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Abstract

Background—Autosomal recessive mutations in the glucocerebrosidase gene, Beta-
glucocerebrosidase 1 (GBA1), cause the lysosomal storage disorder Gaucher’s disease. 

Heterozygous carriers of most GBA1 mutations have dramatically increased Parkinson’s disease 

(PD) risk, but the mechanisms and cells affected remain unknown. Glucocerebrosidase expression 

is relatively enriched in astrocytes, yet the impact of its mutation in these cells has not yet been 

addressed.

Objectives—Emerging data supporting non-cell-autonomous mechanisms driving PD 

pathogenesis inspired the first characterization of GBA1-mutant astrocytes. In addition, we asked 

whether LRRK2, likewise linked to PD and enriched in astrocytes, intersected with GBA1 
phenotypes.

Methods—Using heterozygous and homozygous GBA1 D409V knockin mouse astrocytes, we 

conducted rigorous biochemical and image-based analyses of lysosomal function and morphology. 

We also examined basal and evoked cytokine response at the transcriptional and secretory levels.

Results—The D409V knockin astrocytes manifested broad deficits in lysosomal morphology and 

function, as expected. This, however, is the first study to show dramatic defects in basal and 

TLR4-dependent cytokine production. Albeit to different extents, both the lysosomal dysfunction 
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and inflammatory responses were normalized by inhibition of LRRK2 kinase activity, suggesting 

functional intracellular crosstalk between glucocerebrosidase and LRRK2 activities in astrocytes.

Conclusions—These data demonstrate novel pathologic effects of a GBA1 mutation on 

inflammatory responses in astrocytes, indicating the likelihood of broader immunologic changes in 

GBA-PD patients. Our findings support the involvement of non-cell-autonomous mechanisms 

contributing to the pathogenesis of GBA1-linked PD and identify new opportunities to correct 

these changes with pharmacological intervention.
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Growing genetic and biochemical evidence place lysosomal dysfunction at the center of 

pathogenic mechanisms underlying Parkinson’s disease (PD).1–6 The vast majority of 

preclinical studies have focused on how PD mutations affect lysosome function in neurons.
7–12 Importantly, the impact of these mutations in non-neuronal cells has been virtually 

ignored despite clear evidence of reactive gliosis in the human disease and preclinical 

models of nigrostriatal degeneration13–22 and the enriched expression of these gene products 

in glial cells.23,24 To address this unmet need, we focused on the effects of a lysosomal 

protein associated with PD risk and enriched in astrocytes, which constitute at least one-

third of the brain.23,25

Glucocerebrosidase (GCase), encoded by GBA1 gene, is a lysosomal enzyme that catalyzes 

the conversion of the glycolipid glucosylceramide into glucose and ceramide. Autosomal 

recessive loss-of-function mutations in GBA1 cause the lysosomal storage disorder 

Gaucher’s disease, which frequently presents with severe neurologic complications.26–28 

However, heterozygous carriers of specific mutations in GBA1 are subject to dramatically 

elevated risk of PD.29,30 GBA-PD shares many of the classic clinical features of idiopathic 

PD, including levodopa-responsive motor symptoms, age-dependent accumulation of α-

synuclein, and the formation of Lewy bodies.31–33 The pathways through which GBA1 
mutations affect PD risk are entirely unknown. Interestingly, GCase mRNA and protein is 

highly enriched within human and murine astrocytes,23 yet the impact of GBA1 mutations 

on astrocyte function and inflammatory responses has not yet been considered.

Here we explored primary cultured astrocytes from mice harboring the heterozygous or 

homozygous knockin GBA1 D409V mutation associated with PD and compared these cells 

to those expressing wild-type (WT) GBA1. Our data showed the expected gene–dose effect 

on GCase activity as well as a complex series of defects in lysosomal function. We then 

asked whether these effects translated into deficits in the degradation of exogenously applied 

monomeric or fibrillar α-synuclein. Although GBA1 mutation results in intrinsic decreases 

in lysosomal protease activity, it had no effect on astrocyte-mediated degradation of α-

synuclein. We then investigated a central feature of astrocyte biology, that is, whether GBA1 
mutation altered cytokine production. Although some cytokines were unaffected, the results 

showed a dramatic decrease in the expression and secretion of several proinflammatory 

cytokines from GBA1-mutant astrocytes. Given the established role of leucine-rich repeat 

kinase 2 (LRRK2) in both lysosome function and inflammatory responses,6,9,34–39 the 
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primary outcomes affected by the GBA1 mutation in this study, we examined how LRRK2 

kinase inhibition would influence the mutant GBA1 phenotypes. The results showed that 

LRRK2 inhibition normalized a subset of the lysosomal abnormalities, with a near 

restoration of cytokine production by GBA1-mutant astrocytes. Notably, this normalization 

was more profound in the heterozygous (PD model) of astrocytes than that observed in the 

homozygous mutant (Gaucher’s model) cells. These are perhaps the first data to demonstrate 

crosstalk between the GCase protein and LRRK2 kinase activity, but may not be surprising 

given the role of LRRK2 in regulating intracellular trafficking40–42 and that proper folding 

and lysosomal localization of GCase is essential to its normal function.43,44 The LRRK2–

GCase interaction identified here may advance our understanding of familial and sporadic 

PD, but more specifically provide insight into emerging analyses of patients carrying both 

GBA1 and LRRK2 mutations and their complex presentation.45

These data are the first to demonstrate a pathogenic role of GBA1 mutations in astrocyte 

dysfunction and that GBA1-induced inflammatory responses may contribute to neurologic 

damage and an increased risk for PD. Our observation of novel immune responses unique to 

the heterozygous GBA1 mutation, and the notable expression of GCase in a host of 

peripheral immune cells, suggest that GBA-PD patients should be investigated through the 

prism of peripheral immunologic responses, as is currently underway with respect to 

LRRK2-PD. GBA-PD patients may manifest immunologic profiles congruent with sporadic 

PD or entirely novel characteristics. The power of the longitudinal assessment of this large 

GBA1 carrier cohort may allow for peripheral immune profiles to ultimately track disease 

progression or distinguish GBA1 carriers destined to develop PD features from those who 

are not.

Materials and Methods

Primary Astrocyte Culture

Mouse primary astrocytes were isolated as previously described46 with certain 

modifications. On day 3, the media was changed. On day 7, the astrocytes were shaken at 

180 rpm for 30 minutes followed by 240 rpm for 60 minutes at 37°C. On day 8, the cells 

were plated for experiments.

Western Blot

Cells lysates were prepared as previously described.6 Nuclear fractionation was conducted 

as previously described.47 For dot blots, total protein was blotted on a nitrocellulose 

membrane without boiling. The blots were probed with primary antibodies to Lysosomal 

Associated Membrane Protein 1 (Abcam (Cambridge, MA) ab108597), GCase (Abcam 

ab55080), cathepsin D (Abcam ab6313), Transcription Factor EB (Abcam ab220695), 

phospho LRRK2 (Abcam 133450), LRRK2 (clone D8629), α-synuclein preformed fibrils 

(PFF; Abcam ab209538).

Immunofluorescence

Cells were washed with phosphate-buffered saline (PBS), fixed with 4% (w/v) 

paraformaldehyde, blocked with 5% (v/v) bovine serum albumin in PBS for 30 minutes, and 
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permeabilized with 0.1% (v/v) Triton X-100 in PBS for 5 minutes. A primary antibody to 

glial fibrillary protein (GFAP; Abcam ab7260), NeuN (Sigma MAB377 (St. Louis, MO)) 

and CD11b (Novex (Bedford, MA) NB110–89474) was incubated for 1 hour and washed 

with PBS; the secondary antibody conjugated to Alexa Fluor dye was incubated for 1 hour, 

washed with PBS, and visualized by confocal microscopy (Zeiss (Jena, Germany) LSM710).

Flow Cytometry

About 1 × 106 cells were harvested in 1 mL of PBS and centrifuged for 5 minutes at 500g. 

The pellet was resuspended in 0.1% Triton-X, incubated for 10 minutes, and centrifuged for 

5 minutes at 500g. The supernatant was removed and the cells were resuspended in 5% 

bovine serum albumin for 30 minutes. The cells were then centrifuged for 5 minutes at 500g 
and resuspended in primary antibody (GFAP Abcam ab7260, Cd11B BioRad (Portland, ME) 

MCA711G) at a dilution of 1:100 and incubated for 1 hour at room temperature. The cells 

were centrifuged for 5 minutes at 500g and resuspended in the secondary antibody (Alexa 

Fluor 488 A10680, Alexa Fluor 564 A21442; Invitrogen (Bedford, MA)) at a dilution of 

1:500 and incubated for 1 hour at room temperature in the dark. Cells were centrifuged for 5 

minutes at 500g, and the pellet was resuspended in 1 mL of PBS. BD LSRII was used to sort 

the cells, and FlowJo LLC, Ashland, OR software was used to analyze the samples.

GCase Activity Assay

Assay was conducted as previously described.48

High-Content Analysis of Lysosomal Morphology

A total of 10,000 astrocytes were plated per well in 96-well black wall clear bottom plates 

(Greiner, Bedford, MA) and labeled with LysoTracker Red (Invitrogen) according to the 

manufacturer’s specifications and 20 ng/mL of Hoechst. Labeled live cells were imaged as 

previously described.6

LysoSensor Assay

For lysosomal pH analysis, the ratiometric dye LysoSensor Yellow/Blue (Invitrogen) was 

used to label 10,000 astrocytes per well in 96-well black wall black bottom plates (Greiner) 

as previously described.6

DQ-BSA Assay

For lysosomal protease activity analysis, 10,000 astrocytes were plated per well in 96-well 

plates (Greiner) and labeled with DQ-BSA dye (1 μM) for 10 minutes and 20 ng/mL of 

Hoechst prior to rinsing 2 times with HBSS buffer. The cells were imaged using a Synergy 

H1 hybrid reader (Biotek; excitation 329/384 nm, emission 440/540 nm).

Cathepsin Activity Assays

A total of 10,000 astrocytes were plated per well in 96-well plates (Greiner) and labeled with 

1 μM Magic-Red dye (Bio-Rad) for 10 minutes and 20 ng/mL of Hoechst prior to rinsing 2 

times with HBSS buffer. The cells were imaged using a Synergy H1 hybrid reader (Biotek; 
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excitation 329/384 nm, emission 440/540 nm). Cathepsin D activity assay was conducted as 

per the manufacturer’s protocol (Abcam ab65302).

Multiplexed Immunoassays

Levels of immune factors were measured using the V-PLEX Proinflammation Panel 1 Kit 

(mouse; Meso Scale Discovery, Rockville, MD) according to the manufacturer’s protocol by 

the Emory Multiplexed Immunoassay Core. Conditioned media were run in duplicate and 

were diluted by a factor of 1 or 2. Analyte levels were measured on the Meso Scale 

Discovery QuickPlex instrument and evaluated on the Meso Scale Discovery software 

platform.

RNA Isolation, RT, and qRT-Polymerase Chain Reaction

Total cell RNA was extracted with the RNeasy Mini Plus Kit (Qiagen, Germantown, MD), 

and 5 μg of RNA was reverse transcribed with random primers using the Superscript IV First 

Strand Synthesis System (Life Technologies, Bedford, MA). A total of 2 μL of a 1:10 

dilution of cDNA was used for quantitative polymerase chain reaction with gene specific 

primers and SYBR Green PCR Master Mix (Applied Biosystems, Bedford, MA) according 

to the manufacturer’s instructions. Mouse gene-specific primer sequences are the following: 

ILIβ (forward 5′-CAGGCAGGCAGTATCACTCA-3′, reverse 5′-

TGTCCTCATCCTGGAAGGTC-3;), Tumor necrosis factor (forward 5′-

ACGGCATGGATCTCAAAGAC-3′, reverse 5′-GTGGGTGAGGAGCACGTAGT-3′), IL6 

(forward 5′-ATGGATGCTACCAAACTGGAT-3′, reverse 5′-

TGAAGGACTCTGGCTTTGTCT-3′), Interleukin 12 (forward 5′ 
AAGCTCTGCATCCTGCTTCAC-3′, reverse 5′-GATAGCCCATCACCCTGTTGA-3′), 

Lipocalin-2 (forward 5′-TTTCACCCGCTTTGCAAGT-3′, reverse 5′-

GTCTCTGCGCATCCCAGTCA-3′), CXCL1 (forward 5′-

TGAGCTGCGCTGTCAGTGCCT-3′, reverse 5′-AGAAGCCAGCGTTCACCAGA-3′), 

Inducible nitric oxide synthase (forward 5′-GGCAGCCTGTGAGACCTTTG-3′, reverse 5′-

GCATTGGAAGTGAAGCGTTTC-3′), Glyceraldehyde 3-phosphate dehydrogenase 

(forward 5′-AACTTTGGCATTGTGGAAGGGCTC-3′, reverse 5′-

GGAAGAGTGGGAGTTGCTGTTGA-3′), ACTIN (forward 5′-

GAAATCGTGCGTGACATCAAAG-3′, reverse 5′-

TGTAGTTTCATGGATGCCACAG-3′).

Statistical Analyses

All experiments were conducted at least 3 independent times. Error bars indicate mean ± 

standard error of mean. Statistical analysis was performed using GraphPad (San Diego, CA) 

Prism software using a 1-way or 2-way analysis of variance with Tukey’s post hoc test.

Results

GBA1 D409V Knockin Mutation Causes Lysosomal Impairment in Mouse Primary 
Astrocytes

Mutations at the D409 locus in the GBA1 protein are associated with both PD risk and 

Gaucher’s disease.49,50 Interestingly, GCase is one of a handful of PD-linked proteins 
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relatively enriched in astrocytes, the most abundant cell type in the brain. Therefore, we 

cultured primary mouse astrocytes from GBA1 D409V heterozygous and homozygous 

knockin mice to consider the non-cell-autonomous effect of a GBA1 mutation. We tested the 

purity of the primary astrocyte cultures by flow cytometry following immunofluorescence 

staining for astrocytes (GFAP), microglia (CD11b), and neurons (NeuN). The cultures were 

relatively pure (~98% by GFAP) with limited contamination (~2%) likely comprising of 

microglia and/or oligodendrocytes (Fig. 1A). Next, we examined the immunologic 

responsiveness of these cultures. Induction of maximal response with LPS for 6 and 24 

hours manifested a classic TLR4-dependent inflammatory response as indicated by the 

upregulation of IL6, IL1β, TNF, and iNOS mRNA (Fig. 1B). We confirmed the predicted 

impact of a GBA1 mutation on GCase activity levels in this cell type using a GCase-specific 

fluorogenic substrate. We found GCase activity was reduced to 47% of control in 

heterozygous D409V and 8% in homozygous D409V knockin astrocytes (Fig. 1C), 

demonstrating the classic gene–dose response reported in other cells.51 Prior studies have 

suggested that a GBA1 mutation evokes broad effects on lysosome behavior.52–55 Hence, we 

sought to determine the effects of endogenous GBA1 D409V mutation on lysosome function 

in astrocytes. We quantified the number of lysosomes per cell by high-content image 

analysis. The results indicated a significant reduction (51%) in lysosome count per cell in 

the heterozygous mutant with a greater reduction (69%) in the homozygous mutant 

astrocytes (Fig. 1D), consistent with the gene–dose relationship observed for GCase activity 

(Fig. 1C). However, the average area of individual lysosomes remained unchanged (Fig. 1E). 

This quantification of lysosome count was determined by LysoTracker staining, but the 

efficiency of labeling can be influenced by lysosome pH. To control for this, independent 

experiments used LAMP2 staining yielded similar data (data not shown). Interestingly, 

LAMP1 and nuclear TFEB remain unchanged in their expression levels, suggesting no 

obvious deficit in lysosome biogenesis (Fig. 1F). Furthermore, GCase protein levels were 

unchanged (Fig. 1F) despite substantial changes in GCase activity (Fig. 1C). We did observe 

reduced colocalization of LAMP1 and LAMP2, further indicating lysosomal impairment 

(Fig. 1G). Next, we analyzed the lumenal pH of these lysosomes using a ratiometric pH-

sensitive dye, LysoSensor. Lysosomes in the heterozygous and homozygous GBA1-mutant 

astrocytes were both significantly alkalinized to a similar degree (pH~6) when compared 

with the WT control (Fig. 2A). Lysosomes require an acidic pH for optimal functioning. 

Thus, we hypothesized that the GBA1-mutant lysosomes would perturb lysosome protease 

function. We examined general protease activity in these lysosomes using an autoquenced 

DQ-BSA conjugate dye. Upon exposure to active proteases, the conjugate is cleaved into 

unquenced fluorescent peptide fragments. Using this assay, we found that the general 

lysosome protease activity was unchanged in the heterozygous mutant but was significantly 

decreased in the homozygous mutant lysosomes (Fig. 2B). We then analyzed the activity of 

individual lysosomal proteases. Data showed that although cathepsin D (Fig. 2C) and L (Fig. 

2D) activity remain unaffected, cathepsin B activity was decreased in both heterozygous and 

homozygous mutant lysosomes (Fig. 2E). These data together indicate a subtle loss of 

lysosomal protease activity induced by a GBA1 mutation, likely as a result of lumenal 

alkalinization.
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LRRK2 Kinase Inhibition Rescues Decreased GBA1-Induced Lysosomal Function

We previously reported that LRRK2 inhibition has a mild acidifying effect on WT 

lysosomes and an enhanced effect on aberrantly alkalinized lysosomes.6 Therefore, we 

asked whether LRRK2 kinase inhibition could reacidify lysosomes in GBA1-mutant 

astrocytes. To date, MLi-2 has been found to be the most potent and selective LRRK2 kinase 

inhibitor. The IC50 of MLi-2 for LRRK2 is in the low nanomolar range and offers better 

pharmacokinetics than other commonly used LRRK2 inhibitors.56 Thus, we treated WT and 

GBA1-mutant astrocytes with MLi-2 and found that LRRK2 kinase inhibition decreased the 

alkaline lysosomal pH in GBA1 mutants (Fig. 3A). Two-way analyses of variance revealed a 

significant genotype–treatment interaction effect, as pH was not altered by treatment in WT 

cells, but was significantly reduced in homozygous mutant astrocytes and trended toward 

decreased pH in the heterozygous mutant cells. In addition, the lysosomal pH of all LRRK2 

inhibitor-treated cells was no longer significantly different from untreated WT cells, 

suggesting normalization of lysosomal pH. However, the deficits in lysosomal number were 

not reversed (Fig. 3B), and the average lysosomal area remain unaffected by this treatment 

(Fig. 3C). Lastly, we found that the reduced cathepsin B activity in the heterozygous GBA1 
cells was significantly rescued by 7-day treatment with MLi-2. Interestingly, LRRK2 kinase 

inhibition could not rescue the more severe cathepsin B deficit in homozygous mutant 

astrocytes (Fig. 3D). Together, these data indicate that LRRK2 kinase inhibition has a partial 

and selective effect on reversing some GBA-induced deficits.

GBA1 D490V Mutation Induces Downregulation in Endogenous WT LRRK2 Kinase Activity

Because GBA1-induced lysosomal dysfunction was rescued by LRRK2 kinase inhibition, 

we speculated that GBA1 mutants had intrinsically increased LRRK2 kinase activity and 

that rescue was attributable to correcting this increase. We first examined the 

phosphorylation status of LRRK2 S935, an indirect marker of LRRK2 activity,57 and 

observed a subtle decrease in GBA1-mutant astrocytes (Fig. S1A). Phosphorylation of 

LRRK2 S1292, a putative autophosphorylation site, was not detectable using commercially 

available antibody (not shown). We then sought greater resolution and analyzed the 

phosphorylation levels of recently discovered LRRK2 substrates, Rab10 and Rab8a.41 Here 

too we found the phosphorylation status of both Rab10 (Fig. S1B) and Rab8a (Fig. S1C) 

significantly decreased in the heterozygous and homozygous mutant astrocytes, confirming a 

decrease in LRRK2 kinase activity. Critically, the total protein levels of Rab10, Rab8a, and 

LRRK2 were unchanged across all genotypes and treatments.

GBA1 D490V Mutation Exerts No Effect on α-Synuclein Degradation by Astrocytes

Astrocytes are known to phagocytize and degrade extracellular α-synuclein in both in vitro 
and in vivo brain slice models,58,59 which depends partly on a fully functional endo-

lysosomal system. Thus, we hypothesized that GBA1-mutant astrocytes may be deficient 

with respect to the degradation of extracellular α-synuclein. We exposed WT and mutant 

astrocytes to monomeric or PFF of α-synuclein and allowed for uptake and monitored 

degradation over time (1–16 hours; Fig. S2A). The levels of remaining intracellular 

monomeric α-synuclein, as quantified by enzyme-linked immunosorbent assay, were 

indistinguishable between genotypes (Fig. S2B). In separate experiments, the cellular levels 
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of α-synuclein PFFs were determined by detection with α-synuclein filament-specific 

structural antibody (MJFR 14–6-4–2). Similar to a monomer, PFFs were degraded at similar 

rates by WT and GBA1-mutant astrocytes (Fig. S2C). These data suggest that the subtle 

lysosomal deficits in GBA1-mutant astrocytes are insufficient to affect their ability to 

degrade α-synuclein; perhaps GBA1 mutations in astrocytes contribute to pathogenesis via 

other mechanisms.

GBA1 D490V Mutation Effects Selective Inflammatory Response in Astrocytes That Can Be 
Rescued by LRRK2 Kinase Inhibition

Here we asked whether GBA1-mutant astrocytes were affected in their response to 

inflammatory stimuli. To our surprise, quantitative polymerase chain reaction analysis of 

mRNA levels revealed that the basal levels of proinflammatory cytokine (IL6, IL1β, TNF, 

and IL12p70) and chemokine (CXCL1, iNOS, and LCN2) expression was significantly 

decreased in naïve GBA mutant astrocytes when compared with controls (Fig. 4A). Of note, 

some anti-inflammatory cytokines were either not in the detectable range (IL4 and IL10) or 

were unchanged (IL2, IL5, and IFNγ; not shown). Next, we treated cells with the TLR4 

agonist LPS to analyze maximal cytokine response. Consistently, LPS-evoked cytokine/

chemokine expression was likewise dramatically reduced by GBA1 mutation (Fig. 4B). We 

had observed that the LRRK2 kinase inhibitor MLi-2 rescued the alkalinized lysosome 

phenotype in GBA1-mutant astrocytes. Hence, we asked whether this rescue extended to 

other functional deficits caused by GBA1 mutation. We observed that the mRNA levels of 

proinflammatory cytokines and chemokines were normalized to WT levels by LRRK2 

kinase inhibition in GBA1 heterozygous cells (Fig. 5A). Interestingly, some cytokines in 

homozygous mutant astrocytes were not normalized. A functional readout for inflammatory 

responsiveness is the secretion of cytokines. Thus, we quantified the levels of cytokines in 

the conditioned media from the naïve astrocytes using a multiplex immunoassay and found 

significantly decreased secretion in mutant astrocytes when compared with WT. Similar to 

rescue of cytokine expression (mRNA), MLi-2 normalized cytokine secretion in GBA1 
heterozygous cells (Fig. 5B). These data indicate a robust deficit in upstream transcriptional 

regulatory mechanisms governing inflammatory responsiveness in GBA1-mutant astrocytes, 

which may contribute significantly to immune dysfunction and increased GBA1-linked PD 

risk.

Discussion

Near-complete loss of GCase activity causes the lysosomal storage disorder, Gaucher’s 

disease, where ~300 different mutations in GBA1 drive disease through autosomal recessive 

inheritance.28 Increasing evidence, however, associates partial GCase loss of function with 

parkinsonism as heterozygous carriers of GBA1 mutations are at a significantly higher risk 

of PD.60–63 Genetic studies show that 5% to 10% of people with PD harbor a GBA1 
mutation.64–67 Perhaps not surprising then, a significantly higher number of Gaucher’s 

disease patients have comorbidity with parkinsonism.68 Despite such a strong correlation 

between GBA1 and PD, the mechanisms underlying this increased risk remain elusive. 

Moreover, the specific cell types in which these mutations are expressed to influence disease 

course is likewise unknown. Growing evidence across many age-related neurodegenerative 
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diseases endorses a primary and active role of glial dysfunction in the demise of neurons, not 

simply a consequence of neurologic disease.69–74 Therefore, non-neuronal cells must be 

considered in the pathogenesis and progression of disease caused by PD-linked mutations.

Astrocytes are emerging as critical players in the pathogenesis of many neurologic and 

psychiatric diseases.75–80 To explore non-cell-autonomous mechanisms of the GBA1 
mutation, we analyzed primary cultured astrocytes from WT and heterozygous and 

homozygous D409V GBA1 knockin mice and observed broad lysosomal impairment in 

GBA1-mutant astrocytes. Similar deficits in lysosomal proteases have also been observed in 

GBA1-mutant neurons and patient fibroblasts.1,81 Interestingly, our data also showed that 

GBA1-mutant astrocytes possessed a severe deficit in inflammatory responsiveness in both 

naïve and LPS-stimulated cytokine production. This was observed both at the mRNA and 

protein levels, suggesting that these effects are far upstream at the transcriptional level. 

These are the first data demonstrating immunologic changes in GBA1-mutant glia.

Neurons can release α-synuclein,82,83 and the accumulation of α-synuclein within astrocytes 

has been reported in the PD brain.84,85 Therefore, glia are likely exposed to extracellular α-

synuclein and possess the opportunity to mitigate the transmission of the neuronally released 

α-synuclein.86,87 Thus, we hypothesized that GBA1-mutant astrocytes may be ineffective in 

clearing extracellular α-synuclein. However, data revealed that mutant GBA1 astrocytes 

degrade both exogenously applied α-synuclein monomer and PFF at the same rate as WT 

astrocytes, suggesting that the lysosomal abnormalities associated with the GBA1 mutation 

do not directly affect the specific processes involved in the degradation of extracellular α-

synuclein.

Similar to GBA1, autosomal-dominant mutations in the LRRK2 gene cause familial PD. 

LRRK2 is likewise known to exert lysotropic effects, and both LRRK2 and GCase 

expression is enriched in astrocytes.23,88 Recent work from our group demonstrated that 

LRRK2 kinase inhibitors increase lysosomal acidification, with greater effects observed 

when lysosomes were aberrantly alkalinized,6 as was the case with the GBA1 mutation (Fig. 

2C). We therefore hypothesized that inhibition of LRRK2 may normalize a subset of 

lysosomal defects observed in the GBA1-mutant astrocytes. The results showed a 

reacidification of lysosomal pH and a correction of cathepsin B activity following LRRK2 

inhibitor treatment. We then probed further to determine how LRRK2 kinase inhibition 

would impact the GBA1-induced suppression of cytokine release. We found that LRRK2 

inhibition corrected the GBA1-induced suppression of cytokine expression (mRNA) and 

secretion (protein) for both basal and LPS-stimulated responses. Collectively, these data 

demonstrate a previously unrecognized crosstalk between broad cellular phenotypes caused 

by the GBA1 mutation and the physiologic function of LRRK2. These data are also 

consistent with a very recent finding that LRRK2 kinase inhibition can increase GCase 

activity in WT cells and even in cells where it is reduced by GBA or LRRK2 mutation.89

Given the normalizing effects of LRRK2 inhibition, we speculated that the intrinsic activity 

of LRRK2 was increased in GBA1-mutant cells and that the effects we observed were 

through a corrective LRRK2 reduction to baseline. Surprisingly, multiple markers of LRRK2 

activity were decreased in the GBA1-mutant astrocytes, further underscoring the crosstalk 
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between mutant GCase activity and LRRK2. We hypothesize that the GBA1-mutant 

astrocytes initiated an endogenous downregulation of LRRK2 kinase activity as a 

compensatory effort by the cells to attenuate the pathogenic effects of GBA1 mutation. 

However, this intrinsic effect is not sufficient to fully rescue the defects is lysosome function 

and response to inflammatory signals, as further inhibition via pharmacologic means 

normalized GBA1-induced phenotypes in the heterozygous state. It is likely that evidence of 

this novel GBA1–LRRK2 crosstalk has also been observed in the clinic. It would be 

expected that patients carrying pathogenic mutations in both GBA1 and LRRK2 would 

manifest additive features of each individual mutation, if not potentiated deficits. However, 

in a small clinical study it was observed that patients with both a GBA1 mutation and the 

G2019S LRRK2 mutation had decreased risk for many of the GBA1-associated 

complications, as if the LRRK2 mutation had mitigated some of the effects of mutant 

GBA1.45 These data, along with our findings, demonstrate a pressing need to understand the 

intersection of GCase and LRRK2 biology at both the cellular level and in patients carrying 

these mutations.

Reactive gliosis and neuroinflammation are well-documented features of PD. Although early 

studies focused on phagocytic microglia within the substantia nigra pars compacta,17,90,91 an 

important involvement of astrocytes has since been established.72,92–94 Here, we 

demonstrate for the first time a critical effect of GBA1 mutation on the immunologic 

responsiveness of astrocytes. Although pathologic GBA1-induced changes in cytokines may 

have been expected to increase their release, our data would be consistent with emerging 

studies of decreased cytokine responsiveness observed in aging models,95 acknowledging 

aging as the greatest risk factor for sporadic PD. Familial and sporadic PD share a number of 

overlapping clinical features, including α-synuclein accumulation and motor symptoms. Our 

study indicates that immunologic changes may be another parallel between inherited and 

sporadic forms of the disease. Given the specific profile of cytokines and chemokines that 

were both affected and unaffected by the GBA1 mutation and its high levels of expression in 

peripheral immune cells, our work may provide the impetus to investigate the GBA1-PD 

patient population for unique immunologic signatures in the peripheral blood of this cohort, 

as is currently underway for LRRK2 mutation carriers. Perhaps immunologic responses may 

distinguish GBA1 carriers predisposed to PD versus those who will not develop clinical 

features of PD. Such efforts may also identify overlapping or unique biomarkers for GBA1-

PD, markers of disease progression, or further insights into familial and/or sporadic PD.
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FIG. 1. 
GBA1 D409V knockin mutation causes morphologic defects in the lysosomes of primary 

murine astrocytes. (A) Flow cytometry analysis (left panel) of primary mouse astrocyte 

cultures stained with GFAP detected in Q3 and ~2% microglial contamination detected in 

Q4. These cultures, analyzed by immunofluorescence assay (right panel) detecting 

astrocytes stained with GFAP (red), microglia stained with Cd11B (green) and neurons 

stained with NeuN (yellow) reveal similar levels of microglial contamination. Nucleus is 

stained with DAPI (blue). (B) Immunologic responsiveness of WT astrocytes tested by LPS 
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induction (100 ng/mL or 50 EU/mL; 6 and 24 hours) display a classic TLR4-dependent 

upregulation of IL6, IL1β, TNF, and iNOS mRNA (N = 3). (C) GCase activity assay using 

GCase-specific fluorogenic substrate show 47% activity in heterozygous (GBA HET) and 

8% activity in homozygous (GBA KI) knockin astrocytes. CBE treatment almost completely 

inhibits GCase activity, confirming specificity of the assay (N = 3). High-content image 

analysis, as detected by Lysotracker staining normalized to number of cells, show (D) a 

significant decrease in the lysosomal numbers in heterozygous (GBA HET) and 

homozygous (GBA KI) knockin astrocytes and (E) unchanged average lysosomal area in 

these cells. Yellow fluorescence from Lysotracker staining is observed in representative 

microscopy images. All lysosomal analyses were collated from 3 independent experiments 

with 20 wells per genotype per experiment (N = 3, F = 49, P < 0.0001). (F) Protein 

expression of lysosomal genes, LAMP1, GCase, and nTFEB was not affected by GBA1 
mutation, as detected by Western blot. Actin was used as a loading control (G). The 

immunofluorescence of LAMP1 (red) and LAMP2 (green) shows reduced colocalization of 

LAMP1 at lysosomes detected by LAMP2 in heterozygous (Spearman’s rank correlation of 

0.49; GBA HET) and homozygous (Spearman’s rank correlation of 0.45; GBA KI) knockin 

astrocytes when compared with WT (Spearman’s rank correlation of 0.56). Nuclei are 

detected by DAPI (blue) stain. *P < 0.05, analysis of variance followed by Tukey’s post hoc 

test. Cd11B, integrin alpha M subunit.
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FIG. 2. 
GBA1 D409V knockin mutation reduces lysosomal protease activity. (A) Determination of 

lysosomal pH using LysoSensor displays increased alkalinization to pH 6 in heterozygous 

(GBA HET) and homozygous (GBA KI) knockin astrocytes. Data are collated from 3 

independent experiments with 20 wells per genotype (N = 3, F = 5.017, P = 0.0089). (B) 

General lysosomal protease activity, as detected by DQ-BSA cleavage (green), shows a 

significant reduction in homozygous (GBA HET), but not heterozygous (GBA KI), knockin 

astrocytes. Green fluorescence as a result of cleavage of DQ-BSA is observed in 
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representative microscopy images (N = 3, F = 55.41, P < 0.0001). (C) Cathepsin D activity, 

as detected by cathepsin D activity assay and Western blot of cathepsin D protein band and 

(D) cathepsin L activity, as detected by cleavage of Magic-Red substrate (red), exhibit no 

change as a result of a GBA1 mutation (N = 3, F = 3,783, P = 0.0309). (E) Cathepsin B 

activity, as detected by cleavage of Magic-Red substrate (red), show a significant dose-

dependent reduction in heterozygous (GBA HET) and homozygous (GBA KI) knockin 

astrocytes. Red fluorescence from cathepsin B/L-specific substrate cleavage is observed in 

representative microscopy images (N = 3, F = 161.3, P < 0.0001). In all fluorogenic plate-

based activity assays, the nuclei were detected by Hoechst 33258 (blue) for normalization of 

the fluorescent signal. Data were collated from 3 independent experiments with 5 to 10 wells 

per genotype per experiment (N = 3). *P < 0.05, analysis of variance followed by Tukey’s 

post hoc test.
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FIG. 3. 
LRRK2 kinase inhibition rescues lysosomal defects caused by the GBA1 D409V mutation. 

(A) 3 days treatment with the LRRK2 kinase inhibitor, MLi-2 (15 nM), normalizes GBA1-

mutant lysosomes to pH ~5.5 while not affecting WT lysosomal pH (N = 3, F = 8.731, P < 

0.0001). (B) Lysosomal number (N = 3, F = 220.6, P < 0.0001) and (C) average lysosomal 

area in WT and GBA1-mutant astrocytes remain unaffected by MLi-2 treatment. (D) 7 days 

treatment with MLi-2 (15 nM) rescues cathepsin B activity, as detected by enzyme-specific 

Magic-Red dye cleavage in heterozygous (GBA HET), but not homozygous (GBA KI), 

knockin astrocytes (N = 3, F = 31.53, P < 0.0001). All lysosomal analyses were collated 

from 3 independent experiments with 10 wells per genotype per experiment (N = 3). Two-

way analysis of variance followed by Tukey’s post hoc test.
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FIG. 4. 
GBA1 D490V knockin astrocytes show dysregulated inflammatory responses. Quantitative 

polymerase chain reaction of (A) basal and (B) LPS-induced (100 ng/mL or 50 EU/mL, 6 

and 24 hours) proinflammatory cytokines IL6, IL1β, TNF, and Interleukin 12 and 

chemokines iNOS, CXCL1, LCN2 show significant reductions of mRNA levels in GBA1-

mutant astrocytes when compared with WT astrocytes. Data are normalized to actin 

expression and collated from 3 independent experiments including 3 biological replicates 

per experiment (N = 3). *P < 0.05, analysis of variance followed by Tukey’s post hoc test.
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FIG. 5. 
MLi-2 normalizes the deficits in inflammatory response caused by GBA1 D409V knockin 

mutation. (A) Quantitative polymerase chain reaction of MLi-2 treated (15 nM, 3 days) and 

LPS-induced (100 ng/mL or 50 EU/mL, 6 hours) proinflammatory cytokines IL6, IL1β, 

TNF, and IL12p70 and chemokines iNOS, CXCL1, and LCN2 in GBA1-mutant astrocytes 

display normalization of mRNA expression to WT levels when compared with the DMSO-

treated control. Data are normalized to actin expression and collated from 3 independent 

experiments including 3 biological replicates per experiment (N = 3). *P < 0.05, analysis of 
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variance followed by Tukey’s post hoc test. (B) Meso Scale Discovery (Rockville, MD) 

immunoassay of MLi-2 treated (15 nM, 3 days) basal levels of proinflammatory cytokines 

IL6, IL10, and TNF and chemokine CXCL1 secreted in the conditioned media show robust 

normalization beyond WT levels (n = 3). *P < 0.05, analysis of variance followed by 

Tukey’s post hoc test.
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