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ABSTRACT
Lysosomal impairment causes lysosomal storage disorders (LSD) and is involved in pathogenesis of
neurodegenerative diseases, notably Parkinson disease (PD). Strategies enhancing or restoring lysosomal-
mediated degradation thus appear as tantalizing disease-modifying therapeutics. Here we demonstrate
that poly(DL-lactide-co-glycolide) (PLGA) acidic nanoparticles (aNP) restore impaired lysosomal function in
a series of toxin and genetic cellular models of PD, i.e. ATP13A2-mutant or depleted cells or
glucocerebrosidase (GBA)-mutant cells, as well as in a genetic model of lysosomal-related myopathy. We
show that PLGA-aNP are transported to the lysosome within 24 h, lower lysosomal pH and rescue
chloroquine (CQ)-induced toxicity. Re-acidification of defective lysosomes following PLGA-aNP treatment
restores lysosomal function in different pathological contexts. Finally, our results show that PLGA-aNP may
be detected after intracerebral injection in neurons and attenuate PD-related neurodegeneration in vivo
by mechanisms involving a rescue of compromised lysosomes.
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Introduction

Alterations of the autophagy-lysosomal pathways (ALPs),
which are essential to maintain proper protein and organelle
quantity and quality within cells, have been reported in Parkin-
son disease (PD)-derived samples, including fibroblasts,1,2

induced pluripotent stem cell-derived dopaminergic neurons3

and post-mortem brain tissues4-7 as well as in several toxin and
genetic models of PD.4,5 To date, genetic research in PD has
identified 18 loci (PARK1-18) of which mutation results in
either dominant, recessive inheritance or increased risk for
developing PD.8 All genes that have been positively associated
with PD have also been connected to ALPs. In particular, muta-
tions in 2 genes that encode lysosomal proteins, including the
enzyme GBA/glucocerebrosidase (glucosidase, b, acid) and the
lysosomal type 5 P-type ATPase ATP13A2 (ATPase type
13A2), have been linked to PD—the former as an important
risk factor for PD,9 and the latter through linkage in Kufor-
Rakeb syndrome and juvenile forms of PD.10 Mechanistic stud-
ies have previously reported that loss of ATP13A2 function is
associated with impaired lysosomal acidification, decreased
proteolytic processing of lysosomal enzymes, reduced degrada-
tion of lysosomal substrates, and decreased lysosomal-mediated
clearance of autophagosomes (AP) in ATP13A2 PD patient-
derived fibroblasts,1,2 indicating that lysosomal impairment
may play a primary pathogenic role in this disease.

Overall, growing evidence now indicates that lysosomes,
involved at the late steps of the ALPs, by fusing with AP and
digesting their content, are impaired,11 which stress the need to
focus therapeutic development on this target. While pharmaco-
logical or genetic enhancement of autophagy might be benefi-
cial in experimental models of PD,12-14 the restoration/
enhancement of lysosomal function itself represents a novel,
precise, localized, and promising therapeutic strategy for PD.

Nanoparticles prepared from biodegradable polymers, are
considered an attractive way of drug and gene delivery due to
their nontoxic nature and their ability to internalize into mam-
malian cells,15 in particular in neurons.16 Interestingly, acidic
nanoparticles (aNP) of poly(DL-lactide-co-glycolide) PLGA,
which are approved by the US FDA,17 have been reported to (i)
traffic to lysosomes and (ii) act on the lysosomal pH.18 However,
whether PLGA-aNP can acidify sick lysosomes and restore lyso-
somal/autophagic function in pathological contexts remains to be
determined. In addition, it is unknown whether such nanotech-
nology-based strategy can be translated to an in vivo situation.

Results

aNP are delivered to lysosomes

PLGA-aNP adopt a spherical shape and their diameter
ranges from 50 to 100 nm (Fig. S1A), as previously reported
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in the literature.19,20 We used several markers of the endo-
cytic pathway fused to the green fluorescent protein (GFP)
to determine the subcellular localization of PLGA-aNP:
RAB5A (early endosome), RAB7A (late endosome) and
LAMP1 (lysosomal-associated membrane protein 1) (lyso-
some). Human dopaminergic neuroblastoma BE-M17 cells
were transfected prior to incubation with PLGA-aNP at
180 ng/ml containing a red fluorescent dye, Nile red. We
then observed PLGA-aNP entrance at several time points
(15, 30, 60 min and 24 h). Cellular uptake of PLGA-aNP
was already observed 15 min after exposure (Fig. 1A). No
colocalization could be seen with early endosomes at
15 min (Fig. 1A) neither at later time points (Fig. 1B to D).
In contrast, we observed partial colocalization with RAB7A-
positive compartments beginning at 15 min (Fig. 1E) and
reaching a maximum at 60 min after exposure (Fig. 1F to
H). PLGA-aNP remained in the cells at least during 24 h
and were ultimately localized within lysosomes, as shown
by colocalization with LAMP1-GFP (Fig. 1I to N). PLGA-
aNP appear as discrete puncta surrounded by LAMP1-GFP
signal as observed with a deconvolution of confocal micros-
copy image and 3-dimensional (3D) reconstruction
(Fig. 1M and N). Similar results were obtained in these cells
by immunostaining for LAMP2 (Fig. S1B to E). Of note, as
PLGA-aNP size (i.e., 50 to 100 nm) is below the resolution
limit of the microscope, we cannot decipher between single
PLGA-aNP and clusters of PLGA-aNP in cells. Electron
microscopy examination showed the presence of PLGA-aNP
into lysosomal-related vesicles as identified on the basis of
their size and morphology, in BE-M17-treated cells, com-
pared with untreated cells (Fig. 2A to D). Of interest,
PLGA-aNP were not localized to other organelles, as evi-
denced by electron microscopy (EM) (Fig. 2E) and a total
absence of colocalization with mitochondrial, Golgi appara-
tus and endoplasmic reticulum markers, analyzed by confo-
cal fluorescence microscopy (Fig. S2). Taken together, our
results indicate that aNP are taken up into cells and appro-
priately targeted to lysosomes.

aNP rescue lysosomal pH after lysosomal inhibition

We further investigated the effects of PLGA-aNP on lyso-
somal pH and cell viability in the presence or absence of 2
different autophagy inhibitors, namely chloroquine (CQ),
and bafilomycin A1 (BafA) at concentrations reported in
the literature. First, PLGA-aNP treatment per se neither
lowered lysosomal pH (Fig. 3A) nor induced cell death
(Fig. 3B). Treatment of cells with the lysomotropic agent
CQ alkalinizes lysosomes (Fig. 3A), which in turn causes
lysosomal membrane permeabilization (LMP) leading to
apoptosis.21 When we incubated PLGA-aNP concomitantly
with CQ at 2 different doses (10 and 20 mM) for 24 h, lyso-
somal pH was restored to a basal level, associated with
reduced cell death (Fig. 3A-B). Conversely, PLGA-aNP were
not able to restore lysosomal pH after 1 h cotreatment with
the lysosomal V-type ATPase inhibitor BafA at 5 nM and
50 nM (Fig. 3A). This effect is at least in part due to a
decrease of lysosomal addressing of PLGA-aNP following
BafA treatment (Fig. S3).

aNP prevent lysosomal alkalization after MPPC treatment
without cell death attenuation

Mitochondrial parkinsonian neurotoxin 1-methyl-4-phenyl-
pyridinium ion (MPPC), the active form of the 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP), reproduces several
PD-related cellular alterations, such as inhibition of mitochon-
drial complex I, BAX activation, increased reactive oxygen spe-
cies (ROS) production, the latter responsible for LMP, leading
to disruption of lysosomal structure integrity and contributing
to subsequent cell death.22,23 Cotreatment of PLGA-aNP and
MPPC(2.5 mM for 24 h) successfully reduced lysosomal pH
(Fig. 3C), an effect that was not sufficient to reduce cell death
(Fig. 3D). We posited that the absence of protection versus
MPPC-induced cell death was due to the strong ROS produc-
tion following MPPC intoxication.4,23,24 Supporting the latter
hypothesis, we show that a combined treatment with PLGA-
aNP and the free radical scavenger superoxide dismutase
mimetic compound tempol (500 mM for 24 h) did not further
attenuate MPPC-induced cell death compared to the adminis-
tration of either compound separately (Fig. 3D). Interestingly,
8 h of PLGA-aNP incubation prior to MPPC addition was then
capable of markedly protecting from MPPC toxicity (Fig. 3E),
indicating that pretreatment with PLGA-aNP is able to protect
cells through lysosomes against mitochondrial-derived ROS
insults. Our results indicate that aNP are able to prevent loss of
lysosomal pH after MPPC-induced lysosomal deficiency in this
experimental system.

aNP restores lysosomal impairment in lysosomal-related
genetic models

After having demonstrated in different drug-treated cells the
ability of aNP to directly acidify lysosomes, we next explored
whether PLGA-aNP may rescue lysosomal function in an in
vitro genetic model of PD. PD patient-derived fibroblast har-
boring ATP13A2 mutations (heterozygous for 1306C5GA and
3057delC), named L3292, and control human fibroblasts from
our fibroblast library1 were used. Treatment with PLGA-aNP
restored a normal lysosomal pH (Fig. 4A), significantly
increased clearance of AP, as indicated by an attenuation of
MAP1LC3B/LC3B (microtubule associated protein 1 light
chain 3 b)-II accumulations by immunoblot (Fig. 4B). CTSD
(cathepsin D), the predominant lysosomal protease,25 is proc-
essed from a proCTSD 52-kDa form to a proCTSD 44-kDa
intermediate and finally to a 32-kDa mature form in the lyso-
somes. While proforms were barely detectable in control fibro-
blasts, L3292 fibroblasts exhibited an increase in total amount
of CTSD and enrichment in immature forms. We observed a
decrease of proforms (proCTSD 52 kDa and proCTSD 44 kDa)
in favor of the mature form in PLGA-aNP-treated L3292 fibro-
blasts compared to untreated L3292 fibroblasts, as indicated by
an increased mature/immature ratio (Fig. 4C to E). Functional
assay of CTSD activity in lysosomal fractions from PLGA-aNP-
treated L3292 fibroblasts confirmed restoration of proteolytic
activity of this lysosomal enzyme compared to untreated L3292
fibroblasts (Fig. 4F).

To corroborate the potential of PLGA-aNP to rescue
lysosomal-mediated degradation in dopaminergic cell lines,
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we used the previously described BE-M17 cells stably
depleted of ATP13A2 (shATP13A2(403-1)) and their
respective control (shScr-1).1 ATP13A2-knockdown cells
recapitulate similar lysosomal alterations observed in fibro-
blasts from PD patients.1 In agreement with the data
collected in fibroblasts derived from patients with PD,
PLGA-aNP treatment was able to restore normal lysosomal
pH (Fig. S4A), increase clearance of AP (Fig. S4B), rescue
lysosomal proteolytic activity through improvement of both

maturation and activity of CTSD (Fig. S4C to F), decrease
macroautophagy-associated accumulation of substrates such
as SQSTM1/p62 (Fig. S4G) and was associated to a clear
attenuation of cell death (Fig. S4H). Overall, these results
demonstrate the feasibility of restoring lysosomal function
in vitro in both ATP13A2-knockdown cells and ATP13A2
mutant fibroblasts.

To extend our reported results, we used another pathological
model involving the second lysosomal-related gene linked to

Figure 1. Acidic nanoparticles are delivered to lysosomes. Localization of PLGA-aNP containing a red fluorescent dye, Nile red (red, 180 ng/ml) in M17 cells in endosomes
or lysosomes after 15 min (A,E,I), 30 min (B,F,J), 1 h (C,G,K) and 24 h (D,H,(L)to N) incubation. ((A) to D) Fluorescent signal of RAB5A-GFP (i.e., early endosomes, green) and
PLGA-aNP at the selected time points. ((E) to H) Fluorescent signal of RAB7A-GFP (i.e., late endosomes, green) and PLGA-aNP at the selected time points. Colocalization
was observed after 15 min (E) and reached a maximum after 1 h (G). ((I) to M) Fluorescent signal of LAMP1-GFP (i.e., lysosomes, green) and PLGA-aNP at the selected
time points. Colocalization was observed after 24 h incubation ((L) and M). Orthogonal projection of stack image and 3D reconstruction show PLGA-aNP surrounded by
LAMP1-GFP signal ((M)and N). Scale bar applies to all pictures: 10 mm. (N) Spacing in the frame: 1 mm.
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PD. On the one hand, homozygous mutations in the GBA gene
encoding for GBA protein cause Gaucher disease (GD), which
is the most frequent lysosomal storage disorder (LSD).26 On
the other hand, heterozygous mutations have been reported to
be an important genetic risk factor for PD.9 GBA produce glu-
cose and ceramide from the glycolipid glucocerebroside inside
lysosomes, which in turn results in glucocerebroside accumula-
tion in GD.27

While the underlying mechanism linking GBA mutations to
parkinsonism remains unknown, mutations in GBA gene have
been shown to alter endoplasmic reticulum and compromised
proteolysis of long-lived proteins, such as the PD-linked
SNCA/a-synuclein.28,29 Here, we used fibroblasts from PD
patients with 2 different GBA point mutations: p.N370S and p.
G377S. When GBA-mutant cells were incubated with PLGA-
aNP, the abnormal lysosomal pH of these fibroblasts was

Figure 2. Ultrastructural examination of cells incubated in the absence or presence of PLGA-aNP. Ultrastructural examination of M17 cells, untreated ((A) and B) or incu-
bated with PLGA-aNP for 24 h ((C) to E). High magnification picture of a lysosomal-related vesicle containing PLGA-aNP (D). Other organelles did not contain PLGA-aNP
after 24 h incubation (E). Inset is a high magnification picture of mitochondria. #, mitochondria; �, autophagic vesicles; $, endoplasmic reticulum; N, nucleus. Scale bars:
500 nm (A,C,E); 200 nm (E, inset); 100 nm (B,D).

Figure 3. Acidic nanoparticles rescued lysosomal pH after lysosomal inhibitor treatment and PD-related toxin exposure. (A) Lysosomal pH values as measured ratiometri-
cally using LysoSensor Yellow/Blue DND-160 in untreated cells, 10 and 20 mM chloroquine (CQ) or 5 and 50 nM bafilomycin A1 (BafA)-treated cells, with or without PLGA-
aNP incubated concurrently for 24 h or 1 h respectively. (B) Cell death in CQ-treated cells incubated with or without PLGA-aNP. (C) Lysosomal pH values in untreated (UT)
and MPPC-intoxicated M17 cells, in the absence or presence of PLGA-aNP treatment. (D) Cell death in MPPC-treated M17 cells after incubation with PLGA-aNP for 24 h, in
the presence or the absence of Tempol (500 mM). (E) Cell death measured after PLGA-aNP incubation for 24 h prior to 16 h of MPPC treatment. In all panels, nD3 to 5
per experimental group. �, P<0.05 compared with control untreated cells; #, P<0.05 compared with CQ (10 mM)-treated cells; $, P<0.05 compared with CQ (20 mM)-
treated cells; %, P<0.05 compared with MPPC-treated cells; and &, P<0.05 compared with MPPC-intoxicated cells treated with PLGA-aNP.
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slightly decreased (Fig. 4G). A previous study has reported a
lower amount of CTSD in Lewy body dementia patients with
GBA mutations.28 In our experimental models, PLGA-aNP
were able to increase both clearance of AP (Fig. 4H) and CTSD
maturation process (Fig. 4I to L). However, the trend for the
decrease in CTSD immature forms varies between the 2 GBA
mutant fibroblasts (Fig. 4I to L), suggesting that part of the
effect of mutant GBA is due to a gain of toxic function.30 Our
results indicate that PLGA-aNP are nevertheless capable of
restoring, at least in part, the pathological changes afforded by
the mutations.

To determine the broad applicability of such a strategy, we
further explored the effects of PLGA-aNP in a non-brain-
related disorder. To this purpose, we used a fibroblast model of
X-linked myopathy with excessive autophagy (XMEA)
(Fig. S5). This childhood disease is characterized by autophagic
vacuolation and atrophy of skeletal muscles.31 A recent study

reports that XMEA is caused by mutations of the VMA21 gene,
which reduce the amount of the protein, an essential assembly
chaperone of the vacuolar-type ATPase (V-ATPase), and
reduce V-ATPase activity to 10 to 30% of normal.32 Decreased
V-ATPase activity, in turn, raises lysosomal pH. Remarkably,
treatment with PLGA-aNP restored a normal lysosomal pH
(Fig. S5), suggesting that such innovative strategy could be
applied to other lysosomal-related diseases.

aNP are detected in dopaminergic neurons after
intracerebral injections in mice and attenuate nigrostriatal
dopaminergic neurodegeneration in MPTP-treated mice

Finally, we explored the translational potential of such innova-
tive strategy. PD is classically characterized by the degeneration
of dopaminergic neurons of the substantia nigra pars compacta
(SNpc) responsible for most of the motor symptomatology in

Figure 4. Acidic nanoparticle treatment restored impaired lysosomal function in ATP13A2 mutant fibroblasts and partially in GBA mutant fibroblasts. (A) Lysosomal pH
values in control and mutant ATP13A2 L3292 fibroblasts, in the absence or presence of PLGA-aNP treatment. (B) LC3B immunoblot levels in mutant ATP13A2 L3292 fibro-
blasts in the absence or presence of PLGA-aNP. ((C) to E). CTSD immunoblot levels in mutant ATP13A2 L3292 fibroblasts in the absence or presence of PLGA-aNP treat-
ment. (F) In vitro assay of CTSD enzyme activity in lysosomal fractions of control and mutant ATP13A2 fibroblasts with or without PLGA-aNP treatment. (G) Lysosomal pH
values in control and mutant GBA p.N370S and p.G377S fibroblasts, in the absence or presence of PLGA-aNP treatment. (H) LC3B immunoblot levels in mutant GBA fibro-
blasts with or without PLGA-aNP treatment. ((I) to L) CTSD immunoblot levels in mutant GBA fibroblasts in the absence or presence of PLGA-aNP treatment. In all panels,
nD3 to 5 per experimental group. �, P<0.05 compared with control untreated cells; #, P<0.05 compared with L3292 untreated cells. $, P<0.05 compared with untreated
p.N370S mutant fibroblasts. and &, P<0.05 compared with untreated p.G377S mutant fibroblasts.
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PD.33,34 To demonstrate the feasibility and therapeutic poten-
tial of this strategy, we next assessed whether PLGA-aNP may
be used in the brain. To this purpose, PLGA-aNP were admin-
istered stereotaxically into the SNpc of wild-type mice
(Fig. 5A). Seven d after injection, PLGA-aNP were detected
around the injection site without evident cytotoxicity (Fig. 5B).
PLGA-aNP localized inside lysosomes (as evidence by colocali-
zation with LAMP2) (Fig. 5C to E) of tyrosine hydroxylase-pos-
itive cells, a marker for dopaminergic neurons (Fig. 5F).

To determine the relevance of our in vitro results to an
in vivo situation, we next assessed the effects of PLGA-
aNP in MPTP-treated mice.35 PLGA-aNP were adminis-
tered prior to MPTP intoxication. Mice received one
intraperitoneal injection of 30 mg/kg/d MPTP for 2 conse-
cutive d and were terminated 5 d after the last MPTP

injection. Similar to the in vitro results reported above,
preadministration of PLGA-aNP in MPTP-treated mice
was associated with a significant attenuation of dopami-
nergic neurodegeneration as determined by stereological
neuronal cell counts (Fig. 6A to D). Previous reports have
shown in the same experimental model of PD that inhibi-
tion of MPTP-induced LMP was beneficial.22,23 Conse-
quently, we assessed whether the observed survival of
dopaminergic neurons occurred through a decrease of MPTP-
induced LMP. To this purpose, we measured the activity of 3
lysosomal enzymes (i.e. ACP2 [acid phosphatase 2, lysosomal],
HEX/b-hexosaminidase and CTSD) in lysosome-free cytosolic
fractions from ventral midbrain of MPTP- or saline-injected
animals. Preadministration of PLGA-aNP efficiently reduced
LMP in MPTP-injected mice (Fig. 6E-G). A role for lysosome

Figure 5. Acidic nanoparticles are detected in lysosomes of dopaminergic neurons after intracerebral injections in mice. (A) Schematic diagram indicating the site of nigral
stereotactic LB inoculations in mice. (B) Representative images of PLGA-aNP (in red; nucleus in blue) 5 d after the injection in SNpc. ((C) to F) Colocalization of PLGA-aNP
(in red) with LAMP2 (in green) in TH-immunopositive neurons (in blue) in midbrain sections of PLGA-aNP injected mice. Arrowheads highlight colocalization of PLGA-aNP
and LAMP2. Scale bars: 100 mm (B); 20 mm ((C)and D).

Figure 6. Acidic nanoparticles protect dopaminergic neurons from MPTP-induced cell death through rescue of lysosomal function after intracerebral injections in mice.
((A) to C) Representative photomicrographs of TH-immunostained SNpc from saline-and MPTP-treated mice, injected with PLGA-aNP, or controls. Dotted lines circle the
SNpc containing dopaminergic neurons. (D) Stereological cell counts of SNpc TH-immunoreactive neurons from saline- or MPTP-intoxicated mice, intracerebrally injected
with PLGA-aNP, at 5 d post-MPTP (nD5 for vehicle-injected animals, nD6 for MPTP-treated mice, nD7 for MPTP C aNP-treated animals). ((E) to G) Enzymatic activities of
lysosomal enzymes: ACP2/acid phosphatase isoform 2, HEX/b-hexosaminidase and CTSD in cytosolic, lysosomal-free cytosolic fractions from the ventral midbrain of saline,
MPTP-treated mice with or without PLGA-aNP. (H) Enzymatic activity of CTSD in lysosomal fraction from the ventral midbrain of saline, MPTP-treated mice treated with
PLGA-aNP, or controls. �, P<0.05 compared with vehicle-injected mice; #, P<0.05 compared with MPTP-intoxicated mice.
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in protecting against neurodegeneration is supported by the
observation that PLGA-aNP restored the CTSD activity in
lysosomes of MPTP-injected mice (Fig. 6H). These results
demonstrate the feasibility and therapeutic potential of bio-
technologically targeting lysosome in vivo and in an in vivo
situation related to PD.

Discussion

Lysosomal impairment is increasingly regarded as a major
pathogenic event in neurodegenerative diseases, including
PD.11 The lysosome is now recognized as a multifactorial
organelle involved in cellular clearance, signaling and energy
metabolism.36 However, none of the ALPs-based strategies
used so far directly targeted the lysosome, but instead aimed at
enhancing the whole autophagy machinery.37

Here we show that PLGA-aNP are internalized into mam-
malian cells and trafficked to lysosomes. Furthermore, we
reveal the ability of acidic PLGA-aNP to reacidify defective
lysosomes to basal level and restore lysosomal deleterious
effects caused by PD-linked mutations related to ALPs in 3 dif-
ferent pathological PD models. We here demonstrate that
PLGA-aNP may be successfully delivered to dopaminergic neu-
rons after intracerebral injection and attenuate MPTP-induced
degeneration of the dopaminergic neurons in mice through
alleviation of LMP, supporting the translating opportunity of
such biotechnology-based strategy.

Furthermore, in order to go beyond PD (thus central
nervous system-centered) and extend our innovative
approach to other lysosomal and non-brain related disor-
ders, we demonstrate that PLGA-aNP can efficiently coun-
teract lysosomal acidification impairment induced by V-
ATPase activity deficiency in XMEA disorder, suggesting
that such innovative strategy could also be applied to other
diseases.

Interestingly, PLGA-aNP were not able to restore lysosomal
pH after BafA treatment but efficiently after CQ. In this regard,
several studies shows that BafA treatment induce the blockade of
endosomal carrier vesicle formation 38 as well as transport from
late endosomes to lysosomes.39 These effects might explain the
absence of PLGA-aNP efficacy after BafA treatment as we also
observed a decreased addressing of PLGA-aNP following BafA-
treatment (Fig. 7). However, we cannot exclude that the specific
inhibition of the proton-ATPase by BafA might inhibit the
change of surface charge from anionic to cationic that happens
in the acidic environment of secondary endosomes19 and subse-
quently prevent PLGA-aNP from exerting their beneficial effect
(Fig. 7). This suggests that PLGA-aNP would need at least a par-
tially functional V-ATPase as PLGA-aNP still exert their effect in
XMEA-mutant fibroblasts with a range of ATPase activity reduc-
tion between 11% and 13% of normal.

Using the mitochondrial toxin MPPC, we showed that
lysosomal alkalinization associated with LMP, could be
reversed by a combined treatment with PLGA-aNP and a
ROS scavenger. In this paradigm, PLGA-aNP alone were
not able to decrease cell death when administered concomi-
tantly, although rescuing lysosomal pH. Thus, most of the
toxicity is imputable to oxidative stress as previously
described.22,24 Interestingly, a pretreatment with PLGA-aNP

decrease cell death induced by MPPC in vitro and decrease
both cell death and MPTP-induced LMP in vivo. While we
cannot fully explain this effect, previous reports have shown
that PLGA-aNP exert an excellent biocompatibility and are
easily metabolized by the Krebs cycle.40 Moreover, degrada-
tion products of PLGA (i.e., lactic and glycolic acids) might
lower lysosomal pH through their chemical properties.
Interestingly, these degradation products have also been
shown to support mitochondrial membrane potential as
well as neuronal survival in several models related to mito-
chondrial insults and PD.41 We cannot exclude that PLGA-
aNP, after exerting their lysosomal effect, could also have a
mitochondrial effect (Fig. 7). Further studies are needed to
fully understand this biphasic effect.

Regarding the discrepancy in PLGA-aNP effectiveness
between ATP13A2 and GBA mutant fibroblasts, one possible
explanation lies in the nature of these 2 genes and chosen
mutations. PLGA-aNP were able to rescue lysosomal pH in
both ATP13A2 mutated fibroblasts and ATP13A2-knock-
down cells. The combination of these 2 models suggests that
the lysosomal dysfunction related to ATP13A2 might be due
to a loss of function, which can be rescued by PLGA-aNP. In
GBA mutant fibroblasts, PLGA-aNP did not fully restore
lysosomal pH. Some authors have suggested that mutant
GBA induces lysosomal dysfunction through a gain of toxic
function,30 inhibiting the effect of PLGA-aNP and explaining

Figure 7. Proposed PLGA-aNP mechanism. PLGA-aNP are endocytosed by a non-
specific event and then traffic from early endosomes to late endosomes and ulti-
mately are delivered to lysosomes where they can exert their effect. A key step in
PLGA-aNP effect is the protonation in the late endosome (aNPC). Once in the lyso-
some, PLGA-aNP can stabilize lysosomal pH (pHL) and maintain lysosomal mem-
brane integrity. MPTP and its active ion MPPC induce lysosomal membrane
permeabilization (LMP), which is blocked by PLGA-aNP. The lysosomotropic drug
chloroquine (CQ) induces lysosomal alkalinisation and LMP that are both inhibited
by PLGA-aNP. Only bafilomycin A1 (BafA) blocks the effect of PLGA-aNP. We
showed that it is, at least partially, due to the inhibition of trafficking of PLGA-aNP
but might also involve the inhibition of PLGA-aNP protonation due to the inhibi-
tion of lysosomal V-ATPase proton pump (in blue). PLGA-aNP might also be
degraded and their derivative (lactic and glycolic acids) might support the mito-
chondrial membrane potential (DCm).
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the weak efficacy of PLGA-aNP in this model. Moreover,
while a causal relationship has been clearly established
between ATP13A2 mutations and juvenile forms of PD,
mutations in the GBA gene remain only a genetic risk
factor.11

So far, the proposed therapeutic strategies aiming at restor-
ing lysosomal function are based upon pharmacological com-
pounds4 or viral-mediated overexpression of autophagy
components.12-14 With regard to drug development, whole
autophagy process enhancement should be carefully considered
as autophagy can determine cell fate as it has been shown to
have either survival or death promoting roles.42 In respect to
this concept, we here show that solely restoration of lysosomal
physiology without impacting the autophagy flux can be a suc-
cessful strategy. Mounting evidence indicates that lysosomal
impairment is a common feature between idiopathic and
genetic forms of PD. Thus, restoration of lysosomal physiology
might be used not only in hereditary forms of PD but also in
the sporadic condition. Although we focused on PD, we also
demonstrate that PLGA-aNP exert their effect in other patho-
logical contexts, such as a genetic model of lysosomal-related
myopathy. This paves the way for other diseases such as Alz-
heimer disease in which defect in lysosomal acidification
through mutations in PSEN1 (presenilin 1) has been
described43 without neglecting the wide range of LSD.44 Finally,
and more importantly, we validated for the first time that solely
restoration of lysosomal physiology, using a lysosome-targeted
strategy and without cellular machinery intervention, might be
of therapeutic interest for pathologies associated with lysosomal
impairment.45

Material and methods

Cell lines and transfections

Cultured fibroblasts from one PD patient harboring the
ATP13A2 mutation (L3292), and from control individuals
come from our fibroblast library.1 L3292 is a compound hetero-
zygous fibroblast for 3057delC and 1306C5G®A.10 Cultured
fibroblasts from 2 PD patients with GBA mutations (p.N370S
and p.G377S) were obtained from Coriell Cell Repositories (NJ,
USA). XMEA fibroblasts (c�6A to G mutation) were obtained
generously from Dr. Berge Minassian’s laboratory (Division of
Neurology, Department of Pediatrics, The Hospital for Sick
Children, Toronto, Canada). Control, as well as mutant
ATP13A2, GBA and XMEA fibroblasts were maintained at
37�C in 5% CO2 in DMEM medium (Sigma-Aldrich, D5671),
supplemented with 10% fetal calf serum (Life Technologies,
26140-0179) and 1% penicillin/streptomycin (Sigma-Aldrich,
P0781). Human neuroblastoma cell lines BE(2)-M17 were
obtained from ATCC (CRL-2267) and grown in OPTIMEM
(Life Technologies, 31985-047) plus 10% fetal bovine serum
(Sigma-Aldrich, D0899). ATP13A2 stable knockdown BE-(2)-
M17 (shATP13A2(403-1)) human dopaminergic neuroblas-
toma cells were maintained at 37�C in 5% CO2 in OPTIMEM
supplemented with 10% fetal calf serum, 1% penicillin/strepto-
mycin and 2 mg/ml puromycin (Sigma-Aldrich, P8833). Tran-
sient transfections with LAMP1-GFP or GFP-targeted to
mitochondria (mts-GFP) were performed with Lipofectamine

2000 (Life Technologies, 11668019) following the manufac-
turer’s recommendations. The LAMP1-GFP plasmid was
obtained from Dr. Jennifer Lippincott-Schwartz (National
Institutes of Health, Bethesda, MD). We thank Muriel Priault
(CNRS UMR 5095, Bordeaux, France) for RAB5A and RAB7A
constructs. CellLight reagents for labeling of endoplasmic retic-
ulum or Golgi apparatus (Life Technologies, C10590 and
C10592 respectively) were used according manufacturer’s rec-
ommendations. For drug treatments, cells were grown at 70%
to 80% confluence and treated for either 1 or 24 h, as indicated
in the text. Cells were treated with 10 mM or 20 mM chloro-
quine (Sigma-Aldrich, C6628), or either 5 nM or 50 nM bafilo-
mycin A1 (Sigma-Aldrich, B1793). BE(2)-M17 cells were
treated with 2.5 mM MPPC (Sigma-Aldrich, D048) in the pres-
ence or the absence of 500 mM tempol (Sigma-Aldrich,
176141).

aNP preparation

Resomer® RG 503H PLGA (Sigma-Aldrich, 719870) was used
with a lactide-glycoside ratio of 50:50, Molecular weight 24000
to 38000. A stock solution of polymer was prepared by dissolv-
ing 31 mg of PLGA in 3.1 mL of THF (Sigma-Aldrich, 401757).
200 mL of this stock solution are added to 20 mL of deionized
water under sonication. The suspension of PLGA-aNP was
then slowly concentrated to provide a sample with a typical
concentration of 0.18 mg/mL. PLGA-aNP containing Nile red
fluorophore (Sigma-Aldrich, 19123) were formulated similarly,
except that 0.9 mg of Nile red was introduced in the polymer
stock solution. For all experiments, PLGA-aNP solutions were
used as freshly prepared.

aNP characterization

Transmission electron microscopy was carried out using a
HITACHI H7650 electron microscope (HITACHI Ltd., Tokyo,
Japan). The copper grid coated with a carbon membrane was
pretreated using the Glow discharge technique to yield posi-
tively charged hydrophilic carbon surface to allow stronger
interaction between the sample and the grid itself and thus eas-
ier imaging. One droplet of the PLGA-aNP aqueous suspension
was deposited on the grid and the excess liquid was dried off
with a paper. A staining procedure using uranyl acetate was
used to enhance the contrast.

Cell viability assay and lysosomal pH measurement

Cell viability was estimated by an MTT assay (ATCC,
30-1010K) following the manufacturer’s recommendations.
Quantification of lysosomal pH was determined using dextran
conjugates LysoSensor Yellow/Blue DND-160 (Life Technolo-
gies, L-22460), and was performed as previously described.1

Briefly, control and mutant ATP13A2 cells were grown in their
respective media. Cells were then trypsinized, harvested (1£106

cells/ml) and loaded with 1mg/ml of LysoSensor-dextran for
1 h at 37�C with 5% CO2. The cells were then washed 3X in
HBSS (Gibco, 14060) and aliquoted at 100 ml into a black
96-well microplate. pH calibration was performed as previously
described.1 Wild-type and mutant cells were treated with
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10 mM monensin (Sigma-Aldrich, M5273) and 10 mM nigeri-
cin (Sigma-Aldrich, N7143) in MES buffer (5 mM NaCl,
115 mM KCl, 1.3 mM MgSO4, 25 mM MES), with the pH
adjusted to a range from 3.5-7.0. The samples were read in a
FLUOstar Optima fluorimeter (BMG Labtech, Champigny sur
Marne, France) with excitation at 355 nm. The ratio of emis-
sion 440/535 nm was then calculated for each sample. The pH
values were determined from the linear standard curve gener-
ated via the pH calibration samples.

CTSD activity assay

CTSD activity was measured in cell lysates using a fluorometric
CTSD activity assay kit (Abcam, ab65302) in accordance with
the manufacturer’s instructions. Fluorescence was measured on
a FLUOstar Optima microplate analyzer (BMG Labtech,
Champigny sur Marne, France).

HEX/b-hexosaminidase and ACP2/acid phosphatase
enzymatic assays

The integrity of the lysosomal membrane in cultured cells was
monitored by analyzing the presence of 2 lysosomal enzymes,
namely, ACP2 (acid phosphatase 2, lysosomal) and HEX/
b-hexosaminidase, in the cytosol. Fresh ventral midbrain sam-
ples, from saline- or MPTP-intoxicated mice, intracerebrally
injected with PLGA-aNP, or controls, at 5 d post-MPTP (nD5
for each group) were dissected. The tissue was homogenized
immediately in buffered sucrose (Sigma-Aldrich, S9378; 4 mM
HEPES, 150 mM sucrose, pH 7.4) and following differential
centrifugation the cytosolic fraction (supernatant fraction after
100,000 £ g centrifugation for 30 min) and the light mitochon-
drial-lysosomal enriched fraction were obtained. Phosphatase
activity was assayed with the help of the acid phosphatase assay
kit (Sigma-Aldrich, CS0740), according to the manufacturer’s
instructions, as well as the b-hexosaminidase assay kit (Sigma-
Aldrich, CS0780). These experiments were performed by mea-
suring the ectopic activities of 2 lysosomal enzymes, HEX/
b-hexosaminidase and ACP2 (acid phosphatase 2, lysosomal)
in cytosolic lysosomal-free fractions.

Immunocytochemistry

Cells were fixed in 4% paraformaldehyde. LAMP2 antibody
(mouse monoclonal; Santa Cruz Biotechnology, H4B4, sc-
18822) was used at 1:600. Cell nuclei were visualized using
Hoechst (Life Technologies, 33342) at 10 mM for 10 min.
Quantification of the number of PLGA-aNP was performed by
taking random pictures and manually counting the number of
red round-shaped objects and nuclei in the field. The ratio of
counted objects on counted nuclei was the plot. Fluorescence
was analyzed using a Zeiss Axio Imager.M2 fluorescence
microscope (Oberkochen, Germany) or a confocal Leica micro-
scope DM 6000 TCS SP8 X (Wetzlar, Germany). 3D recon-
struction images were modeled as mixed rendering using
Bitplane Imaris software (Zurich, Switzerland). Orthogonal
views were generated with ImageJ.46

Flow cytometry

Following treatments, cells were harvested in ice-cold phos-
phate-buffered saline (Gibco, 70011044). Fluorescence meas-
urements and analyses were performed using a BD
LSRFortessa cytometer (Franklin Lakes, New Jersey, USA).

Electron microscopy

For EM, cells were fixed with a solution of 0.1 M phosphate
buffer (PB) pH 7.4 containing 1.6% glutaraldehyde, at 4�C for
45 min. Then, cells were rinsed in 0.1 M PB and postfixed in
osmium tetroxide with 1% uranyl acetate in 70% ethanol. Cul-
tures were embedded in resin (Fluka, Durcupan ACM) on a
capsule filled with resin and polymerized at 58�C for 48 h.
Finally, coverslips were removed by heat shock in liquid nitro-
gen and boiling water. Ultrathin sections were cut, collected on
pioloform-coated single-slop copper grids (Electron Micros-
copy Sciences, FCF2010-Cu), stained with lead acetate and
examined with a HITACHI-H7650 (HITACHI Ltd., Tokyo,
Japan) electron microscope.

Cell lysates and western blot analysis

Cells were washed with cold phosphate-buffered saline at 4�C
and lysed in a buffer containing 25 mM Tris HCl, pH 6.8, 1%
SDS (Sigma-Aldrich, L3771), 250 mM DTT, glycerol 7.5%,
0.05% bromophenol blue. For immunoblotting, 40 mg of pro-
tein were loaded per lane and separated by SDS-PAGE (18%
for LC3B; 12% for SQSTM1), transferred to nitrocellulose
membranes, and immunoblotted with LC3B (rabbit poly-
clonal; Novus Biologicals, NB100-2220), SQSTM1 (guinea-pig
polyclonal; Progen, GP62-C), CTSD (mouse monoclonal;
Sigma-Aldrich, C0715). ACTB/b-actin (mouse monoclonal;
Sigma-Aldrich, A5441) was used to control equal loading.

Animals and 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine-intoxicated mice

Experiments were performed in accordance with the European
Union directive of September 22, 2010 (2010/63/EU) on the
protection of animals used for scientific purposes. The Institu-
tional Animal Care and Use Committee of Bordeaux (CE50)
approved the experiments under the license number 5012099-
A. For PLGA-aNP detection in the SNc, 2 wild-type C57BL/6
mice (2 mo old) received 1 ml of PLGA-aNP by stereotactic
delivery to the substantia nigra (anteroposterior: ¡2.9; lateral:
1.3; dorsoventral: 4.5) at a flow rate of 0.4 ml/min. For proof-
of-concept neuroprotective activity, 5 to 7 mice were used in
each group. Thirteen 8- to 10-wk-old male C57BL/6 mice
received one intraperitoneal injection of MPTP-HCl per day
(30 mg/kg/day of free base; Sigma-Aldrich, M0896) for 2 conse-
cutive d.35,47 Control mice received saline injections only. Mice
were killed 5 d after the last MPTP administration. Animals
were deeply anesthetized with chloral hydrate (VWR,
MOLEM70482875), 150 mg/kg (i.p.). Brains were collected
fresh, frozen in isopentane and immediately stored at ¡80�C
until further post-mortem processing.
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Immunohistochemistry and stereological counting

For stereological counting of dopaminergic neurons and immu-
nofluorescence, mice were terminated and brains were col-
lected, immediately immersed in cold 4% paraformaldehyde
for 24 h, then cryoprotected with 20% sucrose (Fluka, 84100)
and finally frozen by immersion in isopentane at ¡50�C.48

Brains were cut at 50-mm thick sections and SN was collected.
For colocalization studies of PLGA-aNP with lysosomes in

vivo, TH (tyrosine hydroxylase; Abcam, ab6211) and LAMP2
(Abcam, ab25339) immunohistochemistry was performed as
previously described.4 Donkey anti-mouse IgG conjugated to
Alexa Fluor 488 (Abcam, ab150109) and goat anti-rabbit
Atto647N (Sigma, 40839) were used as secondary antibody.
Cell nuclei were visualized using Hoechst (Life Technologies,
33342) at 1:5,000 for 30 sec. Fluorescence was analyzed using a
Leica fluorescence microscope with Morpho Strider (Explora
Nova, La Rochelle, France) or Leica confocal fluorescence
microscope (SPE). All images were then analyzed with
ImageJ.46

For stereological counting, TH immunochemistry was per-
formed with the aforementioned protocol and revealed by an
anti-mouse peroxidase EnVision system (Dako, K400311) fol-
lowed by VECTOR Peroxidase (Vector Laboratories, SK4100)
incubation. Boundaries of the SN were chosen by examining
the size and shape of the different TH-immunopositive neuro-
nal groups, cellular relationships to axonal projections and
nearby fiber bundles. Unbiased stereological counting of TH-
positive neurons was performed using Exploranova Mercator
(Explora Nova, La Rochelle, France) as previously
described.48,49 Ten sections per animal were used and optical
dissectors were distributed using a systemic sampling scheme.
Dissectors (50 mm £ 40 mm) were separated from each other
by 150 mm (x) and 120 mm (y). In these dissectors, the nuclei
of neurons were counted into focus.

Statistical analysis

All data are representative of at least 3 independent experi-
ments. Statistical significance of the data was evaluated after
the calculation of a one-way or 2-way analyses of variance
(ANOVA) followed by Tukey’s multiple comparison test using
GraphPad Prism. Values of P<0.05 were considered statisti-
cally significant. All values are expressed as the mean § stan-
dard error of the mean.

Abbreviations

3D 3-dimensional
ACP2 acid phosphatase 2, lysosomal
ALPs autophagy-lysosomal pathways
AP autophagosome
BafA bafilomycin A1

CQ chloroquine
CTSD cathepsin D
EM electron microscopy
GBA/glucocerebrosidase glucosidase, b, acid
GD Gaucher disease
GFP green fluorescent protein
LAMP1 lysosomal-associated membrane protein 1
LAMP2 lysosomal-associated membrane protein 2

MAP1LC3B/LC3B microtubule associated protein 1 light chain 3 b
LMP lysosomal membrane permeabilization;
LSD lysosomal storage disorder
MPPC 1-methyl-4-phenylpyridinium ion
MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
mts-GFP GFP-targeted to mitochondria
PD Parkinson disease
PLGA-aNP poly(DL-lactide-co-glycolide) acidic nanoparticles
ROS reactive oxygen species
SNpc substantia nigra pars compacta
V-ATPase vacuolar-type ATPase
XMEA X-linked myopathy with excessive autophagy.
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