
A novel allosteric GCase modulator 
prevents Tau accumulation in 
GBA1WT and GBA1L444P/L444P cellular 
models
Matteo Ciccaldo1, Natàlia Pérez-Carmona2, Ester Piovesana1, Sara Cano-Crespo2, 
Ana Ruano2, Aida Delgado2, Ilaria Fregno3, Beatriz Calvo-Flores Guzmán4, Manolo Bellotto4, 
Maurizio Molinari3,5, Joanne Taylor6, Stéphanie Papin1, Ana María García-Collazo2 & 
Paolo Paganetti1,7,8

A slow decline in the autophagy-lysosomal pathway is a hallmark of the normal aging brain. Yet, 
an acceleration of this cellular function may propel neurodegenerative events. In fact, mutations 
in genes associated with the autophagy-lysosomal pathway can lead to Parkinson’s disease. Also, 
amyloidogenic protein deposition is observed in lysosomal storage disorders, which are caused 
by genetic mutations representing risk factors for Parkinson’s disease. For example, Gaucher’s 
disease GBA1 mutations leading to defects in lysosomal sphingolipid metabolism cause α-synuclein 
accumulation. We observed that increased lysosomal Tau accumulation is found in human dermal 
fibroblasts engineered for inducible Tau expression. Inhibition of the GBA1 product GCase augmented 
Tau-dependent lysosomal stress and Tau accumulation. Here, we show increased Tau seed-induced Tau 
accumulation in Gaucher’s fibroblasts carrying GBA1 mutations when compared to normal fibroblasts. 
Pharmacological enhancement of GCase reversed this effect, notably, also in normal fibroblasts. This 
suggests that boosting GCase activity may represent a therapeutic strategy to slow down aging-
dependent lysosomal deficits and brain protein deposition.

Neurodegenerative tauopathies are characterized by the progressive accumulation of neurofibrillary 
hyperphosphorylated Tau protein in the brain1–3. Tau pathology can occur secondarily to the deposition of 
other amyloidogenic proteins forming e.g., β-amyloid plaques in Alzheimer’s disease or α-synuclein Lewy 
bodies in Parkinson’s disease4. Protein deposition is linked to a deterioration of cellular functions eventually 
leading to cell death. A slow decline in cell functions is a hallmark of normal aging as observed e.g., for the 
autophagy-lysosomal pathway (ALP). This important cellular pathway is dedicated to the elimination of 
intracellular organelles and macromolecules as well as protein aggregates5,6. Not surprisingly, ALP malfunction 
contributes to the neurodegenerative process. Indeed, the deposition of amyloidogenic proteins has been 
reported in lysosomal storage disorders (LSD)7,8. LSD are caused by inherited defects in lysosomal or non-
lysosomal proteins resulting in aberrant buildup of lysosomal substrates and deleterious ALP function9. The 
correlation between protein accumulation and ALP malfunction is better documented in Parkinson’s disease. 
Whereas monoallelic mutations in ALP genes may represent risk factors for Parkinson’s disease, homozygous 
mutations cause LSD10,11. An important example is given by the GBA1 gene encoding for glucocerebrosidase 
(GCase), a lysosomal enzyme metabolizing glucosylceramide. In fact, biallelic GBA1 mutation causes Gaucher’s 
disease, a mendelian LSD disorder affecting several organs and tissues due to cells accumulating fatty substances. 
Yet, monoallelic GBA1 variants stand for the main genetic risk for Parkinson’s disease, suggesting that GCase 
malfunction may be linked to protein accumulation in the brain12. Loss of GCase activity in GBA1-Parkinson’s 
patients has been observed in brain, blood, and cells such as dermal fibroblasts or dopaminergic neurons 
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derived from pluripotent stem cells13–15. Indicating a driving role of ALP malfunction – and possibly also 
of aging – in the pathogenesis of Parkinson’s disease, GBA1 mutation carriers show defects in sphingolipid 
metabolism and α-synuclein accumulation16,17. Noteworthy, lysosomal GCase malfunction appears to occur 
also in the idiopathic Parkinson brain18 and fibroblasts19. Decreased GCase and buildup of glucosylceramide 
in degradative organelles (DOs) can inhibit autophagy20 contributing to α-synuclein accumulation, which in 
turn disturbs the targeting of GCase to lysosomes21 and interferes directly with GCase activity22,23. However, 
different mechanisms caused by GCase mutations may also contribute to Parkinson’s disease24,25. Energy 
metabolism defects appear to occur when GCase translocates into mitochondria of stem cell-derived neurons 
or midbrain organoids and binds to mitochondrial quality control proteins controlling mitochondrial complex I 
function26. Moreover, insertion of human mutations in Drosophila’s GCase affects the unfolded protein response, 
neuroinflammation, and neurodegeneration27. We recently showed that this noxious circle of events also occurs 
in relation to Tau accumulation28. When treated with extracellular Alzheimer’s brain-derived Tau seeds, a 
dramatic increase in Tau accumulation in DOs was observed in primary human dermal fibroblasts engineered 
for inducible fluorescently tagged Tau expression. In this cellular system, Tau was shown to be a substrate of 
macroautophagy and to accumulate in DOs causing lysosomal stress monitored by nuclear TFE3 translocation 
and accumulation of lactosylceramide, a product of glucosylceramide metabolism. Notably, pharmacological 
GCase inhibition augmented Tau-dependent lysosomal stress and Tau accumulation28. The use of primary 
dermal fibroblasts allows for exploring whether the GBA1 genotype may affect Tau-dependent pathological 
phenotypes. So, in the current study, we show increased seed-induced Tau accumulation in Gaucher’s fibroblasts 
carrying the GBA1L444P/L444P biallelic mutation when compared to GBA1WT fibroblasts. Gain Therapeutics has 
applied its drug discovery platform to develop pharmacological chaperones that allosterically bind GCase and 
enhance its activity, such as GT-0221629,30. Tau accumulation was rescued by GT-02216 on the GBA1L444P/L444P 
and on the GBA1WT genotype.

Results
GT-02216 binds to the GCase protein
Gain Therapeutics has applied its proprietary SEE-Tx® drug discovery platform29,31,32 to identify a druggable 
allosteric site of GCase distinct from the active pocket for performing virtual compound screening. This 
methodology starts from the high-resolution structure of native human GCase (PDB code: 2V3F33 to find novel 
binding hotspots for guiding molecular docking34. The virtual screening was performed with a non-redundant 
library of 4.8  million commercial drug-like compounds. The best scoring compounds were experimentally 
validated and served as a starting point for a medicinal chemistry program that led to the discovery of GT-
0221635 (Fig. 1A).

The direct binding of GT-02216 to GCase was confirmed by surface plasmon resonance (SPR). SPR allows 
the study of the strength and kinetics of molecular interactions in real time35. Performing SPR experiments at 
pH 5.0 and pH 7.4, can provide insight into how molecular interactions behave under different physiological 
conditions, mimicking e.g., acidic organelles or the endoplasmic reticulum, respectively36. GT-02216 binds to 
GCase protein in a dose-dependent manner at both acidic pH 5.0 and neutral pH 7.4 (Fig. 1B) with similar 
binding affinity (Fig. 1C).

GT-02216 enhances GCase activity in primary human fibroblasts
The presence of GBA1 mutations has a deleterious effect on GCase activity. This was first confirmed in fibroblasts 
using an enzyme activity assay. In this assay, the fluorescent product 4-methylumbelliferone (4MU) is released 
by GCase activity from the synthetic substrate 4-methylumbelliferyl-β-D-glucopyranoside. Basal GCase activity 
was found to be reduced for all mutant GBA1 fibroblasts analyzed in a panel of dermal fibroblasts derived from 
Gaucher’s patients (Fig. 2A).

Treatment of the cells with the pharmacological chaperone GT-02216 for 4 days resulted in a significant 
enhancement of GCase activity in mutant GBA1 fibroblasts as well as in GBA1WT(XY) fibroblasts (Fig.  2B), 
except for the GBA1L444P/L444P(I)β cell line which showed undetectable GCase activity (Fig. 2A and B). GT-02216 
elicited maximal, ~ 2-fold increased activity on the fibroblast lines harboring the homozygote GBA1L444P/L444P 

Fig. 1.  (A) Molecular structure of the GCase pharmacological chaperone GT-02216. (B) SPR dose-response 
for GT-02216 binding to immobilized human GCase protein monitored at acidic (pH 5.0) and neutral (pH 7.4) 
conditions. (C) SPR binding properties determined at the indicated pH values.
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mutation. Consequently, the GBA1L444P/L444P(I)α line and a GBA1WT(XX) line were chosen as the cellular models 
for subsequent studies. Treatment of these two fibroblast lines with increasing concentrations of GT-02216 for 4 
days resulted in a dose-dependent rescue of GCase activity (Fig. 2C and D).

Reduced GCase activity is expected to induce an accumulation of the primary physiological GCase substrates 
glucosylceramide (GlcCer) and glucosylsphingosine. In fibroblasts, GlcCer is usually evaluated through the 
measure of hexosylceramide (HexCer), a racemic mixture composed of GlcCer and galactosylceramide. Indeed, 
treatment of GBA1L444P/L444P(I)α fibroblasts with conduritol B epoxide (CBE), a well-known potent irreversible 
inhibitor of GCase37, led to a massive accumulation of HexCer as previously described in the literature38 
(Fig. 3A). Notably, GT-02216 reduced HexCer in the same mutant fibroblast line (Fig. 3B). In line with these 
data, the amount of HexCer measured in GBA1WT(XX) fibroblasts was much lower compared to that present in 
GBA1L444P/L444P(I)α fibroblasts (Fig. 3C). GT-02216 treatment decreased HexCer also in the wild-type fibroblasts 
(Fig. 3D), consistent with the enhancement of wild-type GCase measured in the 4MU activity assay (Fig. 2A 
and D).

Next, we confirmed the data obtained for the parental human dermal fibroblasts in the two lines, 
GBA1L444P/L444P(I)α and GBA1WT(XX), engineered for inducible Tau-mCherry expression. Upon induction of 
ectopic Tau expression with doxycycline, Tau- GBA1L444P/L444P(I)α fibroblasts presented a 17.5% of the GCase 

Fig. 2.  (A) Basal GCase activity in wild-type and mutant GBA1 fibroblasts (mean ± SD normalized on 
GBA1WT(XY), n = 6–48). Ordinary 1way ANOVA (p < .0001) and Dunnet’s multiple tests against GBA1WT(XY), 
**** p < .0001. (B) Effect of 4-days treatment with 12.5 µmol/L GT-02216 on GCase activity on fibroblast 
lines (mean ± SD normalized on the respective basal activity, n = 5–42). Ordinary 1way ANOVA (p < .0001) 
and Šidák’s multiple tests against the respective basal activity, **** p < .0001. (C) GT-02216 dose-response on 
GBA1L444P/L444P(I)α fibroblasts (mean ± sem normalized on vehicle, n = 14) or (D) on GBA1WT (XY) fibroblasts 
(mean ± sem normalized on vehicle, n = 8) treated for 4 days. Non-linear fit with four parameters log(agonist); 
EC50 = 2.4 µmol/L on GBA1L444P/L444P(I)α (1.3–10.5 µmol/L 95% confidentiality interval, top 1.8–2.4 µmol/L, 
R2 = 0.71) and 1.5 µmol/L on GBA1WT(XY) (1.3–1.8 µmol/L 95% confidentiality interval, top 1.9-2.0 µmol/L, 
R2 = 0.95).
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activity measured in Tau-GBA1WT(XX) fibroblasts (Fig.  4A). We confirmed the ability of the pharmacologic 
chaperone GT-02216 to rescue GCase activity in a dose-dependent manner in Tau-GBA1L444P/L444P(I)α fibroblasts 
(Fig.  4B). GT-02216 boosted GCase activity in Tau-GBA1WT(XX) fibroblasts independently of the absence or 
presence of Tau expression (Fig. 4C).GT-02216 also elicited a dose-dependent increase in GCase activity also 
in Tau-GBA1WT(XX) fibroblasts (Fig. 4D). The dose-response curves differed somehow from those obtained in 
parental fibroblasts (Fig.  2C and D), and one explanation could be that the experiments were conducted in 
different laboratories.

Increased Tau accumulation in mutant GBA1 fibroblasts is reduced by GT-02216
We reported previously Tau accumulation in DOs of human primary fibroblasts treated with extracellular 
brain-derived Tau seeds. Moreover, pharmacological GCase inhibition with CBE increased Tau accumulation 
and induced lysosomal stress, suggesting a synergistic effect between lysosomal stress and the presence 

Fig. 3.  (A) Quantification of total HexCer in GBA1L444P/L444P(I)α fibroblasts treated with vehicle or CBE 
(mean ± SD normalized on ctrl, n = 3). Unpaired t test, *** p 0.0007. (B) GBA1L444P/L444P(I)α fibroblasts treated 
for 10 days with the indicated amount of GT-02216 (mean ± SD normalized on vehicle, n = 3). Ordinary 
1way ANOVA (p < .0001) and Dunnett’s multiple tests against vehicle. ** p < .01, *** p < .001, **** p < .0001. 
(C) Quantification of total HexCer in GBA1L444P/L444P(I)α compared to GBA1WT(XX) fibroblasts (mean ± SD 
normalized on GBA1WT(XX), n = 3). Unpaired t test, *** p 0.0006. (D) As in B. for GBA1WT(XX) fibroblasts. 
Ordinary 1way ANOVA (p 0.0002) and Dunnett’s multiple tests against vehicle. ** p < .01, *** p < .001, **** 
p < .0001.
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of accumulated Tau in DOs28. So, next we asked whether the presence of mutant GCase might affect Tau 
accumulation in DOs of primary human fibroblasts. Tau accumulation at basal conditions was 3.5-fold higher 
in Tau-GBA1L444P/L444P (I)α fibroblasts compared to Tau-GBA1WT(XX) fibroblasts (Fig. 5A). Moreover, when Tau-
GBA1L444P/L444P(I)α fibroblasts were treated with Alzheimer brain-derived Tau seeds, Tau accumulation increased 
by a further 2.7-fold (Fig. 5B), but the same treatment did not affect GCase activity (Fig. 5C). Tau-GBA1WT(XX) 
fibroblasts displayed a lower, ~ 1.6-fold seed-induced Tau accumulation when compared to basal conditions 
(Fig. 5D), in the absence of altered GCase activity (Fig. 5E). These data show that genetic GCase impairment 
potentiated seed-induced Tau accumulation. However, treatment of Tau-GBA1L444P/L444P(I)α fibroblasts for 4 
days with GT-02216 resulted in a dose-dependent reduction of Tau accumulation both at basal (no seeds) or in 
the presence of Tau seeds (Fig. 5F). GT-02216 reduced Tau accumulation also in Tau-GBA1WT(XX) fibroblasts 

Fig. 4.  (A) GCase activity in doxycycline-inducible Tau-mCherry human fibroblasts with the genotype 
GBAWT(XX) or GBA1L444P/L444P(I)α (mean ± SD normalized on GBAWT(XX), n = 7). Mann-Whitney test, *** 
p 0.0006. (B) GT-02216 dose-response on Tau- GBA1L444P/L444P(I)α fibroblasts (mean ± sem normalized on 
vehicle, n = 8) treated for 4 days. Non-linear fit with four parameters log(agonist); EC50 = 1.1 µmol/L (0.7–1.6 
µmol/L 95% confidentiality interval, top 1.5–1.6 µmol/L, R2 = 0.79). (C) Basal and GT-02166-rescued GCase 
activity is not affected by the induction of Tau-mCherry expression with doxycycline in Tau-GBA1WT(XX) 
fibroblasts (mean ± SD normalized on basal ctrl, n = 3). 2way ANOVA (p < .0001 for treatment, ns for Tau 
expression) and Šidák’s multiple tests against the respective ctrl, **** p < .0001. (D) GT-02216 dose-response 
on Tau-GBA1WT(XX) fibroblasts (mean ± sem normalized on vehicle, n = 8) treated for 4 days. Non-linear fit 
with four parameters log(agonist); EC50 = 1.0 µmol/L (0.7–2.3 µmol/L 95% confidentiality interval, top 1.4–1.6 
µmol/L, R2 = 0.78).
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although the dose-dependency showed reduced potency (Fig. 5G). Overall, the data indicate that intracellular 
Tau accumulation was dependent on lysosomal function that was affected by the enzymatic activity of a single 
lysosomal enzyme.

We then questioned whether Tau accumulation may somehow affect DOs. First, to confirm that Tau-
mCherry accumulation occurred in LAMP1-positive DOs in a GT-02216-dependent manner, we determined 
for each single fibroblast the Pearson’s Correlation Coefficient (PCC) of mCherry biofluorescence with LAMP1 
fluorescent staining39. Whereas Tau seed-treatment of Tau-GBA1L444P/L444P(I)α fibroblasts significantly increased 
Tau in LAMP1-positive DOs, the presence of GT-02216 reversed this seed-dependent effect (Fig. 6A). Similar, 
but less pronounced data, were obtained in Tau-GBA1WT(XX) fibroblasts (Fig. 6B). Consistent with our previous 
findings in normal fibroblasts28, Tau seed-treatment increased the number of LAMP1-positive DOs present 
in Tau-GBA1L444P/L444P(I)α (Fig. 6C) and Tau-GBA1WT(XX) (Fig. 6D) fibroblasts and again, GT-02216 reversed 
this effect. Possibly, the presence of mutated GCase (compare the light gray bars in Fig. 6C and D), or seed-

Fig. 5.  (A) Quantification of Tau Puncta (TP) in Tau-GBA1WT(XX) and Tau-GBA1L444P/L444P(I)α fibroblasts at 
basal conditions (mean ± sem normalized on Tau-GBAWT(XX), n = 55–60). Mann-Whitney test, *** p 0.0004. 
(B) Quantification of Tau puncta in Tau-GBA1L444P/L444P(I)α fibroblasts treated overnight in the absence 
(ctrl) or presence (seeds) of Alzheimer’s brain-derived Tau seeds (mean ± sem normalized on ctrl, n = 45). 
Mann-Whitney test, **** p 4 × 10− 11. A representative image of ctrl or Tau seeds conditions are shown (Tau in 
magenta, nuclei stained with DAPI in blue). (C) GCase activity in Tau-GBA1L444P/L444P(I)α fibroblasts treated 
overnight in the absence or presence of Tau seeds (mean ± sem normalized on ctrl, n = 3). Mann-Whitney test, 
not significant. (D) as in B. for Tau-GBA1WT(XX) fibroblasts (n = 45). Mann-Whitney test, **** p 0.00001. (E) 
as in C. for Tau-GBA1WT(XX) fibroblasts (n = 6–9). Mann-Whitney test, not significant. (F) Dose-dependent 
reduction of Tau Puncta in Tau- GBA1L444P/L444P(I)α fibroblasts or (G) in GBA1WT(XX) fibroblasts treated for 
4 days with the indicated amount of GT-02216 (mean ± sem normalized on vehicle, no seed ctrl, n = 15–45). 
2way ANOVA (p < .0001 for GT-02216 concentration and seeds) and Šídák’s multiple tests against vehicle, **** 
p < .0001.
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induced Tau accumulation in DOs, led to lysosomal malfunction followed by a cellular response in the form of 
increased DOs biogenesis. Increased GCase activity in the presence of GT-02216 improved lysosomal function, 
which favored Tau degradation and decreased Tau accumulation in DOs. To explore further this aspect, we then 
characterized the cells by staining them with LysoTracker, a fluorogenic probe that, when protonated in an acidic 
environment, is trapped inside DOs and can be utilized as a proxy of their acidification. Remarkably, Tau seed-
treatment of Tau-GBA1L444P/L444P(I)α fibroblasts decreased the number of LysoTracker-positive DOs (Fig. 6E), an 
effect that reached statistical significance in Tau-GBA1WT(XX) fibroblasts (Fig. 6F). Increased number of LAMP1-
positive but LysoTracker-negative organelles highlighted the noxious consequence of Tau seed-treatment on 
DOs function in cells undergoing increased DOs biogenesis. In conditions of robust decrease in the number of 
LAMP1-positive DOs (Fig. 6C and D), GT-02216 slightly reduced the presence of LysoTracker-positive DOs 
in Tau-GBA1L444P/L444P(I)α and Tau-GBA1WT(XX) fibroblasts (Fig.  6E and F). Apparently, GT-02216-induced 
recovery of GCase activity reversed the effect of Tau-seeds on DOs biogenesis determined with the LAMP1-
staining, but only partly reversed DOs dysfunction determined with the LysoTracker staining.

GT-02216 protects rat hippocampal primary neurons challenged with Tau oligomers
To further explore the effects of GT-02216 in a different cellular context, we extended our investigation to a 
neuronal model. Given that Tau oligomers (TauO) are known to exert neurotoxic effects, we assessed whether 
GT-02216 could confer neuroprotection in primary rat hippocampal neurons challenged with TauO. Incubation 
of these cells with TauO at a concentration of 5 µmol/L resulted in a significant decrease in cell viability, consistent 
with previous findings40,41. Recombinant Brain Derived Neurotrophic Factor (BDNF), known to be protective 
against Tau-related neurotoxicity in several neurodegenerative disorders42, was used as a positive control in the 
assay. BDNF significantly attenuated TauO-induced neuronal death in our model validating the experimental 
set-up (Fig. 7). GT-02216 treatment also effectively rescued cell viability in the TauO-challenged hippocampal 
neurons, demonstrating its neuroprotective potential against TauO-induced neurotoxicity (Fig. 7).

Discussion
Our study was an initial exploration of the therapeutic potential of the pharmacological GCase-enhancing 
chaperone GT-02216 in tauopathies. GT-02216 was selected starting from a novel druggable allosteric GCase 
site identified with the proprietary Gain Therapeutics SEE-Tx® drug-discovery platform29,31,43. In vitro assays 
showed GT-02216 binding to GCase that increased GCase activity and reduced endogenous GCase substrates in 
fibroblasts. The SEE-Tx® computational technology was previously successfully applied to other enzymes linked 
to LSD44,45. Examples are alpha-L-iduronidase deficiency causing mucopolysaccharidosis type I, an inherited 
lysosomal disease45, and mutant β-galactosidase44,46 triggering GM1 gangliosidosis and mucopolysaccharidosis 
type IVB, also known as Morquio B disease44,46. Increased GCase activity in the presence of GT-02216 is likely 
to result from a stabilizing effect causing increased GCase maturation and transport to DOs.

GCase enzymatic dysfunction leads to defects in metabolism and lysosomal stress. We selected several 
human dermal fibroblasts derived from healthy donors and donors carrying GBA1 mutations as our model. We 

Fig. 6.  (A) Pearson’s Correlation Coefficients (PCC) for Tau-mCherry on LAMP1-positive DOs in Tau-
GBA1L444P/L444P(I)α fibroblasts treated for 4 days with the indicated GT-02216 concentration and overnight in 
the presence or absence of Tau seeds (mean ± sem, n = 100 cells). (B) As in A. for Tau-GBA1 WT(XX) fibroblasts. 
(C) Number of LAMP1-positive DOs per Tau-GBA1L444P/L444P(I)α fibroblast treated as in A. (mean ± sem, n = 20 
cells). A representative image of the three conditions (ctrl, Tau seeds, Tau seeds and 12.5 µmol/L GT-02216 
are shown (Tau in magenta, LAMP1 one in yellow, nuclei stained with DAPI in blue). (D) As in C. for Tau-
GBA1WT(XX) fibroblasts. Ordinary 1way ANOVA (p < .0001, except for p < .01 in D.) and Dunnett’s multiple 
tests against the respective controls (light grey bars), * p < .05, **** p < .0001. (E) Number of LysoTracker-
positive DOs per Tau-GBA1L444P/L444P(I)α fibroblast treated as in A. (mean ± sem, n = 20 cells). (F) As in E. for 
Tau-GBA1WT(XX) fibroblasts. Ordinary 1way ANOVA (p < .0001 for E; p 0.0024 for F) and Dunnett’s multiple 
tests against the respective controls (light grey bars), * p < .05, ** p < .01, **** p < .0001.
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first validated the model showing that the activity of GCase was reduced in GBA1 mutation-carrying fibroblasts 
when compared to normal fibroblasts, which led to increased amounts of intracellular sphingolipids, the 
substrates of lysosomal GCase. We then showed that GT-02216 enhanced GCase activity and reduced HexCer 
accumulation in GBA1L444P/L444P mutant and wild-type fibroblasts. Fibroblasts carrying the homozygous L444P/
L444P mutation, which is associated with severe neuronopathic Gaucher’s disease and increased dementia risk47, 
showed the strongest decrease in GCase activity and were therefore selected for the whole study. To evaluate the 
pathological accumulation of Tau in this model, we took advantage of a previous study reporting evidence of 
aberrant Tau accumulation in DOs linked to lysosomal stress in primary human fibroblasts expressing various 
fluorescent forms of Tau28. This adverse process was further propagated by incubating the cells with Alzheimer’s 
brain-derived Tau seeds as well as in the presence of CBE, a cell-active pharmacological irreversible inhibitor 
of lysosomal GCase28. In agreement with these data, we observed increased seed-induced Tau accumulation in 
DOs of Gaucher’s fibroblasts expressing defective GCase when compared to wild-type fibroblasts. These data 
stress the potential implication of GCase deficiency and the accumulation of GCase substrates in abnormal Tau 
accumulation in DOs. Of relevance in this context, treatment of the cells with GT-02216 efficiently reduced Tau 
accumulation. Moreover, the rescuing effect was also observed in cells with the wild-type GCase background. 
We concluded that lysosomal dysfunction associated with GCase deficits in combination with internalized 
Tau seeds may together contribute to the accumulation of Tau on route to degradation within DOs. However, 
Tau accumulation and impairment of lysosomal function and lipid metabolism may reciprocally engage in a 
sequence of harmful events. Improving lysosomal function through pharmacological GCase enhancement may 
represent a viable strategy to reduce aging-associated cellular stress by indirectly targeting Tau accumulation. The 
reduction of Tau accumulation in basal and seed-induced conditions after treatment with GT-02216 observed 
in fibroblasts, acquired further relevance from the finding that GT-02216 rescued the viability of (endogenously 
Tau expressing) rat hippocampal neurons challenged with exogenous Tau oligomers. This highlighted the critical 
balance maintained by ALP in neuronal health and showed GT-02216 profile as appropriate for a neuroprotective 
agent targeting Tau-related neurotoxicity with an effect comparable to that of the neuroprotectant BDNF.

Our study further confirms the emerging crosstalk between ALP dysfunction and neurodegeneration. Mice 
deficient in autophagy exhibit neuronal accumulation of aggregate-prone proteins and neurodegeneration, 
demonstrating the crucial role of autophagy in neuronal homeostasis48,49. The role of the ALP in neurodegenerative 
diseases has been extensively studied in recent years. Late-onset neurodegenerative disorders such as Parkinson’s, 
Huntington’s, and Alzheimer’s diseases are characterized by the accumulation of intracellular aggregates in the 
brain. Clearance of these aggregates is typically associated with improvement of symptoms50, indicating that 
ALP impairment and accumulation of pathogenic protein forms may together contribute to disease progression. 
Tau lesions are detected in LSD models such as Gaucher’s disease, Niemann–Pick, Sanfilippo syndrome type 
B, Christianson syndrome and Fabry’s disease51–54. Our study expands on previous demonstration of the 
association between GCase activity impairment and the accumulation of proteins such as Tau and α-synuclein 
linked to neurodegenerative diseases55,56. A recent study showed that the competitive GCase inhibitor chaperone 
Ambroxol reduced intracellular Tau and α-synucleinin in cholinergic neurons carrying the GBA1WT/N370S 
genotype derived from a donor with Parkinson’s disease. However, Ambroxol did not affect lysosomal and 
autophagic marker in this model and a possible effect on seeded Tau accumulation was not analyzed. Our 

Fig. 7.  Viability of rat hippocampal primary neurons treated for 2 days with GT-02216 at the indicated 
concentration or with BDNF before being challenged with 5 µmol/L Tau oligomers for 1d. Cell viability was 
assessed with the MTT assay (mean ± SD, n = 3–4 wells). Ordinary 1way ANOVA (p < .0001) and Dunnett’s 
multiple tests against the control, **** p < .0001.
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research focused on other GBA1 mutations and idiopathic Parkinson’s disease, showing the therapeutic potential 
of the novel GCase allosteric chaperone, GT-02216, in reducing Tau accumulation in GBA1L444P/L444P as well as 
GBA1WT genotypes.

Considering the data showing efficacy of GT-02216 also in wild-type cells, our study prompts additional 
investigations to further underpin that, despite the fact that GBA1 mutations are not linked to Alzheimer’s disease 
or other neurodegenerative proteinopathies besides Parkinson’s disease57,58, boosting GCase activity could 
represent a viable therapeutic strategy to slow-down aging-dependent protein deposition in the general patient 
population not affected by GBA1 mutations. In this article we have shown that the GCase allosteric chaperone 
GT-02216 is an excellent tool compound that once developed to improve its potency and ADME properties 
may deliver a final candidate drug. Moreover, the results shared in this publication support the relevance of 
exploring small molecule GCase modulators as a promising potential disease-modifying treatment option for 
aging, Alzheimer’s disease or other tauopathies beyond those directly associated with GBA1 mutations.

Methods
Binding studies by surface plasmon resonance (SPR)
Human full-length wild-type GCase protein (Cerezyme, Genzyme, Naarden, NL) was immobilized on the 
SPR CM5 sensor (GE Healthcare, #29149603,) by standard amino coupling using relatively high protein 
concentration of 100  µg/mL. A nine point 2-fold serial dilution starting from 100 µmol/L GT-0221635 (10 
mmol/L stock solution in DMSO) was measured by SPR at pH 7.4 in 10 mmol/L HEPES, 5 mmol/L EDTA, 150 
mmol/L NaCl and 0.01% Tween-20 or at pH 5.0 in 20 mmol/L Na phosphate, 2.7 mmol/L KCl, 137 mmol/L 
NaCl, 5 mmol/L tartrate, 0.01% Tween-20. Empty, activated, and deactivated parallel channels on the same SPR 
sensor were used as reference channels. Raw SPR signals monitored on the active channel with immobilized 
GCase protein were subtracted with signals monitored on the reference channel (empty sensor surface) and 
further subtracted with the signal monitored for the running buffer (double referenced) and finally corrected 
for DMSO signal mismatch between sample and running buffer. To extract binding affinity values, the plotted 
SPR data were further fitted with the four-parameter logarithmic dose-response equation without constraint 
(GraphPad Prism version 10.2.3).

Human dermal fibroblasts
All methods were carried out in accordance with relevant guidelines and regulations. Human primary 
GBA1WT(XX) fibroblasts were isolated from a dermal biopsy obtained from a healthy 30-year-old female. 
The donor gave written informed consent. The NSIPD001 study was approved by the Canton Ticino Ethical 
Committee (CE TI 2895)24,59. The study was performed in accordance with the principles of the Declaration 
of Helsinki. GBA1L444P/L444P(I)α Gaucher type I fibroblasts (Coriell, #GM10915) were originally isolated from 
a 7-year-old male and are homozygote for a T > C transition at nucleotide 1448 in exon 10 of the GBA1 gene. 
Additional human fibroblasts used in this study were GBA1WT(XY) male (Coriell, #GM03377), GBA1N370S/V394L(I) 
Gaucher type I (Coriell, #GM01607), GBA1N370S/84GG(I) Gaucher type I (Coriell, #GM00372), GBA1N188S/S107L(III) 
Gaucher type III (Telethon Biobank, #20843), GBA1L444P/F213I(III) Gaucher type III (Telethon Biobank, #21142), 
GBA1L444P/R496C(III) Gaucher type III (Telethon Biobank, #20624), GBA1L444P/L444P(III) Gaucher type III (Telethon 
Biobank, #20526), GBA1L444P/L444P(II) Gaucher type II (Coriell, #GM08760), and GBA1L444P/L444P(I)β Gaucher 
type I (Coriell, #GM07968). Coriell and Telethon biobanks operate under strict local body regulations, for study 
participation with the required attesting to informed consents, for minors from a person who exercises legal 
authority.

Fibroblasts were cultured in an incubator at 37  °C, 5% CO2 in DMEM/GlutaMAX™ (Gibco, #61965-026) 
containing 15% FBS (Sigma-Aldrich, #0001668922), 1% Pen/Strep (Gibco, #15140-122), and MEM NEAA 
(Gibco, #1140-035). Fibroblasts were transduced for doxycycline-inducible Tau-mCherry as described24.

4MU GCase activity assay
Fibroblasts were seeded at 5 × 103 cells/well on poly-D-lysine (Sigma-Aldrich, #P6407) coated 96-multiwell 
plates (ThermoFisher Scientific™, #167008). For 4MU determination, the cell culture medium was removed, cells 
were washed with PBS and then supplemented with 5 mmol/L 4-methylumbelliferyl-beta-D-glucopyranoside 
(Apollo Scientific, #BIM1097) in 0.1 mol/L acetate buffer pH 4. The reaction was stopped with 100 mmol/L Na 
glycine pH 10.7 after 1 h at 37 °C. 4MU fluorescence was determined at ex/em 340/460 nm with a fluorescence 
plates reader (TECAN, Infinite 200 Pro®).

Fibroblast treatments
Tau expression was routinely induced for 4 days with 0.3 µg/mL doxycycline (Sigma-Aldrich, #D9891). GT-02216 
was incubated with cells for 4 days. Independently of the compound concentration, the vehicle DMSO was kept 
constant. Tau seeds were enriched from frozen Alzheimer’s disease frontal cortex samples as described24. The 
tissues were obtained from The Netherlands Brain Bank, Netherlands Institute for Neuroscience, Amsterdam 
(www.brainbank.nl). Anonymized donors signed a written informed consent for brain autopsy and further use 
of tissue and clinical information for research purposes. Based on local guidelines for research on anonymized 
samples, ethic committee authorization was not required. Tau seeds were directly supplemented to the cell 
culture media for 1 day before the cells were gently washed with PBS (Gibco, #10010023), cell nuclei were stained 
with 2.5 µg/mL Hoechst 33,342 (Invitrogen, #H3570) for 10 min, 37 °C, followed by gentle washes in complete 
medium and PBS, before fixation for further analysis.

For Tau accumulation analysis, fibroblasts seeded at 30 × 103 cells/well on poly-D-lysine (Sigma-Aldrich, 
#P6407) coated 8-well microscope slides (Ibidi, #80826-IBI) were fixed in 2% formaldehyde in PBS for 15 min at 
room temperature, washed three times with 500 mmol/L glycine in PBS and then three times with PBS.
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For LAMP1 immunostaining analysis, fibroblasts were fixed in 4% formaldehyde in PBS for 5 min at 37 °C 
followed by cold 2% formaldehyde in 6.25% methanol (Sigma-Aldrich, #32213) in PBS for 1  min at room 
temperature. Cells were washed three times with 500 mmol/L glycine in PBS and two times in PBS. Unspecific 
binding was blocked with 5% NGS (Sigma-Aldrich, #N2513) in PBS for 1 h at room temperature and three 
washes in PBS. Staining with 0.4 µg/ml LAMP1 primary antibody (SantaCruz Biotechnology, Inc., #SC20011) 
was done in 0.5% NGS in PBS for 1 h at room temperature, followed by three washes in PBS and the addition 
of 2  µg/ml AlexaFluor™ 488 (Invitrogen, #A11001) secondary antibody and 1  µg/ml DAPI (Sigma-Aldrich, 
#D9542) for 1 h at room temperature. After the last incubation, cells were washed three times and stored in 
PBS. For LysoTracker staining, cells were incubated with 0.25 µM LysoTracker Deep Red (L12492, TermoFisher 
Scientific) for 10 min, 37 °C.

Fluorescence images were acquired with a laser confocal microscope (Leica Microsystems, STELLARIS 8), 
using specific laser detectors for Hoechst 33,342 (ex/em 352/455 nm), DAPI (ex/em: 360/460 nm), AlexaFluor™ 
488 (ex/em: 499/520 nm) and mCherry (ex/em 587/610 nm).

Image analysis and processing of the raw data were performed with Fiji/ImageJ v1.54 software. Pearson’s 
Correlation Coefficient (PCC) was determined with ImageJ JACoP v2.0 plugin for dual-color colocalization of 
Tau and LAMP1. Acquisition settings were kept constant across all conditions analyzed and acquired images 
were processed with the exact same parameters, including background subtraction. Quantification of the 
percentage of cells with a Tau puncta phenotype was normalized with the total number of DAPI positive nuclei. 
Single Tau puncta were manually identified and analyzed with the ImageJ software28,39.

Hexosylceramide assay
Primary human GBA1WT (XX) fibroblasts were seeded at 2.5 × 105 cells/T25 flasks (Falcon®, #353808) in 
DMEM + GlutaMAX™ containing 15% FBS and 1% PenStrep and incubated at 37 °C, 5% CO2 for 1 day. Cell 
media were then replaced with fresh medium containing the desired concentration of GT-02216. After 10 days, 
cells were detached, collected into two 2 mL tubes for each flask, and placed in ice. After centrifugation at 
13,000 rpm at 4 °C for 5 min, the cell pellets were rinsed with 1 mL cold PBS and collected into a single tube for 
each sample. Samples were centrifuged at 13,000 rpm at 4 °C for 2 min and cells pellets stored at -80 °C until 
further analysis.

Cell pellets were dissolved in 150 µL 0.5% formic acid in methanol supplemented with 1 µmol/L C18 
galactosylceramide-d35 (d18:1/18:0-d35) (GalCer-d35; Cayman, #24467) as internal standard. The samples were 
shaken for 1 h, 1x sonicated (4 s, 30% amplitude) and centrifuged at 13,000 g at 4ºC for 5 min. Sphingolipid 
analysis of supernatants was performed by UPLC-MS. An InfinityLab Poroshell 120 HILIC, 2.1 × 100 mm,1.9 μm 
column was used at a flow rate of 0.5 mL/min with solvent A composed of 5 mM ammonium formate, 0.1% 
formic acid in water and solvent B composed of 5 mM ammonium formate, 0.1% formic acid in acetonitrile/
water/me-thanol 95:2.5:2.5. The gradient was programmed for 0–0.1 min 95% B; 0.1–1.0 min 95–0% B, 1.0–
2.0 min 0% B, 2.0–2.1 min 0–95% B, and 2.1–2.5 min 95% B. The mass spectrometer (Agilent 1290 Infinity II / 
QQQ G6475) was operated in a positive ESI mode with a capillary voltage of 4600 V, a nozzle voltage of 1700 V, 
a gas temperature of 280 °C, a gas flow of 10.5 L/min and a nebulizer at 33 psi. The sheath gas temperature and 
gas flow were at 270 °C and at 11.5 L/min, respectively. Hexosylceramide (HexCer) was analyzed in multiple 
reaction monitoring mode; 728.6 > 710.5 m/z transition was quantified.

Rat primary hippocampal neurons
All methods were carried out in accordance with relevant guidelines and regulations. Two pregnant female rats 
(Wistar, Janvier Labs, Le Genest-Saint-Isle, France) were received three days before the beginning of the study. 
On receipt, the rats were housed alone in polycarbonate cages 48 × 27 × 20 cm (U.A.R., 91 - Epinay-Sur-Orge, 
France) in a regulated environment (humidity 50 ± 20%; temperature 22 ± 2  °C with continuous air change) 
controlled and monitored daily, with an inverted light cycle (light from 8:00 pm to 8:00 am), and with free access 
to food and water. The rats used in this study were treated according to rules provided by the ASAB Ethical 
Committee (2012) and the Canadian Council on Animal Care (2003). All ETAP-lab’s SOP were in compliance 
with the European Communities Council Directive 2010/63/EU of 22 September 2010 on the approximation 
of laws, regulations, and administrative provisions of the Member States regarding the protection of animals 
used for scientific purposes (Official Journal L 276, 20/10/2010 p. 0033–0079). The use of animals for research 
purposes is governed by ethical rules and strictly regulated at both national and European levels. However, work 
in vitro with primary neuronal cultures did not no need to approve experimental protocols by ethical committee 
(joint decree of the Minister responsible for agriculture and the Minister responsible for research) as defined by 
the ARRIVE guidelines (https://arriveguidelines.org).

Hippocampal neurons were prepared as described60–62(ETAP-Lab; https://www.etap-lab.com; France) in full 
compliance with relevant European guidelines and regulations for animal testing; experimental protocols were 
approved by the CELMEA Ethical Committee. Briefly, pregnant Wistar rats on gestational days 16–17 were 
anesthetized with isoflurane (5% for induction), followed by immediate sacrifice via intracardiac injection of 
Exagon (Axience, Pantin, France). Rat embryos were delicately extracted, brains were quickly collected, and the 
hippocampus dissected from each brain using a binocular magnifier. Single cells were obtained after dissociating 
the hippocampal tissues by enzymatic digestion and mechanical separation. Dissociated neurons were plated 
at 80 × 103 cells/well in 48-well plates pre-coated with 15  µg/mL poly-ornithine (Sigma-Aldrich, #P4957) 
and 1 µg/mL laminin (Sigma-Aldrich, #11243217001). Cells were cultured at 37 °C in a humidified 5% CO2 
atmosphere in serum-free neurobasal medium (Invitrogen, #21103049) and 2% B27 supplement (Invitrogen, 
#17504044). Starting from day 4, neurons were preincubated with GT-02216, vehicle (diluted DMSO) or brain 
derived neurotrophic factor (BDNF; Sigma-Aldrich, #B3795, lot #0000100311) at 37 °C for 48 h. On day 6, Tau 
oligomers were added into the cell media for 24 h. The Tau oligomers were prepared according to the ETAP-Lab’s 
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protocol starting from recombinant human Tau2N4R monomers. Tau oligomers contained a mixture of trimers, 
low molecular weight oligomers and remaining monomeric forms of the protein.

Primary neuron viability was evaluated at ETAP-Lab (https://www.etap-lab.com; France) by the MTT assay 
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) at 24  h post the addition of Tau oligomers. 
Briefly, cells were incubated at 37 °C for 1 h with 0.5 mg/mL MTT; medium was removed, and cells lysed in 100% 
DMSO. After complete solubilization, formazan absorbance was recorded at 500 nm with a spectrophotometer 
(Molecular Devices, SpectraMax® i3x).

Statistics and reproducibility
Statistical analysis was performed with GraphPad Prism version 10.2.3 with at least three independent biological 
replicates. Most quantifications are reported as fold over control/untreated conditions, unless otherwise 
indicated in the graphs.

Data availability
all raw data can be found in the supplementary files.
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