PHILOSOPHICAL
TRANSACTIONS B

royalsocietypublishing.org/journal/rsth

[@)er |
REVieW Check for

updates

Cite this article: Hull A, Atilano ML, Gergi L,
Kinghorn KJ. 2024 Lysosomal storage, impaired
autophagy and innate immunity in Gaucher
and Parkinson’s diseases: insights for drug
discovery. Phil. Trans. R. Soc. B 379: 20220381.
https://doi.org/10.1098/rsth.2022.0381

Received: 8 March 2023
Accepted: 8 November 2023

One contribution of 10 to a discussion meeting
issue ‘Understanding the endo-lysosomal
network in neurodegeneration’.

Subject Areas:

cellular biology, genetics, health and disease
and epidemiology, immunology, microbiology,
neuroscience

Keywords:
Gaucher disease, Parkinson’s disease,
autophagy, immunity

Author for correspondence:
Kerri J. Kinghorn
e-mail: k.kinghorn@ud.ac.uk

"These authors contributed equally.

THE ROYAL SOCIETY

PUBLISHING

Lysosomal storage, impaired autophagy
and innate immunity in Gaucher and
Parkinson’s diseases: insights for drug
discovery

Alexander Hull", Magda L. Atilano’, Laith Gergi and Kerri J. Kinghom

Department of Genetics, Evolution & Environment, Institute of Healthy Ageing, Darwin Building, Gower Street,
London WCIE 6BT, UK

AH, 0000-0002-9700-4926; MLA, 0000-0002-3819-2023; KIK, 0000-0003-2048-4332

Impairment of autophagic-lysosomal pathways is increasingly being
implicated in Parkinson’s disease (PD). GBAI mutations cause the lysosomal
storage disorder Gaucher disease (GD) and are the commonest known genetic
risk factor for PD. GBAI mutations have been shown to cause autophagic—
lysosomal impairment. Defective autophagic degradation of unwanted cellu-
lar constituents is associated with several pathologies, including loss of
normal protein homeostasis, particularly of a-synuclein, and innate immune
dysfunction. The latter is observed both peripherally and centrally in PD
and GD. Here, we will discuss the mechanistic links between autophagy
and immune dysregulation, and the possible role of these pathologies in com-
munication between the gut and brain in these disorders. Recent work in a fly
model of neuronopathic GD (nGD) revealed intestinal autophagic defects
leading to gastrointestinal dysfunction and immune activation. Rapamycin
treatment partially reversed the autophagic block and reduced immune
activity, in association with increased survival and improved locomotor per-
formance. Alterations in the gut microbiome are a critical driver of
neuroinflammation, and studies have revealed that eradication of the micro-
biome in nGD fly and mouse models of PD ameliorate brain inflammation.
Following these observations, lysosomal-autophagic pathways, innate
immune signalling and microbiome dysbiosis are discussed as potential
therapeutic targets in PD and GD.

This article is part of a discussion meeting issue ‘Understanding the
endo-lysosomal network in neurodegeneration’.

1. Introduction

Autophagy is a cellular process critical to the degradation and recycling of cellular
components, such as damaged organelles, misfolded proteins and other cellular
waste. It involves the engulfment of unwanted cellular components into a double-
membrane-bound vesicle and their breakdown following fusion with the lyso-
some [1]. Autophagy thus acts as a quality control system to maintain cellular
homeostasis and to protect against cellular stress and damage. In addition, it
also plays a pivotal role in cellular metabolism and energy production, as well
as in regulation of the immune system. Defects in autophagy have been linked
to numerous age-related disorders, including neurodegenerative disease, cancer
and cardiovascular disease [2]. This review will focus on the role of autophagy
in Parkinson’s disease (PD) and neuronopathic Gaucher disease (nGD), two dis-
tinct neurodegenerative disorders sharing a genetic link through the GBAI gene.
The association between autophagic defects and immune dysfunction that occurs
in both these conditions will be explored. Immune dysregulation is increasingly
being associated with pathogenic communication between the gut and brain in
PD. This so-called gut-brain axis involves a bidirectional crosstalk between the
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gut and brain and has been implicated in both health and dis-
ease [3,4]. Although the precise relationship between these
two organs is yet to be elucidated, it is likely to be complex,
involving direct neuronal, endocrine, metabolic and immune
system mediators [5]. Here, we will explore the evidence that
autophagic defects in the gut may directly contribute to gut
dysfunction and the ensuing spread of inflaimmation and
a-synuclein (aSyn) to the brain in PD.

Autophagic clearance of cellular constituents can occur in both
a targeted and an untargeted manner. Clearance of entire
organelles or regions of the cell can be achieved via macroauto-
phagy, which can be induced by nutrient or proteostatic stress.
This involves phosphorylation of two principal initiation
complexes, the ULK1 and beclin 1-VPS34, both of which are
negatively regulated by mTOR and phosphorylated and
activated by AMP-activated protein kinase (AMPK) [6]. Both
complexes are localized to a pre-phagophore initiation site,
and through a phosphorylation cascade drive formation of a
double-membraned cup-like structure, the phagophore. The
latter envelops cellular debris and can initiate from diverse
intracellular membranes, but is principally derived from the
endoplasmic reticulum (ER) or endosomal network [7]. The
phagophore is released from its initiation membrane following
a scission event, elongates and fully circularizes to form an
autophagosome. This structure then fuses with a lysosome to
form an autolysosome, either by a transient ‘kiss-and-run’
event, where lysosomal factors are transferred through a
pore, or through complete fusion of the vesicles. Lysosomal
hydrolases are then released, and acidification factors from
the lysosomal membrane reduce intraluminal pH, allowing
degradation of waste cellular components.

While macroautophagy relies on the formation of an
internalizing vesicle that undergoes a series of fusion/fission
events, before fusing with the lysosome, microautophagy is
the product of direct internalization of the lysosome [8,9].
Sequestosome 1, p62, is a selective autophagic receptor that
binds ubiquitinated substrates and delivers them to the
autophagosome through interaction with LC3-II. Both p62
and LC3-II are autophagy substrates, and their turnover rep-
resents a readout of autophagic flux [10,11]. Receptors for all
major forms of autophagy are upregulated alongside key
lysosomal biogenesis genes as transcriptional targets of
transcription factor EB (TFEB) [12].

The differential abundance, and degradation kinetics of
intracellular constituents necessitate that autophagy be tai-
lored to degradation of specific components, particularly
proteins with long half-lives and amyloidogenic potential.
Chaperone-mediated autophagy (CMA) accomplishes this
through the use of co-chaperones such as HSC70. These
recognize degradation motifs such as KFERQ on target sub-
strates and traffic them to specific receptors tethered to the
lysosomal membrane, notably LAMP2, for internalization
and degradation [9].

PD is a progressive neurodegenerative disorder and the most
common movement disorder, affecting approximately 1-2%

of people over the age of 60 years [13]. Clinically, people
with PD display both motor and non-motor symptoms.
Motor problems include tremor, muscle rigidity, bradykinesia
and postural instability. Non-motor features, such as gastro-
intestinal dysfunction, can present as many as 20 years
before the onset of motor signs [14]. The neuropathological
hallmark of PD is the presence of intraneuronal inclusions
called Lewy bodies (LBs), composed predominantly of aggre-
gated oSyn [15]. Most cases of PD are sporadic, being
influenced by both genetic risk and environmental factors.
Approximately 15% of PD cases are familial and linked to
monogenic mutations in more than 20 genes [16]. Notably,
most of these established disease genes map to the intracellu-
lar endosomal-lysosomal network, including autophagic and
endosomal trafficking pathways [17]. For example, mutations
in the PINK1 and PARKIN genes cause early onset autosomal
recessive PD and are associated with defects in mitophagy.
The latter is the process by which defective mitochondria
are cleared from the cell by macroautophagy [18,19].
Mutations in the VPS35 (vacuolar protein sorting 35 homol-
ogue) gene have been linked to autosomal dominant PD
[20]. This gene encodes a subunit of the retromer complex,
a molecular sorting machine that directs specific proteins
and lipids from the trans-Golgi network to endosomes for
further processing, degradation or recycling [21-23].
See table 1 for a summary of known PD genes and their
links to endo-lysosomal dysfunction.

Impairment of endo-lysosomal pathways in the cell
leads to a failure to degrade misfolded and damaged pro-
teins, particularly aSyn, which relies on degradation via
CMA and macroautophagy [39]. This in turn results in the
accumulation of oSyn intracellularly to form LBs [15]. The
precise mechanisms by which oSyn aggregation leads to
neurotoxicity are not fully understood, but include many
diverse processes, such as mitochondrial dysfunction and
oxidative stress, ER stress, calcium dyshomeostasis and
effects on DNA and histone methylation [40]. Moreover,
the accumulation of oSyn can further lead to impairment
of lysosomal degradation, by disrupting the vesicular
ER-Golgi trafficking of glucocerebrosidase (GCase) [35,41].

Furthermore, post-mortem evaluation of PD patient
brains, with and without GBA1 mutations, has revealed
widespread GCase deficiency most pronounced in the
substantia nigra (SN) [42,43]. This suggests potential thera-
peutic benefits from reversing defects associated with
GCase deficiency in all forms of PD. Mechanistically, links
between the functional loss of GCase and oSyn accumulation
have been described as occurring in a bidirectional feedback
loop in the synucleinopathies [36]. It was previously demon-
strated in primary neuronal culture and PD mouse models
that GCase deficiency potentiates aSyn pathology and that
pathogenic forms of aSyn result in a reduction in GCase
activity [44].

Bi-allelic mutations in the GBA1 gene have been known
for decades to cause the commonest lysosomal storage dis-
order (LSD) GD [45]. This is a multi-systemic metabolic
disorder, characterized by the build-up of glucosylceramide
(GlcCer) within macrophages, which deposit in various tis-
sues such as the liver, spleen and bone marrow, causing
tissue dysfunction and inflammation. GD is clinically subdi-
vided according to whether there is central nervous system
(CNS) involvement. Type I is the most common form and
is notable for its lack of primary neurological pathology.



Table 1. Parkinson's disease causal and risk genes linked to endo-lysosomal dysfunction. Autosomal dominant, AD; autosomal recessive, AR; chaperone- [JEJi}
mediated autophagy, C(MA; Lewy body, LB; early onset, EQ; late onset, LO; intellectual disability, ID; autistic spectrum disorder, ASD.

S
dinical and g
neuropathological Z
protein name inheritance features role in endo-lysosomal network é
SNCA/ o-synudlein (ctSyn) AD EOPD, LB pathology Mutant forms of a:Syn inhibit CMA [24]. g
PARK1 5
PARKIN/ Parkin AR EOPD, no LB pathology  Parkin promotes mitophagy of damaged é
PARK2 mitochondria through polyubiquitination of %
VDAC6 on the outer membrane [25]. &
PINK 7/ bbbbb éerine/thféonine;protéih R » EOPD, no LB pathology PINKT phbsphbrylates Parkin on the outer >
PARK6 kinase membrane of mitochondria to initiate ;
mitophagy [19]. §
DJ-1/PARK7 AR EOPD, no LB DJ-1 regulates chaperone-mediated autophagy :
(CMA) [26]. ]
LRRK2/ leucine-rich repeat AD LOPD, no LB pathology ~ LRRK2 is a kinase with a role in retromer ;
PARKS serine/threonine- function [27]. It is a positive regulator of :
protein kinase 2 autophagy through activation of AMPK E
[28,29]. &
PLA2G6/ Phospholipase A, AR EO PD, dystonia phospholipase A,/iPLA2-VIA binds the retromer
PARK14 parkinsonism subunits Vps35 and Vps26 and enhances
retromer function [30].
FBOX7/ bbbbb F-box domain- R £ PD,F LB p‘atbholbogy FBXO7 pérticipétes in mitochondrial maintenance
PARK15 containing protein through direct interaction with PINK1 and
Parkin in the process of mitophagy [31].
VPS35/ vacuolar protein sorting-  AD LOPD, no LB pathology ~ Vps35 is a retromer component involved in the
PARK17 associated protein 35 transport of select cargo proteins between
vesicular structures such as the endosome and
lysosome and the trans-Golgi network [23].
Auxilin/ auxilin AR EOPD, LB pathology Augxilin regulates the clathrin-mediated
PARK19 endocytosis pathway in neurons [32].
DNAJC13/ DNAJCT3 AD LOPD, LB pathology DNAJ(13 is an endosome protein that regulates
PARK21 endosomal membrane trafficking. Its mutation
leads to oSyn accumulation in the endosomal
compartment [33].
Rab39B Ras-related protein X-linked EOPD, ID, ASD, LB Rab39B is a RabGTPase localized to the
Rab-39B pathology Golgi; it has a proposed role in endosomal
trafficking [34].
BAT gI‘u‘cbcerébrosidés‘e risk factor bi-allelic mutations LOPD LB paihoiogy  GBAsa FIy‘so‘sonﬁa‘I ehzymé that hyd‘rblyseﬁ R
(GCase, GBA) cause Gaucher disease; glucosylceramide to ceramide and glucose.
heterozygous mutations are Mutations in GBAT cause lysosomal
the most common genetic dysfunction [36]. Mutant GCase blocks c:Syn
risk factor for PD [35] degradation by CMA [37].
Rab7L1/ Rab7L risk locus Rab7L1 interacts with LRRK2 to modify endo-
PARK16 lysosomal and Golgi sorting [38].

Types II and III GD represent acute and chronic forms of
nGD, respectively. Central to the pathogenesis of GD is lyso-
somal dysfunction. Given the role of the lysosome in several

intracellular degradative processes, including the various
forms of autophagy, defects in such pathways are increas-
ingly being linked to GD [46—48].



Lysosomal-autophagic dysfunction has been well described
in GD and PD linked to GBAI mutations (GBA-PD)
[46-49]. Studies in post-mortem GBA-PD brains demon-
strated that mutant forms of GCase at the lysosomal surface
impair CMA degradation of oSyn [37]. Using dopamin-
ergic-like cell lines expressing two different GBAI mutant
constructs (N370S and L444P) on a background of GBAI
knockout, it was shown that the earlier steps of autophagoso-
mal formation are upregulated, with elevated levels of
phosphorylated ULK1, an upstream initiating factor for
autophagic activation. Despite this, PI3K complex com-
ponents such as beclin, regulating phagophore formation,
were not increased. These findings likely represent an
early compensatory response to the partial loss of normal
autophagic-lysosomal degradation [50].

Further upstream, mTOR phosphorylates the CLEAR
(Coordinated Lysosomal Expression and Regulation) network
activator TFEB to prevent its nuclear export, thus repressing
transcription of autophagic-lysosomal genes. Accordingly, in
a fly model of nGD, mTOR activity was dysregulated and
MITF/TFEB was upregulated, in response to a block in
lysosomal-autophagic function [48,49]. GD induced pluripo-
tent stem cell (iPSC)-derived neuronal progenitors and
differentiated neurons also displayed evidence of mTORCI
hyperactivation and increased TFEB phosphorylation. More-
over, pharmacological inhibition of glucosylceramide
synthase reversed mTORC1 hyperactivation, implying that
the abnormal mTORCI1 activity is mediated by the build-up
of glycosphingolipids in GD cells [51].

In keeping with the autophagy impairments in GD,
increased LC3-II/LC3-I ratios and p62 accumulation, both
consistent with a defect in autophagosome-lysosome
fusion, have been observed in mouse [52], patient iPSC-
derived neuronal models [50] and fly models of nGD
[48,49]. Moreover, studies in iPSC-derived midbrain dopa-
minergic neurons from patients with GBAI mutations
demonstrated an increase in both LC3 and LAMP1, with a
low co-localization index, suggesting a block specifically at
the fusion stage of autophagy [53].

Additionally, LAMP2 is upregulated in a neuronopathic-
like GD saposin C/Gbal V394L double mutant mouse
model, reflecting either increased chaperone-mediated
autophagy (CMA) or simply upregulation of CLEAR
network genes [52]. Further probing of these mice demon-
strated both a significant reduction in LAMP2 specifically
in lysosomal membrane fractions, and a decrease in
CMA-mediated proteolysis. CMA was also impaired
in human GBAI mutant neuronal cell lines in association
with intralysosomal accumulation of sphingolipids [50].
These findings suggest that CMA is not inhibited through
direct lysosomal dysfunction, but rather via destabilization
of membrane microdomains as a result of the lipid
dyshomeostasis that occurs in GCase deficiency. It is also
possible that this mechanism could additionally disrupt
autophagosome-lysosome fusion.

GBA1 mutations have also been linked to impairment of
mitophagy. Hippocampal neurons from knock-in mice har-
bouring heterozygous L[444P GBAl mutations display
impairments in autophagy and mitochondrial priming, both
necessary for mitophagy [54]. These defects were shown to

be dependent on gain-of-function mechanisms, as expression [ 4 |

of L444P mutant GBA in a neuronal cell line resulted in similar
defects in mitophagy despite intact GCase activity. Consistent
with this, examination of post-mortem brain tissue from indi-
viduals with GBA-PD revealed mitochondrial abnormalities
and impaired autophagy. Moreover, complete genetic
depletion of GCase activity led to a block in the lysosomal
clearance of autophagic cargo.

In addition to impairment in macroautophagy and CMA,
autophagic lysosomal reformation (ALR) has also been
shown to be compromised in mutant GBAI primary mouse
neurons and patient-derived fibroblasts [55]. ALR is regu-
lated by mTOR and involves the regeneration of functional
lysosomes from autolysosomes established during autophagy
[56]. Defects in this process lead to a failure to maintain a
pool of mature and functional lysosomes crucial for the
degradation of misfolded proteins such as aSyn. Moreover,
it is possible that this process may reflect a common
pathology in PD, especially given the fact that GCase
deficiency and lysosomal dysfunction occur both with
ageing and in sporadic PD [43,50,57-59].

Thus the exact mechanisms underlying the autophagic
defects that occur in the context of GBAI mutations remain
elusive, and several differing mechanisms may be involved.
It is possible that endosomal and autophagic defects due to
GBA1 loss-of-function may affect multiple points of the
endo-lysosomal network, simultaneously or in a stepwise
manner, with initial lysosomal dysfunction culminating in a
block in autophagosome-lysosomal fusion and impairment
of multi-vesicular body (MVB)/autophagosome maturation
[53]. Moreover, downstream of lysosomal defects, localized
macromolecular deficiencies due to inhibition of the lysoso-
mal ceramide salvage pathway may impinge on normal
vesicular functions. Furthermore, as macrophages transition
to Gaucher cells, their capacity to remove toxins from the
circulation may be diminished. Accordingly, circulating
glucosylsphingosine (GlcSph) is elevated in GD and PD
patients [60]. A recent study showed GlcSph levels are
raised in multiple brain regions in both idiopathic and
GBAl-linked PD patients, demonstrating a positive corre-
lation with aSyn pathology [61]. GlcSph is formed by
deacylation of GlcCer by the lysosomal enzyme acid cerami-
dase and high levels of this sphingolipid have been identified
in nGD brains. Elevated levels of GlcSph activate mammalian
mTORC1, interfering with lysosomal biogenesis and
autophagy in nGD patient iPSC-derived neurons [62].

aSyn is a CMA-cargo bound by the cytosolic chaperone
HSC70 and internalized by LAMP2A. The pro-aggregatory
A30P and A53T SNCA (oSyn) mutations that increase PD
risk reduce CMA degradation, and allow these mutant pro-
teins to accumulate and form more toxic conformers [24].
LRRK2, mutations in which cause autosomal dominant PD,
is a CMA substrate. The most common PD-linked variant,
G2019S, not only abrogates CMA-mediated uptake of
LRRK2, but can dominantly disrupt the LAMP2A complex
and interfere with CMA globally [63]. Changes in secondary
structure of autophagy substrates are not the only CMA
defect evidenced in PD; LAMP2A and HSC70 are both



decreased in the brains of people with PD [64]. Furthermore,
boosting CMA through lentiviral LAMP2A administration
has been shown to reduce oSyn neurotoxicity in neuronal
cell culture and in a rat synucleinopathy model [65].

While monomeric oSyn is degraded through CMA, higher-
order aggregates are substrates for macroautophagy. Insoluble
aggregates persist in autophagosomes following the degra-
dation of soluble aSyn and lead to a build-up of early-stage
autophagosomes upstream of the fusion step with the lyso-
some [66]. Overexpression of wild-type oSyn results in an
indirect block to macroautophagy, contingent on inhibiting
Rabla-mediated trafficking of Atg9, a pre-autophagosomal
regulator [67]. In Drosophila models overexpressing human
aSyn, autophagosome-lysosome fusion is blocked through
aberrant actin stabilization, resulting from an interaction
between aSyn and spectrin [68]. Thus, although autophagic
defects can drive aSyn accumulation, so too can the reverse
occur, with the abnormal build-up of aSyn causing autophagic
defects. Irrespective of the precise temporal relationship
between oSyn aggregation and autophagy dysfunction, stimu-
lating autophagy to increase the degradation of misfolded
aSyn offers a potential therapeutic avenue in PD.

In addition to the degradation of misfolded proteins,
autophagy is also responsible for the removal of defective
organelles within the cell, including abnormally depolarized
mitochondria. Elegant work in Drosophila unravelled the role
of two key players in mitophagy, a mitochondria-specific
form of autophagy. Subsequent studies have further refined
the role of these two PD-associated proteins, PINK1 and
Parkin, as functioning in the ubiquitinating pathway to
target damaged mitochondria for degradation. Indeed,
defects in mitophagy are a hallmark of PD, wherein accumu-
lation of damaged mitochondria and subsequent oxidative
stress are present in multiple PD models [25,69,70].

6. Autophagy dysfunction and its link to innate
immune dysrequlation in Parkinson’s disease
and Gaucher disease

Defects in autophagy can lead to dysregulation of both innate
and adaptive immunity [71,72]. Thus, the autophagic impair-
ment observed in both PD and GD may contribute to
immune activation and neuroinflammation. In PD, there is
evidence that microglia, innate immune cells of the brain,
are activated through pattern recognition receptors, such as
Toll-like receptors (TLRs), which recognize specific molecular
damage- and pathogen-associated motifs [73]. Indeed, toxic
oligomeric forms of aSyn released by neurons interact with
TLR-2 on the surface of microglia, leading to their activation
[74]. Accordingly, TLR-2 levels are increased in post-mortem
PD brains, correlating with the aSyn pathology burden [75].
TLR-2 inhibits neuronal autophagy through regulation of
the AKT-mTOR pathway, resulting in the accumulation of
aSyn aggregates [76].

Autophagy also plays a role in innate immune responses
in GD. A link between lysosomal function and inflamma-
some activation has been demonstrated in GD macrophages
[46]. Impaired autophagy in these cells leads to an increase
in the autophagy adaptor protein p62, resulting in activation
of p65-NF-kB in the nucleus and secretion of pro-inflamma-
tory cytokines, such as interleukin (IL)-p and IL-6. Work in a

fly model of GBA1/Gbal knockout has shown autophagic— [ 5 |

lysosomal defects in the gut wall, in association with
gut dysfunction and intestinal microbiome dysbiosis [49].
Moreover, stimulation of autophagy, or eradication of the
intestinal microbiome, by raising flies under germ-free
conditions, leads to partial rescue of both lifespan and
locomotor defects. These effects are yet to be confirmed in
patients with GBAI-linked disease, but allude to the fact
that gut dysfunction, particularly intestinal autophagy
defects, may contribute to the development of PD in GBAI
mutation carriers and individuals with GD. A study using
a murine model revealed that impaired microglial autophagy
increases neuroinflammation in an NLRP3 inflammasome-
dependent manner, leading to motor and cognitive
impairments [77]. Previous studies in Drosophila have
shown how a block in autophagy can lead to unregulated
immune activation. It was demonstrated that the NF-xB
immunodeficiency (IMD) innate immune pathway, analo-
gous to mammalian TIR-domain-containing adapter-
inducing interferon-p (TRIF) signalling, is regulated by selec-
tive autophagy. Baseline degradation of IMD pathway
signalling complexes regulates this immune response and
prevents deleterious constitutive IMD activation [78]. It was
also found that selective autophagic degradation of the IKK
complex in Drosophila is mediated by the interaction of
Kenny with Atg8a, inhibiting IMD pathway activation by
commensal bacteria [79].

7. Innate immune activation and inflammation
in Parkinson’s disease and Gaucher disease

Genetic, clinical and pre-clinical studies in animal models
highlight involvement of both the innate and adaptive
immune system in PD and GD, both centrally in the brain
and peripherally [80-84]. Recent genome-wide association
studies have identified more than 90 genetic risk loci for
PD, accounting for 16-36% of its heritability [85,86]. Path-
way-based analyses of genetic risk loci have shown gene
enrichment for biological pathways related to immune func-
tion [87]. Several immune-related genetic variants have
been linked to PD risk, including at the human leucocyte
antigen (HLA) [88], tumour necrosis factor (TNF)-o [89]
and TLR-9 [90] loci. From a clinical perspective, elevated
levels of proinflammatory cytokines have been observed in
the serum, brain and cerebrospinal fluid (CSF) of PD patients
[91-96]. For example, increased levels of IL-2, IL-6 and TNF-
a, as well as the chemoattractant protein (MCP-1), were
increased in the CSF of PD patients [92,93,96].

There is mounting evidence to support a link between
aSyn and immune activation in PD. Nigrostriatal pathway
injection of lipopolysaccharide (LPS) into transgenic mouse
models with normal or increased levels of aSyn resulted in
degeneration of dopaminergic neurons in the SN [97,98]. Sev-
eral studies have suggested that aSyn is a damage-associated
molecular pattern (DAMP) that can induce production of
inflammatory cytokines in microglia [99-101]. Microglial acti-
vation and recruitment of glia to areas predisposed to
dopaminergic neuronal loss are observed in post-mortem
PD brains [102]. Consistent with this, positron emission tom-
ography (PET) imaging studies have shown early microglial
activation in PD brains in both cortical and subcortical
areas [103]. Similar studies have also revealed microgliosis
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in the brains of GBAI mutation carriers in the absence of PD
[104]. Moreover, work in primary rat and mouse midbrain
cultures revealed that aggregated oligomeric aSyn is capable
of activating microglia [105]. Elevated levels of TLR2 and
TLR4 expression are observed in brain regions pathologically
affected by PD (i.e. SN pars compacta and putamen) and in
myeloid cells of the post-mortem brains of PD patients
[75,106]. Kim et al. [74] revealed that medium containing
extracellular oligomeric aSyn activates microglia and stimu-
lates proinflammatory cytokine/chemokine production in
a TLR2-dependent manner [74]. Moreover, inhibition of
TLR2 in murine microglia, either through the depletion
of the TIr2 gene or through TLR2-blocking antibodies,
resulted in the elimination of proinflammatory cytokine upre-
gulation. In a follow-up study, Kim and colleagues [107]
exposed rat primary neurons in culture to murine microglia
and oSyn [107]. TIr2 gene depletion in the microglia comple-
tely abrogated microglial neurotoxicity, typically triggered by
the neuronally released oligomeric aSyn, whereas the ability
of LPS to trigger microglial neurotoxicity was unaltered.
These results suggest that TLR2 activation of microglia by
aggregated forms of aSyn drives dopaminergic degeneration,
possibly through the production of toxic agents, such as pro-
inflammatory cytokines. In addition, TLR4 has been shown
to mediate oSyn-induced murine microglial activation,
phagocytosis, proinflammatory cytokine production and
reactive oxygen species (ROS) production [108].

Alterations in adaptive immunity are also implicated in
PD and are reviewed in detail elsewhere (see [83,109]). For
example, T-cells are activated by aSyn and can infiltrate the
CNS to stimulate neuroinflammation. Indeed, it was shown
that overexpression of aSyn in the midbrain of mice leads
to upregulation of the major histocompatibility complex
(MHCQ) II on CNS myeloid cells, as well as infiltration of inter-
feron (IFN)-y secreting CD4 and CD8 T-cells into the brain
[110]. Moreover, genetic deletion of CD4 resulted in dampen-
ing down of this neuroinflammatory response.

Immune system abnormalities also occur in GD, with an
increased susceptibility to infection and certain malignancies
[111,112]. Gene expression analysis of cultured fibroblasts
from GD patients has shown gene enrichment for immune
response pathways [113]. Accumulation of GlcCer in GD
leads to macrophage activation, and increased expression
and secretion of serum cytokines, including TNF-a, IL-1B,
IL-6, IL-10 and others [80,81]. Multiple studies in mouse
models of nGD show microglial and astrocytic activation,
as well as infiltration of immune cells into the brain
[114,115]. These pathologies are associated with widespread
upregulation of pro-inflammatory cytokines, including
IL-1p and TNF-a, and loss of blood-brain barrier integrity
[116]. Moreover, targeted rescue of Gbal in the microglia
and neurons of Gbal-deficient nGD mice leads to the reversal
of GlecCer and GlcSph accumulation, reduced neuroinflam-
mation and improved survival [115]. Furthermore, a chronic
reduction of GCase in mice using an irreversible inhibitor,
conduritol-B-epoxide, was associated with widespread
neuroinflammation and complement Clq activation, in
addition to aSyn pathology and neuronal loss [117,118]. Simi-
lar neuropathology was also reported in a zebrafish GBAI
knockout model, which lacks endogenous oSyn. Microglial
reaction in the brain was accompanied by a significant loss
of dopaminergic neurons and age-dependent locomotor
decline [119].

Gastrointestinal dysfunction is increasingly being impli-
cated in PD and is consistent with the histopathological
abnormalities observed in the intestinal tissue of PD patients.
Braak and colleagues demonstrated Lewy body pathology
in the myenteric nervous system prior to that seen in the
SN [120]. It has thus been hypothesized that the gut may
act as the initiating site of PD pathology. Subsequent
histopathological studies on gastrointestinal tissues have
demonstrated significantly greater aSyn deposition in PD
patients compared with healthy controls [121,122]. Moreover,
in vivo studies in mammalian models have shown that
aSyn injected into the intestinal wall can be retrogradely trans-
ported from the myenteric plexus in a ‘prion-like’ manner via
the vagus nerve to the brainstem [120,123-125], confirming a
direct neuronal link between the gut and brain. Consistent
with this, truncal vagotomy reduces the risk of developing
PD [126].

In keeping with oSyn deposition in the gut, intestinal
autophagy defects are increasingly being linked to PD. The
observation of aSyn in the small intestine of healthy individ-
uals, albeit to a lesser extent than in those with PD, suggests
that the presence of low levels of aggregatory protein in the
gut are insufficient to cause PD. It is thus possible that defects
in the degradative pathways of the gut cells, which target the
clearance of aSyn, may contribute to its abnormal accumu-
lation within the intestinal tissue. Indeed, epigenetic
inactivation of the autophagic-lysosomal pathway in the
appendix tissue of individuals with PD has been observed,
as evidenced by aberrant and widespread hypermethylation
of autophagic-lysosomal pathway genes, similar to that
seen in the brains of individuals with PD [127]. Autophagic
impairment in the gut has been shown in Gbal knockout
flies in association with increased intestinal transit time,
increased intestinal wall leakiness and elevated NF-«B signal-
ling in gut cells, as well as increased intestinal microbiome
load and dysbiosis [49].

There is growing evidence to suggest that intestinal
dysfunction can influence the brain via gut-brain axis com-
munication. In accordance with gastrointestinal symptoms
being an almost universal feature in PD, intestinal inflam-
mation and an altered composition of the intestinal flora,
known as the gut microbiome, have been described in PD
patients [128,129]. Changes in relative bacterial abundance
were observed at the phylum level between PD patients and
healthy controls [130,131]. Overall, the microbiota of healthy
patients was associated with low levels of LPS and flagellin
[132], while the microbiome of PD patients appeared more
similar to that observed in patients with inflammatory bowel
disease. A study in a Taiwanese cohort revealed that altera-
tions in the microbiota of individuals with PD are correlated
with the severity of motor dysfunction, as well as increased
levels of the proinflammatory cytokines IFN-y and TNF-o in
the plasma. mRNA expression levels of proinflammatory cyto-
kines, such as TNF-o, IL-6, IL-1B and IFN-y are significantly
elevated in the ascending colon of PD patients versus controls,
but decline over the course of the disease progression [128]. A
meta-analysis examining the association of Helicobacter pylori
gut infections with PD found that the presence of this



bacterium is more frequent in PD patients compared with con-
trols, and that these infections correlate with more severe
motor defects [133]. Studies of two different cohorts—one in
Taiwan and one in the USA—found an association between
the diagnosis of inflammatory bowel disease and the risk of
developing PD [134,135]. These findings indicate that intestinal
inflammation may occur early in PD and may be linked to
gut dysbiosis.

Sampson et al. [136] demonstrated in oSyn-overexpressing
(ASO) mice that eradication of the intestinal microbiome
resulted in the amelioration of neuropathology and loco-
motor dysfunction [136]. Similar results were seen in the
ASO mice raised under germ-free conditions or treated
with a cocktail of antibiotics postnatally. Similarly, Atilano
et al. [49] showed that elimination of the intestinal micro-
biome, by raising Gbal knockout flies under germ-free
conditions, reduces brain glial activation and decreases gut
and systemic NF-«xB signalling, in addition to promoting
survival and locomotor performance [49]. Together these
findings support a communication between the gut and
brain and suggest that modulating the gut microbiome may
represent a possible therapeutic avenue in PD.

9. Targeting lysosomal—autophagic defects and
downstream pathologies to treat Parkinson’s
disease and Gaucher disease

(a) Targeting autophagy

Growing evidence suggests that lysosomal-autophagic
dysfunction plays a central role in PD and GD. Thus, the
autophagy pathway and its regulator, the mTOR complex,
represent potential therapeutic targets for the treatment of
PD and GBAI-associated neurodegeneration. Indeed, treat-
ment with the mTOR inhibitor Torinl was found to
enhance lysosomal biogenesis and improve autophagic clear-
ance in GD neurons [51]. Additionally, the mTOR inhibitor
rapamycin alleviated cell death in both mice and neuronal
cell cultures treated with the dopamine agonist MPTP [137].
Overexpression of 4E-BP, which is negatively regulated by
mTOR, or treatment with rapamycin, suppressed dopamin-
ergic cell death in PINK1/Parkin mutant fly models [138].
Rapamycin has been shown to increase autophagy and
reduce neuronal loss in a mouse model of Alzheimer’s dis-
ease [139], as well as alleviating motor function in rodent
PD models [140]. In a fly model of nGD, rapamycin reduced
innate immune signalling in the gut and other tissues via
direct stimulation of autophagy [49]. There were no
significant effects on innate immunity in control flies.

As rapamycin functions upstream of autophagic
initiation, it is unknown how increased autophagosomal bio-
genesis might rescue defects in autophagosomal-lysosomal
fusion, which are characteristic of GBAI-depleted cells [53].
The actions of rapamycin would be predicted to increase
immature autophagosomes and might therefore be expected
to further stress remaining functional lysosomes. It is possible
that rapamycin functions as a dual stimulator of autophago-
some and lysosomal biogenesis and bypasses intermittent
fusion defects as far as cellular energetics will allow. Macro-
autophagic induction through beclin administration, a
manipulation that increases early phagosome maturation,
ameliorated PD pathology in a transgenic mouse model

[141]. These benefits are also interesting given the fact that [ 7 |

beclin upregulation would not be expected to improve
defects in autophagosome-lysosome fusion.

In humans, the principal therapeutic purpose of rapamycin
(also known as sirolimus) is as an immunosuppressant. It
suppresses the adaptive immune system and limits the
proliferation of T-cells, through inhibition of S6K phosphoryl-
ation and the cdk2—cyclin complex, both of which are required
for G1/S phase transition and subsequent T-cell division [142].
Inflammation and immune dysfunction are increasingly being
linked to PD and GD. Therefore, rapamycin may offer dual
therapeutic benefits in these disorders by virtue of its ability
to directly stimulate autophagy and suppress immune acti-
vation. Another candidate therapeutic that targets mTOR is
RTB101, which is currently in a Phase Ib/Ila clinical trial in
combination with sirolimus in PD patients [143].

Pioglitazone, a thiazolidinedione (TZD) that is used in the
treatment of type 2 diabetes, has also shown promise for the
treatment of PD. Its use is associated with a lower risk of
developing PD in diabetic populations [144,145]. Pioglitazone
improved lysosomal-autophagic dysfunction in a fly model
of Gbal deficiency, with return of the levels of the autophagic
marker Ref(2)P/p62 towards normal [146].

(b) Targeting GCase

Decreased levels of GCase have been demonstrated in PD and
ageing human brains [59,147]. Systemic reduction of GCase
activity in mice, using an irreversible inhibitor, is associated
with increased inflammation, complement activation and
accumulation of aSyn [117,118], thus supporting a role of
glycolipid dysregulation in inflammation. Appropriately,
enzyme-replacement therapy (ERT) to deliver GCase protein,
and substrate-reduction therapy (SRT) to reduce the production
of GlcCer and GIcSph, are already established in the treatment
of GD [148]. Although these treatments are effective in protect-
ing against non-neuropathic symptoms, most of them do not
cross the blood-brain barrier (BBB). Those that do permeate
the BBB have reduced efficacy and are thus not suitable to
adequately treat the neuropathology associated with GD or
GBA-PD [149-151]. Recently, gene therapy has been used to
directly deliver a functional GBAI gene into the nervous
system of various genetic mouse models of GD and GBA-PD
[152,153]. Intracerebral adenovirus (AAV)-GBAI injections in
aSyn-expressing (ASO) mice increase GCase protein levels
and activity in various brain regions and alleviate neuro-
inflammation. These improvements are also accompanied by
a reduction in oSyn pathology [154]. Preclinical studies in
mouse models with PR0O01, an AAV9 vector-based gene
therapy designed to deliver the GBAI gene directly to the
CNS, revealed broad vector distribution with significant
elevation of GCase levels and no adverse findings or evidence
of toxicity. PRO01 is currently in Phase I/II clinical trials in
GBA-PD patients [155].

Alternative therapeutic strategies for GD and GBA-PD
include the use of small molecules that can pass the BBB to
help traffic misfolded GCase to the lysosome, increasing lyso-
somal GCase activity levels. One such candidate is ambroxol,
a small molecule chaperone that binds mutant misfolded
GCase protein in the ER to increase its trafficking to the lyso-
some. Ambroxol has shown promising results in GBA-PD
cellular, fly and mouse models [156-160] and is now in
phase II clinical trial in GBA-PD (AiM-PD study). Another
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approach, using molecular chaperones, is that promoting the
degradation of GCase. Heat shock protein 90 (Hsp90),
together with heat shock protein Hsp27, is responsible for
the degradation of misfolded GCase protein. Limiting the
proteasomal degradation of GCase, using specific HSP
and histone deacetylase inhibitors, has shown therapeutic
potential in pre-clinical studies [161,162].

(c) Targeting the innate immune system and
neuroinflammation

Given the overwhelming evidence for immune system acti-
vation in PD and GD, researchers have begun probing the
therapeutic potential of anti-inflammatory and immunosup-
pressant drugs in PD, which modulate the immune system
and inflammatory processes [109]. A number of epidemiological
studies analysed in a meta-analysis have shown lowered risk of
PD associated with non-steroidal anti-inflammatory drug use
[163]. However, this association was not supported in all ana-
lyses [164,165]. Several studies have also examined the effect
of immunomodulatory drugs on PD risk. One population-
based case control study demonstrated an association between
corticosteroid use and a lower risk of PD [166]. To date, despite
many clinical trials involving anti-inflammatory and immuno-
modulatory drugs, the outcome of such studies has been
disappointing [109]. Larger well-designed clinical studies are
now required to fully explore the potential of modulating
the immune system and inflaimmation in PD. Azathioprine,
a licensed immunosuppressant medication, is currently
being tested in a proof-of-concept randomized double-blind
placebo-controlled phase II clinical trial (AZA-PD) [167].

Novel therapeutic avenues are now required, focusing on
the modulation of the most harmful components of the
immune system in PD. As discussed above, data from PET
studies and experimental findings from animal models
demonstrate that the microglial response in PD occurs early,
often preceding neuronal loss [104,168,169]. Specific aggre-
gated conformations of oSyn accumulate with disease
progression, and impair microglial phagocytosis [170].
Indeed, it has been postulated that as PD progresses, micro-
glial activity may shift away from a neuroprotective role
toward a more neurotoxic one [168,169]. This seemingly
dual neuroprotective and neurodegenerative capacity of
microglia in the PD brain suggests that novel immunomodu-
latory therapies should be targeted to the optimization of the
neuroprotective and the downregulation of neurotoxic activi-
ties, as opposed to generic suppression of microglial function.
For example, in a mouse model of multiple system atrophy, a
synucleinopathy, a selective TLR4 agonist promoted micro-
glial clearance of oSyn, while preventing oSyn-mediated
TLR4 upregulation of proinflammatory cytokine secretion,
resulting in neuroprotection and improved disease outcomes
[171]. Therefore, proteins such as TLR4 and TLR2, which
have been identified as contributors to neuroprotective
and neurodegenerative activities, may represent potential
therapeutic targets in PD and GD.

Moreover, useful therapeutic insights may be gained by
further studying the immunomodulatory effects of com-
pounds that have shown benefit in animal models of PD.
Interestingly, resveratrol, a naturally occurring phenol present
in the skin of grapes and other foods, ameliorated dopamin-
ergic neuronal degeneration and pro-inflammatory cytokine
production in a 6-hydroxydopamine (6-OHDA)-provoked

rodent model [172]. In another study, resveratrol enhanced
the degradation of aSyn in a PC12 cell line via the induction
of autophagy [173].

(d) Targeting the intestinal microbiome

Microbiome dysbiosis is likely a key driver of neuroinflam-
mation in GD and PD. Elimination of gut microbiota with
antibiotics reduced neuroinflammation in a fly model of
nGD [49] and a mouse model of PD [136]. Thus, novel anti-
biotic regimes targeting the gut microbiome may represent
potential treatments for PD. Indeed, tetracycline and its
derivatives have been associated with both anti-inflamma-
tory and anti-apoptotic activities in in vitro and in vivo
models of PD [174]. In a cell culture study, minocycline
reduced neuronal cell death by inhibiting the activation and
proliferation of microglial cells via inhibition of NMDA-
induced activation of p38 MAPK [175]. In addition, minocy-
cline supressed microglial activation and expression of
proinflammatory factors in a 1-methyl-4-phenyl-1,2,3,6-tetra-
hydropyridine (MPTP)-mouse model of nigrostriatal
dopaminergic neuronal degeneration [176]. Doxycycline is
currently one of the most widely used antibiotics in the
world, is highly effective and is inexpensive with minimal
clinical side effects. Several studies have demonstrated the
neuroprotective effects of this antibiotic on dopaminergic
neurons. Systemic doxycycline treatment in a 6-OHDA
mouse model of PD resulted in decreased microglial acti-
vation [177]. In primary microglia incubated with LPS, the
use of this antibiotic led to decreased microglial activation
and reduced expression of inflammatory mediators such as
TNF-o. and ROS. These effects were facilitated through the
inhibition of the p38 MAPK and NF-«B signalling pathway.
Doxycycline treatment also inhibited degeneration of LPS-
induced dopaminergic neurons through downregulation of
the MHC-II [178].

Despite these studies, the neuroprotective effect of minocy-
cline and doxycycline in neurodegenerative models has
proven to be variable and sometimes contradictory. The
results obtained from clinical trials are inconclusive and do
not support their current use in PD. Short-, medium- and
long-term antibiotic use is linked to a plethora of effects on
gut microbiota, including reduced species diversity, altered
metabolic activity, the emergence of antibiotic-resistant organ-
isms and recurrent intestinal infections. Moreover, adverse
harmful effects may occur in the context of specific diseases
[179]. For example, harmful neurological clinical outcomes
were observed in a clinical phase III trial investigating the
effect of minocycline in amyotrophic lateral sclerosis (ALS)
patients [180]. Interestingly, chemically modified tetracycline,
lacking antibacterial activity, has been shown to reduce micro-
glial activation and secretion of pro-inflammatory cytokines in
cell culture on exposure to neurotoxic oSyn aggregates [181],
highlighting the potential therapeutic use of modified
antibiotic agents in neurodegeneration.

The previously mentioned study by Sampson and col-
leagues observed that colonization of germ-free ASO mice
with microbiota from PD patients resulted in enhancement
of locomotor defects compared with microbiota transplants
from healthy human donors and was associated with a
reduction in Lachnospiraceae and Ruminococcaceae bacterial
genera [136]. Following on from this, a preliminary study on
a small group of people with PD revealed that faecal
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Figure 1. Schematic summarizing the key interactions between molecular hallmarks of GBAT-associated disease, the autophagic—lysosomal system and innate

immune pathways.

microbiota transplant (FMT) resulted in the improvement of
both motor and non-motor symptoms at six months [182].
Further, larger studies are now required to examine the
potential therapeutic benefits of FMT in PD in the
longer term.

10. Concluding remarks and future directions

PD is often considered an oSyn-centric disease, with LB-
containing aggregated forms of this protein representing the
neuropathological hallmark [15]. However, diverse Drosophila
models of PD, including those modelling PINK1, PARKIN,
PLA2G6, LRRK2 and GBA1 mutations, display PD-like neuro-
degenerative phenotypes, despite the absence of endogenous
aSyn [19,48,183-185]. Therefore, perhaps it is useful in
terms of our understanding and development of therapeutic
strategies, that PD is considered primarily a disorder of pro-
teostasis, with underlying impairments in endo-lysosomal
autophagic pathways.

There is a wealth of evidence to support a therapeutic role
of targeting autophagy in all forms of PD. More generally,
loss of protein homeostasis is a key hallmark of ageing
[186], and therapies targeting the autophagic pathway, nota-
bly rapamycin, are known to extend lifespan across
multiple organisms [187-189]. As neurodegeneration is
likely mechanistically intertwined with the ageing process,
it is probable that there will be some intersection between
treating ageing and PD.

As we have discussed, defects in autophagy, which are
common to both PD and GD, can trigger innate immune
responses [190]. However, a precise understanding of the

nature of immune activation, involving both innate and
adaptive branches, and their relationship to autophagic-lyso-
somal defects across disease progression in PD and GD is
lacking. Data from a fly model of nGD suggest that
immune activity is driven by autophagic defects in various
tissues, including the gut, and that reversing autophagic
impairment with the mTOR inhibitor rapamycin reverses
the innate immune signalling in association with increased
lifespan and other health benefits [49]. Thus, rapamycin
may represent a potential therapy for the treatment of
GBAl-related neurodegeneration and other forms of PD
characterized by lysosomal-autophagic impairment. More
broadly, unravelling the temporal relationship between
autophagic-lysosomal dysfunction, peripheral and central
immune activation, gut dysfunction, and microbiome altera-
tions, as well as defined neuropathologies, will be crucial to
identifying new therapeutic avenues for the treatment of
these diseases. The questions of how, precisely, the immune
system and inflammation contribute to neurodegeneration,
and whether different stages of PD progression are character-
ized by differing immune responses, both neuroprotective
and neurotoxic, are yet to be answered.

Accordingly, focused studies on immune changes and
autophagic-lysosomal integrity across different tissues over
the course of the disease are required. Such studies will
benefit from appropriate animal models and access to
human subjects and tissues throughout the natural history
of the disease, including premotor stages. These approaches
will profit from non-invasive techniques, such as PET ima-
ging modalities [103,191,192] to study neuroinflammation,
in combination with sequential analysis of readily available
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patient samples, including peripheral blood and CSF.
Together with transgenic animals modelling oSyn neurotoxi-
city and familial PD linked to mutations in genes functioning
in endo-lysosomal-autophagic processes, a detailed temporal
exploration of the immune landscape in PD will be possible.
Moreover, advances in single cell “omics, including transcrip-
tomic, proteomic and lipidomic analyses, will enable deep
profiling of changes at the cellular and molecular levels in
immune signalling and autophagic-lysosomal machinery.
Such knowledge will enable the identification of new
therapeutic targets and strategies aimed at diverse pathol-
ogies, as well as elucidation of the optimal therapeutic
windows for such interventions. The latter is an important
consideration in the PD research field, as it is likely the
reason why most clinical trials of disease-modifying PD
therapies have failed. The prodromal or premotor stage of
PD occurs between 5 and 20 years before the onset of
motor symptoms, when 50-60% of dopaminergic neurons
are already lost within the SN [193]. Thus, the potential of
therapeutic drugs to prevent neuroinflammatory and neuro-
degenerative processes is significantly limited in diagnosed
PD patients who are already manifesting motor symptoms.
Early recognition of premotor PD will be critical to initiating
possible neuroprotective therapies at a stage when such inter-
ventions are likely to be most effective. An increasing number
of markers with sufficient evidence to warrant their inclusion

in prodromal PD research criteria have arisen in recent years,
and include premotor clinical, tissue, fluid and neuroimaging
biomarkers [193].

Finally, studies will need to take into consideration the
substantial evidence that PD pathogenesis may begin in per-
ipheral tissues such as the gut. This highlights the potential
benefits of developing therapies targeted at autophagic-lyso-
somal, immune and related pathologies in these tissues.
Future therapeutic strategies, as well as perhaps being targeted
at non-neuronal tissues, may also involve combinational thera-
pies, targeting separate pathologies simultaneously or at
various stages of disease progression, to reverse and prevent
the development of PD and GD (figure 1).

This article has no additional data.

We have not used Al-assisted technologies in creat-
ing this article.

A H.: conceptualization, writing—original draft,
writing—review and editing; M.L.A.: conceptualization, writing—
original draft, writing—review and editing; L.G.: writing—original
draft; KJ.K.: conceptualization, writing—original draft, writing—
review and editing.

All authors gave final approval for publication and agreed to be
held accountable for the work performed herein.

We declare we have no competing interests.

We received no funding for this study.

Ravikumar B et al. 2010 Regulation of mammalian by a chaperone. J. Biol. Chem. 293, 5414-5424. 17. Wang G, Telpoukhovskaia MA, Bahr BA, Chen X, Gan
autophagy in physiology and pathophysiology. Physiol. (doi:10.1074/jbc.R117.818237) L. 2018 Endo-lysosomal dysfunction: a converging
Rev. 90, 1383—1435. (doi:10.1152/physrev.00030.2009) 10. Bartlett BJ et al. 2011 p62, Ref(2)P and mechanism in neurodegenerative diseases. Curr.
Aman Y et al. 2021 Autophagy in healthy aging and ubiquitinated proteins are conserved markers of Opin. Neurobiol. 48, 52-58. (doi:10.1016/j.conb.
disease. Nat. Aging 1, 634-650. (doi:10.1038/ neuronal aging, aggregate formation and 2017.09.005)

$43587-021-00098-4) progressive autophagic defects. Autophagy 7, 18. Heo JM, Ordureau A, Paulo JA, Rinehart J, Harper
Dutta SK, Verma S, Jain V, Surapaneni BK, Vinayek 572-583. (doi:10.4161/auto.7.6.14943) JW. 2015 The PINK1-PARKIN mitochondrial

R, Phillips L, Nair PP. 2019 Parkinson’s disease: the ~ 11. Klionsky DJ et al. 2021 Guidelines for the use and ubiquitylation pathway drives a program of OPTN/
emerging role of gut dysbiosis, antibiotics, interpretation of assays for monitoring autophagy NDP52 recruitment and TBK1 activation to promote
probiotics, and fecal microbiota transplantation. J. (4th edition). Autophagy 17,1-382. (doi:10.1080/ mitophagy. Mol. Cell 60, 7-20. (doi:10.1016/j.
Neurogastroenterol. Motil. 25, 363-376. (doi:10. 15548627.2020.1797280) molcel.2015.08.016)

5056/jnm19044) 12. Palmieri M, Impey S, Kang H, di Ronza A, Pelz C, 19. Park J, Lee G, Chung J. 2009 The PINK1—Parkin
Yang D et al. 2019 The role of the gut Sardiello M, Ballabio A. 2011 Characterization of the pathway is involved in the regulation of
microbiota in the pathogenesis of Parkinson’s CLEAR network reveals an integrated control of mitochondrial remodeling process. Biochem.
disease. front. Neurol. 10, 1155. (doi:10.3389/fneur. cellular clearance pathways. Hum. Mol. Genet. 20, Biophys. Res. Commun. 378, 518-523. (d0i:10.1016/
2019.01155) 3852-3866. (doi:10.1093/hmg/ddr306) j.bbrc.2008.11.086)

Elfil M, Kamel S, Kandil M, Koo BB, Schaefer SM. 13. Rizek P, Kumar N, Jog MS. 2016 An update on the  20. Follett J, Bugarcic A, Yang Z, Ariotti N, Norwood SJ,
2020 Implications of the gut microbiome in diagnosis and treatment of Parkinson disease. (MAJ Collins BM, Parton RG, Teasdale RD. 2016 Parkinson
Parkinson’s disease. Movement Disord. 35, 921-933. 188, 1157-1165. (doi:10.1503/cmaj.151179) disease-linked Vps35 R524W mutation impairs the
(doi:10.1002/mds.28004) 14. Hawkes CH, Del Tredici K, Braak H. 2010 endosomal association of retromer and induces
Nazarko VY, Zhong Q. 2013 ULKT targets Beclin-1 in A timeline for Parkinson’s disease. Parkinsonism o-synuclein aggregation. J. Biol. Chem. 291,
autophagy. Nat. Cell Biol. 15, 727-728. (doi:10. Relat. Disord. 16, 79—84. (doi:10.1016/j.parkreldis. 18 283-18 298. (doi:10.1074/jbc.M115.703157)
1038/nch2797) 2009.08.007) 21, Luo A, Xu Z, Liao S. 2021 VPS35, the core component
Puri C, Vicinanza M, Rubinsztein DC. 2018 15. Spillantini MG, Crowther RA, Jakes R, Hasegawa M, of the retromer complex, and Parkinson’s disease.
Phagophores evolve from recycling endosomes. Goedert M. 1998 c.-Synuclein in filamentous lbrain 7, 318-324. (doi:10.1002/ibra.12004)
Autophagy 14, 1475-1477. (doi:10.1080/15548627. inclusions of Lewy bodies from Parkinson’s 22. Wang J, Fedoseienko A, Chen B, Burstein E, Jia D,
2018.1482148) disease and dementia with Lewy bodies. Proc. Nat/ Billadeau DD. 2018 Endosomal receptor trafficking:
Santambrogio L, Cuervo AM. 2011 Chasing the Acad. Sci. USA 95, 6469—6473. (doi:10.1073/pnas. retromer and beyond. Traffic 19, 578-590. (doi:10.
elusive mammalian microautophagy. Autophagy 7, 95.11.6469) 1111/tra.12574)

652-654. (doi:10.4161/auto.7.6.15287) 16.  Abeliovich A, Gitler AD. 2016 Defects in trafficking ~ 23. Williams ET, Chen X, Moore DJ. 2017 VPS35, the

Tekirdag K, Cuervo AM. 2018 Chaperone-mediated
autophagy and endosomal microautophagy: joint

bridge Parkinson’s disease pathology and genetics.
Nature 539, 207-216. (doi:10.1038/nature20414)

retromer complex and Parkinson’s disease. J. Parkinsons
Dis. 7, 219-233. (doi:10.3233/JPD-161020)


http://dx.doi.org/10.1152/physrev.00030.2009
https://doi.org/10.1038/s43587-021-00098-4
https://doi.org/10.1038/s43587-021-00098-4
http://dx.doi.org/10.5056/jnm19044
http://dx.doi.org/10.5056/jnm19044
http://dx.doi.org/10.3389/fneur.2019.01155
http://dx.doi.org/10.3389/fneur.2019.01155
https://doi.org/10.1002/mds.28004
https://doi.org/10.1038/ncb2797
https://doi.org/10.1038/ncb2797
http://dx.doi.org/10.1080/15548627.2018.1482148
http://dx.doi.org/10.1080/15548627.2018.1482148
http://dx.doi.org/10.4161/auto.7.6.15287
http://dx.doi.org/10.1074/jbc.R117.818237
https://doi.org/10.4161/auto.7.6.14943
https://doi.org/10.1080/15548627.2020.1797280
https://doi.org/10.1080/15548627.2020.1797280
http://dx.doi.org/10.1093/hmg/ddr306
https://doi.org/10.1503/cmaj.151179
http://dx.doi.org/10.1016/j.parkreldis.2009.08.007
http://dx.doi.org/10.1016/j.parkreldis.2009.08.007
http://dx.doi.org/10.1073/pnas.95.11.6469
http://dx.doi.org/10.1073/pnas.95.11.6469
http://dx.doi.org/10.1038/nature20414
https://doi.org/10.1016/j.conb.2017.09.005
https://doi.org/10.1016/j.conb.2017.09.005
https://doi.org/10.1016/j.molcel.2015.08.016
https://doi.org/10.1016/j.molcel.2015.08.016
https://doi.org/10.1016/j.bbrc.2008.11.086
https://doi.org/10.1016/j.bbrc.2008.11.086
https://doi.org/10.1074/jbc.M115.703157
https://doi.org/10.1002/ibra.12004
https://doi.org/10.1111/tra.12574
https://doi.org/10.1111/tra.12574
https://doi.org/10.3233/JPD-161020

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

Cuervo AM, Stefanis L, Fredenburg R, Lansbury PT,
Sulzer D. 2004 Impaired degradation of mutant o
synuclein by chaperone-mediated autophagy.
Science 305, 1292-1295. (doi:10.1126/science.
1101738)

Pickrell AM, Youle RJ. 2015 The roles of PINK1,
Parkin, and mitochondrial fidelity in Parkinson’s
disease. Neuron 85, 257-273. (doi:10.1016/j.
neuron.2014.12.007)

Xu CY, Kang WY, Chen YM, Jiang TF, Zhang J, Zhang
LN, Ding JQ, Liu J, Chen SD. 2017 DJ-1 inhibits o-
synuclein aggregation by regulating chaperone-
mediated autophagy. Front. Aging Neurosci. 9, 308.
(doi:10.3389/fnagi.2017.00308)

Zhao Y et al. 2018 Reduced LRRK2 in association
with retromer dysfunction in post-mortem brain
tissue from LRRK2 mutation carriers. Brain 141,
486-495. (doi:10.1093/brain/awx344)
Gomez-Suaga P, Luzén-Toro B, Churamani D, Zhang
L, Bloor-Young D, Patel S, Woodman PG, Churchill
GG, Hilfiker S. 2012 Leucine-rich repeat kinase 2
regulates autophagy through a calcium-dependent
pathway involving NAADP. Hum. Mol. Genet. 21,
511-525. (doi:10.1093/hmg/ddr481)

Madureira M, Connor-Robson N, Wade-Martins R.
2020 LRRK2: autophagy and lysosomal activity.
Front. Neurosci. 14, 498. (doi:10.3389/fnins.2020.
00498)

Lin G, Lee P-T, Chen K, Mao D, Tan KL, Zuo Z, Lin
W-W, Wang L, Bellen HJ. 2018 Phospholipase
PLA2G6, a Parkinsonism-associated gene, affects
Vps26 and Vps35, retromer function and ceramide
levels, similar to o-synuclein gain. Cell Metab. 28,
605—-618.E6. (doi:10.1016/j.cmet.2018.05.019)
Burchell VS et al. 2013 The Parkinson’s disease-
linked proteins Fbxo7 and Parkin interact to
mediate mitophagy. Nat. Neurosci. 16, 1257—1265.
(doi:10.1038/nn.3489)

Eisenberg E, Greene LE. 2007 Multiple roles of
auxilin and Hsc70 in clathrin-mediated endocytosis.
Traffic 8, 640—646. (doi:10.1111/j.1600-0854.2007.
00568.x)

Yoshida S et al. 2018 Parkinson’s disease-linked
DNAJC13 mutation aggravates alpha-synuclein-
induced neurotoxicity through perturbation of
endosomal trafficking. Hum. Mol. Genet. 27,
823-836. (doi:10.1093/hmg/ddy003)

Koss DJ, Campesan S, Giorgini F, Outeiro TF. 2021
Dysfunction of RAB39B-mediated vesicular
trafficking in Lewy body diseases. Movement Disord.
36, 1744-1758. (doi:10.1002/mds.28605)
Migdalska-Richards A, Schapira AHV. 2016 The
relationship between glucocerebrosidase mutations
and Parkinson disease. J. Neurochem. 139, 77-90.
(doi:10.1111/jnc.13385)

Mazzulli JR, Xu Y, Sun Y, Knight AL, Mclean PJ,
Caldwell A, Sidransky E, Grabowski GA, Krainc D.
2012 Gaucher's disease glucocerebrosidase and o
synuclein form a bidirectional pathogenic loop in
synucleinopathies. Cell 146, 37-52. (doi:10.1016/j.
¢ell.2011.06.001)

Kuo SH et al. 2022 Mutant glucocerebrosidase
impairs o-synuclein degradation by blockade of

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

chaperone-mediated autophagy. Sci. Adv. 8,
eabm6393. (doi:10.1126/sciadv.abm6393)

MacLeod DA et al. 2013 RAB7L1 interacts with
LRRK2 to modify intraneuronal protein sorting and
Parkinson’s disease risk. Neuron 77, 425-439.
(doi:10.1016/j.neuron.2012.11.033)

Mak SK, McCormack AL, Manning-Bog AB, Cuervo
AM, di Monte DA. 2010 Lysosomal degradation

of a-synuclein in vivo. J. Biol. Chem. 285,

13 621-13 629. (doi:10.1074/jbc.M109.074617)
Bernal-Conde LD, Ramos-Acevedo R, Reyes-
Herndndez MA, Balbuena-Olvera AJ, Morales-
Moreno ID, Argiiero-Sanchez R, Schiile B, Guerra-
Crespo M. 2020 Alpha-synuclein physiology and
pathology: a perspective on cellular structures and
organelles. Front. Neurosci. 13, 1399. (doi:10.3389/
fnins.2019.01399)

0'Regan G, Desouza RM, Balestrino R, Schapira AH.
2017 Glucocerebrosidase mutations in Parkinson
disease. J. Parkinsons Dis. 7, 411-422. (doi:10.
3233/JPD-171092)

Alcalay RN et al. 2015 Glucocerebrosidase activity in
Parkinson’s disease with and without GBA mutations.
Brain 138, 2648-2658. (doi:10.1093/brain/awv179)
Gegg ME, Burke D, Heales SJR, Cooper JM, Hardy J,
Wood NW, Schapira AHV. 2012 Glucocerebrosidase
deficiency in substantia nigra of Parkinson disease
brains. Ann. Neurol. 72, 455-463. (doi:10.1002/ana.
23614)

Henderson MX et al. 2020 Glucocerebrosidase
activity modulates neuronal susceptibility to
pathological o-synuclein insult. Neuron 105,
822-836.e7. (doi:10.1016/j.neuron.2019.12.004)
Stimemann J0 et al. 2017 A review of Gaucher
disease pathophysiology, clinical presentation and
treatments. Int. J. Mol. Sci. 18, 441. (doi:10.3390/
ijms18020441)

Aflaki E et al. 2016 Lysosomal storage and impaired
autophagy lead to inflammasome activation in
Gaucher macrophages. Aging Cell 15, 77-88.
(doi:10.1111/acel.12409)

Kinghorn KJ, Asghari AM, Castillo-Quan JI. 2017
The emerging role of autophagic-lysosomal
dysfunction in Gaucher disease and Parkinson’s
disease. Neural Regen. Res. 12, 380. (doi:10.4103/
1673-5374.202934)

Kinghorn KJ et al. 2016 A Drosophila model of
neuronopathic Gaucher disease demonstrates
lysosomal-autophagic defects and altered mTOR
signalling and is functionally rescued by rapamycin.
J. Neurosci. 36, 11 654-11670. (doi:10.1523/
JNEURO0S(I.4527-15.2016)

Atilano ML et al. 2023 Autophagic dysfunction and
gut microbiota dysbiosis cause chronic immune
activation in a Drosophila model of Gaucher disease.
PLoS Genet. 19, e1011063. (doi:10.1371/journal.
pgen.1011063)

Navarro-Romero A et al. 2022 Lysosomal lipid
alterations caused by glucocerebrosidase deficiency
promote lysosomal dysfunction, chaperone-
mediated-autophagy deficiency, and alpha-
synuclein pathology. NP/ Parkinsons Dis. 8, 126.
(doi:10.1038/s41531-022-00397-6)

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Brown RA, Voit A, Srikanth MP, Thayer JA,
Kingsbury TJ, Jacobson MA, Lipinski MM, Feldman
RA, Awad 0. 2019 MTOR hyperactivity mediates
lysosomal dysfunction in Gaucher's disease iPSC-
neuronal cells. Dis. Models Mech. 12, dmm038596.
(d0i:10.1242/dmm.038596)

Sun Y et al. 2010 Neuronopathic Gaucher disease in
the mouse: viable combined selective saposin C
deficiency and mutant glucocerebrosidase (V394L)
mice with glucosylsphingosine and
glucosylceramide accumulation and progressive
neurological deficits. Hum. Mol. Genet. 19,
1088-1097. (doi:10.1093/hmg/ddp580)

Schdndorf DC et al. 2014 iPSC-derived neurons from
GBAT-associated Parkinson’s disease patients show
autophagic defects and impaired calcium
homeostasis. Nat. Commun. 5, 4028. (doi:10.1038/
ncomms5028)

Li H et al. 2019 Mitochondrial dysfunction and
mitophagy defect triggered by heterozygous GBA
mutations. Autophagy 15, 113-130. (doi:10.1080/
15548627.2018.1509818)

Magalhaes J, Gegg ME, Migdalska-Richards A,
Doherty MK, Whitfield PD, Schapira AHV. 2016
Autophagic lysosome reformation dysfunction in
glucocerebrosidase deficient cells: relevance to
Parkinson disease. Hum. Mol. Genet. 25,
3432-3445. (doi:10.1093/hmg/ddw185)

Yu L et al. 2010 Termination of autophagy and
reformation of lysosomes regulated by mTOR.
Nature 465, 942-946. (doi:10.1038/nature09076)
(Carmona-Gutierrez D, Hughes AL, Madeo F,
Ruckenstuhl C. 2016 The crucial impact of lysosomes
in aging and longevity. Ageing Res. Rev. 32, 2-12.
(doi:10.1016/j.arr.2016.04.009)

Navarro-Romero A, Montpeyd M, Martinez-Vicente
M. 2020 The emerging role of the lysosome in
Parkinson’s disease. Cells 9, 2399. (doi:10.3390/
cells9112399)

Rocha EM, Smith GA, Park E, Cao H, Brown E,
Hallett P, Isacson 0. 2015 Progressive decline of
glucocerebrosidase in aging and Parkinson’s disease.
Ann. Clin. Transl. Neurol. 2, 433-438. (doi:10.1002/
an3.177)

Dekker N et al. 2011 Elevated plasma
glucosylsphingosine in Gaucher disease: relation to
phenotype, storage cell markers, and therapeutic
response. Blood 118, e118-e127. (doi:10.1182/
blood-2011-05-352971)

Leyns CEG et al. 2023 Glucocerebrosidase activity
and lipid levels are related to protein pathologies in
Parkinson’s disease. NP/ Parkinsons Dis. 9, 74.
(doi:10.1038/541531-023-00517-w)

Srikanth MP, Jones JW, Kane M, Awad 0, Park TS,
Zambidis ET, Feldman RA. 2021 Elevated
glucosylsphingosine in Gaucher disease induced
pluripotent stem cell neurons deregulates lysosomal
compartment through mammalian target of
rapamycin complex 1. Stem Cells Transl. Med. 10,
1081-1094. (doi:10.1002/sctm.20-0386)

Orenstein SJ et al. 2013 Interplay of LRRK2 with
chaperone-mediated autophagy. Nat. Neurosci. 16,
394-406. (doi:10.1038/nn.3350)


https://doi.org/10.1126/science.1101738
https://doi.org/10.1126/science.1101738
https://doi.org/10.1016/j.neuron.2014.12.007
https://doi.org/10.1016/j.neuron.2014.12.007
https://doi.org/10.3389/fnagi.2017.00308
http://dx.doi.org/10.1093/brain/awx344
http://dx.doi.org/10.1093/hmg/ddr481
http://dx.doi.org/10.3389/fnins.2020.00498
http://dx.doi.org/10.3389/fnins.2020.00498
http://dx.doi.org/10.1016/j.cmet.2018.05.019
http://dx.doi.org/10.1038/nn.3489
http://dx.doi.org/10.1111/j.1600-0854.2007.00568.x
http://dx.doi.org/10.1111/j.1600-0854.2007.00568.x
https://doi.org/10.1093/hmg/ddy003
https://doi.org/10.1002/mds.28605
http://dx.doi.org/10.1111/jnc.13385
https://doi.org/10.1016/j.cell.2011.06.001
https://doi.org/10.1016/j.cell.2011.06.001
http://dx.doi.org/10.1126/sciadv.abm6393
http://dx.doi.org/10.1016/j.neuron.2012.11.033
https://doi.org/10.1074/jbc.M109.074617
https://doi.org/10.3389/fnins.2019.01399
https://doi.org/10.3389/fnins.2019.01399
https://doi.org/10.3233/JPD-171092
https://doi.org/10.3233/JPD-171092
http://dx.doi.org/10.1093/brain/awv179
https://doi.org/10.1002/ana.23614
https://doi.org/10.1002/ana.23614
https://doi.org/10.1016/j.neuron.2019.12.004
http://dx.doi.org/10.3390/ijms18020441
http://dx.doi.org/10.3390/ijms18020441
http://dx.doi.org/10.1111/acel.12409
https://doi.org/10.4103/1673-5374.202934
https://doi.org/10.4103/1673-5374.202934
https://doi.org/10.1523/JNEUROSCI.4527-15.2016
https://doi.org/10.1523/JNEUROSCI.4527-15.2016
http://dx.doi.org/10.1371/journal.pgen.1011063
http://dx.doi.org/10.1371/journal.pgen.1011063
https://doi.org/10.1038/s41531-022-00397-6
https://doi.org/10.1242/dmm.038596
http://dx.doi.org/10.1093/hmg/ddp580
http://dx.doi.org/10.1038/ncomms5028
http://dx.doi.org/10.1038/ncomms5028
http://dx.doi.org/10.1080/15548627.2018.1509818
http://dx.doi.org/10.1080/15548627.2018.1509818
http://dx.doi.org/10.1093/hmg/ddw185
http://dx.doi.org/10.1038/nature09076
http://dx.doi.org/10.1016/j.arr.2016.04.009
http://dx.doi.org/10.3390/cells9112399
http://dx.doi.org/10.3390/cells9112399
http://dx.doi.org/10.1002/acn3.177
http://dx.doi.org/10.1002/acn3.177
http://dx.doi.org/10.1182/blood-2011-05-352971
http://dx.doi.org/10.1182/blood-2011-05-352971
http://dx.doi.org/10.1038/s41531-023-00517-w
http://dx.doi.org/10.1002/sctm.20-0386
http://dx.doi.org/10.1038/nn.3350

64.

65.

66.

67.

68.

69.

70.

7.

72.

73.

74.

75.

76.

71.

Alvarez-Erviti L, Rodriguez-Oroz MC, Cooper JM,
Caballero C, Ferrer |, Obeso JA, Schapira AHV. 2010
Chaperone-mediated autophagy markers in
Parkinson disease brains. Arch. Neurol. 67,
1464—1472. (doi:10.1001/archneurol.2010.198)
Xilouri M, Brekk OR, Kirik D, Stefanis L. 2013
LAMP2A as a therapeutic target in Parkinson
disease. Autophagy 9, 2166-2168. (doi:10.4161/
auto.26451)

Tanik SA, Schultheiss CE, Volpicelli-Daley LA,
Brunden KR, Lee VMY. 2013 Lewy body-like
o-synuclein aggregates resist degradation

and impair macroautophagy. J. Biol. Chem. 288,
15 194-15 210. (doi:10.1074/jbc.M113.457408)
Winslow AR et al. 2010 o-Synuclein impairs
macroautophagy: implications for Parkinson’s
disease. J. Cell Biol. 190, 1023—-1037. (doi:10.1083/
jch.201003122)

Sarkar S, Olsen AL, Sygnecka K, Lohr KM, Feany MB.
2021 o-Synudlein impairs autophagosome
maturation through abnormal actin stabilization.
PLoS Genet. 17, €1009359. (doi:10.1371/JOURNAL.
PGEN.1009359)

Kondapalli C et al. 2012 PINK1 is activated by
mitochondrial membrane potential depolarization
and stimulates Parkin E3 ligase activity by
phosphorylating serine 65. Open Biol. 2, 120080.
(doi:10.1098/rs0b.120080)

Ziviani E, Tao RN, Whitworth AJ. 2010 Drosophila
Parkin requires PINK1 for mitochondrial
translocation and ubiquitinates mitofusin. Proc. Nat/
Acad. Sdi. USA 107, 5018-5023. (doi:10.1073/pnas.
0913485107)

Levine B, Deretic V. 2007 Unveiling the roles of
autophagy in innate and adaptive immunity. Nat.
Rev. Immunol. 7, 767-777. (doi:10.1038/nri2161)
Xu Y, Eissa NT. 2010 Autophagy in innate and
adaptive immunity. Proc. Am. Thorac. Soc. 7, 22-28.
(doi:10.1513/pats.200909-103JS)

Schonhoff AM, Williams GP, Wallen ZD,

Standaert DG, Harms AS. 2020 Innate and adaptive
immune responses in Parkinson’s disease. Prog.
Brain Res. 252, 169-216. (doi:10.1016/bs.pbr.2019.
10.006)

Kim C et al. 2013 Neuron-released oligomeric o:-
synuclein is an endogenous agonist of TLR2 for
paracrine activation of microglia. Nat. Commun. 4,
1562. (doi:10.1038/ncomms2534)

Dzamko N, Gysbers A, Perera G, Bahar A, Shankar A,
Gao J, Fu YH, Halliday GM. 2017 Toll-like receptor 2
is increased in neurons in Parkinson’s disease brain
and may contribute to alpha-synuclein pathology.
Acta Neuropathol. 133, 303-319. (doi:10.1007/
500401-016-1648-8)

Kim C et al. 2015 Antagonizing neuronal toll-like
receptor 2 prevents synucleinopathy by activating
autophagy. Cell Rep. 13, 771-782. (doi:10.1016/].
celrep.2015.09.044)

Cheng J et al. 2020 Microglial autophagy defect
causes Parkinson disease-like symptoms by
accelerating inflammasome activation in mice.
Autophagy 16, 2193—2205. (doi:10.1080/15548627.
2020.1719723)

78.

79.

80.

81.

82.

83.

84.

85.

86.

8.

88.

89.

90.

9.

Tsapras P, Petridi S, Chan S, Geborys M, Jacomin AC,
Sagona AP, Meier P, Nezis IP. 2022 Selective
autophagy controls innate immune response
through a TAK1/TAB2/SH3PX1 axis. Cell Rep. 38,
110286. (doi:10.1016/j.celrep.2021.110286)
Jacomin AC, Nezis IP. 2020 Selective autophagic
degradation of the IKK complex in Drosophila is
mediated by Kenny/IKKy to control inflammation.
Mol. Cell. Oncol. 7, 1682309. (doi:10.1080/
23723556.2019.1682309)

Allen MJ, Myer BJ, Khokher AM, Rushton N, Cox TM.
1997 Pro-inflammatory cytokines and the
pathogenesis of Gaucher’s disease: increased release
of interleukin-6 and interleukin-10. Q/M 90, 19-25.
(doi:10.1093/qjmed/90.1.19)

Barak V, Acker M, Nisman B, Kalickman |,
Abrahamov A, Zimran A, Yatziv S. 1999 Cytokines in
Gaucher’s disease. Eur. Cytokine Netw. 10, 205-210.
Pandey MK et al. 2017 Complement drives
glucosylceramide accumulation and tissue
inflammation in Gaucher disease. Nature 543,
108-112. (doi:10.1038/nature21368)

Tansey MG, Romero-Ramos M. 2019 Immune
system responses in Parkinson’s disease: early and
dynamic. Eur. J. Neurosci. 49, 364—383. (doi:10.
1111/ejn.14290)

Williams-Gray CH et al. 2016 Serum immune
markers and disease progression in an incident
Parkinson’s disease cohort (ICICLE-PD). Movement
Disord. 31, 995-1003. (doi:10.1002/mds.26563)
Chang D et al. 2017 A meta-analysis of genome-
wide association studies identifies 17 new
Parkinson’s disease risk loci. Nat. Genet. 49,
1511-1516. (doi:10.1038/ng.3955)

Nalls MA et al. 2019 Identification of novel risk loci,
causal insights, and heritable risk for Parkinson’s
disease: a meta-analysis of genome-wide
association studies. Lancet Neurol. 18, 1091-1102.
(doi:10.1016/51474-4422(19)30320-5)

Holmans P et al. 2013 A pathway-based analysis
provides additional support for an immune-related
genetic susceptibility to Parkinson’s disease. Hum.
Mol. Genet. 22, 1039—1049. (doi:10.1093/hmg/
dds492)

Zhao Y et al. 2013 Association of HLA locus variant
in Parkinson’s disease. Clin. Genet. 84, 501-504.
(doi:10.1111/cge.12024)

Bialecka M, Klodowska-Duda G, Kurzawski M,
Slawek J, Gorzkowska A, Opala G, Bialecki P, Sagan
L, Drozdzik M. 2008 Interleukin-10 (IL10) and
tumor necrosis factor o (TNF) gene polymorphisms
in Parkinson’s disease patients. Parkinsonism Relat.
Disord. 14, 636—640. (doi:10.1016/j.parkreldis.2008.
02.001)

Zhu K, Teng J, Zhao J, Liu H, Xie A. 2016 Association
of TLR9 polymorphisms with sporadic Parkinson’s
disease in Chinese Han population. Int. J. Neurosdi.
126, 612-616. (doi:10.3109/00207454.2015.
1050591)

Lin CH et al. 2019 Altered gut microbiota and
inflammatory cytokine responses in patients with
Parkinson’s disease. J. Neuroinflam. 16, 129.
(doi:10.1186/s12974-019-1528-y)

92.

93.

9%4.

95.

9.

97.

9.

9.

100.

101.

102.

103.

Mogi M, Harada M, Narabayashi H, Inagaki H,
Minami M, Nagatsu T. 1996 Interleukin (IL)-14, IL-
2, IL-4, IL-6 and transforming growth factor-o.
levels are elevated in ventricular cerebrospinal fluid
in juvenile parkinsonism and Parkinson’s disease.
Neurosci. Lett. 211, 13-16. (doi:10.1016/0304-
3940(96)12706-3)

Mogi M, Harada M, Riederer P, Narabayashi H, Fujita
K, Nagatsu T. 1994 Tumor necrosis factor-o. (TNF-or)
increases both in the brain and in the cerebrospinal
fluid from parkinsonian patients. Neurosci.

Lett. 165, 208-210. (doi:10.1016/0304-
3940(94)90746-3)

Mogi M, Harada M, Kondo T, Riederer P, Inagaki H,
Minami M, Nagatsu T. 1994 Interleukin-1p,
interleukin-6, epidermal growth factor and
transforming growth factor-ot are elevated

in the brain from parkinsonian patients. Neurosci.
Lett. 180, 147-150. (doi:10.1016/0304-3940(94)
90508-8)

Qin X-Y, Zhang S-P, Cao C, Loh YP, Cheng Y. 2016
Aberrations in peripheral inflammatory cytokine
levels in Parkinson disease. JAMA Neurol. 73, 1316.
(doi:10.1001/jamaneurol.2016.2742)

Schroder JB, Pawlowski M, Meyer zu Horste G, Gross
(C, Wiendl H, Meuth SG, Ruck T, Warnecke T. 2018
Immune cell activation in the cerebrospinal fluid of
patients with Parkinson’s disease. Front. Neurol. 9,
1081. (doi:10.3389/fneur.2018.01081)

Gao HM, Kotzbauer PT, Uryu K, Leight S,
Trojanowski JQ, Lee VMY. 2008 Neuroinflammation
and oxidation/nitration of oc-synuclein linked to
dopaminergic neurodegeneration. J. Neurosci. 28,
7687-7698. (doi:10.1523/JNEUR0SCI.0143-07.2008)
Herrera A), Castafio A, Venero JL, Cano J, Machado
A. 2000 The single intranigral injection of LPS as a
new model for studying the selective effects of
inflammatory reactions on dopaminergic system.
Neurabiol. Dis. 7, 429—-447. (doi:10.1006/nhdi.2000.
0289)

Béraud D et al. 2013 Microglial activation and
antioxidant responses induced by the Parkinson’s
disease protein o-synuclein. J. Neuroimmune
Pharmacol. 8, 94-117. (doi:10.1007/s11481-012-
9401-0)

Su R, Zhou T. 2021 Alpha-synuclein induced
immune cells activation and associated therapy in
Parkinson’s disease. Front. Aging Neurosdi. 13,
769506. (doi:10.3389/fnagi.2021.769506)

Su X, Maguire-Zeiss KA, Giuliano R, Prifti L,
Venkatesh K, Federoff H). 2008 Synuclein activates
microglia in a model of Parkinson’s disease.
Neurobiol. Aging 29, 1690-1701. (doi:10.1016/j.
neurobiolaging.2007.04.006)

McGeer PL, Itagaki S, Boyes BE, McGeer EG. 1988
Reactive microglia are positive for HLA-DR in the:
substantia nigra of Parkinson’s and Alzheimer’s
disease brains. Neurology 38, 1285. (doi:10.1212/
wnl.38.8.1285)

Gerhard A et al. 2006 In vivo imaging of microglial
activation with ["'CJ(R)-PK11195 PET in idiopathic
Parkinson’s disease. Neurobiol. Dis. 21, 404-412.
(doi:10.1016/j.nbd.2005.08.002)


http://dx.doi.org/10.1001/archneurol.2010.198
https://doi.org/10.4161/auto.26451
https://doi.org/10.4161/auto.26451
http://dx.doi.org/10.1074/jbc.M113.457408
http://dx.doi.org/10.1083/jcb.201003122
http://dx.doi.org/10.1083/jcb.201003122
https://doi.org/10.1371/JOURNAL.PGEN.1009359
https://doi.org/10.1371/JOURNAL.PGEN.1009359
https://doi.org/10.1098/rsob.120080
https://doi.org/10.1073/pnas.0913485107
https://doi.org/10.1073/pnas.0913485107
http://dx.doi.org/10.1038/nri2161
http://dx.doi.org/10.1513/pats.200909-103JS
http://dx.doi.org/10.1016/bs.pbr.2019.10.006
http://dx.doi.org/10.1016/bs.pbr.2019.10.006
http://dx.doi.org/10.1038/ncomms2534
https://doi.org/10.1007/s00401-016-1648-8
https://doi.org/10.1007/s00401-016-1648-8
http://dx.doi.org/10.1016/j.celrep.2015.09.044
http://dx.doi.org/10.1016/j.celrep.2015.09.044
http://dx.doi.org/10.1080/15548627.2020.1719723
http://dx.doi.org/10.1080/15548627.2020.1719723
http://dx.doi.org/10.1016/j.celrep.2021.110286
https://doi.org/10.1080/23723556.2019.1682309
https://doi.org/10.1080/23723556.2019.1682309
https://doi.org/10.1093/qjmed/90.1.19
http://dx.doi.org/10.1038/nature21368
http://dx.doi.org/10.1111/ejn.14290
http://dx.doi.org/10.1111/ejn.14290
https://doi.org/10.1002/mds.26563
http://dx.doi.org/10.1038/ng.3955
http://dx.doi.org/10.1016/S1474-4422(19)30320-5
http://dx.doi.org/10.1093/hmg/dds492
http://dx.doi.org/10.1093/hmg/dds492
https://doi.org/10.1111/cge.12024
https://doi.org/10.1016/j.parkreldis.2008.02.001
https://doi.org/10.1016/j.parkreldis.2008.02.001
https://doi.org/10.3109/00207454.2015.1050591
https://doi.org/10.3109/00207454.2015.1050591
https://doi.org/10.1186/s12974-019-1528-y
https://doi.org/10.1016/0304-3940(96)12706-3
https://doi.org/10.1016/0304-3940(96)12706-3
http://dx.doi.org/10.1016/0304-3940(94)90746-3
http://dx.doi.org/10.1016/0304-3940(94)90746-3
https://doi.org/10.1016/0304-3940(94)90508-8
https://doi.org/10.1016/0304-3940(94)90508-8
http://dx.doi.org/10.1001/jamaneurol.2016.2742
https://doi.org/10.3389/fneur.2018.01081
http://dx.doi.org/10.1523/JNEUROSCI.0143-07.2008
https://doi.org/10.1006/nbdi.2000.0289
https://doi.org/10.1006/nbdi.2000.0289
http://dx.doi.org/10.1007/s11481-012-9401-0
http://dx.doi.org/10.1007/s11481-012-9401-0
https://doi.org/10.3389/fnagi.2021.769506
http://dx.doi.org/10.1016/j.neurobiolaging.2007.04.006
http://dx.doi.org/10.1016/j.neurobiolaging.2007.04.006
http://dx.doi.org/10.1212/wnl.38.8.1285
http://dx.doi.org/10.1212/wnl.38.8.1285
https://doi.org/10.1016/j.nbd.2005.08.002

104.

105.

106.

107.

108.

109.

10.

m.

n2.

3.

114.

115.

116.

Mullin S, Stokholm MG, Hughes D, Mehta A, Parbo
P, Hinz R, Pavese N, Brooks DJ, Schapira AHV. 2020
Brain microglial activation increased in
glucocerebrosidase (GBA) mutation carriers without
Parkinson’s disease. Movement Disord. 36, 774—779.
(doi:10.1002/mds.28375)

Zhang W et al. 2005 Aggregated or-synuclein
activates microglia: a process leading to disease
progression in Parkinson’s disease. FASEB J. 19,
533-542. (doi:10.1096/fj.04-2751com)
Drouin-Ouellet J, St-Amour |, Saint-Pierre M,
Lamontagne-Proulx J, Kriz J, Barker RA, Cicchetti F.
2015 Toll-like receptor expression in the blood and
brain of patients and a mouse model of Parkinson’s
disease. Int. J. Neuropsychopharmacol. 18, pyu103.
(doi:10.1093/ijnp/pyu103)

Kim C, Lee HJ, Masliah E, Lee SJ. 2016 Non-cell-
autonomous neurotoxicity of a-synuclein through
microglial toll-like receptor 2. Exp. Neurobiol. 25,
113-119. (doi:10.5607/en.2016.25.3.113)

Fellner L, Irschick R, Schanda K, Reindl M,
Klimaschewski L, Poewe W, Wenning GK, Stefanova
N. 2013 Toll-like receptor 4 is required for o
synuclein dependent activation of microglia and
astroglia. Glia 61, 349-360. (doi:10.1002/glia.
22437)

Tansey MG, Wallings RL, Houser MC, Herrick MK,
Keating CE, Joers V. 2022 Inflammation and immune
dysfunction in Parkinson disease. Nat. Rev. Immunol.
22, 657-673. (doi:10.1038/541577-022-00684-6)
Williams GP, Schonhoff AM, Jurkuvenaite A, Gallups
NJ, Standaert DG, Harms AS. 2021 (D4 T cells
mediate brain inflammation and neurodegeneration
in a mouse model of Parkinson’s disease. Brain 144,
2047-2059. (doi:10.1093/brain/awab103)

Cox TM, Rosenbloom BE, Barker RA. 2015 Gaucher
disease and comorbidities: B-cell malignancy and
parkinsonism. Am. J. Hematol. 90, S25-528.
(doi:10.1002/ajh.24057)

Weinreb NJ, Barbouth DS, Lee RE. 2018 Causes

of death in 184 patients with type 1 Gaucher
disease from the United States who were never
treated with enzyme replacement therapy. Blood
Cells Mol. Dis. 68, 211-217. (doi:10.1016/j.bcmd.
2016.10.002)

tugowska A et al. 2019 Gene expression profile in
patients with Gaucher disease indicates activation of
inflammatory processes. Scient. Rep. 9, 6060.
(doi:10.1038/541598-019-42584-1)

Farfel-Becker T, Vitner E, Pressey SNR, Eilam R,
Cooper JD, Futerman AH. 2011 Spatial and temporal
correlation between neuron loss and
neuroinflammation in a mouse model of
neuronopathic Gaucher disease. Hum. Mol. Genet.
20, 1375-1386. (doi:10.1093/hmg/ddr019)
Boddupalli CS et al. 2022 Neuroinflammation in
neuronopathic Gaucher disease: role of microglia
and NK cells, biomarkers, and response to substrate
reduction therapy. elife 11, €79830. (doi:10.7554/
elife.79830)

Vitner E, Farfel-Becker T, Eilam R, Biton |, Futerman
AH. 2012 Contribution of brain inflammation to
neuronal cell death in neuronopathic forms of

7.

18.

19.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Gaucher's disease. Brain 135, 1724-1735. (doi:10.
1093/brain/aws095)

Ginns El et al. 2014 Neuroinflammation and o:-
synuclein accumulation in response to
glucocerebrosidase deficiency are accompanied by
synaptic dysfunction. Mol. Genet. Metab. 111,
152-162. (doi:10.1016/j.ymgme.2013.12.003)
Rocha EM et al. 2015 Sustained systemic
glucocerebrosidase inhibition induces brain o-
synuclein aggregation, microglia and complement
(1q activation in mice. Antioxid. Redox Signal. 23,
550-564. (doi:10.1089/ars.2015.6307)

Keatinge M et al. 2015 Glucocerebrosidase 1 deficient
Danio rerio mirror key pathological aspects of human
Gaucher disease and provide evidence of early
microglial activation preceding alpha-synuclein-
independent neuronal cell death. Hum. Mol. Genet.
24, 6640-6652. (doi:10.1093/hmg/ddv369)

Braak H, De Vos RAI, Bohl J, Del Tredici K. 2006
Gastric o-synuclein immunoreactive inclusions in
Meissner’s and Auerbach’s plexuses in cases staged
for Parkinson’s disease-related brain pathology.
Neurosci. Lett. 396, 67-72. (doi:10.1016/j.neulet.
2005.11.012)

Forsyth (B, Shannon KM, Kordower JH, Voigt RM,
Shaikh M, Jaglin JA, Estes JD, Dodiya HB,
Keshavarzian A. 2011 Increased intestinal
permeability correlates with sigmoid mucosa alpha-
synuclein staining and endotoxin exposure markers
in early Parkinson’s disease. PLoS ONE 6, €28032.
(doi:10.1371/journal.pone.0028032)

Shannon KM, Keshavarzian A, Mutlu E, Dodiya HB,
Daian D, Jaglin JA, Kordower JH. 2012 Alpha-
synuclein in colonic submucosa in early untreated
Parkinson’s disease. Movement Disord. 27, 709-715.
(doi:10.1002/mds.23838)

Holmgvist S et al. 2014 Direct evidence of Parkinson
pathology spread from the gastrointestinal tract to
the brain in rats. Acta Neuropathol. 128, 805-820.
(doi:10.1007/500401-014-1343-6)

Kim S et al. 2019 Transneuronal propagation of
pathologic o-synuclein from the gut to the brain
models Parkinson’s disease. Neuron 103,
627-641.e7. (doi:10.1016/j.neuron.2019.05.035)
Okuzumi A et al. 2018 Rapid dissemination of
alpha-synuclein seeds through neural circuits in an
in-vivo prion-like seeding experiment. Acta
Neuropathol. Commun. 6, 96. (doi:10.1186/540478-
018-0587-0)

Liu B, Fang F, Pedersen NL, Tillander A, Ludvigsson
JF, Ekbom A, Svenningsson P, Chen H, Karin W.
2017 Vagotomy and Parkinson disease: a Swedish
register-based matched-cohort study. Neurology 88,
1996-2002. (doi:10.1212/WNL.0000000000003961)
Gordevicius J et al. 2021 Epigenetic inactivation of
the autophagy—lysosomal system in appendix in
Parkinson’s disease. Nat. Commun. 12, 5134.
(doi:10.1038/s41467-021-25474-x)

Devos D et al. 2013 Colonic inflammation in
Parkinson’s disease. Neurobiol. Dis. 50, 42-48.
(doi:10.1016/j.nbd.2012.09.007)

Cilia R et al. 2018 Unraveling gut microbiota in
Parkinson’s disease and atypical parkinsonism.

130.

131.

132.

133.

134,

135.

136.

137.

138.

139.

140.

141.

Movement Disord. 56, 907—922. (doi:10.1016/j.
neuroimage.2011.02.046)

Hill-Burns EM et al. 2017 Parkinson’s disease and
Parkinson’s disease medications have distinct
signatures of the gut microbiome. Movement Disord.
32, 739-749. (doi:10.1002/mds.26942)
Scheperjans F, Pekkonen E, Kaakkola S, Auvinen P.
2015 Linking smoking, coffee, urate, and
Parkinson’s disease — a role for gut microbiota?

J. Parkinsons Dis. 5, 255-262. (doi:10.3233/JPD-
150557)

Chassaing B, van de Wiele T, de Bodt J, Marzorati
M, Gewirtz AT. 2017 Dietary emulsifiers directly alter
human microbiota composition and gene expression
ex vivo potentiating intestinal inflammation. Gut 66,
1414-1427. (doi:10.1136/gutjnl-2016-313099)
Huang HK, Wang JH, Lei WY, Chen CL, Chang (Y,
Liou LS. 2018 Helicobacter pylori infection is
associated with an increased risk of Parkinson’s
disease: a population-based retrospective cohort
study. Parkinsonism Relat. Disord. 47, 26-31.
(doi:10.1016/j.parkreldis.2017.11.331)

Peter |, Dubinsky M, Bressman S, Park A, Lu C, Chen
N, Wang A. 2018 Anti-tumor necrosis factor therapy
and incidence of Parkinson disease among patients
with inflammatory bowel disease. JAMA Neurol. 75,
939. (doi:10.1001/jamaneurol.2018.0605)

Zhu Y, Yuan M, Liu Y, Yang F, Chen WZ, Xu ZZ,
Xiang ZB, Xu RS. 2022 Association between
inflammatory bowel diseases and Parkinson’s
disease: systematic review and meta-analysis. Neural
Regen. Res. 17, 344. (doi:10.4103/1673-5374.
317981)

Sampson TR et al. 2016 Gut microbiota regulate
motor deficits and neuroinflammation in a model of
Parkinson’s disease. Cell 167, 1469-1480.e12.
(doi:10.1016/j.cell.2016.11.018)

Malagelada C, Jin ZH, Jackson-Lewis V, Przedborski
S, Greene LA. 2010 Rapamycin protects against
neuron death in in vitro and in vivo models of
Parkinson’s disease. J. Neurosci. 30, 1166—1175.
(doi:10.1523/JINEUR0SCI.3944-09.2010)

Tain LS, Mortiboys H, Tao RN, Ziviani E, Bandmann 0,
Whitworth AJ. 2009 Rapamycin activation of 4E-BP
prevents parkinsonian dopaminergic neuron loss. Nat.
Neurosci. 12, 1129-1135. (doi:10.1038/nn.2372)
Spilman P, Podlutskaya N, Hart MJ, Debnath J,
Gorostiza O, Bredesen D, Richardson A, Strong R,
Galvan V. 2010 Inhibition of mTOR by rapamycin
abolishes cognitive deficits and reduces amyloid-p
levels in a mouse model of Alzheimer's disease.
PLoS ONE 5, €9979. (doi:10.1371/journal.pone.
0009979)

Decressac M, Mattsson B, Weikop P, Lundblad M,
Jakobsson J, Bjorklund A. 2013 TFEB-mediated
autophagy rescues midbrain dopamine neurons
from a-synuclein toxicity. Proc. Natl Acad. Sci. USA
110, E1817-E1826. (d0i:10.1073/pnas.1305623110)
Spencer B, Potkar R, Trejo M, Rockenstein E, Patrick
C, Gindi R, Adame A, Wyss-Coray T, Masliah E. 2009
Bedlin 1 gene transfer activates autophagy and
ameliorates the neurodegenerative pathology in o-
synuclein models of Parkinson’s and Lewy body


https://doi.org/10.1002/mds.28375
https://doi.org/10.1096/fj.04-2751com
https://doi.org/10.1093/ijnp/pyu103
http://dx.doi.org/10.5607/en.2016.25.3.113
http://dx.doi.org/10.1002/glia.22437
http://dx.doi.org/10.1002/glia.22437
http://dx.doi.org/10.1038/s41577-022-00684-6
https://doi.org/10.1093/brain/awab103
http://dx.doi.org/10.1002/ajh.24057
http://dx.doi.org/10.1016/j.bcmd.2016.10.002
http://dx.doi.org/10.1016/j.bcmd.2016.10.002
https://doi.org/10.1038/s41598-019-42584-1
http://dx.doi.org/10.1093/hmg/ddr019
https://doi.org/10.7554/eLife.79830
https://doi.org/10.7554/eLife.79830
http://dx.doi.org/10.1093/brain/aws095
http://dx.doi.org/10.1093/brain/aws095
http://dx.doi.org/10.1016/j.ymgme.2013.12.003
https://doi.org/10.1089/ars.2015.6307
https://doi.org/10.1093/hmg/ddv369
http://dx.doi.org/10.1016/j.neulet.2005.11.012
http://dx.doi.org/10.1016/j.neulet.2005.11.012
https://doi.org/10.1371/journal.pone.0028032
https://doi.org/10.1002/mds.23838
http://dx.doi.org/10.1007/s00401-014-1343-6
http://dx.doi.org/10.1016/j.neuron.2019.05.035
https://doi.org/10.1186/s40478-018-0587-0
https://doi.org/10.1186/s40478-018-0587-0
https://doi.org/10.1212/WNL.0000000000003961
http://dx.doi.org/10.1038/s41467-021-25474-x
http://dx.doi.org/10.1016/j.nbd.2012.09.007
https://doi.org/10.1016/j.neuroimage.2011.02.046
https://doi.org/10.1016/j.neuroimage.2011.02.046
https://doi.org/10.1002/mds.26942
https://doi.org/10.3233/JPD-150557
https://doi.org/10.3233/JPD-150557
https://doi.org/10.1136/gutjnl-2016-313099
https://doi.org/10.1016/j.parkreldis.2017.11.331
http://dx.doi.org/10.1001/jamaneurol.2018.0605
https://doi.org/10.4103/1673-5374.317981
https://doi.org/10.4103/1673-5374.317981
http://dx.doi.org/10.1016/j.cell.2016.11.018
http://dx.doi.org/10.1523/JNEUROSCI.3944-09.2010
https://doi.org/10.1038/nn.2372
http://dx.doi.org/10.1371/journal.pone.0009979
http://dx.doi.org/10.1371/journal.pone.0009979
https://doi.org/10.1073/pnas.1305623110

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

diseases. J. Neurosci. 29, 13 578-13 588. (doi:10.
1523/JNEUR0S(I.4390-09.2009)

Dumont FJ, Su Q. 1995 Mechanism of action of the
immunosuppressant rapamycin. Life Sci. 58,
373-395. (doi:10.1016/0024-3205(95)02233-3)
Gouda NA, Elkamhawy A, Cho J. 2022 Emerging
therapeutic strategies for Parkinson’s disease and
future prospects: a 2021 update. Biomedicines 10,
371. (doi:10.3390/biomedicines10020371)

Hussain S, Singh A, Baxi H, Taylor B, Burgess J,
Antony B. 2020 Thiazolidinedione use is associated
with reduced risk of Parkinson’s disease in patients
with diabetes: a meta-analysis of real-world
evidence. Neurol. Sci. 41, 3697-3703. (doi:10.1007/
$10072-020-04494-3)

Zhu Y, Pu J, Chen Y, Zhang B. 2019 Decreased risk
of Parkinson’s disease in diabetic patients with
thiazolidinediones therapy: an exploratory meta-
analysis. PLoS ONE 14, 0224236. (doi:10.1371/
journal.pone.0224236)

Shola-Dare 0, Bailess S, Flores CC, Vanderheyden
WM, Gerstner JR. 2021 Glitazone treatment rescues
phenotypic deficits in a fly model of Gaucher/
Parkinson’s disease. Int. J. Mol. Sci. 22, 12740.
(doi:10.3390/ijms222312740)

Hallett PJ, Huebecker M, Brekk OR, Moloney EB,
Rocha EM, Priestman DA, Platt FM, Isacson 0. 2018
Glycosphingolipid levels and glucocerebrosidase
activity are altered in normal aging of the mouse
brain. Neurobiol. Aging 67, 189-200 (doi:10.1016/].
neurobiolaging.2018.02.028)

Cox TM. 2010 Gaucher disease: clinical profile and
therapeutic developments. Biologics 4, 299-313.
(doi:10.2147/BTT.57582)

Anderson LJ, Henley W, Wyatt KM, Nikolaou V,
Hughes DA, Waldek S, Logan S. 2014 Long-

term effectiveness of enzyme replacement

therapy in adults with Gaucher disease: results
from the NCS-LSD cohort study. J. Inherit.

Metab. Dis. 37, 953-960. (doi:10.1007/510545-
014-9680-0)

Schiffmann R et al. 2008 Randomized, controlled
trial of miglustat in Gaucher's disease type 3. Ann.
Neurol. 64, 514-522. (doi:10.1002/ana.21491)
Vellodi A, Tylki-Szymanska A, Davies EH, Kolodny E,
Bembi B, Collin-Histed T, Mengel E, Erikson A,
Schiffmann R. 2009 Management of neuronopathic
Gaucher disease: revised recommendations.

J. Inherit. Metab. Dis. 32, 660—664. (doi:10.1007/
510545-009-1164-2)

Du S, Ou H, Cui R, Jiang N, Zhang M, Li X, Ma J,
Zhang J, Ma D. 2019 Delivery of Glucosylceramidase
beta gene using AAV9 vector therapy as a
treatment strategy in mouse models of Gaucher
disease. Hum. Gene Ther. 30, 155-167. (doi:10.
1089/hum.2018.072)

Morabito G et al. 2017 AAV-PHP.B-mediated global-
scale expression in the mouse nervous system
enables GBA1 gene therapy for wide protection
from synucleinopathy. Mol. Ther. 25, 2727-2742.
(doi:10.1016/j.ymthe.2017.08.004)

Rocha EM et al. 2015 Glucocerebrosidase gene
therapy prevents o-synucleinopathy of midbrain

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

dopamine neurons. Neurobiol. Dis. 82, 495-503.
(doi:10.1016/j.nbd.2015.09.009)

Abeliovich A, Hefti F, Sevigny J. 2021 Gene therapy
for Parkinson’s disease associated with GBAT
mutations. J. Parkinsons Dis. 11, $183-5188
(doi10.3233/jpd-212739)

Ambrosi G, Ghezzi C, Zangaglia R, Levandis G,
Pacchetti C, Blandini F. 2015 Ambroxol-induced
rescue of defective glucocerebrosidase is associated
with increased LIMP-2 and saposin C levels in GBA1
mutant Parkinson’s disease cells. Neurobiol. Dis. 82,
235-242. (doi:10.1016/j.nbd.2015.06.008)
Magalhaes J, Gegg ME, Migdalska-Richards A,
Schapira AH. 2018 Effects of ambroxol on the
autophagy-lysosome pathway and mitochondria in
primary cortical neurons. Scient. Rep. 8, 1385.
(doi:10.1038/s41598-018-19479-8)

McNeill A et al. 2014 Ambroxol improves lysosomal
biochemistry in glucocerebrosidase mutation-linked
Parkinson disease cells. Brain 137, 1481-1495.
(doi:10.1093/brain/awu020)

Migdalska-Richards A, Daly L, Bezard E, Schapira
AHV. 2016 Ambroxol effects in glucocerebrosidase
and o-synuclein transgenic mice. Ann. Neurol. 80,
766-775. (doi:10.1002/ana.24790)
Sanchez-Martinez A, Beavan M, Gegg ME, Chau K-
YY, Whitworth AJ, Schapira AHV. 2016 Parkinson
disease-linked GBA mutation effects reversed by
molecular chaperones in human cell and fly models.
Scient. Rep. 6, 31380. (doi:10.1038/srep31380)

Lu J, Yang C, Chen M, Ye DY, Lonser RR, Brady RO,
Zhuang Z. 2011 Histone deacetylase inhibitors
prevent the degradation and restore the activity of
glucocerebrosidase in Gaucher disease. Proc. Natl
Acad. Sci. USA 108, 21 200-21 205. (doi:10.1073/
pnas.1119181109)

Yang C, Rahimpour S, Lu J, Pacak K, Ikejiri B, Brady
RO, Zhuang Z. 2013 Histone deacetylase inhibitors
increase glucocerebrosidase activity in Gaucher
disease by modulation of molecular chaperones.
Proc. Natl Acad. Sci. USA 110, 966-971. (doi:10.
1073/pnas.1221046110)

Etminan M, Carleton BC, Samii A. 2008 Non-
steroidal anti-inflammatory drug use and the risk of
Parkinson disease: a retrospective cohort study.

J. Cin. Neurosci. 15, 576-577. (doi:10.1016/j.jocn.
2007.02.095)

Driver JA, Logroscino G, Lu L, Gaziano JM, Kurth T.
2011 Use of non-steroidal anti-inflammatory drugs
and risk of Parkinson’s disease: nested case-control
study. BMJ 342, d198. (doi:10.1136/bmj.d198)
Poly TN, Islam MMR, Yang H-C, Li Y-CJ. 2019 Non-
steroidal anti-inflammatory drugs and risk of
Parkinson’s disease in the elderly population: a
meta-analysis. Eur. J. Clin. Pharmacol. 75, 99-108.
(doi:10.1007/500228-018-2561-y)

Racette BA, Gross A, Vouri SM, Camacho-Soto A,
Willis AW, Searles Nielsen S. 2018
Immunosuppressants and risk of Parkinson disease.
Ann. Clin. Transl. Neurol. 5, 870-875. (d0i:10.1002/
acn3.580)

Greenland JC, Cutting E, Kadyan S, Bond S, Chhabra
A, Williams-Gray CH. 2020 Azathioprine

168.

169.

170.

7.

172.

173.

174.

175.

176.

177.

178.

179.

immunosuppression and disease modification in
Parkinson’s disease (AZA-PD): a randomised double-
blind placebo-controlled phase Il trial protocol. BM/
Open 10, €040527. (doi:10.1136/bmjopen-2020-
040527)

Le W, Wu J, Tang Y. 2016 Protective microglia and
their regulation in Parkinson’s disease. Front. Mol.
Neurosci. 9, 68. (doi:10.3389/fnmol.2016.00089)
Subramaniam SR, Federoff H. 2017 Targeting
microglial activation states as a therapeutic avenue
in Parkinson’s disease. Front. Aging Neurosdi. 9, 176.
(doi:10.3389/fnagi.2017.00176)

Janda E, Boi L, Carta AR. 2018 Microglial
phagocytosis and its regulation: a therapeutic target
in Parkinson’s disease? Front. Mol. Neurosci. 11,
144. (doi:10.3389/fnmol.2018.00144)

Venezia S, Refolo V, Polissidis A, Stefanis L,
Wenning GK, Stefanova N. 2017 Toll-like receptor 4
stimulation with monophosphoryl lipid A
ameliorates motor deficits and nigral
neurodegeneration triggered by extraneuronal o-
synucleinopathy. Mol. Neurodegener 12, 1-3.
(doi:10.1186/513024-017-0195-7)

Jin F, Wu Q, Lu YF, Gong QH, Shi JS. 2008
Neuroprotective effect of resveratrol on 6-OHDA-
induced Parkinson’s disease in rats.

Eur. J. Pharmacol. 600, 78—82. (doi:10.1016/j.
ejphar.2008.10.005)

Wu Y, Li X, Zhu JX, Xie W, Le W, Fan Z, Jankovic J,
Pan T. 2011 Resveratrol-activated AMPK/SIRT1/
autophagy in cellular models of Parkinson’s disease.
Neurosignals 19, 163—174. (doi:10.1159/
000328516)

Bortolanza M, Nascimento GC, Socias SB, Ploper D,
Chehin RN, Raisman-Vozari R, Del-Bel E. 2018
Tetracycline repurposing in neurodegeneration: focus
on Parkinson’s disease. J. Neur. Transm. 125,
1403-1415. (doi:10.1007/500702-018-1913-1)
Tikka T, Fiebich BL, Goldsteins G, Keinanen R,
Koistinaho J. 2001 Minocycline, a tetracycline
derivative, is neuroprotective against excitotoxicity
by inhibiting activation and proliferation of
microglia. J. Neurosci. 21, 2580-2588. (doi:10.1523/
jneurosci.21-08-02580.2001)

Wu DC, Jackson-Lewis V, Vila M, Tieu K, Teismann P,
Vadseth C, Choi DK, Ischiropoulos H, Przedborski S.
2002 Blockade of microglial activation is
neuroprotective in the 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine mouse model of Parkinson
disease. J. Neurosci. 22, 1763-1771. (doi:10.1523/
jneurosci.22-05-01763.2002)

Lazzarini M, Martin S, Mitkovski M, Vozari RR,
Stiihmer W, Bel ED. 2013 Doxycycline restrains

glia and confers neuroprotection in a 6-OHDA
Parkinson model. Glia 61, 1084—1100. (doi:10.1002/
glia.22496)

Zhang GB, Feng YH, Wang PQ, Song JH, Wang P,
Wang SA. 2015 A study on the protective role of
doxycycline upon dopaminergic neuron of LPS-PD
rat model rat. Eur. Rev. Med. Pharmacol. Sci. 19,
3468-3474.

Ramirez J, Guarner F, Bustos Fernandez L, Maruy A,
Sdepanian VL, Cohen H. 2020 Antibiotics as major


http://dx.doi.org/10.1523/JNEUROSCI.4390-09.2009
http://dx.doi.org/10.1523/JNEUROSCI.4390-09.2009
http://dx.doi.org/10.1016/0024-3205(95)02233-3
http://dx.doi.org/10.3390/biomedicines10020371
http://dx.doi.org/10.1007/s10072-020-04494-3
http://dx.doi.org/10.1007/s10072-020-04494-3
http://dx.doi.org/10.1371/journal.pone.0224236
http://dx.doi.org/10.1371/journal.pone.0224236
http://dx.doi.org/10.3390/ijms222312740
http://dx.doi.org/10.1016/j.neurobiolaging.2018.02.028
http://dx.doi.org/10.1016/j.neurobiolaging.2018.02.028
http://dx.doi.org/10.2147/BTT.S7582
http://dx.doi.org/10.1007/s10545-014-9680-0
http://dx.doi.org/10.1007/s10545-014-9680-0
https://doi.org/10.1002/ana.21491
http://dx.doi.org/10.1007/s10545-009-1164-2
http://dx.doi.org/10.1007/s10545-009-1164-2
http://dx.doi.org/10.1089/hum.2018.072
http://dx.doi.org/10.1089/hum.2018.072
https://doi.org/10.1016/j.ymthe.2017.08.004
http://dx.doi.org/10.1016/j.nbd.2015.09.009
https://doi.org/10.3233/jpd-212739
http://dx.doi.org/10.1016/j.nbd.2015.06.008
https://doi.org/10.1038/s41598-018-19479-8
http://dx.doi.org/10.1093/brain/awu020
https://doi.org/10.1002/ana.24790
https://doi.org/10.1038/srep31380
http://dx.doi.org/10.1073/pnas.1119181109
http://dx.doi.org/10.1073/pnas.1119181109
http://dx.doi.org/10.1073/pnas.1221046110
http://dx.doi.org/10.1073/pnas.1221046110
http://dx.doi.org/10.1016/j.jocn.2007.02.095
http://dx.doi.org/10.1016/j.jocn.2007.02.095
https://doi.org/10.1136/bmj.d198
https://doi.org/10.1007/s00228-018-2561-y
http://dx.doi.org/10.1002/acn3.580
http://dx.doi.org/10.1002/acn3.580
http://dx.doi.org/10.1136/bmjopen-2020-040527
http://dx.doi.org/10.1136/bmjopen-2020-040527
http://dx.doi.org/10.3389/fnmol.2016.00089
https://doi.org/10.3389/fnagi.2017.00176
http://dx.doi.org/10.3389/fnmol.2018.00144
http://dx.doi.org/10.1186/s13024-017-0195-7
http://dx.doi.org/10.1016/j.ejphar.2008.10.005
http://dx.doi.org/10.1016/j.ejphar.2008.10.005
http://dx.doi.org/10.1159/000328516
http://dx.doi.org/10.1159/000328516
https://doi.org/10.1007/s00702-018-1913-1
http://dx.doi.org/10.1523/jneurosci.21-08-02580.2001
http://dx.doi.org/10.1523/jneurosci.21-08-02580.2001
http://dx.doi.org/10.1523/jneurosci.22-05-01763.2002
http://dx.doi.org/10.1523/jneurosci.22-05-01763.2002
https://doi.org/10.1002/glia.22496
https://doi.org/10.1002/glia.22496

180.

181.

182.

183.

disruptors of gut microbiota. Front. Cell Infect.
Microbiol. 10, 572912. (doi:10.3389/fcimb.2020.
572912)

Gordon PH et al. 2007 Efficacy of minocycline in
patients with amyotrophic lateral sclerosis: a phase
Il randomised trial. Lancet Neurol. 6, 1045-1053.
(doi:10.1016/51474-4422(07)70270-3)

Edan RA, Lugmani YA, Masocha W. 2013 (OL-3, a
chemically modified tetracycline, inhibits
lipopolysaccharide-induced microglia activation and
cytokine expression in the brain. PLoS ONE 8,
€57827. (doi:10.1371/journal.pone.0057827)

Segal A, Zlotnik Y, Moyal-Atias K, Abuhasira R,
Ifergane G. 2021 Fecal microbiota transplant as a
potential treatment for Parkinson’s disease — a case
series. (lin. Neurol. Neurosurg. 207, 106791. (doi:10.
1016/j.clineuro.2021.106791)

Davis MY, Trinh K, Thomas RE, Yu S, Germanos AA,
Whitley BN, Sardi SP, Montine TJ, Pallanck LJ. 2016
Glucocerebrosidase deficiency in Drosophila results
in alpha-synuclein-independent protein aggregation

184.

185.

186.

187.

188.

and neurodegeneration. PLoS Genet. 12, 1-24.
(doiz10.1371/journal.pgen.1005944)

Kinghorn KJ et al. 2015 Loss of PLA2G6 leads to
elevated mitochondrial lipid peroxidation and
mitochondrial dysfunction. Brain 138, 1801-1816.
(doi:10.1093/brain/awv132)

Liu Z et al. 2008 A Drosophila model for LRRK2-
linked parkinsonism. Proc. Nat/ Acad. Sci. USA 105,
2693-2698. (doi:10.1073/pnas.0708452105)
Lopez-Otin C, Blasco MA, Partridge L, Serrano M,
Kroemer G. 2013 The hallmarks of aging. Cell 153,
1194-1217. (doi:10.1016/j.cell.2013.05.039)

Bjedov I, Toivonen JM, Kerr F, Slack C, Jacobson J,
Foley A, Partridge L. 2010 Mechanisms of life span
extension by rapamycin in the fruit fly Drosophila
melanogaster. Cell Metab. 11, 35-46. (doi:10.1016/
j.cmet.2009.11.010)

Miller RA et al. 2014 Rapamycin-mediated lifespan
increase in mice is dose and sex dependent and
metabolically distinct from dietary restriction. Aging
Cell 13, 468-4717. (doi:10.1111/acel.12194)

189.

190.

91

192.

193.

Selvarani R, Mohammed S, Richardson A. 2021
Effect of rapamycin on aging and age-related
diseases—past and future. Geroscience 43,
1135-1158. (doi:10.1007/511357-020-00274-1)
Saitoh T, Akira S. 2010 Regulation of innate immune
responses by autophagy-related proteins. J. Cell Biol.
189, 925-935. (doi:10.1083/jch.201002021)
Lavisse S et al. 2021 Increased microglial activation
in patients with Parkinson disease using ["F]-
DPA714 TSPO PET imaging. Parkinsonism Relat.
Disord. 82, 29-36. (doi:10.1016/j.parkreldis.2020.
11.011)

Mabrouk R. 2022 Principal component analysis
versus subject’s residual profile analysis for
neuroinflammation investigation in Parkinson
patients: a PET brain imaging study. J. Imaging 8,
56. (doi:10.3390/jimaging8030056)

Hustad E, Aasly JO. 2020 Clinical and imaging
markers of prodromal Parkinson’s disease.

Front. Neurol. 11, 395. (doi:10.3389/fneur.
2020.00395)


http://dx.doi.org/10.3389/fcimb.2020.572912
http://dx.doi.org/10.3389/fcimb.2020.572912
http://dx.doi.org/10.1016/S1474-4422(07)70270-3
http://dx.doi.org/10.1371/journal.pone.0057827
http://dx.doi.org/10.1016/j.clineuro.2021.106791
http://dx.doi.org/10.1016/j.clineuro.2021.106791
https://doi.org/10.1371/journal.pgen.1005944
https://doi.org/10.1093/brain/awv132
https://doi.org/10.1073/pnas.0708452105
http://dx.doi.org/10.1016/j.cell.2013.05.039
https://doi.org/10.1016/j.cmet.2009.11.010
https://doi.org/10.1016/j.cmet.2009.11.010
http://dx.doi.org/10.1111/acel.12194
http://dx.doi.org/10.1007/s11357-020-00274-1
http://dx.doi.org/10.1083/jcb.201002021
https://doi.org/10.1016/j.parkreldis.2020.11.011
https://doi.org/10.1016/j.parkreldis.2020.11.011
https://doi.org/10.3390/jimaging8030056
https://doi.org/10.3389/fneur.2020.00395
https://doi.org/10.3389/fneur.2020.00395

	Lysosomal storage, impaired autophagy and innate immunity in Gaucher and Parkinson's diseases: insights for drug discovery
	Introduction
	Autophagy
	Parkinson's disease genes map to endo-lysosomal trafficking pathways
	Dysregulation of autophagic pathways in GBA1-associated disease
	Autophagic dysregulation in Parkinson's disease
	Autophagy dysfunction and its link to innate immune dysregulation in Parkinson's disease and Gaucher disease
	Innate immune activation and inflammation in Parkinson's disease and Gaucher disease
	Gut-specific autophagy defects in Parkinson's disease and their effects on gut–brain axis communication
	Targeting lysosomal–autophagic defects and downstream pathologies to treat Parkinson's disease and Gaucher disease
	Targeting autophagy
	Targeting GCase
	Targeting the innate immune system and neuroinflammation
	Targeting the intestinal microbiome
	Concluding remarks and future directions
	Data accessibility
	Declaration of AI use
	Authors' contributions
	Conflict of interest declaration
	Funding

	References


