
Progress and potential of non-inhibitory small molecule 
chaperones for the treatment of Gaucher disease and its 
potential implications for Parkinson disease

Olive Jung1, Samarjit Patnaik2, Juan Marugan2, Ellen Sidransky1,*, and Wendy Westbroek1

1Section on Molecular Neurogenetics, Medical Genetics Branch, National Human Genome 
Research Institute, National Institutes of Health, Bethesda, MD, USA

2National Center for Advancing Translational Sciences, National Institutes of Health, Bethesda, 
MD, USA

Abstract

Gaucher disease, caused by pathological mutations GBA1, encodes the lysosome-resident enzyme 

glucocerebrosidase, which cleaves glucosylceramide into glucose and ceramide. In Gaucher 

disease, glucocerebrosidase deficiency leads to lysosomal accumulation of substrate, primarily in 

cells of the reticulo-endothelial system. Gaucher disease has broad clinical heterogeneity, and 

mutations in GBA1 are a risk factor for the development of different synucleinopathies. Insights 

into the cell biology and biochemistry of glucocerebrosidase have led to new therapeutic 

approaches for Gaucher disease including small chemical chaperones. Such chaperones facilitate 

proper enzyme folding and translocation to lysosomes, thereby preventing premature breakdown 

of the enzyme in the proteasome. This review discusses recent work developing chemical 

chaperones as a therapy for Gaucher disease, with implications for the treatment of 

synucleinopathies. It focuses on the development of non-inhibitory glucocerebrosidase chaperones 

and their therapeutic advantages over inhibitory chaperones, as well as the challenges involved in 

identifying and validating chemical chaperones.

In 1955, a Belgian biochemist named Christian de Duve described a novel acidic 

intracellular organelle while he was on a quest to unravel the mechanisms of insulin in the 

liver. He named this organelle ‘lysosome’, which is Greek for ‘digestive body’ (1, 2). 

Initially, lysosomes were considered static organelles involved in non-regulated degradation 

of macromolecules trafficked to lysosomes via different cellular pathways such as 

autophagy, phagocytosis, and endocytosis (3–8). However, the recent discovery of 

transcription factor EB (TFEB) has expanded our understanding of lysosomes. Intra- or 

extra- cellular changes such as starvation or stress can promote translocation of TFEB to the 

nucleus, where it then regulates expression of the majority of genes involved in lysosomal 
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function and biogenesis. Lysosomes have now emerged as highly regulated dynamic 

organelles involved in degradation, nutrient sensing, metabolism, and signaling (9–15).

Pathological mutations in lysosome-resident enzymes involved in distinct substrate turnover 

can cause lysosomal storage disorders (LSDs), which are rare inborn metabolic diseases 

where lysosomal function is compromised due to accumulation of substrate. Currently, over 

fifty different LSDs are known, with Gaucher disease (GD) being the most common with an 

estimated frequency of 1:40,000–60,000 in the general population and a higher prevalence in 

the Ashkenazi Jewish population (1:850 individuals) (16). GD is an autosomal recessive 

LSD where pathological mutations in the gene encoding glucocerebrosidase 1 (GBA1) gene 

lead to deficient activity of the enzyme glucocerebrosidase (GCase), which, in turn, fails to 

degrade its substrate glucosylceramide (GlcCer) into glucose and ceramide, resulting in 

subsequent lysosomal accumulation of GlcCer (16). In GD, cells of the reticulo-endothelial 

system, such as macrophages, are most affected. Aged erythrocytes have GlcCer-rich 

membranes and are broken down in a phagocytosis-mediated process by macrophages. In 

patients with GD, macrophages appear engorged due to lysosomal accumulation GlcCer and 

are referred to as “Gaucher cells” which can infiltrate the spleen, liver, and bone marrow, 

and cause inflammation and organomegaly (17, 18). Based on the absence or the presence 

and severity of neurological manifestations, GD has been classified into three different 

types. The most common form is type 1, non-neuronopathic GD, with clinical symptoms 

including organomegaly, bone complications, anemia, and thrombocytopenia (16, 19). The 

rarest and most severe form is acute neuronopathic GD type 2, where rapid neurological 

deterioration results in death in early infancy (16, 20). Compared to GD type 2, chronic 

neuronopathic GD type 3 is characterized by later onset and slower progression of 

neurological symptoms. In addition to visceral and skeletal symptoms, patients exhibit a 

specific problem with their horizontal eye movements, and other clinical manifestations can 

include myoclonic epilepsy and ataxia, intellectual deterioration, learning impairments, and 

developmental delay (18, 20–22). However, due to a broad range of clinical manifestations 

associated with GD, it is often challenging to diagnose a patient with a specific type of GD 

(18, 20). The limitations in correlations between the clinical phenotype and molecular 

genotype, or the amount of accumulated substrate and/or residual GCase enzyme activity 

adds another layer of complexity to GD (17, 18, 20, 23–25).

GD type1 was long classified as non-neuronopathic, but this has been challenged due to its 

association with Parkinson disease (PD) and related synucleinopathies. Indeed, longitudinal 

clinical studies revealed the initial observation of a possible association between GD and the 

development of Parkinsonism (Tayebi et al., 2001, Bembi et al., 2003, Tayebi et al., 2003). 

This was followed by reports of an increased incidence of PD in first degree relatives of 

patients with GD carrying GBA1 mutations, as well as an increased frequency of GBA1 
mutations in small cohorts of patients with PD or related synucleinopathies (Goker-Alpan et 

al., 2004, Lwin et al., 2004, Eblan et al., 2006, Ziegler et al., 2007). Subsequently, large pan-

ethnic cohort studies confirmed a strong association between mutations in GBA1 and the 

development of synucleinopathies such as PD (26–29), dementia with Lewy bodies (DLB) 

(30), and multiple system atrophy (MSA) (31). Although GBA1 mutations are now the most 

common genetic risk factor for the development of PD, only a small percentage of GD 

patients and GBA1 carriers will go on to develop synucleinopathies.
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Current FDA-approved treatments for Gaucher disease

Enzyme replacement therapy

For patients with type 1 GD, enzyme replacement therapy (ERT) is the most commonly used 

and conventional treatment option. In the early 1960s, De Duve was one of the early 

proponents of ERT, theorizing that the clinical infusion of the deficient enzyme could be an 

efficient treatment method for lysosomal storage disorders. The idea was based on previous 

findings that extracellular proteins taken in by the cells are transported to the lysosomes for 

degradation (32). However, the initial applications of ERT in the clinic proved to be 

unsuccessful, and it was not until a decade later that the ERT became an effective and well-

understood means of medical care (32).

The first successful clinical administration of the enzyme was performed on two patients 

with GD at the National Institutes of Health (33). The study showed that both patients 

tolerated the infusion well, and that the intravenously injected glucocerebrosidase primarily 

localized in the liver (33). Analysis of the patients’ erythrocytes indicated that the infusion 

of glucocerebrosidase caused a dramatic decrease in glucosylceramide with levels of other 

lipids being unaffected (34). In 1991, the US Food and Drug Administration approved 

alglucerase (Ceredase), which was the first human enzyme replacement product for a 

lysosomal storage disorder. The enzyme was derived from human placenta and was 

subsequently substituted in 1994 by a human recombinant enzyme, imiglucerase 

(Cerezyme). Studies have shown that ERT with imigulucerase reversed the organomegaly 

and anemia, and improved the growth velocity in children and adolescents with GD (35). 

Over the years, several other recombinant enzymes became available to treat patients with 

GD including Taliglucerase alfa (Elelyso) and Velaglucrease alfa (36). ERT has not only 

provided a treatment for patients, but also a greater insight into the molecular mechanism of 

cellular uptake of exogenous enzyme. Grabowksi and Hopkin found that modified enzymes 

are endocytosed after binding to cell-surface mannose receptors and localized to lysosomes 

(37).

ERT has long been the standard medical option for GD type 1 because it alleviates the 

visceral, hematological and skeletal implications following the disease manifestation. A 

drawback to ERT is that the recombinant enzymes are unable to cross the blood-brain barrier 

(BBB), and thus do not alleviate the neurological symptoms seen in neuropathic GD patients 

(38). Recent efforts by Gramlich and co-workers address this limitation by developing novel 

GCase recombinant enzymes tagged with peptides that have the potential to carry GCase 

across the BBB. Enhanced GCase delivery to cultured neurons was observed with the Tat 

and rabies glycoprotein derived (RDP) peptide tag. Extended treatment of gba−/− mouse 

neurons with either Tat-GCase or RDP-IgAh-GCase led to significant reduction in lipid 

substrate glucosylsphigosine (39).

Substrate reduction therapy

While ERT compensates for enzyme deficiency, substrate reduction therapy (SRT) inhibits 

the synthesis of substrate to be turned over by GCase. The available SRT drugs act as 

selective inhibitors of glucosylceramide synthase, which is the rate-limiting enzyme in the 
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synthesis of the GCase-specific substrate glucosylceramide. So far, substrate reduction 

therapy has primarily been used in patients with type 1 GD with moderate symptoms. 

Despite its discrete approach, SRT is limited in its applicability for type 2 and 3 GD due to 

pharmacokinetics limitations (40).

Miglustat or NB-DNJ (Zavesca) was approved by the FDA in 2003 as a treatment option for 

GD type 1 (41). The main limitation for wider use of the glucosylceramide synthase 

inhibitor miglustat has been the gastrointestinal adverse events. It was shown that out of 37 

patients on miglustat therapy for a period ranging from 5 to 8 years, 15 patients had a 

decrease in absolute platelet count and 17 patients had gastrointestinal side effects (42). A 

randomized controlled clinical trial revealed that Miglustat treatment did not show 

significant amelioration of neurological manifestations in GD type 3 patients (43). However, 

a novel inhibitor of glucosylceramide synthase (Genz-682452) that crosses the BBB holds 

promise for treatment of neuronopathic GD. Various mouse models representative of 

neuronopathic GD showed reduced storage of glycolipids in the brain, increased lifespan, 

and improved neurological manifestations after treatment with Genz-682452 (44).

Eliglustat (Cerdelga), another SRT drug, was FDA-approved in 2014 and is a ceramide 

analog that selectively reduces endogenous glucosylceramide. Eliglustat showed equivalent 

alleviation of the clinical symptoms when compared to intravenous imiglucerase (45). 

Eliglustat showed a similar level of efficacy, indicated by the stable organ volumes and 

hematological endpoints in patients after 1 year (46). Common adverse effects, which were 

shown to be present in ≥10% among the patients taking eliglustat, include but are not limited 

to: fatigue, headache, nausea, diarrhea, back pain, and upper abdominal pain (47). Although 

SRT has been established as an alternative to ERT, data on comprehensive, long-term 

observational studies done on patients taking SRT is still insufficient. ERT remains the 

currently predominant medical care for treatment of GD (48, 49).

Gene Therapy for GD

Recently, progress was made in utilizing gene therapy as a potential therapeutic approach for 

treatment of GD type I. It was shown that ex vivo autologous bone-marrow-derived GD 1 

hematopoietic stem cells were genetically corrected by infection with self-inactivating 

lentiviral vectors expressing WT gba1 induced by different cellular promotors. Increased 

GCase enzyme activity, reduced infiltration of Gaucher cells, and reversed splenomegaly 

were observed post-transplantation (50).

Development of small chemical chaperones for treatment of GD

The development of small chemical chaperones has been one of the most recent treatment 

approaches for diseases caused by improperly folded proteins (51). Chemical chaperones are 

small molecules designed to selectively bind to a specific target protein. In case of enzymes, 

binding of small chemical chaperones can increase enzyme stability, catalytic activity, and 

increased lysosomal translocation (52). Lysosome-resident enzymes are folded in the 

endoplasmic reticulum (ER) with the assistance of endogenous cellular chaperones, 

followed by translocation to lysosomes (Figure 1A). Genetic mutations can lead to 
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misfolding of enzyme and subsequent premature endoplasmic reticulum-associated 

degradation (ERAD) where mutant misfolded enzyme is broken down in the proteasome and 

never reaches the lysosome (53) (Figure 1B). Small chemical chaperone therapy aids in 

protein folding and stabilization as well as lysosomal translocation (Figure 1C). Since small 

chemical chaperones physically bind to target proteins, the presence of enzyme is required. 

Fortunately, many of the GBA1 mutations are missense mutations. Based on data from the 

International Collaborative Gaucher Group Registry Program, 29% of Gaucher patients are 

homozygous for c.1226A>G (N370S), 48% are heterozygous for c.1226A>G (N370S), and 

6% are homozygous for c.1448T>C (L444P) (54). However, these numbers should be 

interpreted carefully since mutation distribution varies within different ethnic groups. The 

common c.1226A>G (N370S) mutation represents about 70% of the mutant alleles in the 

Ashkenazi Jewish population while rarely seen in Japanese or Chinese cohorts (24). Small 

chemical chaperones are an attractive therapeutic alternative because of their potential for 

crossing the BBB. This was demonstrated in the lysosomal storage disorder GM1 

gangliosidosis where treatment of a mouse model with N-octyl-4-epi-β-valienamine 

(NOEV) or 6S-NBI-DGJ, both inhibitory β-galactosidase chaperones, showed efficacy in the 

brain (55–57). For Gaucher disease, pharmacokinetics studies on mice with ambroxol, a 

mixed-inhibitor of GCase, and NCGC001099758, a non-inhibitory chaperone of GCase, 

showed significant exposure in the brain (58–60).

Potential chaperoning activity of SRT agents

Miglustat, an inhibitor of glucosylceramide synthase and SRT agent for GD type I, has been 

shown to possess chaperoning activity for mutant GCase (41). Miglustat treatment of COS7 

cells transfected with mutant GBA1 cDNA, induced a significant increase in GCase enzyme 

activity in the S364R, WT, N370S, V15M, and M123T GCase mutant cell lines but no 

significant differences were observed in the L444P, L336P, and S465del GCase mutants. 

Increased translocation of GCase to lysosomes was not shown (41). It should be noted that 

treatment of patient fibroblasts with miglustat did not enhance enzyme activity (61).

Inhibitory chaperones

The majority of pharmacologic chaperones being developed for therapeutics are inhibitors of 

the target enzyme. These inhibitors bind to the active site of the misfolded enzyme and 

facilitate proper folding and translocation to lysosomes. Once the mutant enzyme and its 

bound inhibitor reach lysosomes, the inhibitory chaperone will be out-competed by the 

substrate. In an ideal situation, the residual enzymatic activity of the mutant enzyme is 

sufficient to turn over accumulated substrate in lysosomes. It is important to keep in mind 

that inhibitors bind to the active site of the enzyme. Hence, treatment with inhibitory 

chaperones can only be done on patients with a genotype that does not impact the integrity 

of the active site.

In 2002, Sawkar and co-workers observed that the treatment of patient derived fibroblasts 

homozygous for c.1226A>G (N370S) with sub-inhibitory concentrations of the iminosugar 

N-nonyl-1-deoxynojirimycin (NN-DNJ) increased mutant GCase activity up to 2-fold (62). 

Additionally, NN-DNJ simultaneously inhibited glucosylceramide synthase activity in a 
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dose-dependent manner, indicating that NN-DNJ might not be a target-specific drug. Today, 

many of the GCase inhibitors are iminosugar-based and since they have a high affinity for 

glycosidases, they can be associated with poor selectivity (63, 64). Additionally, while 

iminosugar-based molecules act as chaperones at sub-inhibitory concentrations, they 

function as inhibitors at higher dosages. Indeed, inhibitory chemical chaperones have the 

capacity to remain inhibitory once the mutant enzyme-chaperone complex becomes 

lysosome-resident which makes optimization of drug dosing and clinical application difficult 

(65). An example of this is the iminosugar isofagomine, a competitive inhibitor of GCase. 

Treatment of cell and mouse models with isofagomine resulted in increased GCase protein 

levels and enzyme activity, partial rescue of macrophage function, reduction in substrate 

levels, a delay in the development of neurological manifestations, and increased life span. 

However, a phase 2 clinical trial failed to improve clinical symptoms in GD patients treated 

with isofagomine (66–70). Modification of iminosugars to sp2-iminosugars showed 

increased selectivity for β-glucosidases. However, enzyme activity assays and confocal 

microscopy-based imaging studies on patient fibroblasts and a neuronal mouse cell line 

treated with sp2-iminosugars revealed a high inhibitor to chaperone balance (71, 72).

Recent efforts in the development of non-iminosugar inhibitory chaperones identified 

quinazoline analogues with chaperone activity, high selectivity for GCase, and increased ER 

to lysosome translocation. Further evaluation will have to determine if these inhibitors have 

therapeutic potential (73). Another exciting breakthrough was the identification of ambroxol, 

widely used as cough medicine, as a pH-dependent mixed inhibitor of GCase by high 

throughput screening (HTS) of an FDA-approved drug library (59). The efficacy of 

ambroxol as a potent chaperone and translocator of mutant GCase to lysosomes was 

demonstrated in various independent studies in cells and mice (59, 60, 65, 74). A proof of 

concept clinical study for ambroxol treatment on twelve GD type 1patients with measurable 

disease parameters and not receiving ERT showed promise with none of the patients 

experiencing clinical deterioration (75). This pilot study indicates that ambroxol could be a 

safe treatment option for GD patients and calls for further evaluation in larger clinical trials.

Non-inhibitory chaperones

As discussed in previous section, inhibitory chaperones must balance inhibitory capacity and 

chaperoning capacity, which makes clinical development challenging. A non-inhibitory 

chaperone aids in the folding of mutant enzyme in the ER and translocation to lysosomes by 

binding to a site that is different from the active site. The non-inhibitory chaperone can then 

also directly induce the residual activity of mutant enzymes that are newly translocated or 

already in lysosomes. An ideal non-inhibitory chaperone restores lysosomal enzymatic 

function through chaperone and enzyme stimulatory effects (76). This makes non-inhibitory 

chaperones attractive candidates for therapeutic development. However, creating and 

implementing a practical and accurate methodology for screening of GCase-specific non-

inhibitory modulators has been challenging.

In previous HTS using wild type recombinant enzyme, only inhibitory chaperones were 

identified with a chaperone activities 100 to 1000-fold weaker than their inhibitory activity 

(77). Such observed differences were attributed to different assay formats utilized between 
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the preliminary HTS, which was done with wild type recombinant GCase and subsequent 

patient cell-based assays. To improve the methodology of finding non-inhibitory chaperones, 

a novel screening assay was optimized using mutant GCase in the presence of saposin C, its 

native activator, and other potential cofactors. For this HTS, protein extracts from spleen 

tissue derived from splenectomies of GD patients with genotype N370S/N370S were used as 

the source of mutant enzyme. The spleen-based enzyme assay was then employed to screen 

a library of 250,000 compounds, identifying novel modulating molecules of mutant GCase. 

Among those compounds, there were 14 new lead inhibitors and 30 lead non-inhibitory 

compounds, of which potent chaperone activities were confirmed in subsequent cell-based 

assays using patient-derived fibroblasts (78). HTS on extracts of spleen as the source of 

mutant GCase has been proven to discriminate between non-inhibitory chaperones and 

inhibitors as well as identify GCase-specific, physiologically relevant non-inhibitory 

chaperones. Since then, analogues of non-inhibitory chaperones, a particular a class of 

pyrazolpyrimidines, showed specific biochemical activation of GCase and potent chaperone 

activity in patient fibroblasts (79, 80).

Fibroblast-based models are usually used to study cellular mechanisms of GD and perform 

follow-up studies for potential candidate drugs, but the fibroblasts lack the hallmark 

characteristics of the disease which is the glycolipid accumulation in the affected lysosomes 

(81). In GD patients, macrophages display abnormal lysosomal substrate storage. To 

overcome this hurdle, Aflaki and co-workers developed primary macrophages (hMacs) that 

were differentiated from monocytes of patients with GD as well as induced pluripotent stem 

cells (iPSCs) from dermal fibroblasts that were then differentiated into macrophages 

(iMacs). The two macrophage types, hMacs and iMacs, were evaluated with the non-

inhibitory chaperone molecule NCGC001099758 to determine whether the molecule 

reversed the disease phenotype.

The study showed that the non-inhibitory chaperone increased GCase activity and lysosomal 

translocation and significantly reduced substrate storage in hMacs and iMacs with different 

GD genotypes. Furthermore, the authors showed restoration of chemotaxis in GD hMacs and 

iMacs after treatment with the non-inhibitory compound. The work henceforth achieved two 

objectives – first to develop a relevant cell-based model that displays the disease phenotype 

and second to utilize the said model to effectively evaluate non-inhibitory chaperones.

However, one of the difficulties in accurately identifying potential non-inhibitory chaperones 

is the fact that non-inhibitory chaperones bind to non-active/enzymatic sites other than the 

active site, making it difficult to establish a definitive SAR to further develop and design 

potent non-inhibitory chaperones (76). To go forward with developing effective non-

inhibitory chaperones for further clinical applications, novel molecular probes are needed for 

better evaluation of potential candidates during HTS.

Although not GCase-specific, another promising therapeutic approach for GD is the 

development of pharmacological agents against key players involved in protein misfolding 

and proteasome-mediated degradation of mutant GCase, such as heat shock protein 90 

(HSP90) and Hsp27. Inhibition of deacetylation of HSP90 and expression of Hsp27 led to 
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upregulation of GCase enzyme activity and amount in GD patient fibroblasts, which makes 

them promising pharmacological targets (82, 83).

Need for live substrates for evaluation of non-inhibitory chaperones

Currently, there is no efficient and precise method of evaluating non-inhibitory chaperones 

for GD or other LSDs. When assessing the potency and the efficacy of the non-inhibitory 

chaperones, it is imperative that the chaperone of interest stabilizes the conformation of 

mutant GCase, promotes translocation of GCase from the endoplasmic reticulum to the 

lysosome, and promotes turnover of substrate by mutant GCase within lysosomes. To best 

assess chaperone efficacy and to distinguish between inhibitory and non-inhibitory 

chaperones in HTS assays, there is an acute need for GCase-specific fluorescent-based 

substrates representing GCase activity in lysosomes of live cells.

However, visualizing the activity of endogenous levels of any glycoside hydrolases, 

including GCase, has been proven to be problematic within live mammalian cells. In 2010, 

Witte and co-workers designed two elegant fluorescent activity-based inhibitory BODIPY 

probes for specific in vitro and in vivo labeling of active GCase (84). However, in this 

application the fluorescent ‘inhibody’ signal represent the amount of active GCase in a 

biological sample and not the amount of turned over substrate in lysosomes.

Currently, the existing literature on the development of GCase-specific fluorescent substrates 

is sparse. Yadav and co-workers recently proposed a GCase-specific fluorescence-quenched 

substrate that favors lysosomal uptake with a quencher group attached to the long aliphatic 

chain of the ceramide moiety of GlcCer and a fluorophore group on the glucose part. The 

outcome of the close proximity of the quencher-fluorophore pair is efficient quenching (85). 

A live cell confocal fluorescence microscopy assay on wild type fibroblasts revealed a time-

dependent increase in fluorescence signal in lysosomes due to substrate turnover and 

subsequent loss of quenching. Treatment of wild type fibroblasts with the GCase-specific 

suicide inhibitor CBE drastically reduced lysosomal fluorescence signal. On wild type 

fibroblasts, the difference between untreated and chaperone treated cells is not sufficient for 

HTS purposes. Unfortunately, treatment of fibroblasts derived from GD patients was missing 

from this study. Additionally, laser scanning confocal microscopy assays are not feasible for 

HTS purposes and more suitable read-out platforms such as a fluorescence plate reader 

platform were not included in this study (85).

In another recent study, a ratiometric two-photon fluorescent substrate was developed for 

evaluation of β-galactosidase activity in live cells during cell senescence (86). The data 

showed that treatment of live cells with the pure product indicated a bleed-through signal of 

the product into the substrate channel in the two-photon microscopy assay (86). Such 

ratiometric probes are not the most ideal tools in assay development and evaluation of non-

inhibitory chaperones because it will not give a definitive evaluation of the activity of 

chaperone-activated mutant enzyme. Not only would ratiometric substrates be difficult to 

quantify, most current HTS technologies do not utilize two-photon microscopy to identify 

lead compounds. It is unfortunate that despite the need for fluorescent substrates suitable for 

live cell assays in HTS, this particular area of research has not been well established.
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Expert review & five-year view

As previously discussed in this review, mutations in GBA1 are a risk factor for the 

development of synucleinopathies such as PD, DLB, and MSA. The pathological hallmark 

of all three synucleinopathies is the presence of Lewy bodies and neurite inclusions positive 

for α-syn aggregates in different parts of the brain (26, 30, 31). In neurons, α-synuclein (α-

syn) homeostasis is maintained by a delicate balance between novel α-syn protein synthesis 

and α-syn turnover by the autophagy-lysosomal pathway (87–89) and the proteasome (90). 

Increasing evidence suggests that lysosomal impairment plays a role in α-syn aggregation 

and PD neuropathology (91, 92). Recent experimental evidence favors a reciprocal 

relationship between GCase activity and α-syn protein levels in which reduced GCase 

activity can increase α-syn accumulation aggregation and α-syn accumulation can inhibit 

trafficking of GCase to the lysosome but the exact molecular mechanisms remains elusive 

(93).

Multiple independent studies in various cell and animal models as well as patient samples 

with and without GBA1 mutations support the reciprocal relationship. Indeed, diminished 

GBA1 expression or GCase activity, exogenous introduction of GBA1 mutations or GC 

substrate enhance accumulation of α-syn while increased levels of α-syn decrease GCase 

protein and activity levels (93–104). Therefore, therapies that augment GCase activity or 

decrease GlcCer accumulation could potentially have an impact on α-syn accumulation and 

aggregation and have a beneficial effect for patients with synucleinopathies. This hypothesis 

was supported by a proof-of-concept study by Sardi and co-workers where a neuronopathic 

GD mouse model with GBA1 mutations and a transgenic mouse model with wild type 

GBA1 and over-expressing A53T α-syn showed significant reduction in α-syn accumulation 

using virus-mediated infection with wild type GBA1 in the CNS (100).

As mentioned previously, small chemical chaperones have the potential to cross the BBB 

(80) and could therefore modulate GCase activity and protein levels in the brain, which 

would make them excellent candidates for treatment of synulceinopathies. To date, there are 

no reports on the efficacy of non-inhibitory chaperones for treatment of synucleinopathies. 

Indeed, the recently identified non-inhibitory chaperone that shows promise for the 

treatment of Gaucher disease has not been evaluated for reduction of α-syn levels in relevant 

neuronal cell or animal models (58, 78, 105). However, initial studies on cell and mouse 

models with inhibitory chaperones show promise. Treatment of an α-syn over-expressing 

neuroblastoma cell line with ambroxol showed reduction of α-syn accumulation (106). Oral 

administration of isofagomine in an α-syn over-expressing mouse model showed increased 

GCase activity in brain tissue, improvement motor function, decreased α-syn accumulation 

in nigral dopaminergic neurons, and decreased inflammation in the brain (107). On the other 

hand, in a PC12 cell model transfected with WT or mutant GBA1 and over-expressing α-

syn, treatment of isofagomine did not significantly reduce α-syn accumulation (95). 

Treatment of a mouse model representative of neuronopathic GD suggested that isofagomine 

treatment might restore altered expression levels of miRNA and associated mRNA in 

processes such as inflammation, axonal guidance pathways, and mitochondrial dysfuntion 

which are all implicated in PD (108). In another study, patient fibroblasts homozygous for 
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L444P treated with the sp2-iminosugars based inhibitory chaperone NAdBT-AIJ revealed 

amelioration of mitochondrial dysfunction (109).

Development of therapeutics for a rare disease such as GD has always been of interest to the 

LSD community. Since the establishment of the link between GBA1 and synucleinopathies, 

this interest has broadened to common diseases such as PD. Therefore, we anticipate that 

research and development of small chemical chaperones will continue vigorously in the next 

five years. Especially non-inhibitory chaperones will be of interest since these compounds 

will likely not present dosage issues in clinical trials. Advances in the development and 

evaluation of relevant cell-based assays such as macrophages and neurons will continue and 

gene-editing technologies such as TALEN and CRISPR will make it possible to turn any 

wild type cell into a diseased state. Current efforts on the development of relevant live-

substrates for measurement of specific lysosomal activity of GCase are premature and not 

suitable for HTS. We speculate that development of potent live substrates, which will make 

robust SAR studies possible, will happen over the next five years.

In conclusion, we have discussed the most recent advances in small chemical chaperone 

therapy development for Gaucher disease. The recently proposed reciprocal relationship 

between GCase and α-syn has opened new avenues for the application of therapeutics for 

GD in treatment of synucleinopathies. In this endeavor, GCase-specific non-inhibitory 

chaperones will be of great interest since they cross the BBB and are not subjected to careful 

dosing since they do not inhibit GCase in the lysosomes.
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Key issues

• Gaucher disease (GD) is a rare recessive lysosomal storage disorder in which 

the mutations in the glucocerebrosidase gene lead to structural instability of 

the enzyme.

• GD can be divided into three common clinical subtype: type 1 is the most 

common form, type 2 is the most severe, while type 3 is characterized by 

progressive but milder neurologic symptoms to that of type 2.

• In recent years, the non-neuronopathic categorization of GD type1 has been 

challenged due to its association with PD and related synucleinopathies.

• For GD type 1 patients, ERT is the most commonly used and conventional 

medical care, but the recombinant enzymes fail to cross the BBB.

• Substrate reduction therapy has also become an alternative treatment option in 

recent years; however, SRT is also limited in its potency due to several 

pharmacokinetics limitations and clinically observed side effects.

• There has been a growing movement in utilizing small chemical chaperones 

as potential therapeutic agents since binding of small chemical chaperones 

can increase enzyme stability, catalytic activity, and increased lysosomal 

translocation.

• The majority of pharmacologic chaperones being developed for therapeutics 

are competitive inhibitors of the target enzyme, but the in vivo use of inhibitor 

chemical chaperones remains challenging since chemical chaperones have the 

capacity to remain functional for some time once the mutant enzyme-

chaperone complex becomes lysosome-resident.

• Non-inhibitory chaperons do not interfere with the residual activity of mutant 

enzymes that are newly translocated or already in lysosomes.

• Since non-inhibitory chaperones bind to enzymatic sites other than the active 

site, which makes it difficult to establish a definitive SAR, it is imperative to 

develop live substrates to evaluate such non-inhibitory chaperones.

• Development of novel therapeutics for GD can have implications for the 

treatment of synucleinopathies, as treatment with non-inhibitory chemical 

chaperones can increase GCase protein levels and activity in lysosomes and 

therefore decrease α-syn protein levels.
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Figure 1. 
Non-inhibitory chaperones for enhancement of GCase. (A) Wild-type GCase is folded in the 

ER and translocated to lysosomes where it turns over its substrate. (B) Mutant GCase is 

misfolded in the ER and undergoes premature degradation in the proteasome with 

subsequent lysosomal accumulation. (C) Non-inhibitory chaperones facilitate folding and 

stabilization of mutant GCase in the ER as well as translocation to lysosomes where the 

residual activity of mutant enzyme is able to turn over substrate.
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Figure 2. 
(A) Inhibitory chaperones bind to the active site of mutant GCase. Once the enzyme-

inhibitor complex reaches lysosomes, the inhibitor should be out-competed by accumulating 

substrate. (B) Non-inhibitory chaperones do not bind to the active site of mutant GCase. 

Substrate binding in the active site of the enzyme can happen without competition.
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