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General discussion and perspectives for future research 
 
The studies described in this thesis concern different aspects of glycosphingolipid (GSL) degrading 
glycosidases and the pathologies associated with inherited deficiencies in these enzymes – 
glycosphingolipidoses. The investigations are grouped in three sections that are here separately 
discussed and for which perspectives for future research are put forward. 
 
 
1. Activity-based probes 
 
Section A of the thesis deals with the application of activity-based probes (ABPs) for the labeling of 
retaining lysosomal glycosidases. All probes were designed and synthesized at the Department of Bio-
Organic Synthesis at Leiden University. The ABPs consist of cyclophellitol scaffolds to which a 
fluorophore (or biotin) is tagged. This design is based on the pivotal observation that the naturally 
occurring compound cyclophellitol (compound 1, Figure 1) binds irreversibly to the catalytic 
nucleophile of lysosomal β-glucosylceramidase (glucocerebrosidase; GBA) in an activity-based 
manner (1). It was earlier established that tagging a hydrophobic fluorophore to the C6 of 
cyclophellitol-epoxide generates very high affinity ABPs (compounds 3 and 4) for GBA, the enzyme 
deficient in Gaucher disease (GD) (1). The successful applications of this first, highly selective, 
cyclophellitol-epoxide ABP for GBA stimulated extension of the approach. Chapter 1 reports that 
fluorophore tagged β-galactopyranosyl-configured cyclophellitol-epoxides (ABP 8) specifically label 
lysosomal β-galactosylceramidase (galactocerebrosidase, GALC). This β-galactosidase hydrolyzes 
galactosylceramide and is deficient in Krabbe disease (KD). The high degree of selectivity shown by 
the β-glucopyranosyl-configured and β-galactopyranosyl-configured cyclophellitol-epoxide ABPs is 
promoted by the addition of a bulky fluorophore moiety at the C6 position. The untagged 
cyclophellitol-epoxide scaffolds (compounds 2 and 7) are less selective and also irreversibly inhibit 
other enzymes of the corresponding β-glycosidase family (1). Important applications for the 
fluorophore tagged β-galactopyranosyl-configured cyclophellitol-epoxide ABP 8 are foreseen in 
laboratory diagnosis and evaluation of therapy of KD. Fundamental research on GALC may also 
profit, as illustrated by the feasibility of in situ imaging of active enzyme in murine brain by 
intracerebroventricular infusion of this ABP. 

The ABP toolbox was further expanded by the generation of a second class of ABPs with a 
cyclophellitol-aziridine scaffold with the fluorophore tagged to the aziridine moiety, mimicking more 
closely the position of the aglycon of natural substrates. In contrast to the highly specific fluorophore-
containing cyclophellitol-epoxide ABPs, fluorescent cyclophellitol-aziridine ABPs are found to be in-
class broad-spectrum retaining β-glycosidase probes. Chapter 2 (2) illustrates how β-glucopyranosyl-
configured aziridine ABPs 10-12 allow ultra-sensitive visualization of various mammalian β-
glucosidases – GBA1, GBA2, GBA3 and lactase-phlorizin hydrolase (LPH) – as well as several non-
mammalian β-glucosidases. Similar broad spectrum cyclophellitol-aziridine type ABPs have 
meanwhile been generated at the Department of Bio-Organic Synthesis at Leiden University for α-
galactosidases, α-fucosidase, β-glucuronidase and α-glucosidases using correspondingly configured 
cyclophellitol scaffolds (3, 4) (Jiang et al. unpublished). 

This thesis demonstrates that the different classes of ABPs offer exciting tools for the study of 
various human β-glycosidases in health and disease. Chapter 3 (5) describes how the combined use 
of both classes of β-glucopyranosyl-configured ABPs allows the visualization of GBA as well as 
GBA2 molecules in rat brain slices following in vivo labeling. GBA was found to be highest in brain 
areas related to motor control, like the basal ganglia and motor related structures in the brainstem, 
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while GBA2 was highest in the cerebellar cortex. The analysis of the distribution of active GBA and 
GBA2 is of particular importance given the role of both enzymes in central nervous system (CNS) 
associated pathologies. Severe cases of GD involve neurological symptoms as the result of prominent 
GBA deficiency (6). The interest in GBA and GlcCer metabolism in the brain has further increased 
following the notion that mutations in the GBA gene are a major risk factor for motor disorders such 
as α-synucleinopathies. Inherited deficiency in GBA2, the enzyme degrading GlcCer outside 
lysosomes, is associated with the development of cerebellar ataxia and spastic paraplegia (7–11). 

As mentioned, β-glucopyranosyl-aziridines 10-12 are at low nanomolar concentrations in-class 
broad-spectrum ABPs. However, at higher concentrations these probes also target retaining β-
galactosidases. Chapter 4 documents that β-glucopyranosyl-aziridine ABPs at high nanomolar 
concentrations also label GALC in mouse tissue homogenates. Such ABP labeling of the β-
galactosylceramidase also occurs in intact cells and brain of mice upon intracerebroventricular 
administration of larger amounts of the probes. At micromolar concentrations β-glucopyranosyl-
aziridines start to label lysosomal acid β-galactosidase (GLB1) as confirmed by proteomics analysis. 
As demonstrated in chapter 4, the observed broad reactivity of β-glucopyranosyl-aziridine ABPs 10-
11 can be exploited to simultaneously visualize multiple human retaining β-glycosidases – GBA, 
GBA2, GALC and GLB1 – by sequential labeling with ABPs with distinct fluorophores. Likewise, 
the β-galactopyranosyl-aziridine probes 13-14 described in chapter 5, besides targeting retaining β-
galactosidases – GALC, GLB1 and LPH – with high affinity, also label at higher concentrations the 
out-of-class β-glucosidase GBA. 
 
Future research perspectives The ABPs for retaining glycosidases described in this thesis have great 
potential for further applications. In connection to diseases caused by glycosidase deficiencies, 
appropriate ABPs will allow the determination of the residual amount of active enzyme molecules 
after labeling in vitro, in situ or in vivo. It will be of interest to establish in the future whether better 
prediction of severity of disease manifestation in patients can be achieved by analysis of residual 
enzyme activity through ABP labeling as compared to in vitro enzymatic assays with artificial 
substrates. One could also envision the design of a multiplex screening assay for 
glycosphingolipidoses using the various ABPs currently available to simultaneously visualize active 
glycosidases in biological samples, for example urine. Such an assay would also allow identification 
of glycosidase deficiencies in higher animals and might eventually render suitable models for research 
and therapy development. Another future application of the cell-permeable ABPs is to capitalize on 
their ability to visualize enzymes in their real life context. The precise tissue, and sub-cellular, 
localization of active enzyme molecules can be established with ABPs. Therefore, spatiotemporal 
investigations can be conducted using pulse-chase labeling combined with live cell microscopy. Such 
type of methodology will have to be further developed in the near future. Detailed insight in the 
spatiotemporal localization of active enzyme molecules may render crucial new insights on 
glycosidases in health and disease. Of particular interest in this respect is a more detailed analysis of 
various β-glucosidases in connection to neurodegenerative diseases. β-Gluco- and β-
galactopyranosyl-epoxide ABPs may also be used to create pharmacological models of GD and KD, 
respectively. Infusion of the probes by i.c.v. or intravenously could allow the distinction between 
visceral and neurological pathological factors. An additional potential application for ABPs is based 
on their specific and gentle labeling of glycosidases via the catalytic nucleophile in the pocket, 
without affecting the conformation of the protein. ABP-labeled therapeutic enzymes could in 
principle be imaged following intravenous administration, rendering insight in actual tissue 
distribution in individual patients. Finally, in the future the concept of ABPs described in this thesis 
may be extended to other families of enzymes through the development of new ABPs targeting other 
retaining exoglycosidases and endoglycosidases. 
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Figure 1 | Activity-based probes used in this thesis study. Shown are the chemical structures of β-gluco- and 
β-galactopyranosyl-configured ABPs developed based on cyclophellitol-epoxide or cyclophellitol-aziridine 
scaffolds. The different tags used are also shown. The potential applications of the ABPs for future research are 
summarized. 
 
 
2. Biomarkers for lysosomal glycosphingolipid storage disorders 
 
Having shown that the study of glycosphingolipidoses can greatly benefit from ABP research tools 
directed against glycosidases, section B takes a closer look at these inborn errors of metabolism with 
emphasis on biomarkers. Biomarkers are defined as analytes that indicate the presence of a biological 
process, such as storage cell formation, linked to the clinical manifestations and outcome of a 
particular disease. In the case of glycosphingolipidoses, primary and secondary accumulating 
metabolites, as well as proteins specifically secreted by storage cells, are good candidate biomarkers. 
Two of the most common glycosphingolipidoses are GD and Fabry disease (FD), resulting from 
deficiencies in the lysosomal glycosidases GBA and α-galactosidase A (GLA), respectively. Chapter 
6 (12) reviews the similarities and differences between these two biochemically closely related 
disorders with nevertheless very distinct phenotypic manifestations. Even though both GD and FD 
show deficiency of glycosidase activity in all cells and tissues, the two diseases considerably differ in 
cell types presenting marked lysosomal accumulation of the GSL substrates GlcCer and 
globotriaosylceramide (Gb3), respectively. The differences in cell types involved in pathology of GD 
and FD are reflected in the nature of the thus far identified biomarkers. In the case of GD, a condition 
characterized by accumulation of lipid-filled macrophages (Gaucher cells) in tissues, a number of 
plasma biomarkers have been identified that stem from macrophages. Chitotriosidase and CCL18 are 
known to be released by Gaucher cells into the circulation, giving rise to markedly increased plasma 
levels in symptomatic GD patients. However, the chitotriosidase and CCL18 plasma abnormalities are 
not strictly exclusive for GD. For example, lipid-laden macrophages and partially impaired GBA 
activity also occur in cells of Niemann-Pick type C (NPC) patients and mice (13–17). Therefore, it is 
not surprising that chitotriosidase and CCL18 are also found to be elevated in the NPC patients. NPC 
is often classified as a glycosphingolipidosis, even though it is not primarily caused by a deficiency in 
a glycosidase, but by impaired function of NPC1 or NPC2, proteins responsible for the transport of 
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cholesterol from the late endosomal/lysosomal compartment to the metabolically active pool in the 
cytosol. Deficiency in one of these non-enzymatic proteins leads to the accumulation of cholesterol 
and GSLs in cells. This activates a set of specific genes, resulting in the production of potential 
biomarkers. The investigation described in this thesis was focussed on Glycoprotein nonmetastatic 
melanoma protein B (Gpnmb) in this respect.  

Gpnmb is increased in GD mice (18) as well as in the cerebrospinal fluid (19) and plasma of 
GD patients (Aerts, unpublished). Production and secretion of this transmembrane protein are thought 
to respond to lysosomal accumulation of GlcCer levels, either directly or indirectly as a consequence 
of a lysosomal pH increase elicited by this GSL (20). Transcript levels of Gpnmb have been shown to 
be elevated in various tissues of an NPC mouse model (21). Chapter 7 (22) describes how Gpnmb 
may serve as a marker for visceral lipid accumulation in NPC disease. Gpnmb expression is increased 
at protein level in macrophages in the viscera of Npc1nih mice and soluble Gpnmb is increased in 
murine and NPC patient plasma. Exposing RAW264.7 macrophages to the NPC-phenotype-inducing 
drug U18666A induces Gpnmb expression. Inhibition of GSL synthesis prevents drug-induced 
Gpnmb induction and secretion. These findings further support the notion that upregulation of Gpnmb 
in NPC mice and patients is triggered by lysosomal GSL accumulation.  
 
Future research perspectives It will be of great interest to analyse in more (molecular) detail the 
apparent connection between GSL storage, lysosomal pH and Gpnmb expression. Of note in this 
respect, is the report on the relative acidic compartment volume of B cells as a biomarker for NPC 
(23). The finding that compromised lysosomal function may elicit the production and release of 
specific proteins into the circulation makes it conceivable that in LSDs abnormalities may reach 
beyond the primary affected storage cells, adding a layer of complexity to these disorders. 

Gpnmb was also found to be elevated in the microglia of the cerebellum of NPC mice. The 
relative contribution of the CNS pool to plasma Gpnmb levels, although likely to be small, still needs 
to be addressed. Additionally, it will be important to determine which enzyme(s) generates the soluble 
fragment of Gpnmb, a prerequisite for its secretion. Possible candidates are the enzymes disintigrin 
and matrix metalloproteinases ADAM 10 and ADAM 12, which have been shown to proteolytically 
cleave the extracellular domain of Gpnmb (25, 26). Another important issue concerns the regulation 
of Gpnmb expression. It has recently been shown that Gpnmb induction in adipose tissue 
macrophages is triggered by lysosomal lipid accumulation, in a process mediated by the 
microphthalmia-associated transcription factor (MITF). This transcription factor also controls Gpnmb 
expression in dendritic cells and melanocytes (24, 25). Whether MITF or another member of the 
MITF/TFE family of transcription factors mediates Gpnmb expression in NPC macrophages still 
needs to be clarified. 

Future studies should elucidate whether other proteins are specifically elevated in response to 
lysosomal stress. Additional potential protein biomarkers for NPC disease are galectin-3 and the 
lysosomal aspartic protease cathepsin D. Elevations in these proteins in NPC are responsive to 
cyclodextrin therapy (26), a relatively novel approach to treat NPC. In the future, advanced 
transcriptomics and proteomics analysis of laser-dissected storage cells in tissues of LSD patients and 
animal models should be employed to identify potential additional markers. 

Finally, next to protein biomarkers, metabolites may be useful analytes to assess disease 
manifestation and correction following therapy. Currently the metabolites holding the greatest 
promise as NPC biomarkers are lipid species, namely the sphingolipid lyso-sphingomyelin, its 
isoform lyso-sphingomyelin509 and the well-established cholesterol oxidation products, cholestane-
3β,5α,6β-triol and 7-ketocholesterol. Future research should focus on identification of further 
metabolite abnormalities in LSDs that may be exploited as biomarkers to facilitate diagnosis and 
disease monitoring (see also below). 
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3. Adaptations to glycosidase deficiency: mechanisms and diagnostic 
applications 
 
Section C describes investigations on metabolite abnormalities in glycosphingolipidoses. In these 
studies LC-MS/MS techniques were used for the quantification of (lyso-)GSLs employing newly 
synthesized 13C-isotope-encoded lipids as internal standards. Several open questions regarding GSL 
metabolism in health and disease are addressed. A central theme is the existence of adaptive 
metabolic pathways in glycosphingolipidoses. These unappreciated mechanisms could clarify the 
biochemical paradox surrounding GSL accumulation in glycosphingolipidoses. The GSL build-up 
during a catabolic defect should theoretically be progressive since there is no evidence for significant 
compensatory down-regulation of GSL synthesis during failed lysosomal degradation. Against this 
view, cellular and tissue GSL accumulation seems to be maximized in glycosphingolipidoses. 
Chapter 8 reviews the evidence for the existence of different types of adaptations in 
glycosphingolipidoses, inside and beyond lysosomes. In particular, NPC and GD offer a paradigm in 
this respect, showing various metabolic adaptations to lysosomal glycosidase deficiency. Each of 
these mechanisms was studied in more detail in the course of the thesis investigation and warrants 
separate discussion. 
 
 
Adaptation 1: intralysosomal lyso-glycosphingolipid formation 
One adaptive response in glycosphingolipidoses involves the formation of glycosphingoid bases 
(lyso-GSLs) by the enzymatic de-acylation of GSLs in lysosomes. It has become evident that lyso-
GSLs are strikingly elevated in glycosphingolipidoses. Chapter 9 describes how the deficiency of 
lysosomal α-galactosidase A in FD is compensated for by the intralysosomal de-acylation of 
accumulating globotriaosylceramide (Gb3) substrate generating globotriaosylsphingosine (lyso-Gb3). 
Similarly, deficiency of GBA in GD patients is compensated for by de-acylation of accumulating 
glucosylceramide (GlcCer) yielding glycosylsphingosine (GlcSph). Genetic and pharmacological 
evidence is presented pointing to a direct role of acid ceramidase (AC) in the lysosomal conversion of 
accumulating GlcCer and Gb3 to GlcSph and lyso-Gb3, respectively. This lysosomal deacylation 
pathway offers the organism a way to eliminate from cells, and even from the body, indigestible GSL 
macromolecules as water-soluble lyso-GSLs excreted into plasma, bile and urine. The compensatory 
deacylation of GSLs in LSDs appears favorable. On the other hand, lyso-GSLs are potentially toxic 
compounds that might contribute to the observed pathologies in glycosphingolipidoses (27, 28). At 
the present, it is unclear whether lysosomal deacylation of GSLs in LSDs should be viewed as a 
blessing or a curse. 

Accurate quantitative analysis of lyso-GSLs in biological samples has become possible by the 
development of sensitive LC-MS/MS methods using 13C-labelled stable isotopes as internal standards 
(29–31). With these methods in place one can study the value of plasma lyso-GSL measurements in 
diagnosis and monitor the effects of a given therapy in LSD patients or animal models. Measurement 
of elevated plasma lyso-Gb3 and GlcSph is already widely applied to support laboratory diagnosis of 
FD and GD, respectively. It has been documented that plasma lyso-Gb3 in FD patients as well as 
plasma GlcSph in GD patients respond to enzyme replacement therapies (ERT) (29, 32). It seems 
likely that in the future lyso-GSLs will increasingly act as quantitative markers to monitor therapy 
outcome. Chapter 10 (33) provides an example of this, reporting on corrections in GlcSph after 
successful lentiviral gene therapy of a murine model of type 1 GD. The responses in GlcSph levels 
correlated with corrections in storage cells and hematological parameters. 
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An important consideration when using lyso-GSL abnormalities in LSD diagnostics and 
therapy monitoring is their specificity. In principle, deficiency in a specific glycosidase should lead to 
the accumulation of the respective GSL and lyso-GSL substrates. However, some LSDs share 
features, as is the case for the impairment of GBA activity observed in NPC and GD. Chapter 11 (34) 
describes the occurrence of abnormal (lyso-)GSLs in tissues and plasma of mice with deficiencies in 
lysosomal GLA, GBA and GALC. In the deficient mice the lyso-GSL corresponding to the primary 
accumulating lipid is indeed clearly elevated: lysoGb3 during GLA deficiency, GlcSph during GBA 
deficiency and galactosylsphingosine (GalSph) during GALC deficiency. Of note, the genetic 
background seems to influence the extent of lyso-GSL abnormalities. For example, LDL receptor 
knock-out mice on a high fat diet present high plasma GSL levels due to increased lipoprotein levels 
(35). FD mice concomitantly deficient in LDL show higher levels of lyso-Gb3 when fed with a high 
fat diet than FD mice on the same diet (chapter 11). In chapter 9 it is shown that plasma samples of 
GD1 patients not only show increased GlcSph, but also significant elevations in plasma lyso-Gb3. It 
should be investigated whether this phenomenon is caused by increased AC activity in lysosomes of 
Gaucher cells and subsequent conversion of lysosomal Gb3 to lysoGb3. Alternatively, GlcCer storage 
may result in secondary impairments in GLA activity leading to the accumulation of Gb3, which can 
be deacylated by AC to lyso-Gb3. The observation is important for the FD clinic where it has become 
practice to use subtle elevations of plasma lyso-Gb3 to distinguish individuals with genetic variants of 
unknown significance in the GLA gene from normal subjects (36). In this respect, caution has to be 
recommended given the marked overlap in plasma lysoGb3 levels of GD1 patients with those in 
atypical FD patients. In view of this, one cannot presently exclude that multiple causes for lysosomal 
stress, for example exposure to lysomotropic drugs, might activate lysosomal AC to generate lyso-
GSLs and lead to modest elevations of glycosphingoid bases in the circulation. In summary, modestly 
elevated lyso-GSLs in plasma should be very carefully interpreted to prevent misdiagnoses. The 
nature and specificity of lyso-GSL abnormalities was also studied in two mouse models of NPC 
disease. The animals presented significant tissue elevation of several neutral GSLs and GlcSph. This 
latter finding was recapitulated by analysis of plasma of NPC patients, confirming previous reports by 
other groups (37, 38). Of note, for the diagnosis of NPC the quantification of plasma oxysterols 
should be preferred above that of GlcSph. 
 
 
Adaptation 2: cytosolic glucosylceramide degradation by GBA2. 
Current dogma states that GSL degradation is restricted to lysosomes. An exception is however 
formed by GlcCer, the only GSL synthesized in the cytosolic leaflet of membranes where it is also 
subject to metabolism by the enzyme GBA2 (39–42). The discovery of non-lysosomal GBA2 soon 
led to the speculation that this enzyme might excessively degrade GlcCer when GBA activity is 
reduced (43), as is the case in GD and NPC. Such excessive degradation of GlcCer by GBA2 might 
exert toxic effects and thus contribute to the symptomatology (43). This hypothesis was first 
experimentally tested by Mistry and colleagues, who demonstrated that a conditional Gba2 gene 
deletion ameliorates the visceral, hematologic, and skeletal phenotype in a GD type 1 mouse model 
with impaired GBA activity in the white blood cell lineage (44). Cells from GD patients show higher 
levels of GBA2 protein and increased in vitro enzymatic activity when compared to corresponding 
control cells (45). Chapter 12 (46) describes a study on the role of GBA2 in neuropathology of NPC 
mice. The investigation revealed that in tissues of NPC mice, GBA2 protein and enzymatic activity 
are increased concomitantly with reduced levels of GBA and increased GlcCer. To experimentally 
test the hypothesis that the increased GBA2 activity is harmful, the effect of genetic loss of Gba2 in a 
murine model of NPC (Npc1nih mice) was examined. The mice present most of the symptoms of 
human disease, including major motor neuron loss. NPC animals with concomitant genetic GBA2 
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loss show significantly extended lifespan and develop loss of motor coordination at later age due to 
prolonged survival of Purkinje cells, motor neurons with a relatively high GBA2 content (46). The 
beneficial effect of reducing GBA2 in NPC mice was pharmacologically recapitulated by daily 
administration of the nanomolar GBA2 inhibitor AMP-DNM. The outcome of our investigation in 
NPC mice described in chapter 12 (46) and that by Mistry and co-workers in GD mice (44) both 
provide evidence that excessive activity of GBA2 has toxic effects. The exact molecular mechanism 
by which GBA2 over-activity causes toxicity remains elusive. Excessive generation of ceramide from 
GlcCer by GBA2 in the cytosolic leaflet might be harmful given the proposed role of cytosolic 
ceramide in apoptosis and its stimulation of inflammation through activation of PLA2 leading to 
increased prostaglandin E2 (43). Another possibility is that GBA2 actively generates other toxic 
compounds (see below and Chapter 14). 

The role of GBA2 in the CNS poses currently a true conundrum. On one hand, GBA2 deficient 
mice have no overt neurological phenotype and GBA2 deletion is beneficial for NPC and GD mice. 
NPC patients treated with the GBA2 (and GCS) inhibitor N-butyldeoxynojirimycin also show 
neurological improvement (47–50). On the other hand, mutations in the GBA2 gene have been 
associated with cerebellar ataxia and spastic paraplegia pathologies (7–11). Silencing of GBA2 in 
zebra fish has also been documented to result in abnormal motor coordination and axonal 
shortening/branching of motor neurons in a portion of the animals. Co-expression of human GBA2 
reduced the number of fish with abnormal motor coordination (9). These data point to a potential role 
for GBA2 deficiency as risk factor for the onset of motor neuron defects. Of note, several studies have 
reported the involvement of GBA2 in neuronal differentiation (51, 52) and deregulation of GBA2 
expression has been described in paediatric brain tumours (53). Based on present literature it seems 
that excessive GBA2 activity is harmful, but its complete absence is also detrimental in some 
organisms. It might be that pharmacological inhibition of GBA2 from a certain age on has different 
consequences than permanent inherited loss of active GBA2 and that genetic background modulates 
the outcome of GBA2 deficiency. In view of this, the use of GBA2 as therapeutic target in man 
should be carefully examined and safety studies in primates should first be undertaken. 
 
 
Adaptation 3: glucosylceramide as donor in transglucosylation reactions 
It is well established that some non-mammalian glycosidases are not only able to hydrolyze 
substrates, but can also transfer the removed glycosyl-moiety from the substrate to a hydroxyl-
containing acceptor (54, 55). The latter reaction is called transglycosylation. It was studied whether 
the β-glucosidases GBA and GBA2 are also able to transglucosylate and thus transfer the glucose 
from GlcCer to another acceptor molecule. A considered candidate acceptor was cholesterol. Indeed, 
as described in chapter 13 (56), both GBA and GBA2 can transfer in vitro the glucose from GlcCer 
to the sterol, generating glucosylcholesterol (1-O-cholesteryl-β-D-glucopyranoside; GlcChol). As 
expected, the reverse transfer is also catalyzed by the enzymes. The same investigation, using a 
sensitive detection of GlcChol by LC-MS/MS with 13C6-labelled GlcChol as internal standard, 
revealed the natural occurrence of GlcChol in mouse tissues and human plasma. In cells, the 
inhibition of GBA increases GlcChol, whereas inhibition of GBA2 decreases glucosylated sterol. 
Similarly, in GBA2-deficient mice GlcChol is reduced. These findings suggest that in vivo GBA2 is 
largely responsible for biosynthesis of GlcChol, while GBA normally degrades it. A direct role for the 
enzyme GlcCer synthase (GCS) in the synthesis of GlcChol had already been excluded by Akiyama 
and colleagues (54) and was independently confirmed. Depletion of GlcCer by inhibition of GCS 
decreases GlcChol in cells and likewise in plasma of GCS inhibitor treated GD patients. This suggests 
that GCS does not generate GlcChol itself, but is required to generate enough GlcCer to be used as 
donor in the transglucosylation reaction. Treatment of GD patients with the GBA2 inhibitor N-
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butyldeoxynojirimycin is accompanied by reduction of plasma GlcChol, further illustrating the role of 
GBA2 in GlcChol formation. Of particular interest is the situation in NPC, characterized by massive 
intralysosomal accumulation of cholesterol. Here, the lysosomal GBA largely generates GlcChol. 
When lysosomal accumulation of cholesterol is pharmacologically induced in cultured cells, GlcChol 
is rapidly increased via formation by lysosomal GBA. In line with this are the noted marked 
elevations in GlcChol in tissues of NPC mice. The findings with NPC illustrate how highly dependent 
reversible transglucosylation reactions are on local availability of suitable acceptors and donors. 

Of note, GBA is known to be transported to lysosomes following binding to the membrane 
protein LIMP2, encoded by the SCARB2 gene. Mutations in SCARB2 resulting in LIMP2 deficiency 
cause action myoclonus-renal failure syndrome (AMRF). In cells and tissues of AMRF patients, GBA 
levels are markedly reduced and GlcChol is elevated in plasma and tissues of LIMP2 deficient mice. 
Crystallographic studies on LIMP2 have rendered indications for the presence of a cholesterol binding 
site and a potential role as cholesterol exporter (57). In view of this the recently recognized ability of 
GBA to interact with cholesterol is a rather remarkable coincidence. 

The physiological relevance of GlcChol, a compound far more water soluble than the parent 
sterol, remains presently unclear. Hypothetically, transglucosylation of cholesterol may be relevant 
for cholesterol homeostasis since GlcChol could be formed at one cellular site, next transported to 
another site where the reverse reaction would regenerate the poorly soluble cholesterol, all without the 
need for ATP. The relative high amounts of GlcChol in the thymus are intriguing, particularly in view 
of the well-known abnormalities in NKT cells in GBA-deficient GD patients (58–60). Glycolipids 
interact with group 2 CD1 receptors on human antigen-presenting cells that are involved in the 
presentation of lipid antigens to NKT cells and their subsequent activation. It is conceivable that 
GlcChol participates in these processes. Potential toxicity of GlcChol, or other hitherto unknown 
glucosylated metabolites formed by transglucosylation, should be seriously considered. For example, 
a plant analogue of GlcChol, glucosylated sitosterol, is reported to cause motor coordination loss in 
rodents and it has been suggested that the historical high incidence of amyotrophic lateral sclerosis, 
Parkinsonism and dementia among inhabitants of the island of Guam might have been induced by 
excessive intake of glucosylated sterol through their cycad-rich diet (61–66). 

In chapter 13 it is reported that brain and sciatic nerve of mice contain a large fraction of 
mono-glycosylated cholesterol that is non-digestible with recombinant GBA, suggesting that the 
compound does not contain a β-glucosyl moiety. This lipid is most likely galactosylated cholesterol, 
which might be formed by the transfer of galactose to cholesterol, via a transgalactosylation reaction 
catalysed by yet unidentified enzyme(s). The donor for this hypothetical reaction could be 
galactosylceramide, an abundant glycosphingolipid in brain. Recent findings suggest that the 
spectrum of glycoconjugates formed by transglycosylation may even further expand. It has been 
observed at the Department of Medical Biochemistry at Leiden University that GBA can also catalyse 
in vitro the transfer of several xylose moieties from 4-methylumbelliferyl-β-D-xylopyranoside to 
cholesterol, forming mono-, bi- and tri-xylosylated cholesterol. Interestingly, ongoing research 
suggests that at least mono-xylosylated cholesterol is present in mouse brain. 
 
Future research perspectives The thesis investigations in section C further substantiate the 
existence of adaptive mechanisms in glycosphingolipidoses with a defect in the regular lysosomal 
catabolism of GSLs. The compensatory pathways translate in metabolite abnormalities such as 
excessive lyso-GSLs and GlcChol. The occurrence of such adaptive metabolism adds a new layer of 
complexity to glycosphingolipidoses. This realization should stimulate further research in various 
areas (Figure 2). 

Firstly, the possible toxic effects of excessive lyso-GSLs should be carefully examined. It is of 
particular interest to study in this respect the activity of AC in different LSDs. Recently developed 
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ABPs labeling AC can be used in such investigations (67). Additionally, selective AC inhibitors (68) 
should also be used to experimentally test whether inhibition of AC activity is beneficial or harmful in 
glycosphingolipidoses mouse models. 

Secondly, it should be elucidated how a disturbance of GBA2 activity precisely locally affects 
membrane composition and how this impacts membrane flow and signaling processes. It has been 
earlier observed that GBA2 activity is linked to formation of sphingomyelin, being generated from the 
ceramide formed from GlcCer (39). This thesis demonstrates that GBA2 also links GlcCer to sterol 
homeostasis. The enzyme constitutes a connective hub between various metabolites that requires 
better understanding. 

Thirdly, it should be studied whether the GBA or GBA2 catalyzed transglucosylation reactions 
may use other acceptors than cholesterol and thus generate hitherto unknown glucoconjugates. In 
theory other hydrophobic structures with a suitable free hydroxyl might be glucosylated via the same 
mechanism. The occurrence and relevance of noted transxylosylation and transgalactosylation of 
cholesterol molecules has to be more closely examined. Finally, the physiological relevance of 
GlcChol in cholesterol homeostasis and NKT cell biology warrants further investigations. 
 
 

 
 
Figure 2 | Future research lines for the study of the biochemical adaptations to glycosidase deficiency. 
Schematic representation of the adaptive metabolic pathways studied in GBA deficient cells: (1) Formation of 
GlcSph by lysosomal deacylation of GlcCer catalysed by AC; (2) Cytosolic degradation of GlcCer by non-
lysosomal GBA2; (3) Transfer of a glucose moiety from GlcCer to an acceptor (X) with a free hydroxyl by 
transglucosylation catalysed by GBA2. The open research questions for each pathway are indicated in grey. 
 
 
Concluding remarks 
 
This thesis describes the development of novel research tools and methods for the study of lysosomal 
glycosidases and glycosphingolipids. ABPs are demonstrated to be valuable instruments to study the 
role of these enzymes in health and disease in an unprecedented way. One can envision their future 
use in LSD diagnosis and disease monitoring, as well as in fundamental research with emphasis on 
spatiotemporal analysis of enzymes in their real life context. The improved LC-MS/MS methods with 
internal isotope-labelled standards assist the sensitive quantification of the substrates and products of 
the glycosidases deficient in different LSDs. Again important applications in diagnosis and disease 
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monitoring for these measurements can be envisioned. The combined toolbox has furthermore 
allowed fundamental studies on the nature and specificity of lyso-GSL formation, the role of GBA2 
enzymatic activity in NPC neuropathology and the occurrence of GlcChol formed by 
transglucosylation. The noted induction of specific metabolite changes, as well as the over-expression 
of Gpnmb, in response to lysosomal glycosphingolipid stress provides new read-outs to capitalize on 
in future investigations. Elucidation, at molecular level, of the signaling processes of dysfunctional 
lysosomes to the cytosol and nucleus is warranted and the potential pathophysiological roles of the 
identified abnormal proteins and metabolites should be further examined in cell and animal models. 
This thesis constitutes a small step in increasing insight in the complex pathophysiological processes 
in glycosphingolipidoses. Ultimately such knowledge might translate to the benefit of patients by 
rendering more accurate prognostic diagnosis and more effective interventions. 
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