimmune disorders, and malignant tumors. Although
it is well known that inhibition of mTOR would elicit
autophagy, limited results are available to prove that
antiatherogenic effects of mTOR inhibitors are achieved
via autophagy induction [74]. Everolimus cleared mac-
rophages in plaques through autophagy-dependent cell
death, a downstream event of mTOR inhibition [317].
In fact, more researches demonstrate anti-inflammatory
effect to be responsible for antiatherogenic outcome of
mTOR inhibitors, such as rapamycin [318], everolimus
[319], and sirolimus [320]. The anti-inflammatory effect
may also be caused by balancing M1 and M2-like mac-
rophages through mTOR intervention [70]. Moreover,
two mTOR inhibitors, LY294002 and PP242, evoked
transport of TFEB to nucleus [9], which would initi-
ate lysosomal biogenesis leading to ameliorating lyso-
somal dysfunction [58]. Besides targeting mTOR, other
agents can also modulate cell phenotypes via regulat-
ing autophagy. For example, trehalose and hydralazine
might have therapeutic effects for AD through induc-
ing autophagy (NCT04663854 and NCT04842552). By
inhibiting autophagy, bafilomycin A1l [256], chloroquine
[321], and 3-methyladenine [322, 323] promoted pro-
inflammatory markers or suppressed anti-inflammatory
markers in macrophages, which may, at least partially,
underpin the huge amount of clinical trials for malig-
nant tumors applying chloroquine or hydroxychloro-
quine alone or in combination with other therapies
in Table 4. In contrast, anti-inflammation function of
sorafenib [324], urolithin A [325], and spermine [326]
are autophagy-dependent. It's an interesting question
why both autophagy stimulator, such as rapamycin, and
inhibitor, such as hydroxychloroquine, are largely applied
in trials for tumors. A possible explanation is the mul-
tifaceted role of mTOR pathway that not only inhibits
autophagy but also regulates anabolism and proliferation
[327]. An additional reason might be diverse autophagy-
related mechanisms in different cell subsets at different
stages. For instance, autophagy suppresses M2-like polar-
ization of TAMs [253] but promotes survival and stability
of Treg cells [313]. The positive and negative relation-
ships between autophagy and cell death have been found
in different cancer cells [232—-237]. Thus, administration
of autophagy inhibitors or activators should be carefully
determined and specifically delivered.
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Table 5 Potential pre-clinical lysosome-targeted interventions for tumors
Classification Intervention Outcome Reference
Autophagy activator Rapamycin Rapamycin suppresses M2 macrophage polarization [253]
Sorafenib Sorafenib suppresses classical macrophage activation [324]
Autophagy inhibitor - Hydroxychloroquine Chloroquine and hydroxychloroquine switches TAMs from M2 to M1 phenotype  [275, 276]
Chloroquine
Bafilomycin A1 Bafilomycin Al-induced M1-like polarization by preventing NF-kB degradation  [256]
3-Methyladenine 3-Methyladenine prevents cross-talk between cancer cells and CAF through [305]
autophagy
Cathepsin B inhibitor CA074Me CA074Me inhibits cell invasion and inflammasome activation [192, 289]
CA-074 CA-074 inhibits EMT [195]
Cathepsin S inhibitor Fsn0503 Fsn0503 inhibits cell invasion [286]
Cathepsin L inhibitor  Z-FY-CHO Z-FY-CHO inhibits radio-resistance [214]
KGP94 KGP94 and KGP207 inhibits cancer cell invasion and M2-like TAMs [284]
KGP207
General cysteine E64 E64 inhibits cell invasion [283]
cathepsin inhibitor - 1 ot JPM-OFEt inhibits drug resistance, tumorigenesis, angiogenesis, proliferation, and  [197, 254, 279]
invasion
Transfection vehicle ~ Ghost Ghost is applied for transfection of LAMP2A siRNA in TAMs [260]
PEG=MT/PC NPs PEG=MT/PC NPs is applied for transfection of VEGF and PIGF siRNA [330]
Porous silicon micro-particles  Porous silicon micro-particles is applied for delivering HER2 antigen into DCs [334]
Lipid-coated calcium phos- Lipid-coated calcium phosphate nanoparticles is applied for delivering antigen  [335]
phate nanoparticles TRP2 mRNA and PD-1 siRNA
Metal-organic framework Metal-organic framework is applied for delivering tumor-associated antigens [336]
into macrophages
TAM remover M-chlorin M-chlorin can enter lysosomes and delete M2 macrophages [430]
DOX-SPCL DOX-SPCL concentrates in lysosomes and delete macrophages [332]
MEN 4901/T-0128 MEN 4901/T-0128 releases cytotoxic T-2513 in lysosomes [333]
TLR3 agonist Poly(l:C) Poly(l:C) activates M1 macrophages [262]
TLR4 agonist LPS LPS activates M1 macrophages [262]
Polyethyleneimine Polyethyleneimine reverses M2-like polarization [264]
Cationic dextran Cationic dextran reverses M2-like polarization [264]
Multiwalled carbon nanotubes Multiwalled carbon nanotubes reverses M2-like polarization [265]
TLR7 agonist CL264 CL264 reverses M2-like polarization [262]
1V270 1V270 reverses M2-like polarization [266]
Gardiquimod Gardiquimod increases M1-like polarization [267]
Let-7b Let-7b reverses M2-like polarization and suppresses IL-10 production [268]
R848 R848 increases M1-like polarization [269]
R837 R837 enhances anti-tumor immunity [338]
TLR9 agonist CpG ODN CpG ODN potentiates antigen presentation in macrophages [270]
Other Spermine modified pullulan Spermine modified pullulan can enter lysosomes and reprogram M2 mac- [337]

rophages to M1

Inhibiting cathepsins

As mentioned above, cathepsins from both tumor cells
and TAMs promoted malignant phenotype of tumors,
including invasion, EMT, radiotherapy resistance, angio-
genesis, and anti-inflammatory TME. In the laboratory,
cathepsin B inhibitor, CA074Me, inhibited invasion [192]
and 5FU-induced inflammasome activation that intensi-
fied growth of tumor cells [289]. Similarly, CA-074 damp-
ened E-cadherin down-regulation induced by cathepsin

B, implying its role in impeding cathepsin B-induced
EMT [195]. Cathepsin S inhibitory antibody, Fsn0503,
also inhibited invasion of colon adenocarcinoma cell line
MC38 [286]. An unnamed cathepsin S selective inhibitor,
compound 6, reduced pro-inflammatory CCL2 expres-
sion in a dose-dependent manner [291]. Z-FY-CHO,
specific cathepsin L inhibitor, increased radiosensitivity
in glioma cell line U251 [214, 216]. Cathepsin L/K inhibi-
tors, KGP94 and KGP207, were able to reduce invasion of
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breast cancer cell line 4T1 and M2-like markers of TAMs
[284]. A general cysteine cathepsin inhibitor, E64, signifi-
cantly mitigated invasion of tumor cells [283]. JPM-OEt, a
cell-permeable derivative of E64, diminished drug resist-
ance [279], tumorigenesis, angiogenesis, proliferation,
and invasion [197, 254]. Although a host of cathepsin
inhibitors have been developed in pre-clinical researches,
only a few, such as Odanacatib, have entered clinical tri-
als. Unfortunately, the effectiveness of cathepsin inhibi-
tors is not always satisfying. Side effects may be caused
by the inhibited important physiological function of cath-
epsins and nonspecific inhibition [328]. Odanacatib, the
only selective inhibitor that entered phase III clinical tri-
als, discontinued due to stroke-related side effects [190].
Further cathepsin inhibitors may need specific delivery
or local administration and combination with other ther-
apies. For example, since cathepsins regulate radioresist-
ance [214], a combination of radiotherapy with cathepsin
inhibitors may potentiate therapeutic effect.

Nucleic acid transfection

Overexpression of tumor suppressor genes or down-
regulation of tumor promoter genes is reasonable strate-
gies for therapies. A large number of transfection agents
have been developed nowadays, but in vivo transfec-
tion of primary cells, especially macrophages, seems to
be more difficult than others. More than a decade ago,
a nonviral DNA delivery system, bacterial ghost, was
invented [329]. Gram-negative bacterial cells were per-
forated after induction by gene E from bacteriophage to
create empty envelopes for DNA loading. The envelopes
filled with DNA were termed bacterial ghost that was
able to be engulfed by macrophages. In some ways, could
DNA escape from these bacterial ghost entrapped in
phagoendolysosomes. Although the details remain elu-
sive, the genes in the plasmid DNA could be expressed
in macrophages [329]. Recently, this system was applied
for LAMP2A knockdown in TAMs from breast cancer,
which curtailed TAM anti-inflammatory activation and
tumor growth [260]. Besides bacterial ghost, a novel
nanomaterial named PEG=MT/PC NPs was invented
[330]. This nanomaterial with dual pH-responsiveness
was able to deliver specific siRNA to knockdown vas-
cular endothelial growth factor (VEGF) and placen-
tal growth factor (PIGF) in both TAMs and breast cancer
cells. PEG=MT/PC NPs internalized in TAMs via man-
nose-mediated access escaped from endosome/lysosome
and released siVEGF and siPIGF resulting in suppression
of tumor growth and lung metastasis [330]. At present,
there is a lack of clinical trials applying such delivery
systems for gene transfection. The application of nucleic
acid delivery systems targeting lysosomes needs to be
more intensively explored.
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Removing TAMs

Since TAMs promote tumor development by too many
mechanisms, some researches attempted to kill TAMs
instead of reprogramming them. In order to selectively
delete tumor cells and TAMs, a photosensitizer, man-
nose-conjugated chlorin (M-chlorin) was used in pho-
todynamic therapy [331]. M-chlorin localized mainly in
lysosomes and endoplasmic reticula revealing strong
cytotoxicity for both cancer cells and M2 macrophages
[331]. Modified classical chemotherapy agent, sialic acid-
polyethylenimine-cholesterol modified liposomal doxo-
rubicin (DOX-SPCL), was also able to selectively bind
to TAMs, concentrate in lysosomes, and exhaust TAMs
[332]. Tumor-baring mice administrated with DOX-
SPCL manifested exhausted TAMs and inhibited tumor
growth without significant side effect [332]. Alternatively,
MEN 4901/T-0128 was designed as a cytotoxic prodrug
that could release cytotoxic T-2513 after digestion by
lysosomal cathepsin B at pH values ranging from 3 to
5 [333]. THP-1 derived macrophages or primary mac-
rophages from peritoneum and spleen internalized MEN
4901/T-0128 into lysosomes and released T-2513 in the
culture media, which generated sufficient concentration
of T-2513 to kill human carcinoma A2780 cells [266,
333]. Further improvement of these strategies might be
realized if they are combined with methods that inhibit
macrophage recruitment.

Nano/micro-particle antigen carriers

Several kinds of nano/micro-particles have been devel-
oped to carry tumor antigens into antigen presentation
cells, such as DCs and macrophages. These novel parti-
cles excel at selective transport and enhanced immune
stimulation. Porous silicon micro-particles developed
by Xia et al. achieved prolonged early endosome locali-
zation, potentiated cross-presentation, and activated
type I interferon responses when engulfed by DCs [334].
Cancer vaccines based on this micro-particles loaded
with human epidermal growth factor receptor 2 (HER2)
stimulated robust CD8* T cell immunity against HER2"
mammary gland tumors in mice [334]. Besides pro-
tein, mRNA vaccine can also be loaded into nanoparti-
cles. Wang et al. created lipid-coated calcium phosphate
nanoparticles to co-deliver tyrosinase-related protein 2
(TRP2) mRNA and programmed cell death-ligand 1 (PD-
L1) siRNA into DCs [335]. The cargoes can be released
when calcium phosphate core is dissolved in endo-lyso-
somal compartment, which elicited strong specific T cell
response and humoral immune response and downregu-
lated PD-L1 in DCs in mouse model of B16F10 melanoma
[335]. Another interesting nanoparticle, metal-organic
framework, was fabricated in an attempt to achieve pow-
erful delivery of tumor-associated antigens [336]. Loaded
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tumor-associated antigens could be released when the
metal-organic framework is degraded in acidic lys-
osomes in macrophages. This novel nanoparticle exerted
enhanced prominent antitumor outcome in B16-OVA
melanoma model without obvious toxicity in mice [336].
In summary, these novel nano/micro-particles have
achieved targeted delivery of antigens and strengthened
immune stimulation, both of the two advantages are cru-
cial for the development of tumor vaccines in the future.

TLR agonists and other selective agents

In order to reverse M2-like polarization of TAMs, sev-
eral compounds have been invented, and their effects are
lysosome-dependent. In a mouse breast cancer model of
4T1, cationic polysaccharide spermine modified pullulan
(PS) was internalized into lysosomes of macrophages and
reprogramed M2 macrophages to M1, which increased
CD4" and CD8"' T cells and inhibited tumor progres-
sion [337]. Other prevalent compounds that influence
phenotypes of TAMs are the family of TLRs agonists. As
mentioned above, TLR3/4/7/9 are located in lysosomal
membranes, whose agonists are able to elicit pro-inflam-
matory phenotype of TAMs. Targeting TLR7 by imiqui-
mod (R837) which was delivered to TAMs via polymer
micelles stimulated antitumor immune response [338].
In clinical trials listed in Table 4, these agonists are usu-
ally combined with chemotherapy, radiotherapy, and
bio-therapy. Combination of TLR agonists with tumor
antigens and anti-PD1 antibodies seems to be promising
for immunotherapy.

In summary, a great deal of methods targeting lys-
osomes have been designed. In laboratory, these strate-
gies have yielded promising therapeutic effects. Although
a great many compounds have been developed, lyso-
some-targeting interventions in clinical trials are limited.
Rapamycin, hydroxychloroquine, and chloroquine are the
most commonly used interventions. Compelling results
might be found in clinical trials applying novel lysosome-
targeting interventions. Notably, the side effects and off-
target effects of these compounds are the major concerns
in their further application. Temporary and controlla-
ble, instead of permanent, inhibition or activation may
facilitate limiting side effects, because they can minimize
perturbation of important physiological function. Fur-
thermore, specific groups, such as mannose, would help
improving the specificity of these lysosome-targeting
nanoparticles.

Conclusions

In this review, we summarized physiological function of
lysosomes, roles of lysosomes in the process of several
diseases, and potential therapeutic methods targeting
lysosomes. Although a great deal of lysosomal proteins
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and their functions have been illustrated, many mecha-
nisms are still elusive. For example, it's common sense
that lysosomes are acid organelles, but knowledge about
the dynamic balance of the ions between the acid luminal
environment and cytoplasm is limited. Besides v-ATPase,
knockout of the K+ channel, transmembrane protein 175
(TMEM175), elevated luminal pH in nutrient starvation
[339], indicating a relationship between luminal K+ and
H+. In fact, totally twenty-two ion channels in lysosome-
related vesicles have been identified [273]. Decipher-
ing the homeostasis of ions in lysosomes seems to be an
intriguing work.

For atherosclerosis that is quite dependent on meta-
bolic disorder of LDL-C and oxLDL, a fascinating ques-
tion is whether a lipid sensing mechanism exist. The
amino acid sensing by mTOR and the pivotal role of
mTOR in atherosclerosis development are now well illus-
trated. It’s reasonable to hypothesis that a certain mean
of lipid sensing with or without activation of mTOR exist.
Further researches will provide us a better understand-
ing of lipid in atherosclerosis development. For neuro-
degeneration diseases, although defect autophagy and
potential therapeutic effects have been revealed, reliable
delivery of interventions across blood—brain barrier is a
big challenge.

In tumor therapy, methods targeting lysosomes have
shown promising effects. Improved therapeutic out-
comes may be realized when these methods are com-
bined with other conventional therapies. It would be
better if the combination is well designed. For exam-
ple, combination of TLR ligands and immunotherapy
improved therapy effects [266, 270]. Noteworthy, role of
autophagy in tumor progression varies in different stage
and different cells. Thus, interventions for inhibiting or
stimulating autophagy should be selected carefully and
delivered specifically.

In summary, present evidences have highlighted lys-
osomes to be crucial organelles in disease. More in-depth
understanding of lysosome-related mechanisms would
facilitate development of therapies targeting lysosomes.
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