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‘The effect that each component of the pathway has on the pathway flux under a 
particular condition is indicated by its flux control coefficient, defined as the δJ/J/ 
δEi/Ei (δJ/J, the relative change in flux caused by a small relative change in enzyme 
I activity, δEi/Ei (e.g., a particular Atg); the activity of the other enzymes in the 
pathway must be kept constant).’

Klionsky, D. J. & Meijer, A. J. From the urea cycle to autophagy: Alfred J. Meijer. 
Autophagy vol. 7 805–813 (2011).
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General introduction
Lysosome function and macrophage lysosomes
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The lysosome is a membrane enclosed organelle that contains at least 60 hydrolases and 
mediates degradation of macromolecules. Macromolecules are delivered to lysosomes 
through endocytosis, macropinocytosis, phagocytosis and autophagy. Hydrolysis of 
macromolecules is generally facilitated by low pH. Consistently, the luminal pH of the 
lysosome ranges between 4.0 and 5.0 and is generated at the expense of ATP via the 
lysosomal proton pump. This allows for optimal activity of lysosomal hydrolases. The 
lysosomal enzymes are in turn subjected to proteolytic degradation in lysosomes. Their 
ongoing synthesis and delivery to lysosomes is therefore crucial. Upon synthesis and 
N-glycosylation in the endoplasmic reticulum (ER), lysosomal enzymes traverse the 
Golgi apparatus and are sorted to lysosomes by shuttling protein receptors that recognize 
lysosomal sorting motifs. The major sorting mechanism for soluble acid hydrolases is 
via mannose-6-phosphate receptors, which recognize unique mannose-6-phosphate 
moieties on lysosomal glycoproteins attached in the Golgi system. In specific cells 
alternative lysosomal routing occurs, for example via progranulin and sortillin.1 A fraction 
of most soluble acid hydrolases is secreted by cells and may subsequently be delivered to 
lysosomes by receptor-mediated endocytosis. The mannose-6-phosphate receptor and 
additional receptors can mediate this re-uptake.1

Glucocerebosidase (GBA) 
One of the lysosomal hydrolases is the retaining beta-glucosidase named 
glucocerebrosidase, encoded by the GBA gene. GBA catalyses the fragmentation of the 
ubiquitous glycosphingolipid glucosylceramide (GlcCer) in lysosomes (Figure 1). The 
enzyme is assisted in its activity by saposin C, which promotes activity towards lipid 
substrate. GBA is uniquely sorted to lysosomes by binding to the membrane protein LIMP2 
in the ER. Together, these proteins are routed to lysosomes where the acidic environment 
triggers dissociation of the complex. GBA can be detected and visualized by means of its 
enzymatic activity towards fluorogenic substrates. GBA-specific antisera also available. 
Relatively novel detection methods are fluorescent activity-based probes (ABPs) that 
allow selective labelling and visualization of catalytically active GBA molecules in cells 
and organisms.2–5 These ABPs are based on a cyclophellitol scaffold to which a fluorophore 
is covalently attached. Cyclophellitol, and the related conduritol B epoxide, are known 
suicide inhibitors of GBA that covalently link to its catalytic nucleophile, glutamate 340, 
in mechanism-based manner. Modified cyclophellitols with a hydrophobic extension at 
C6 have been designed as suicide inhibitors, allowing generation of enzyme deficiency 
on demand.6

Lysosomal storage disease (LSD)
Deficiency of GBA due to mutations in the encoding gene forms the molecular basis of 
Gaucher disease (GD).7 In rare cases, GBA activity is reduced due to inherited defects 
in LIMP2 (Action Myoclonus Renal Failure Syndrome; AMRF), or in saposin C or its 
precursor protein prosaposin.8–10 The clinical presentation of GBA deficiency in GD 
patients is remarkably heterogeneous and ranges from neonatal lethality due to skin 
barrier abnormalities to a virtual asymptomatic course of disease.11,12 The GBA genotype 
and concomitant residual enzyme activity correlates to some extent with severity of 
disease but is only partly predictive in milder cases that do not develop neurological 
complications, the so-called type 1 variant of GD.13,14 A hallmark of GD is accumulation 
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of GlcCer in storage tubules inside lysosomes of tissue macrophages that transform into 
swollen Gaucher cells. These lipid-laden macrophages are viable and show features of 
alternatively activated macrophages.15 Gaucher cells are thought to underly typical 
GD symptoms such as hepatosplenomegaly and hematologic abnormalities, but the 
pathophysiological basis for other symptoms (e.g. neurological complications and 
osteoporosis) is still enigmatic. Adaptive metabolism of GlcCer during GBA deficiency is 
considered to produce toxic factors such as glucosylsphingosine.5,16 

Inherited deficiencies of other lysosomal enzymes also occur and lead to lysosomal 
accumulation of their corresponding substrates in one or many cell types. These disorders, 
more than 60 discrete entities, are collectively named lysosomal storage diseases (LSDs) 
and constitute a major part of the inherited metabolic disorders.17,18 Lysosomal storage 
may also be caused by defects in lysosomal proteins that are responsible for metabolite 
export or by defects in accessory proteins that assist lysosomal hydrolases in their activity 
or stability. One example of this is Niemann Pick disease type C (NPC), which is caused 
by inherited defects in either the lysosomal transporter NPC1 or NPC2, proteins involved 
in the export of cholesterol from the lysosome to the ER.19,20 NPC cells show a lysosomal 
accumulation of cholesterol that is accompanied by a secondary, partial deficiency of 
GBA.21

Figure 1. Localisation and function of GBA in the lysosome; (A) Lysosomal targeting of GBA is 
dependent on LIMP2. Luminal pH facilitates dissociation of the GBA-LIMP2 complex. GBA is assisted 
by Saposin C in its hydrolytic function at intralumenal membranes. (B) GBA catalyses the hydrolysis of 
glucosylceramide into ceramide and glucose. Cyclophellitol competes with the endogenous substrate 
of GBA and binds irreversibly in the active site. To visualize or isolate active GBA, cyclophellitol can 
be attached via a linker (R) to a detection group such as a fluorophore or a biotin. (C) Properties 
of GBA can be analysed through several methods including SDS-PAGE, fluorescence microscopy 
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and LC-MS/MS (depicted from top to bottom); GBA, glucocerebrosidase; LIMP2, lysosomal integral 
protein 2; SapC, saposin C; GlcCer, glucosylceramide, MVB, multivesicular body.

Regulation of lysosomes
Cells contain on average 100-200 lysosomes which can change in composition and 
position.22 A fraction of a cell’s lysosomes is found in the periphery and controlled 
movement towards the nucleus can occur along microtubules. Vice versa, the large 
proportion of perinuclear lysosomes reside near the microtubule-organising centre 
(MTOC) and may move outward. Autophagosomes and endosomes also move along the 
same microtubules and can peripherally exchange content through organelle fusion.23 
The morphology of individual lysosomes is influenced by their actual content, which 
includes membranes and macromolecules that are destined for degradation.22 In addition, 
external factors impact on lysosomes. One example of this is the major effect of the buffer 
compound HEPES in cell culture medium (see chapter 1 and 2).24

Functions of lysosomes in signalling
The importance of the lysosome in cellular metabolism is illustrated by the progressive 
pathology that is observed in inherited LSDs.25,26 Of note, extracellular functions for 
lysosomes and their hydrolases have recently been discovered and are subjected to specific 
regulatory processes. Secreted lysosomal hydrolases exhibit physiological functions 
in certain biological processes such bone remodelling (Cathepsin K) and lipid barrier 
formation in the stratum corneum (GBA).27,28 The discovery of protein complexes at the 
lysosome membranes has revealed a nutrient sensing mechanism that impacts on the 
metabolic state of the cell. A key role is fulfilled in this respect by the mechanistic target 
of rapamycin complex 1 (mTORC1). Its activity is regulated by the combined presence of 
lysosomal nutrients and cytosolic signalling as triggered by growth factors.29 For example, 
the reciprocal presence of AMPK at the surface of lysosomes during nutrient shortage 
provides the cell with a switch for anabolic and catabolic processes, respectively.30 A 
general mode of action for mTORC1 has been proposed. Upon nutrient rich conditions, 
active mTORC1 localizes to the lysosomal membrane. In this state mTORC1 promotes 
cell growth and protein synthesis. It simultaneously inhibits transcriptional processes 
that promote catabolism, such as autophagy and lysosomal biogenesis.29 Nutrient poor 
conditions inhibit mTORC1 and allow a transcriptionally regulated switch towards 
degradation of macromolecules.

Transcriptional control of lysosomal apparatus
Identification of a common sequence upstream of lysosomal genes named Coordinated 
Lysosomal Expression and Regulation (CLEAR) element, led to the discovery of 
Transcription factor EB (TFEB) as master regulator of lysosomal biogenesis.31 TFEB is a 
basic helix-loop-helix (bHLH) transcription factor that belongs to the microphthalmia–
transcription factor E (MiT/TFE) subfamily.32 The family furthermore contains the 
transcription factors MITF, TFE3 and TFEC. The subfamily classification is based on 
exclusive heterodimerization among MiT/TFE members, but not with other bHLH 
transcription factors.32 It has become apparent that the status of lysosomes has impact on 
transcription factors that regulate expression of genes encoding lysosomal proteins and 
essential components of autophagy (Figure 2). These transcription factors (TFs) couple 
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lysosome status and the related ability to supply nutrients with lysosome biogenesis 
and autophagy.33,34 Under nutrient-rich conditions, serine phosphorylation of TFEB 
prevents its translocation to the nucleus.34,35 A homologous serine residue is found in 
MITF, which renders cytosolic retention in phosphorylated state.36 TFEB, MITF and TFE3 
are sequestered in the cytosol by Rag GTPases and 14-3-3 proteins and drive lysosomal 
biogenesis upon nuclear translocation.34,37–39 Upon perturbation of lysosomal function 
by increasing lysosomal pH, employing the lysosomotropic compound chloroquine, 
or by depletion of amino acids, TFEB is dephosphorylated and translocates into the 
nucleus.34,40 Similarly, exposure of cells to chloroquine induces translocation of MITF and 
TFE3 into the nucleus.34 The transcriptional activity of various MiT/TFE transcription 
factors  is highly cell type and context dependent.41 Of note, TFEC is assumed to 
counteract transcription due to a lack of an activation domain, but its exact function 
remains enigmatic.42 MTORC1 has been shown to regulate MiT/TFE factors, providing a 
direct link between lysosomal nutrient status and the transcription of lysosome genes.43,44 
In addition, alternative regulation of MiT/TFE members exists and involves signaling 
proteins such as MAPK, PKC and AKT.45 Complicating the regulation of lysosomal 
biogenesis, additional transcription factors that have been found to modulate expression 
of lysosomal and autophagy genes, such as MYC, STAT3 and zinc finger with KRAB and 
SCAN domains 3 (ZKSCAN3).46–49

Figure 2. The role of the lysosome in regulating transcription of lysosome -and autophagy 
genes; Upon sufficient nutrient availability mTORC1 is sequestered at the cytosolic side of the 
lysosomal membrane by Rag GTPases. This location favours the catalytic activity of mTORC1. MiT/
TFE members are likewise sequestered in the cytosol by Rag GTPases and close proximity to active 
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mTORC1 renders MiT/TFE members in an inactive, phosphorylated state. Upon high catabolic 
demand or reduced lysosomal amino acid content, mTORC1 is inactivated. Dephosphorylated MiT/
TFE members may homo- or heterodimerize and translocate into the nucleus to initiate transcription 
of lysosome and autophagy genes and lysosome excretion. Mechanisms through which alternative 
metabolites such as lipids and sugars influence mTORC1 activity are less characterized.

Role of lysosomes in lipid metabolism.
Although de novo synthesis and lipid-driven ATP-production (through beta-oxidation) 
takes place in other cellular compartments, lysosomes are important in releasing free 
fatty acids and cholesterol from esterified lipid substrates. The sources of lysosomal lipid 
substrates can be endogenous (being delivered by autophagy processes) or exogenous 
(being delivered by endocytosis). Lysosome mediated degradation of lipids is highly 
dynamic.50 In view of this, it is not surprising that the transcription factor TFEB can 
trigger transcription of proliferator-activated receptor α (PPARα) as well as PPAR-γ 
Coactivator 1 Alpha (PGC1α), key regulators of lipid catabolism.51 The role of lysosomes in 
fragmentation of various types of complex lipids, including sphingolipids and cholesterol, 
warrants further introduction.

Sphingolipids
Sphingolipids are a class of lipids characterized by a ceramide lipid moiety existing of a 
variable fatty acyl moiety linked via an amide bound to a C18 sphingosine. A prominent 
and ubiquitous sphingolipid is sphingomyelin (SM) in which a phosphorylcholine moiety 
is linked to ceramide. Glycosphingolipids (GSLs) are a class of sphingolipids in which 
sugars are attached to the ceramide backbone. Numerous distinct glycosphingolipids 
exist due to variations in the sugar moiety. The simplest GSLs are galactosylceramide 
(GalCer) and glucosylceramide (GlcCer) with a single sugar beta-linked to ceramide. 
Complex GSLs have additional sugars (or sulfates) attached to the primary sugar. 
Sphingolipids are synthesized by multi-step formation of ceramide from serine and 
palmitoyl CoA followed by sequential attachments of moieties to generate the head 
groups.52,53 Together with cholesterol, SM and GSLs are major components of lipid rafts, 
highly specialized compartments in the cell membrane that facilitate cell signalling, 
polarization and movement.54 Glycan composition on sphingolipids determines protein-
lipid and lipid-lipid interactions at the plasma membrane as well as on intracellular 
membrane structures such as the Golgi-network.54–56 Knock-out models lacking enzymes 
that synthesize specific subsets of glycosphingolipids revealed their importance in a 
wide variety of processes such as neuronal development and function, skin permeability, 
immune function, pathogen-host interactions and intracellular protein trafficking.53,55,57–62 
GSLs and SM are ongoingly synthesized and fragmented in lysosomes. The lysosomal 
degradation involves stepwise removal of terminal moieties (phosphorylcholine, 
sulfate, sugars) rendering ceramide that is cleaved into a fatty acid and sphingosine. 
The lysosomal degradation products are exported to the cytosol and may be re-used or 
enter re-synthesis routes for other purposes. Deficiencies in sphingomyelinase and GSL 
degrading glycosidases give rise to sphingolipidoses (diseases characterized by lysosomal 
storage of sphingolipids).17,25 The glycosphingolipidoses such as Gaucher disease, are the 
most prevalent among the LSDs.63–66 Besides the turnover of various cellular membranes 
via autophagy pathways, the recycling of plasma membrane and uptake of lipoproteins 
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via endocytosis provides lysosomes with sphingolipid substrates for fragmentation.

Cholesterol
Cholesterol is a major constituent of cellular membranes. Excessive cholesterol in 
cells is converted to cholesterol-ester that is relatively inert and accumulates in lipid 
droplets (LD). Lipoproteins, particularly low-density lipoproteins (LDL), are rich in 
cholesterol ester. Other important membrane lipids are the diglyceride-based structures 
such as the various phospholipids that contain distinct polar head group composition. 
Attachment of another fatty acyl to diglyceride results in triglyceride that similarly to 
cholesterol ester does not incorporate in membranes but in LDs. Cholesterol-esters and 
diglyceride-based lipids undergo lysosomal fragmentation by lipase activity, releasing 
free fatty acids that are subsequently exported to the cytosol. Other degradation products 
(monoacylglycerol, cholesterol) are similarly exported from lysosomes. Lysosomal acid 
lipase (LAL) hydrolyses triglycerides and cholesterol-esters.67,68 Deficiency in LAL results 
in two lysosomal storage disorders (LSDs): Cholesteryl Ester Storage Disease (CESD) is 
characterized by hypercholesterolemia and high blood LDL, whereas Wolman Disease 
(WD) is characterized by dramatic increases in triglycerides and cholesteryl esters. 
CESD is a heterogenous disease with predominant hepatic complications, whereas WD 
is lethal within the first five years due to massive lipid storage in most organs.69 Defects 
in the export of cholesterol due to deficiencies in NPC1 or NPC2 cause endolysosomal 
cholesterol accumulations, as well as dramatic secondary elevations in neutral and acidic 
glycosphingolipids.19,20,70 Recently, the lysosomal membrane protein LIMP-2 has been 
reported to also facilitate cholesterol transport, but this pathway is apparently insufficient 
to compensate NPC1-mediated sterol export.71

Endocytosis of lipoproteins supplies lysosomes with cholesterol-ester and 
diglyceride-based lipids destined for fragmentation.68 Importantly, lipophagy, a 
specialized form of autophagy, mediates the transfer of LDs to lysosomes.72 LDs are 
specialized structures that contain triacylglycerols and sterol esters and are surrounded 
by a phospholipid monolayer containing membrane proteins such as perilipins (PLIN), 
lipid synthesizing proteins, lipid degrading proteins (lipases) and proteins involved in 
vesicular transport.73 The degree of lipid storage and composition of LDs depends on 
cell type, cellular metabolic status and whole-body metabolism. Primary LD storing cells 
include hepatocytes and adipocytes and serve as crucial regulators of lipid storage in 
other organs.50,74 

Lipotoxicity
The toxicity of excessive fatty acids has been appreciated for a long time and has led to the 
concept of lipotoxicity, initially formulated by Unger.75,76 During the last decades, several 
lipids have been proposed to play a pivotal role in obesity-induced insulin resistance, 
including excessive diacylglycerol (DAG), ceramide and acyl carnitines.77 Impaired insulin 
sensitivity has indeed been linked to elevation of DAG species and their ability to activate 
protein kinase C subvariants.77 Moreover, excessive ceramide has been shown to be a major 
cause for insulin sensitivity in various cell types and tissues, an effect ascribed to the 
sphingolipid’s interaction with atypical PKCζ and AKT.78,79 Levels of glycosphingolipids 
are similarly increased in obese individuals and rodents. Reduction of glycosphingolipid 
levels through inhibition of glucosylceramide synthase, the enzymatic reaction that 
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catalyses the formation of glucosylceramide from ceramide, has been found to markedly 
improve insulin sensitivity in obese rodents.80 These findings are consistent with other 
observations regarding detrimental effects of excessive gangliosides, in particular GM3, 
on insulin sensitivity.81 This effect is ascribed to disturbed lipid rafts in which the insulin 
receptor preferentially resides.5 Of note, it has been proposed that in some cell types 
(such as muscle) excessive ceramide is the primary cause for insulin resistance, whereas 
in adipocytes glycosphingolipids are the major underlying cause.82

Macrophages 
The primary function of the tissue resident macrophage is to maintain tissue homeostasis 
and the basal physiological state of these macrophages will therefore predominantly 
be of an anti-inflammatory nature. Hence, gut, adipose tissue, and spleen resident 
macrophages show anti-inflammatory expression profiles. Interference with, or change 
in their function, results in widespread (low grade) inflammation and auto-immune 
reactions.83–85 These tissue-associated macrophages are generally termed alternatively 
activated macrophages or M2-macrophages, as opposed to pro-inflammatory, classically 
activated M1-macrophages. The dichotomous M1/M2-classification may however be too 
simplified, as differentiated macrophages subsets have been suggested to exist that exhibit 
varying stages of inflammatory states. A main distinction between different populations 
of tissue resident macrophages is between those that differentiate from hematopoietic 
progenitor cells that reside in the yolk sac or foetal liver and infiltrate the tissue during 
development (e.g. microglia and hepatocytes), and those derived from circulating 
monocytes that are recruited into the tissue after development (Figure 3).86,87,88,89 Intrinsic 
and environmental factors, such as a bidirectional interaction with tissue, further trigger 
epigenetic changes and determine the chromatin status of macrophages.88 A recent 
study by Glass and co-workers revealed that following acute depletion of Kupffer cells, 
peripheral monocytes are recruited to the liver where they can differentiate in response 
to local stimuli into Kupffer cell-like macrophages.90 Transcriptome profiling and single-
cell sequencing techniques have indeed unravelled a highly diverse mix of distinct 
macrophage populations within tissues, occuring in a spectrum of inflammatory states 
rather than a dichotomy among macrophage subtypes (Figure 3).87,91,92 These populations 
respond differently to external stimuli such as pathogens, tissue damage and metabolic 
stress, and contribute differently to disorders in which the macrophage (or microglia) 
are known to play a crucial role, such as cancer, neurodegeneration and diabetes type 
2.93,94 Despite these phenotypical differences, the macrophage is in general a professional 
phagocyte, which clears pathogens and removes apoptotic cells through phagocytosis 
and efferocytosis respectively.95 These processes occur at steady state under physiological 
circumstances and rapidly increase upon tissue damage or exposure to pathogen 
associated molecules.96
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Figure 3. The ontology and heterogeneity of tissue resident macrophages; Embryonic 
hematopoietic cells from the yolk sac and foetal liver give rise to a macrophage population that 
infiltrate the developing tissue and self-sustain locally throughout life. Adult hematopoietic stem 
cells that reside in the bone marrow differentiate into circulating monocytes which upon recruitment 
into the tissue give rise to a distinct pool of tissue resident macrophages. Both groups of macrophages 
are subjected to a variety of intrinsic and environmental factors such as epigenetics, tissue type, 
metabolism, injury, pathogens that determines the function of each macrophage within the tissue, 
giving rise to a high heterogeneity. This function can be placed within the spectrum between pro-
inflammatory M1-macrophages and anti-inflammatory M2-macrophages.

The macrophage plays an important role in lysosomal degradation of lipids. This is 
best illustrated by the occurrence of lipid-laden macrophages during deficiencies of 
lysosomal hydrolases and the spectacular clinical improvements upon correction of these 
cells.70,95 One example offers WD, where bone marrow transplantation, or macrophage 
specific re-introduction of LIPA 98–100, renders major improvements. Another example 
is Gaucher disease where macrophage targeted enzyme replacement therapy (ERT) 
rapidly corrects hepatosplenomegaly and hematologic abnormalities such as anaemia 
and thrombocytopenia.11,66 Immunological characterization of a Gaucher patients’ spleen 
identified the lipid-laden macrophage (Gaucher cell) to be predominantly of a M2- 
nature.15 Strikingly, Gaucher cells were found to be surrounded by pro-inflammatory M1-
macrophages without an overt storage phenotype. Circulating pro-inflammatory factors 
are likely derived from M1-inflammatory macrophages. In a proposed model, a systemic 
low-grade inflammatory state is sustained through a vicious cycle in which tissue damage 
recruits lytic, pro-inflammatory macrophages that cause further tissue damage. 

Gaucher cells are viable macrophages that, in response to their lysosomal distress, 
produce and secrete unique proteins. These include chitotriosidase, CCL18 and GPNMB 
(described extensively in chapter 4). The markedly elevated plasma chitotriosidase, 
CCL18 and GPNMB in GD patients are exploited to monitor disease progression and 
correction following ERT and substrate reduction therapy (SRT) with small compound 
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inhibitors of glucosylceramide synthase.101-103 Elevated plasma levels of macrophage-
derived chitotriosidase are documented for various lysosomal lipid storage disorders, 
that in addition to glycosphingolipidoses also include Wolman disease and NPC.104 This 
illustrates the common occurrence of lysosomal distress in macrophages in disorders 
with quite distinct primary defects.

In adaptation to GlcCer accumulation in lysosomes of Gaucher cells, excessive 
glycosphingolipids are de-acylated by acid ceramidase, thereby producing 
glucosylsphingosine. This bioactive sphingoid base can leave storage cells and it is more 
than hundred-fold elevated in plasma of symptomatic GD patients. It is assumed that 
the chronic increase in glucosylsphingosine contributes to specific symptoms of Gaucher 
disease.5 In the acid sphingomyelinase deficiencies Niemann Pick types A and B (NPA, 
NPB), lipid-laden macrophages are also a hallmark of pathology. The so-called Pick cells 
resemble Gaucher cells both morphologically and molecularly, and excessively produce 
chitotriosidase and CCL18, which can be exploited for diagnostic and monitoring 
purposes.105 Moreover, acid ceramidase converts accumulating SM in lysosomes to its 
deacylated form, phosphocholinesphingosine, which is dramatically elevated in the 
patient’s plasma. The same phenomenon is observed with other sphingolipidoses like 
Fabry disease and Krabbe disease. Toxic deacylated forms of accumulating lipids are 
generated in these disorders and are utilized as biomarkers.5

Moreover, lipid-laden macrophages are present in spleen and liver of NPC patients. 
The primary storage lipid is considered to be cholesterol, but profound accumulation of 
(glyco)sphingolipids occurs concomitantly. This is attributed to secondary perturbation 
of lysosomal hydrolase function due to the NPC1-deficiency. Apparently, the aberrant 
lysosomal lipid composition exerts pleiotropic effects within the lysosome, which causes 
multiple deficiencies to develop simultaneously. This may explain some similarities 
among NPC, other inherited sphingolipidoses and possibly acquired metabolic disorders 
with respect to biomarker and clinical representation.106 

Acquired metabolic disorders
A group of macrophages that is typically exposed to high lipid load are adipose tissue 
macrophages (ATMs). These ATMs can acquire a storage phenotype during obesity when 
the adipose tissue (AT) hypertrophies and adipocytes become dysfunctional. A systemic 
low-grade inflammation accompanies this AT change, which contributes to impaired 
insulin sensitivity in adipocytes and other organs. Consequently, glucose uptake by AT 
and muscle is impaired, along with insulin mediated suppression of glucose secretion by 
the liver. Blood glucose levels progressively increase during the development of obesity. 
Insulin resistance (IR) is a major risk factor for the development of type 2 diabetes 
mellitus and cardiovascular complications.107,108 These acquired metabolic disorders 
pose an increasing threat to global health. Estimates of the world health organisation 
indicated that 39% (1.9 billion) of adults were overweight in 2016, and 13% (650 million) 
of the global population was obese.109 The prevalence of diabetes has similarly increased 
in the last 20 years, and has entered the top ten of global causes of deaths.110 

For a long time, a low-grade inflammatory state has been associated with perturbed 
whole-body metabolism as during obesity. Early work revealed a causal relationship 
between TNFα, then alternatively called cachectin, and insulin homeostasis.111,112 
Administration of neutralizing antibodies against TNFα was employed to improve 
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metabolic stress as a consequence of acute elevations of TNFα and of chronic levels as 
induced by obesity.113,114 Reduction of elevated circulating TNFα in obese mice restores 
insulin sensitivity, demonstrating a relationship between insulin resistance and 
inflammation.114,115 In obese AT, the amount of macrophages is dramatically increased and 
apoptotic adipocytes are surrounded by aggregates of macrophages, termed crown-like 
structures.116–119 Indeed, the ATM was identified as the primary source of TNFα during 
obesity.85 Upon excessive nutritional intake, the properties of ATMs change from an 
anti-inflammatory (M2-like) to a pro-inflammatory (M1-like) profile.120 The bidirectional 
communication between macrophages and adipocytes is a major determinant in the 
phenotypic switch that macrophages undergo, and many stimuli have been identified, 
including hormones, cytokines, chemokines as well as lipid mediators released from 
hypertrophied adipocytes.121 For example, adipocytes communicate by secreting the 
hormone adiponectin, which acts as potent systemic insulin sensitizer and reducer 
of inflammation.122 Conceivably, obese ATMs are stressed by lipids and undergo 
differentiation to a specific phenotype. Recent data indicated a foamy appearance of 
obese ATMs on an ultrastructural level, which was associated with an increased lipid 
degradation by a lysosome driven program.123 Moreover, GPNMB was recently identified 
as a potentially novel biomarker of these obese ATMs.119 The storage cell marker has been 
found to be under transcriptional control of MiT/TFE subfamily of transcription factors 
and expression could be potently induced in vitro upon application of lysosomal stress 
through palmitate feeding or chloroquine exposure.124 These data suggest that lysosomal 
storage in macrophages is a hallmark of obesity and that adaptation to a storage phenotype 
is at least partly mediated by MiT/TFE family members.

Atherosclerosis is another pathology that is characterized by lipid laden macrophages. 
Incomplete clearance of oxidized LDL-apolipoprotein B particles gives rise to a storage 
phenotype.125 These storage cells contribute to the chronic, non-resolving inflammation 
that occurs in the intima and are assumed to be crucial in the progression of the lesion. 
Expression of lipid-laden macrophage markers are strongly elevated in atherosclerotic 
lesion macrophages and include chitotriosidase and GPNMB.126–128 Additional similarities 
can be found in lipid laden microglia, which are considered to contribute to progression 
of neurodegenerative diseases.129,130 Again, typical storage markers identified in LSDs such 
as GPNMB are elevated in these lipid-filled microglia.
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Figure 4. Proposed impact of lysosomal stress at a molecular level, within the tissue and 
on the whole body. On a cellular level lysosomal stress triggers a molecular response, involving 
increased lysosomal biogenesis and autophagy through transcription factor family MiT/TFE. In 
macrophages this induces a differentiation associated with the nature of metabolic and inflammatory 
triggers. In organs containing cells with lysosomal stress, storage cells drive disease progression 
through recruitment of lytic immune cells causing further damage to the affected tissue. Systemically, 
a low-grade inflammation can arise in pathologies characterized by lipid-laden macrophages, which 
drives chronic multi-organ pathology.

Relevance of lysosomal biogenesis for disease
Perturbation of the lysosome can lead to a coordinated signalling cascade that changes 
metabolism and signalling in cells, tissues and whole body, as is illustrated by the 
lysosomal accumulation of lipids in inborn errors of lysosomal lipid metabolism (Figure 
4). Prominent in these diseases are lipid-laden macrophages, which secrete markers that 
are connected to disease burden and could be exploited as biomarkers. Importantly, 
storage cells have emerged as a hallmark in acquired metabolic pathologies such as 
obesity and atherosclerosis. It remains largely unclear however, how canonical regulators 
of lysosome biogenesis, the family of MiT/TFE, contribute to the storage-cell phenotype 
in response to lipid-laden lysosomes. Moreover, it is of therapeutic relevance to study 
whether increased lysosomal biogenesis in storage cells is beneficial to the cell and to its 
surrounding tissue. 
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Scope of thesis

This thesis aims to explore the pathophysiological role of the lysosome with a focus on the 
macrophage. The studies employ an integrated approach that involves biochemical and 
transcriptional analysis to combine data on hydrolytic capacity with lysosomal signalling. 
In addition, ultrasensitive visualization by activity-based probe labelling enabled in 
depth studies on glucocerebrosidase in controlled cellular models as well as in metabolic 
pathologies. 

Chapter 1 characterizes the lysosome integrity and the following cellular response 
in cultured cells. It identifies HEPES as a potent inducer of a MiT/TFE mediated 
transcriptional program in cultured macrophage-like cells that affects lysosomal 
function, as well as the immunological phenotype of the macrophage. 

Chapter 2 characterizes the maturation of acid hydrolase in cultured cells. It identifies 
a perturbed maturation of glucocerebrosidase (GBA) by use of the zwitterionic buffers 
HEPES and illustrates the importance of culture conditions when using cultured cells for 
diagnosis.

Chapter 3 investigates the localization of lysosomal enzymes and delivery of recombinant 
lysosomal enzyme by combining ultrasensitive activity-based probe labeling (ABP) with 
the high spatial resolution of electron microscopy through correlative light electron 
microscopy (CLEM). 

Chapter 4 explores the recent developments in storage cell characterization. The potential 
is discussed of a recently identified transmembrane protein glycoprotein non metastatic 
protein B (GPNMB) as biomarker in lipid laden macrophage associated disorders.

Chapter 5 identifies tissue specific adaptation upon lysosomal deficiency in cholesterol 
efflux transporter NPC1 in mice. A hepatocyte specific upregulation of LIMP2 is identified 
without concomitant upregulation of known NPC biomarkers, as opposed to biomarkers 
that are upregulated in lipid laden Kupffer cells. 

Chapter 6 characterizes the contribution of lysosome signalling in lipid-laden 
macrophages in the adipose tissue present during obesity, an acquired metabolic disorder. 
Glucan encapsulated particles (Gerps) were employed to perform an siRNA mediated 
knock down of MiT/TFE genes in adipose tissue macrophages. 
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Abstract

In recent years, the lysosome has emerged as a highly dynamic, transcriptionally regulated 
organelle that is integral to nutrient-sensing and metabolic rewiring. This is coordinated 
by a lysosome-to-nucleus signaling nexus in which MTORC1 controls the subcellular 
distribution of the microphthalmia-transcription factor E (MiT/TFE) family of “master 
lysosomal regulators”. Yet, despite the importance of the lysosome in cellular metabolism, 
the impact of traditional in vitro culture media on lysosomal dynamics and/or MiT/TFE 
localization has not been fully appreciated. Here, we identify HEPES, a chemical buffering 
agent that is broadly applied in cell culture, as a potent inducer of lysosome biogenesis. 
Supplementation of HEPES to cell growth media is sufficient to decouple the MiT/TFE 
family members-TFEB, TFE3 and MITF-from regulatory mechanisms that control their 
cytosolic retention. Increased MiT/TFE nuclear import in turn drives the expression 
of a global network of lysosomal-autophagic and innate host-immune response genes, 
altering lysosomal dynamics, proteolytic capacity, autophagic flux, and inflammatory 
signaling. In addition, siRNA-mediated MiT/TFE knockdown effectively blunted HEPES-
induced lysosome biogenesis and gene expression profiles. Mechanistically, we show that 
MiT/TFE activation in response to HEPES requires its macropinocytic ingestion and 
aberrant lysosomal storage/pH, but is independent of MTORC1 signaling. Altogether, 
our data underscore the cautionary use of chemical buffering agents in cell culture media 
due to their potentially confounding effects on experimental results.
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Introduction

Lysosomes are ubiquitous membrane-bound organelles that were first described by 
de Duve and colleagues.1 These catabolic structures contain a selection of acid hydrolases 
capable of degrading a vast repertoire of biological substrates. The lysosomal membrane 
harbors many multimeric protein complexes involved in transport of metabolites in and 
out of the lysosome, lumen acidification, trafficking, and fusion with other intracellular 
structures.2,3 Both endocytic and autophagic pathways converge on the lysosomal 
apparatus for content degradation. The autophagic-lysosomal axis plays a key role in 
cellular quality control and recycling of building blocks. Macroautophagy/autophagy 
facilitates the removal of aggregated or misfolded proteins and the removal of either 
damaged or functionally redundant organelles under stress conditions.4 As a result, 
lysosomal dysfunction has been coupled to a wide range of inherited5-7 and acquired 
metabolic disorders.8-11

Over the past decade, the view of the lysosome has evolved radically from a static 
recycling center into a highly dynamic, transcriptionally regulated organelle that is 
integral to nutrient-sensing and metabolic adaptation.2-4 In 2009, Sardiello et al. defined 
a conserved lysosome-to-nucleus signaling nexus controlled by the basic helix-loop-helix 
leucine zipper TFEB (transcription factor EB).12 TFEB is a member of the microphthalmia-
transcription factor E (MiT/TFE) subfamily, to which TFE3 (transcription factor E3) 
and MITF (melanogenesis associated transcription factor) also belong.13 In response 
to starvation or metabolic stress, TFEB undergoes cytosol-to-nucleus shuttling 
where it activates a coherent transcriptional program that controls major steps of the 
autophagic-lysosomal system, such as lysosome biogenesis, autophagosome formation, 
autophagosome-lysosome fusion, and content degradation.12,14 TFEB recognizes a specific 
coordinated lysosomal expression and regulation (CLEAR) motif (GTCACGTGAC) 
enriched in the promoter regions of certain lysosomal and autophagic genes.15 A similar 
mode of action has been ascribed to TFE3 through binding the E-box sequence motif 
(CANNTG), which partially overlaps with the CLEAR sequence.16,17 Conversely, MITF 
regulates only a subset of lysosomal-autophagic genes, but lacks the ability to promote the 
formation of functional lysosomes.16,18 It is unknown whether MiT/TFE family members 
have cooperative, complementary, or nonredundant roles in tailoring the lysosomal 
system to cell-type or metabolic stress-specific needs. 

The first clues for a direct role of the lysosomal apparatus in nutrient sensing emerged 
from a pioneering study by Sancak et al.19 They uncovered that the MTORC1 (mechanistic 
target of rapamycin [serine/threonine kinase] complex 1), a master regulator of cell growth, 
localized to RAB7/RAS-related GTP-binding protein 7-positive vesicular structures in an 
amino acid-sensitive fashion.19 This localization depends on a heterodimeric RRAG/RAG 
(Ras-related GTP binding) GTPase signaling complex that relays amino acid sufficiency 
to MTORC1. Recent advances in this field have uncovered that active RRAG heterodimers 
target MTORC1 to the lysosomal surface via a mechanism that requires the vacuolar-
type H+-translocating adenosine triphosphatase (v-ATPase) and Ragulator, a pentameric 
scaffolding complex that anchors RRAG GTPases to the lysosomal surface.20-22 These 
components allow MTORC1 to interact with its upstream activator RHEB (Ras homolog 
enriched in brain), and in turn control key biosynthetic and catabolic processes.23-25 In 
addition to stimulating cell growth under nutrient-rich conditions, MTORC1 acutely 
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inhibits autophagy by phosphorylating a range of autophagy effectors.26-28 Moreover, 
MTORC1 signaling has recently been linked to the transcriptional regulation of autophagy 
by controlling the subcellular localization of MiT/TFE proteins.29-32 Active RRAG GTPases 
direct MiT/TFE family members to the lysosomal surface, where they undergo MTORC1-
mediated phosphorylation, resulting in their cytosolic retention. During starvation or 
lysosomal stress, MTORC1 is turned off and MiT/TFE proteins localize to the nucleus and 
promote lysosomal-autophagic gene expression.29-31

The recently defined lysosome-based nutrient-sensing apparatus governed by 
MTORC1 and MIT/TFE family members has positioned the lysosome at the forefront of 
metabolic research. Indeed, aberrant lysosomal-autophagic transcriptional biology and 
nutrient sensing has now been implicated in a range of acquired disease states.5-11 Yet, 
despite the upsurge of interest in the lysosome as a major nutrient gateway, it is hitherto 
largely unexplored whether specific in vitro cell culture conditions affect lysosomal 
function and MiT/TFE subcellular localization. Here, we identify HEPES, a widely 
applied chemical buffering agent in cell culture—we found >800,000 hits in a Google 
Scholar search (using “HEPES” AND “in vitro” AND “cell culture”)—as a potent activator 
of MiT/TFE-dependent lysosomal-autophagic gene networks. Our data emphasize the 
importance of understanding how cell culture media with its varying chemical, nutrient, 
and buffer compositions, affect lysosomal homeostasis and cellular metabolism in 
general. 

Results

HEPES Drives Lysosome Biogenesis in Cultured Cells
Macrophages are specialized phagocytic cells that rely on a dynamic endo-lysosomal 

system to cope with varying substrate fluxes that enter through endocytic and autophagic 
routes. As part of our ongoing studies aimed at unraveling the transcriptional regulation 
of the lysosomal stress reporter GPNMB (glycoprotein [transmembrane] NMB)33 in 
the RAW264.7 (RAW) cell line, we observed a robust on/off state when using distinct 
growth media. RAW cells cultured in RPMI-1640 medium (22409; Dutch modification; 
see Materials and Methods) showed a marked induction of GPNMB expression as 
well as its secreted form, relative to DMEM (31966) (Supplemental figure 1A-C). In 
addition, by using the LysoTracker Green (LTG) dye, a specific marker for acidic organelle 
compartments, we measured an ~3.5-fold increase in the number of acidic organelles 
in RPMI-grown cells by flow cytometry (Supplemental figure 1D). Parallel studies 
using MitoTracker Green demonstrated no evident changes in mitochondrial number 
(Supplemental figure 1E). 

To identify the nutrient/chemical in RPMI initiating lysosomal biogenesis in 
cultured cells, we systematically compared the formulations of the 2 respective growth 
media. This revealed notable changes in glucose, amino acid, vitamin and inorganic 
salt concentrations. The most striking discrepancy was the inclusion of the zwitterionic 
biological buffer HEPES (25 mM) in the RPMI recipe, which was lacking in DMEM. 
Notably, we confirmed HEPES as the elusive factor driving the induction of acidic 
organelles by recreating the lysosomal stress phenotype in RAW cells cultured in a HEPES-
containing DMEM variant (32430) (Figure 1A). Conversely, switching cells to HEPES-
free RPMI (61870) completely abolished lysosomal biogenesis. In line with these results, 
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supplementing DMEM with culture-grade HEPES (DMEM+H) elicited a progressive and 
dose-dependent increase of LTG signal and Gpnmb gene expression and protein (Figure 
1B-C and Supplemental figure 1F-I). Moreover, this lysosomal stress signature fully 
resolved upon the withdrawal of HEPES from cell culture media (Figure 1D-E). To further 
characterize the impact of HEPES on an ultrastructural level, we resorted to transmission 
electron microscopy (TEM). This analysis unveiled a striking vacuolation phenotype in 
DMEM+H-grown cells (Figure 1F). These vacuoles were readily visible by phase-contrast 
microscopy and stained positive for LAMP1 (lysosomal-associated membrane protein 
1) (Figure 1G), suggesting that they correspond to late endosomes and/or lysosomes. 
Additionally, it is important to note that HEPES supplementation to culture media did 
not adversely affect cell viability (Supplemental figure 1J-K).

To determine whether the LAMP1-positive structures represent functional 
lysosomes, we first measured the activities of lysosomal enzymes using a 4-MU assay 
and activity-based probes (ABP).34, 35 Indeed, DMEM+H-grown cells displayed a significant 
increase in active GBA1/glucocerebrosidase 1 (glucosidase, beta, acid) and cysteine 
cathepsin enzymes (Figure 1H and Supplemental figure 1L-M). We next determined 
lysosomal proteolytic activity using the dequenched (DQ)-BSA reagent36, which is readily 
incorporated by cells via fluid-phase endocytosis. Upon fusion with endo-lysosomes, DQ-
BSA is digested into smaller fragments, thereby relieving its self-quenching properties 
and generating a fluorescent signal that reflects lysosomal degradative capacity (Figure 
1I). Of interest, HEPES supplementation to RAW cell culture media led to a marked 
increase in DQ-BSA cleavage (Figure 1J), signifying that these LAMP1-positive structures 
are, at least in part, functional lysosomes. Lastly, given the highly integrated nature of 
the autophagy-lysosomal pathway, we explored the impact of HEPES on the conversion 
of cytosolic MAP1LC3/LC3 (microtubule-associated protein 1 light chain 3)-I to lipidated 
autophagic membrane-bound LC3-II.37 The steady-state level of autophagosomes 
depends on both de novo synthesis and their lysosomal turnover. We therefore measured 
autophagic flux in the presence and absence of bafilomycin A1, a potent v-ATPase inhibitor 
that blocks autophagosome-lysosome fusion and thus LC3-II degradation. Under both 
normal and lysosome-inhibited conditions, LC3-II levels were significantly elevated in 
DMEM+H-grown RAW cells (Figure 1K-L), indicating that HEPES drives biogenesis of the 
autophagic-lysosomal pathway. 
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Figure 1. HEPES drives lysosomal biogenesis in cultured RAW264.7 macrophages. (A) Flow 
cytometric analysis (FL1) of LTG-stained RAW cells grown in either DMEM (31966), DMEM (32430; 
containing HEPES), RPMI (61870), or RPMI (22409; containing HEPES). (B) Time-course analysis 
of LTG staining in cells grown in DMEM supplemented with HEPES (25 mM) for 6-72 h. RPMI-grown 
cells served as a positive control. (C) Fluorescence microscopy analysis of LTG-stained RAW cells 
cultured in DMEM or DMEM+H for 24 h. (D-E) RAW cells were adapted to grow in DMEM (32430; 
containing HEPES) for 7 days, after which culture media were replaced by HEPES-free DMEM 
(31966) for 6-72 h. A time course for (D) LTG staining and (E) Immunoblot analysis of GPNMB and 
CTSD protein levels. (F) Transmission electron microscopy (TEM) analysis of RAW cells grown in 
either DMEM or DMEM+H for 24 h. Scale bar: 1 µm. (G) Phase-contrast and immunofluorescence 
microscopy analysis of LAMP1-stained cells. (H) Analysis of GBA1 enzymatic activity using a 4-MU-
based assay in RAW cells grown in DMEM or DMEM+H for 24 h. (I) Schematic illustration of the 
DQ-BSA reagent used for quantifying lysosomal proteolytic activity. DQ-BSA added to culture 
media is rapidly endocytosed, but only emits a fluorescent signal after cleavage by proteases inside 
lysosomes. (J) Flow cytometric analysis of DQ-BSA cleavage (FL1) in RAW cells grown in DMEM or 
DMEM+H for 24 h. (K) Western blot analysis and (L) quantification of LC3-II protein levels in RAW 
cells grown in DMEM or DMEM+H for 24 h, and where indicated treated with bafilomycin A1 (BAF A1; 
100 nM) for the last 2 h. Values are expressed as mean ± SEM, n=3-4 in A-L. **P<0.01. 
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HEPES affects MiT/TFE Cytoplasmic-Nuclear Distribution 
Of interest, the lysosomal phenotype induced by HEPES closely mirrors a previously 

defined sucrose-driven vacuolation model.38-40 In addition, sucrose supplementation 
induces the nuclear translocation of TFEB and activation of the lysosomal-autophagic 
gene program.12 This prompted us to study the subcellular distribution of MiT/TFE family 
members in response to HEPES. Immunofluorescence analysis showed mainly cytosolic 
localization of endogenous TFEB, TFE3 and MITF in standard DMEM-grown RAW cells 
(Figure 2A). Notably, HEPES supplementation to cell culture media induced a dramatic 
nuclear translocation of all three MiT/TFE family members (Figure 2A-B). In line with 
prior studies12, 29-32, sucrose (80 mM) and the MTOR catalytic site inhibitor Torin1 (400 
nM) were equally potent in driving the nuclear localization of MiT/TFE family proteins 
(Figure 2A-B). These observations were further verified by immunoblotting performed 
after nuclear-cytosolic fractionation (Figure 2C). In addition, treating DMEM+H-grown 
cells with an siRNA cocktail targeting Tfeb, Tfe3, and Mitf, significantly blunted lysosome 
biogenesis and gene expression (Supplemental figure 2A-C), thus directly coupling 
the HEPES-dependent lysosomal stress response to MiT/TFE activity. In agreement, 
omitting HEPES from RAW culture media led to a prompt MiT/TFE redistribution back 
to the cytosol (Supplemental figure 2D).

We next aimed to clarify the molecular basis of MiT/TFE activation in DMEM+H-
cultured RAW cells. In recent years, MTORC1 has emerged as the major repressor of 
lysosomal-autophagic transcriptional biology under nutrient-replete conditions via 
directly phosphorylating MiT/TFE proteins on multiple conserved residues, leading to 
their cytosolic sequestration.29-32 Similar to Torin1, HEPES or sucrose supplementation 
to culture media changed the electrophoretic mobility of TFEB to a fast-migrating form 
(Figure 2D), signifying dephosphorylated TFEB that is present in the nucleus.29, 30 Yet, 
both buffering agents did not alter MTORC1 signaling, as measured by phosphorylation 
of its substrates RPS6/S6 (ribosomal protein S6) and EIF4EBP1/4E-BP1 (eukaryotic 
translation initiation factor 4E binding protein 1) (Figure 2D and Supplemental figure 
2E), suggesting that HEPES affects MiT/TFE localization via an MTORC1-independent 
mode of action. To evaluate whether the effects of HEPES rely on active ingestion and 
delivery to the lysosome, we made use of LY294002 (LY2), a potent inhibitor of the class 
III phosphatidylinositol 3-kinase (PtdIns3K) and fluid-phase endocytosis41 (confirmed 
by monitoring the uptake of FITC-labeled dextran; Supplemental figure 2F). A 
potential caveat of studying the relevance of HEPES uptake is that well-known inhibitors 
of endocytic trafficking either perturb lysosomal pH or MTORC1 activity30, 42, both of 
which trigger MiT/TFE redistribution to the nucleus. Notably, although LY2 inhibited 
MTORC1 signaling to the same extent as Torin1, this was not followed by a significant 
TFEB molecular weight shift (Figure 2D). Moreover, LY2 pre-treatment largely prevented 
the TFEB mobility shift induced by HEPES or sucrose, but not by Torin1 (Figure 2D). In 
line with these observations, LY2 strongly blunted the ability of HEPES to drive MiT/TFE 
nuclear transport and lysosome biogenesis (Figure 2E-G), whereas the response to Torin1 
was unaffected (Supplemental figure 2G). 
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Figure 2. HEPES promotes MiT/TFE nuclear translocation independent of MTORC1 activity. 
(A) Representative images and (B) quantified MiT/TFE nuclear import in RAW cells treated with 
HEPES (H), sucrose (S), or Torin1 (T) for 6 h, stained for endogenous TFEB, TFE3, or MITF levels 
(in green) and counterstained with DAPI (in blue). Values are expressed as percent of cells counted 
(>100 per experiment). (C) Western blot analysis on cytosolic and nuclear fractions isolated from 
RAW macrophages treated for 6 h, as indicated. Membranes were probed with antibodies against 
MiT/TFE family members. TUBA and LMNB1 were used as controls for the cytosolic and nuclear 
fractions, respectively. (D) HEPES and sucrose supplementation to RAW cell culture media does 
not inhibit MTORC1 signaling. Western blot analysis on protein extracts isolated from RAW cells 
treated for 6 h as indicated in the presence and absence of the PtdIns3K inhibitor LY294002 (LY2; 50 
µM). Membranes were probed with antibodies against p-EIF4EBP1 (Thr37/46), p-RPS6 (Ser235/236), 
and TFEB. (E-G) LY2 prevents HEPES-dependent MiT/TFE nuclear redistribution and lysosome 
biogenesis. (E) Representative images and (F) western blot analysis of MiT/TFE relocalization in 
RAW cells pretreated with LY2 for 30 min and subsequently cultured in either DMEM or DMEM+H for 
6 h. (G) Flow cytometric analysis of LTG-stained cells pre-treated with LY2 and grown in DMEM or 
DMEM+H for another 16 h. (H-I) HEPES perturbs lysosomal pH/acidification. (H) Flow cytometric 
analysis of fluorescent intensity (FL1) in LysoSensorTM DND-189 stained RAW cells treated for 2 h, as 
indicated. (I) Quantified lysosomal pH using LysoSensorTM Yellow/Blue DND-160 in cells grown in 
DMEM or DMEM+H for 4 h. (J) Flow cytometric analysis of LTG-stained RAW cells grown in DMEM 
supplemented with HEPES (20 mM), MES (20 mM), PIPES (10 mM), sucrose (80 mM), and Tris-HCl 
(20 mM) for 16 h. Values are expressed as mean ± SEM, n=3-4 in A-J. *P < 0.05, **P < 0.01. 
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 The MiT/TFE factors mobilize to the nucleus in response to inhibitors of the 
v-ATPase.29-31, 33 We thus reasoned that aberrant HEPES storage may interfere with 
lysosomal pH regulation. To test this hypothesis, we used LysoSensorTM Green DND-189 
(LSG) to measure lysosomal acidification. LSG fluorescence intensity increases in more 
acidic cellular compartments.43

We opted for a short-term (2.5 h) exposure to HEPES to exclude MiT/TFE-related 
compensatory effects aimed at correcting the defective pH status of the lysosome. 
Flow cytometric analysis of LSG-stained DMEM+H-grown cells showed an LY2-sensitive 
reduction in fluorescent signal relative to RAW controls (Figure 2H), reflecting a 
higher lysosomal pH. In contrast, treating cells with Torin1 had little effect on LSG 
signal (Figure 2H). The increase in lysosomal pH was validated by using LysoSensorTM 
Yellow/Blue DND-160 (Figure 2I), a ratiometric probe that allows for pH analysis 
in acidic organelles. These data support a model of aberrant lysosomal pH and/or 
storage as a mechanism for HEPES-dependent MiT/TFE activation. LY2 blocks the full 
lysosomal signature in DMEM+H-grown RAW cells, most likely by its ability to suppress 
macropinocytosis, a nonselective mode of fluid-phase endocytosis.44 Supporting this 
view, supplementing RAW cell culture media with a number of chemical buffering 
agents (pH 7.4) recapitulated HEPES-driven lysosome biogenesis (Figure 2J). Lastly, 
it is important to note that macropinocytosis is a ubiquitous cellular process, although 
the pinocytic rate varies between distinct cell types.45 This led us to explore whether 
HEPES-related lysosomal stress is a universal feature in mammalian cell culture. 
Indeed, multiple widely used fibroblastic and cancerous cell lines adapted to grow in 
DMEM+H showed a significant increase in LTG signal, albeit less robust as observed in 
RAW cells (Supplemental figure 2H). Similarly, this was accompanied by a progressive 
nuclear redistribution of endogenous MiT/TFE proteins (Supplemental figure 2G), as 
shown by immunostaining. Together, these results suggest that HEPES inclusion in cell 
culture media drives a MiT/TFE-related lysosomal stress pathway.

HEPES Disrupts Global Cellular Transcriptional Profiles
To study the global molecular consequence of HEPES on cellular transcriptional 

profiles, we conducted RNA-Seq on the RAW cell line. Overall, HEPES supplementation 
to culture media significantly affected the expression of ~1738 genes (15.5% of the total; 
Figure 3A). The molecular changes induced by HEPES corroborated our phenotypic 
observations because Kyoto encyclopedia of genes and genomes (KEGG) pathway 
enrichment analysis unveiled upregulation of genes associated with the lysosome (Figure 
3B). Similarly, gene-set enrichment analysis (GSEA) confirmed our findings that HEPES 
affects MiT/TFE transcriptional biology, as illustrated by a robust enrichment of numerous 
lysosome-autophagic genes harboring CLEAR15 and/or E-box46 consensus motifs (Figure 
3C-D and Supplemental figure 3). Additionally, classical pro-inflammatory pathways 
were significantly overrepresented among the genes induced by HEPES, for example 
those involving TNF/TNFA, NFKB/NF-κB, and TLR (toll-like receptor) (Figure 3A). 
This outcome is befitting, as MiT/TFE members have recently also been defined as key 
transcriptional regulators of the host-immune response.33, 46-48  
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Figure 3. Global molecular consequence of HEPES on the RAW264.7 macrophage cell line. (A) 
A heatmap transformation of the z-score normalized levels of the top ~1738 differentially expressed 
genes (log FC>|0.5| with adj p-value of <0.01) following HEPES supplementation to RAW cell culture 
media for 24 h. (B) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis 
on 2 lists with either up- or downregulated genes in response to HEPES. Node color indicates cellular 
pathways that were mostly enriched in upregulated (more red) or downregulated (more blue) genes 
or nonspecific to direction of the expression change (gray). (C-D) HEPES drives a MiT/TFE-mediated 
gene signature in RAW cells. Gene set enrichment analysis (GSEA) on the RAW transcriptome 
following exposure to HEPES for 24 h. Graphs show enrichment plots of ranked gene expression 
data (red, upregulated; blue, downregulated). The enrichment score is depicted as a green line, and 
the vertical black bars below indicate the position of lysosomal-autophagic and innate host-immune 
response genes carrying either validated (C) CLEAR sequences bound by TFEB 12, 15 or (D) E-box 
consensus motifs bound by TFE3 46. 
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We next sought to identify whether the HEPES-associated inflammatory signature 
mirrored a known macrophage polarization state. M1 or ‘classically activated’ macrophages 
are induced by pro-inflammatory mediators such as lipopolysaccharide (LPS), whereas 
M2 or the ‘alternatively activated’ state is typically generated after exposure to IL4. To 
define how the global transcriptional changes in response to HEPES-induced lysosomal 
stress compared to M1 or M2 polarization states, we conducted parallel RNA-seq on RAW 
cells treated with 100 ng/ml LPS or 50 ng/ml IL4 for 24 h. We subsequently applied a 
rank-rank hypergeometric overlap (RRHO) algorithm that enables a global comparison 
of the molecular consequence of HEPES with those defined by the polarization states. 
Notably, an RRHO map of the HEPES vs. LPS differentially expressed genes uncovered 
a significant overlap, as shown by a bright red intensity along the diagonal axis (Figure 
4A). 

This overlap was further evidenced by a positive correlation (r = 0.54) in the scatter 
plot of the corresponding Log2FC values (Figure 4A). Conversely, the RRHO map and 
scatter plot comparing HEPES and IL4 showed a less conserved correlation pattern 
(Figure 4B). Hence, these results indicate that HEPES addition to culture media triggers 
a lysosomal stress-related inflammatory phenotype that molecularly resembles an M1-
like activation state. 

To explore the functional consequence of HEPES on cytokine and interleukin 
biology in more detail, we evaluated the cytokine/chemokine secretion profile using 
a cytokine array blot (Figure 4C). This analysis supported an increased capacity of 
DMEM+H-grown RAW cells to produce and secrete a number of cytokines (Figure 4C), 
such as TNF and CCL2. Of interest, both M1 and M2 stimuli have recently been linked to 
the induction of specific lysosomal gene programs in RAW macrophages.46, 49 This led us 
to hypothesize that HEPES-related lysosomal priming affects macrophage polarization 
in response to M1 or M2 stimuli. To this end, RAW cells were grown in the presence or 
absence of HEPES for 48 h, and pulsed with either LPS or IL4 for the last 24 h. HEPES 
potentiated the capacity of LPS to induce M1-specific markers, including Tnf, Ccl2, and 
Il1rn (Figure 4D). Moreover, the presence of HEPES also enhanced the IL4 (M2 like) 
response, as shown by amplified transcript levels of the M2-specific marker Arg1 (Figure 
4D). Notably, Cstd expression was similarly upregulated in both HEPES and LPS-treated 
cells (Figure 4E). The lack of a synergistic effect between HEPES and LPS implies that 
both stimuli converge on the same effector pathway. In line with this, LPS-mediated TLR 
signaling in RAW macrophages has recently been shown to drive nuclear import of TFEB 
and TFE3.46 Finally, we observed a distinct pattern for Gpnmb transcript levels, which was 
selectively induced in DMEM+H-grown cells (Figure 4E). Together, these data suggest 
that HEPES supplementation to culture media alters the RAW polarization response. 
Additionally, whereas HEPES and LPS both converge on MiT/TFE signaling, specific 
triggers may govern a tailored transcriptional outcome. 
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Figure 4. HEPES affects host-immune gene programs in RAW macrophages. (A-B) Rank-rank 
hypergeometric overlap (RRHO) analysis comparing the gene ranking (log FC) affected by HEPES 
(relative to DMEM) to an (A) M1 polarization state induced by LPS (100 ng/ml), or an (B) M2-specific 
state induced by IL4 (50 ng/ml). Pixel values in the RRHO map represent the log10-transformed 
hypergeometric overlap of subsections of 2 ranked gene lists (step size 100 genes). Red values indicate 
a higher than expected number of overlapping genes in the subsections, and blue values signify a 
lower than expected overlapping gene number. Below the heatmaps, the metric values (log FC) used 
for the differential expression levels are plotted in a bar graph along x- and y-axes. A scatter plot 
(A-B) of the datasets is shown for comparing the RRHO map to a standard metric of correlation 
(Pearson). The RRHO result and Pearson correlation coefficient reflect a similar relationship. 
(C) Cytokine array blots on culture media derived from DMEM or DMEM+H-grown cells for 24 h. 
Secreted cytokines and chemokines in culture media were detected using a Mouse Cytokine Array 
kit and quantified with the Odyssey V3.0 software (fold-increase relative to DMEM ctrl). Secreted 
GPNMB levels were measured as a positive control. (D-E) RT-PCR analysis of the specified (D) M1- 
and M2-specific markers and (E) MiT/TFE target genes in RAW cells grown in DMEM or DMEM+H 
for 24 h and pulsed with either vehicle Ctrl (-), LPS (100 ng/ml) or IL4 (50 ng/ml) for another 24 h. 
Gene expression was normalized to Rplp0. Values are expressed as mean ± SEM, n=3-4 in A-E. *P < 
0.05, **P < 0.01. N.S., nonsignificant.
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Discussion

In recent years, the lysosome has evolved from a static recycling center into a 
dynamic, transcriptionally regulated organelle integral to nutrient sensing.12, 19 This 
involves a highly integrated signaling nexus governed by MTORC1 and the MiT/TFE family 
members. Indeed, deregulated lysosomal function has now been implicated in a wide 
range of acquired disease states, including obesity, inflammation, ageing, and cancer.8-11 
This underscores the importance of using a well-defined set of in vitro cell culture 
conditions in order to accurately study cellular metabolism and disease pathogenesis. 
Our study defines HEPES, a chemical buffering agent that is broadly applied in culture 
media, as a potent inducer of transcriptional changes leading to lysosome biogenesis. The 
HEPES-dependent lysosomal stress signature is mechanistically coupled to activation 
of the MiT/TFE family members. Increased nuclear import drives a global network of 
lysosome-autophagic and innate host-immune genes in the monocytic RAW cell line. 
This reflects an adaptive metabolic response to cope with aberrant lysosomal pH and/or 
storage upon active HEPES ingestion.

Work in the 1980s first described a HEPES-driven vacuolation phenotype in cultured 
cells, although the underlying mechanism(s) remained elusive.50, 51 The MiT/TFE family 
members—TFEB, TFE3, and MITF—have recently been defined as “master regulators” 
of the lysosomal-autophagic transcriptional biology.12, 14-16 Here, we present several lines 
of evidence supporting a MiT/TFE dependency of the HEPES-induced lysosomal stress 
response. First, HEPES supplementation to cell culture media induced a dramatic nuclear 
translocation of MiT/TFE family members. Second, HEPES withdrawal from culture 
media led to MiT/TFE redistribution back to the cytosol. Third, siRNA-mediated MiT/
TFE knockdown blunted lysosomal biogenesis and gene expression profiles in DMEM+H-
grown cells. Fourth, inhibition of fluid-phase endocytosis largely prevented the HEPES-
driven TFEB mobility shift, MiT/TFE nuclear translocation, and the associated increase 
in LTG signal. Fifth, a GSEA on RNA-seq datasets showed that direct TFEB and TFE3 
target genes were overrepresented in the fraction of genes upregulated by HEPES. 

The MiT/TFE members, in particular TFEB and TFE3, are key effectors in cellular 
adaptation to starvation or lysosomal stress.14-16 It is widely accepted that both stressors 
trigger MiT/TFE nuclear transport by virtue of their ability to suppress MTORC1.29-31 The 
emerging concept of MTORC1 activation status as a gating factor in determining MiT/
TFE localization has recently been questioned by Pastore et al.46 They have reported that 
TLR signaling in macrophages drives TFE3 nuclear import under conditions of sustained 
MTORC1 activity. Consistently, HEPES-dependent MiT/TFE nuclear redistribution was 
independent of changes in MTORC1 activity, as judged by the phosphorylation status 
of its downstream targets RPS6 and EIF4EBP1. Thus, MiT/TFE activation by HEPES 
appears to be mechanistically distinct from the response to starvation or MTORC1 
inhibition. Reinforcing this view, LY2 prevented the ability of HEPES to drive MiT/TFE 
translocation, whereas the response to Torin1 was insensitive to PtdIns3K inhibition. We 
speculate that aberrant lysosomal pH and/or storage triggered by HEPES is sensed by a 
hitherto unknown signaling node (e.g. a lysosome-resident phosphatase or PRKC52, 53) 
that converges on MiT/TFE localization. 

Our data uncover an apparent nonlinearity between MTORC1 activation status 
and MiT/TFE subcellular distribution. Treating RAW macrophages with the PtdIns3K 
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inhibitor LY2 led to a near-complete suppression of MTORC1 activity, but this was not 
accompanied by MiT/TFE nuclear relocalization. This observation is in contrast to a 
previous study by Martina et al.30 showing that LY2 triggers a TFEB mobility shift to a 
fast-migrating form and concomitant cytosol-to-nucleus shuttling in ARPE-19 cells. 
Importantly, experiments using the MTOR kinase inhibitor Torin1 verified that MTORC1-
MiT/TFE regulation is intact in RAW cells. The inability of LY2 to prevent Torin1-
mediated MiT/TFE redistribution to the nucleus suggests that their cytosolic retention 
in LY2-treated cells may still be MTORC1 dependent. This is based on the premise that 
LY2 impairs the activity of MTORC1 on only a subset of downstream targets, such as RPS6 
and EIF4EBP1. Future studies will be required to determine whether MiT/TFE family 
members are in fact LY2-resistant MTORC1 substrates in RAW cells. Alternatively, MiT/
TFE localization may be subject to cell type-specific regulatory mechanisms that act in 
parallel with MTOR.

We have previously reported that GPNMB is highly induced in RAW cells following 
exposure to chemical inhibitors of lysosome acidification (e.g., by targeting v-ATPase) 
and MTORC1, or physiological stressors such as palmitate.33 Here, we extend these 
observations by showing that GPNMB is similarly induced in response to HEPES and 
sucrose. However, it is intriguing to note that although numerous lysosomal-autophagic 
genes are highly upregulated by LPS, Gpnmb was not one of them. This implies that 
LPS-induced TLR activation drives only a specific subset of the MiT/TFE transcriptional 
network. In light of this, the data presented here exhibit parallels with the study by 
Pastore et al.46, delineating synergistic roles of TFEB and TFE3 in the regulation of 
innate host-immune genes in RAW macrophages.46 Our RNA-Seq analysis of DMEM+H-
grown RAW cells confirmed a global induction of host-immune genes, supporting a 
functional role for the lysosome as a critical integrator of metabolic-inflammatory cross-
talk in macrophages.9, 33, 46, 48 Defining how distinct stimuli such as lysosomal stress, 
starvation/MTORC1 inhibition, or TLR signaling inhibition, induce a tailored MiT/TFE 
transcriptional program requires further investigation.

By eliciting a MiT/TFE-driven feed-forward loop in lysosomal-autophagic 
biogenesis, HEPES could potentially affect the outcome of studies in diverse research 
disciplines. For example, numerous studies have demonstrated that autophagy induction 
counteracts the deposition of aggregate-prone proteins, such as mutant H (huntingtin), 
SNCA/α-synuclein, and the pathological PRNP (prion protein; PRNPSc).54, 55 In fact, 
HEPES has recently been shown to interfere with the build-up of PRNPSc in cultured 
cells.56 Similarly, by virtue of its ability to induce endo-lysosomal biogenesis, HEPES 
may pose a confounding factor in cancer stem cell research by potentiating the WNT 
signaling pathway.18, 57 In addition, as shown here, the impact of HEPES is most penetrant 
in scavenging cell types such as macrophages, leading to altered host-immune responses 
and polarization state. Lastly, HEPES supplementation to culture media likely alters the 
outcome of high-throughput screenings and lysosomal storage disorder diagnostics via 
boosting the lysosomal machinery. It should however be noted that the confounding 
effects of HEPES depend on the cell type (e.g., the intrinsic rate of fluid-phase endocytosis) 
and duration of the incubation period. 

In conclusion, our study calls for caution when utilizing zwitterionic buffering 
agents in culture media. We have shown here that HEPES addition to cell growth media 
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affects core aspects of the lysosomal-autophagic machinery and inflammatory signaling. 
Given that the lysosome is at the very center of nutrient-sensing and stress adaptation, 
this has major implications for studying a wide range of metabolic processes, such as 
autophagy, immunology, cancer, and neurodegeneration.
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Material and Methods

Cell culture and siRNAs 
The RAW264.7 cell line (ATCC, TIB-71) was cultured in DMEM (Thermo Fisher 
Scientific, 31966), DMEM (32430; containing HEPES), RPMI (61870), or RPMI (22409; 
Dutch modification), supplemented with 10% fetal calf serum (Invitrogen, 10270106) and 
antibiotics (pen-strep) in a humidified incubator at 37°C and 5% CO2. Where indicated, 
culture-grade HEPES (Thermo Fisher Scientific, 15630) was added to DMEM. HEK293T 
(CRL-3216), HepG2 (HB-8065), 3T3-L1(CL-173), C2C12 (CRL-1772) and HeLa (CCL-
2) cells (all from ATCC) were grown in DMEM (31966) or DMEM (32430); containing 
HEPES. For buffer comparison, PIPES disodium salt (Sigma, P3768) and MES (Sigma, 
M3671) were added to DMEM as indicated. For the siRNA experiments, RAW cells were 
seeded at a density of 3 x 105 cells/ml 3 h prior to transfection. Cells were transfected 
with 2 siRNA sequences per gene target. The used siRNA sequences were as follows: Tfeb 
(QIAGEN: SI01444394, SI01444408), Tfe3 (SI01444415, SI05181435), Mitf (SI02687692, 
SI02709637), and control (CTRL) siRNA (SI03650318) at a final concentration of 50 nM 
according to manufacturer’s instructions. Gene expression analysis was performed 48 h 
post transfection.

Cell viability assays 
Cell viability was determined using the WST1 reagent (Sigma, 5015944001) according 
to the manufacturer’s instructions. The absorbance at 450 nm was measured using an 
ELISA plate reader (Synergy BioTek). The propidium iodide (PI; Thermo Fisher Scientific, 
P1304MP) exclusion assay was performed as follows: RAW264.7 cells were gently scraped 
and washed in phosphate-buffered saline (PBS; Gibco, 70011044). A cell suspension 
(1x106/100 µL) was incubated with 5 µL PI (10 µg/ml) for 2 min prior to flow cytometric 
analysis (FL2). 

Western blot analysis and antibodies 
Cell lysates were prepared in RIPA buffer (150 mM NaCl, 50 mM Tris-HCl, pH 7.4, 2 mM 
EDTA, 10 mM NaF, 1 mM Na3VO4, 1 mM PMSF (Sigma, P7626), 0.5% sodiumdeoxycholate 
1% Triton X-100 (Sigma, X100), supplemented with protease (Sigma, 11697498001) and 
phosphatase (Sigma, 4906845001) inhibitors. Lysates were cleared by centrifugation 
at 4°C for 15 min at 12,000 x g and protein concentrations were determined using the 
BCA method (Thermo Fisher Scientific, 23225). Samples were boiled, separated by SDS-
PAGE, and transferred to nitrocellulose. Membranes were saturated with 5% (w:v) bovine 
serum albumin (Sigma, A1906) in PBS-0.1% Tween-20 (Sigma, P1379) for 2 h at room 
temperature (RT), and probed overnight at 4°C with the following antibodies: GPNMB 
(R&D systems, AF2330), LC3B (Cell Signaling Technology, 4108), CTSD (house made), 
MITF (Exalpha Biologicals Inc, X1405M), TFEB (Bethyl Lab Inc, A303-673A), TUBA 
(α-tubulin; Cedarlane, CLT9002), LMNB1 (Lamin B; Santa Cruz Biotechnology, SC6216), 
total RPS6 (Cell Signaling, 2217S), phosphorylated RPS6 (Cell Signaling Technology, 
4856S), total EIF4EBP (Cell Signaling Technology, 69445S), and phosphorylated 
EIF4EBP (Cell Signaling Technology, 94595). For detection, membranes were exposed 
to matching IRdye-conjugated antibodies (Westburg BV, 926-23313/-32214/-32210/-32211) 
and analyzed with the Odyssey V3.0 Infrared Imaging System (LI-COR Biosciences).  
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Immunofluorescence 
RAW264.7 cells were cultured on glass coverslips in the presence of HEPES (25 mM), 
sucrose (80 mM, Sigma, S7903), or Torin1 (400 nM, Tocris, 4247) for 6 h. Cells were fixed 
in ice-cold methanol (Biosolve, 13680502) for 10 min at -20°C. Cells were then stained 
with primary abs for TFEB, MITF or TFE3, and detected with Alexa Fluor 488 targeting 
mouse or rabbit IgG (Invitrogen, A2102 and A21206 resp.). Representative images were 
captured with a Confocal SP5 LEICA (Leica Microsystem, USA) with a 63x objective, 
using an excitation wavelength of 488 nm. For LAMP1 staining, cells were fixed in 4% 
(w:v) paraformaldehyde in PBS (pH 7.4), for 30 min at RT. Primary antibodies against 
LAMP1 (Abcam, ab24170) were detected with Alexa Fluor 647 and visualized using an 
EVOS microscope (Thermo Fisher Scientific). To monitor fluid-phase endocytosis, RAW 
cells were cultured in serum-free DMEM for 4 h followed by LY294002 (50 µM; Sigma, 
L9908) treatment for 30 min. Thereafter, FITC-labeled dextran (Sigma, 46944) was added 
to the culture media (1 mg/ml) for a final 30 min. Cells were rinsed in ice-cold PBS and 
monitored using the EVOS microscope.

Real-time PCR 
Total RNA was isolated using the NucleoSpin II extraction kit (Macherey Nagel, 
740955-250). Equal amounts of total RNA were used to synthesize cDNA according to 
the manufacturer’s method (Invitrogen, 18091200). Analysis of gene expression was 
performed with the iCycler MyiQTM system (Bio-Rad) with initial denaturation at 95°C 
for 10 min, followed by 40 PCR cycles, each consisting of 95°C for 15 sec, 60°C for 1 min, 
and 72°C for 1 min. mRNA expression was calculated using the ΔΔCt method, relative to 
Rplp0. Oligonucleotide sequences are available upon request.

RNA-seq analysis 
RAW cells were cultured in DMEM in the presence of either HEPES (25 mM), IL4 (50 
ng/ml; R&D systems, 404-ML-010), and LPS (50 ng/ml; Salmonella Minnesota R595; 
Enzo Life Sciences), for 24 h. RNA was isolated with the NucleoSpin II extraction kit, 
and was submitted for sequencing at the Genomics Core Facility at the Icahn Institute 
and Department of Genetics (http://icahn.mssm.edu/research/genomics/core-facility). 
cDNA libraries were prepared with the Illumina Ribo-Zero Gold rRNA (MRZG126) 
removal kit. Samples were run on Illumina HiSeq 2000 at a read-length of 100 nucleotides 
single end, and at a sequencing depth of ~50 million reads per sample. Raw and processed 
data were returned and count files were generated by aligning to mouse genome mm10 
(GRCm38.75) with STAR.58 Counting overlaps with exons were grouped at the gene level 
with featureCounts.59 A differential expression study was conducted with R package 
limma (Voom transformation).60 Low count genes were removed in the limma analysis, 
genes were kept if they had at least 1 count per million in at least 3 samples. The cut-off 
value for differential expression was chosen at an adjusted p-value (Benjamini-Hochberg) 
of <0.05 unless otherwise stated.

In silico analysis 
GSEA was performed using a desktop software application (v2.2.2)61 on a pre-ranked 
list of differentially expressed genes (based on the log-fold change of HEPES vs. 
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DMEM Ctrl incubations) using custom gene sets for lysosomal-autophagic and host-
immune response genes carrying either validated CLEAR-consensus elements12, 15 or 
E-box consensus motifs.46 Additional options selected included 1000 permutations 
and a weighted enrichment statistic. The Rank-rank hypergeometric overlap test was 
performed using software implemented on http://systems.crump.ucla.edu/rankrank/
rankranksimple.php.62 From each set of treatments—HEPES, LPS, IL4—a pre-ranked 
list of genes was generated based on the log fold change differences in gene expression 
between the treated and nontreated condition. The following parameters were selected: 
step size of 100; Bejamini-Yekutieli p-value correction; and rank and metric scatter plot 
generation. Pathway enrichment analysis on differentially expressed genes was performed 
using ClueGo (v2.1.7) and CluePedia (v1.1.7) plug-ins in Cytoscape (v3.1.0) with the KEGG 
pathway database (10.04.2016 download).63, 64, 65 The pathways with a Benjamin-Hochberg 
corrected p-value <0.005 are shown. The heatmap was generated using heatmap.2 
function in gplots R package (http://CRAN.R-project.org/package=gplots).

Secretome analysis
RAW264.7 cells were cultured in 25mM HEPES containing DMEM or in DMEM alone for 
48h. Secreted cytokine levels blotted and analyzed using a Mouse Cytokine Array Panel 
A Kit (R&D Systems, ARY006) using manufacturer’s instructions. 

Analysis of lysosomal parameters 
RAW cells were rinsed 3 times and gently scraped in PBS. Following centrifugation and 
cell counting, equal cell suspensions were stained with 50 nM LysoTracker Green DND-
26 (Thermo Fisher Scientific, L7526) for 10 min or exposed to 50 µg/ml DQ™ Green BSA 
(Thermo Fisher Scientific, D12050) for 3 h at 37°C, washed in PBS, and analyzed by flow 
cytometry (FACS Calibur, BD Biosciences) to evaluate lysosomal mass and proteolytic 
activity. Lysosomal acidification was assayed using 1 µM LysoSensor™ Green DND-189 
(Thermo Fisher Scientific, L7535) for 30 min at 37°C, and lysosomal pH was assayed with 
LysoSensor™ Yellow/Blue DND-160 (Thermo Fisher Scientific, L7545) at 37°C for 1 h. 
RAW cells were analyzed directly or equilibrated in MES buffer (25 mM MES, 5 mM NaCl, 
115 mM KCl, 1.2 mM MgSO4) supplemented with monensin (10 µM; Sigma, M5273) and 
nigericin (10 µM; Sigma, N7142); pH ranging from 4.0-6.0. Excitation and emission spectra 
(329 and 440; 384 and 540) were determined in a Perkin-Elmer LS55 spectrometer. The 
yellow:blue ratio emission was plotted against the pH calibration curve and pH values 
were calculated. 

Lysosomal enzymatic activity 
For GBA1-related glucosidase activity, 4-methylumbelliferyl (4-MU)-β-D-glucopyranoside 
(Sigma, M3633) was utilized as an artificial substrate at 37°C, in 150 mM citric acid-
Na2HPO4 (pH 5.2) buffer supplemented with 0.2% sodium taurocholate (Sigma, T0557), 
0.1% Triton X-100 and 0.1% BSA. The enzymatic reaction was stopped with NaOH-glycine 
(pH 10.6) and fluorescence of liberated 4-MU was determined with a fluorometer LS55 
(Perkin Elmer) using λex 366 nm and λem 445 nm.

Activity-based probe analysis 
ABP-MDW941/Inhibody Red34 was used (1 nM for 16 h; synthesized in reference34) to 
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label active endogenous GBA1 molecules in RAW cells. Images were taken with a confocal 
SP5 Leica with a 63x objective using an excitation wavelength of 561 nm. For cysteine 
cathepsin labeling, ABP DCG-0435 was added (500 nM for 2 h; synthesized in reference 35) 
to cells. After rinsing in PBS, cell homogenates were prepared in KPi lysis buffer (25mM 
K2HPO4/KH2PO4 pH6.5, 0.1%(v/v) Triton X-100) supplemented with protease inhibitors. 
After protein separation with SDS-PAGE (10%), fluorescence was subsequently monitored 
in wet slab gels with a Typhoon Variable Mode Imager (Amersham Biosciences) using λex 
488 nm and λem 520 nm (bandpass 40).

GPNMB ELISA 
Secreted GPNMB levels in culture media were determined using a mouse GPNMB ELISA 
according to the instructions of the manufacturer (R&D systems, DY2330).

Transmission electron microscopy 
RAW cells were maintained as described and fixed at RT by addition of Karnovsky fixative 
(2.5% glutaraldehyde, 2% formaldehyde solution in 0.2 M cacodylate buffer, pH 7.4) 1:1 
to growth media for 10 min. This was replaced by fresh fixative for 2 h at RT. Thereafter, 
cells were post-fixed with 1% OsO4, 1.5% K3Fe(III)(CN)6 in 0.1 M cacodylate buffer, for 
2 h at RT. Cells were then dehydrated and embedded in Epon epoxy resin (Polysciences, 
02334-500). Ultrathin sections of 60 nm were contrasted with uranyl acetate and lead 
citrate using the AC20 (Leica) and studied with a Jeol 1010 electron microscope (Jeol 
Europe).

Statistics 
Values are presented as mean ± SEM. Statistical significance was analyzed with a two-
tailed unpaired Student’s t-test. Criterion for statistical significance was set on P<0.05, 
unless stated otherwise.
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Supplemental figures

Supplemental figure 1. Identification of a HEPES-mediated lysosomal stress signature 
in cultured cells. (A-D) RAW cells were grown in DMEM (31966) and RPMI (22409; containing 
HEPES). (A) RT-PCR analysis of Gpnmb mRNA levels, normalized to Rplp0. (B) Western blot 
analysis and quantification of GPNMB protein levels, normalized to TUBA. (C) Secreted (s)GPNMB 
levels were probed by ELISA. (D) Flow cytometric analysis of LTG and (E) MTG staining (FL1). 
(F) Time-course analysis of Gpnmb mRNA levels in RAW cells cultured in DMEM supplemented 
with HEPES (25 mM) for 6-72 h, and normalized to Rplp0. RPMI-grown cells served as a positive 
control. (G-I) RAW cells were grown in DMEM supplemented with HEPES (6.25-25 mM) for 24 h. (G) 
Intracellular and (H) sGPNMB levels were quantified by immunoblotting and ELISA, respectively. (I) 
Lysosomal number was evaluated by flow cytometric analysis of LTG-stained RAW cells (FL1). (J-K) 
Cell viability was determined in DMEM or DMEM+H using (J) WST-1 and (K) propidium iodide (PI) 
exclusion assays, respectively. (L) Visualization of active GBA1 molecules using the activity-based 
probe MDW941/Inhibody Red. RAW cells were grown in either DMEM or DMEM+H for 40 h, and 
incubated with Inhibody Red (1 nM) for the last 16 h. (M) Western blot analysis of active lysosomal 
cysteine cathepsins in cells grown in either DMEM or DMEM+H for 24 h, and incubated with the ABP 
DCG04 (500 nM) for the last 2 h. Values are expressed as mean ± SEM, n=3-4 in A-M. *P < 0.05, **P 
< 0.01. 
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Supplemental figure 2. HEPES induces a MiT/TFE-mediated lysosomal stress pathway 
in cultured cells. (A-C) DMEM+H-grown RAW cells were exposed to either scrambled siRNA ctrl 
(siCTRL) or siRNA cocktail targeting MiT/TFE genes (si-3XMiT/TFE). (A) RT-PCR analysis of Tfeb, 
Tfe3, and Mitf mRNA levels, normalized to Rplp0. (B) Flow cytometric analysis of LTG-stained RAW 
cells (FL1). (C) RT-PCR analysis of various MiT/TFE-regulated lysosomal target genes, normalized to 
Rplp0. (D) RAW cells were grown in DMEM+H for 24 h (top) and subsequently deprived of HEPES for 
6 h (bottom). RAW cells were stained for TFEB, TFE3, or MiTF levels (in green) and counterstained 
with DAPI (in blue). (E) Western blot analysis on protein extracts isolated from RAW cells grown 
in the presence of HEPES for the indicated times. Membranes were probed with antibodies against 
p-EIF4EBP1 (Thr37/46) and p-RPS6 (Ser235/236) to evaluate MTORC1 activity. (F) Representative 
images of RAW cells pre-treated with LY2 for 30 min, followed by addition of FITC-labeled dextran 
for another 30 min. (G) LY2 does not inhibit Torin1-mediated MiT/TFE nuclear import. Western 
blot analysis on the cytosolic and nuclear fractions derived from RAW cells pretreated with LY2 
(50 µM) for 30 min, and with the MTOR catalytic site inhibitor Torin1 (400 nM) for another 6 h. 
Membranes were probed with antibodies against MiT/TFE family members. TUBA and LMNB1 were 
used as internal controls for cytosolic and nuclear fractions, respectively. (H) LTG staining in a panel 
of broadly used cancerous and fibroblastic cell lines adapted to grow in DMEM (31966) or DMEM 
(32430; containing HEPES), and analyzed by flow cytometry. (I) Immunolocalization analysis of 
endogenous TFEB, TFE3, or MITF in HEK293T cells grown in DMEM or DMEM+H for 24 h. Values are 
expressed as mean ± SEM, n=3-4 in A-H. *P < 0.05, **P < 0.01.
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Supplemental figure 3. Datasets used for the GSEA of lysosomal-autophagic and innate 
host-immune genes in DMEM+H-grown RAW cells. Venn diagram representation and a gene list 
containing CLEAR and/or E-box response elements within their promoters (see also Figure 3C-D). 
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Abstract 
Glucocerebrosidase (GCase) is the lysosomal acid β-glucosidase encoded by the GBA 
gene that degrades the ubiquitous glycosphingolipid glucosylceramide. Inherited GCase 
deficiency causes the lysosomal storage disorder Gaucher disease. In addition, carriers 
of an abnormal GBA allele are markedly increased at risk for Parkinson’s disease. Newly 
formed GCase is known to undergo extensive modifications in its four N-glycans en 
route to and inside the lysosome. These glycan modifications are reflected in changes 
in apparent molecular weight (MW) of GCase as detected with SDS-PAGE. Fluorescent 
activity-based probes (ABPs) have been generated that covalently label GCase in 
reaction-based manner in vivo and in vitro and thus allow sensitive visualization of GCase 
molecules. Using these ABPs, we studied the life cycle of GCase in cultured fibroblasts 
and macrophage-like RAW264.7 cells. Specific attention was paid to the impact of the 
medium. We here report that the pH of culture medium, buffered with compounds such 
as HEPES, markedly influences processing of GCase and the total cellular enzyme level. 
The implications of our findings for diagnosis of GD based on measurement of cellular 
enzyme activity in lysates of cultured cells are described and discussed. 
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Introduction 
Glucocerebrosidase (GCase) is the lysosomal acid β-glucosidase that degrades 

glucosylceramide (GlcCer). Inherited defects in the GBA gene encoding GCase cause the 
lysosomal storage disorder Gaucher disease (GD).1,2 More recently, mutations in GBA have 
been shown to pose a marked risk factor for developing Parkinson’s disease and Lewy-body 
dementia, even upon haploinsufficiency.3,4 A hallmark of GD is lysosomal accumulation of 
GlcCer in tissue macrophages.5,6 The lipid-laden macrophages (Gaucher cells) are viable 
cells and are thought to contribute to the characteristic visceral GD symptoms such as 
hepatosplenomegaly, thrombocytopenia and anemia.2,5 Most GD patients do not develop 
prominent complications in the central nervous system and are designated as type 1. 
More severe GD cases (type 2 and 3) may develop lethal neurological symptoms and skin 
abnormalities.1 With respect to the non-neuronopathic type 1 GD, two types of therapy 
are currently available: enzyme replacement therapy (ERT), by means of a macrophage-
targeted recombinant enzyme, and substrate reduction therapy (SRT), which utilizes 
inhibitors of GlcCer biosynthesis.7–12 Both approaches lead to impressive corrections in 
organomegaly and pancytopenia, which is preceded by corrections in plasma biomarkers 
of Gaucher disease.13 The value of alternative therapy for GD is currently being studied, 
with a focus on gene therapy and a chaperone/activator mediated approach to augment 
mutant enzyme in patients.12,14–16

The availability of effective therapies has boosted the interest in laboratory diagnosis 
of GD, including (newborn) screening programs.17,18 Nowadays, the first step in diagnosis 
is detection of abnormalities in the GBA gene by genome sequencing. Demonstration of 
impaired GCase activity is subsequently performed by enzyme activity measurement, 
often by use of the fluorescent substrate 4-methylumbelliferyl-β-glucoside (4MU-β-Glc). 
2,13 For this purpose, dried blood spots, white bloods cells and fibroblasts are all used, 
depending on the laboratory. Specific inhibitors may help to discriminate GCase and 
that of other β-glucosidases (GBA2 and GBA3) with respect to their contribution to the 
total activity.13 Unfortunately, neither genotyping nor the measurement of residual GCase 
activity in cell lysates accurately predicts onset and progression of GD in individual 
patients.19 Although heteroallelic presence of N370S GBA in GD patients is always 
associated with a non-neuropathic pathology, the disease course may vary markedly in 
severity, even among siblings.19,20 Moreover, monozygotic GD twins with different disease 
severity have been documented.21,22 It has been speculated that modifier genes and toxic 
secondary metabolites contribute to the variability in outcome of GCase abnormalities.12 
Onset of GD disease can be sensitively detected by demonstration of elevated Gaucher 
cell marker proteins in plasma, like chitotriosidase, CCL18 and GPNMB as well as the lipid 
glucosylsphingosine.23–25 However, accurate assessment of true residual GCase activity 
would greatly improve diagnosis and monitoring of GD. Novel cell permeable fluorogenic 
substrates for in situ measurement of GCase activity in cultured cells have recently been 
developed.26,27 Other recent tools to detect active GCase molecules in situ are fluorescent 
cyclophellitol-based activity bases probes (ABPs).28,29 These cell permeable cyclophellitol 
analogues act as suicide inhibitors that selectively react with GCase by covalent and 
irreversible binding to its catalytic nucleophile, E340. ABP-labeled GCase molecules can 
be visualized by microscopy and gel electrophoresis.28,29 These novel tools allow in depth 
study of GCase and of factors that could impact on its function. 
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GCase is synthesized as 497 aa polypeptide containing 4 N-linked glycans.2 The 
initially formed enzyme has a molecular weight of 62kDa that subsequently increases to 
66-69 kDa by modification of its glycans to sialylated complex type structures.30 Inside 
the lysosomes, the local action of neuraminidase, β-galactosidase and β-hexosaminidase 
cause stepwise reduction to the 58 kDa (‘mature’) isoform  (see also Figure 1C).31  Although 
the precise composition of the N-glycans does not impact catalytic activity, N-glycans are 
essential for correct folding of newly synthesized enzyme molecules in the endoplasmic 
reticulum.2 Unlike most other lysosomal hydrolases, GCase in fibroblasts does not acquire 
mannose-6-phosphate moieties but is transported to lysosomes via binding to LIMP-
2 (lysosomal integral membrane protein-2).32–34 The GCase/LIMP-2 complex is sorted 
to lysosomes and dissociates upon low luminal pH.35 Early pulse-chase experiments 
in fibroblasts showed that [35S]methionine-labeled GCase requires considerable time 
(several hours) to reach mature lysosomes, where it is degraded by leupeptin-sensitive 
proteases.36 GCase is already folded into its active conformation in the ER, as can be 
detected with fluorogenic substrate and ABP labeling. Therefore, the measured GCase 
activity in cell lysates does not necessarily reflect actual enzyme capacity in lysosomes. 

Recently, we reported how medium conditions impact on lysosomes by using HEPES 
to buffer the pH of the culture medium.37 By exploiting the GCase-specific ABPs, we 
demonstrate that GCase is particularly influenced by medium conditions. The presence 
of HEPES in the culture medium impaired maturation and reduced proteolytic turnover 
of GCase in abnormal lysosomes. This eventually resulted in an increase in overall cellular 
enzyme levels. The implications for diagnosis of GD based on measurement of cellular 
enzyme activity in lysates of cultured cells are described and discussed.

Results
Impact of medium pH on cellular GCase glycoforms
Murine macrophage-like RAW264.7 cells and human skin fibroblasts were cultured in 
DMEM and DMEM/F12 medium respectively, at 7% CO2. Different buffers were added to 
the medium at a final concentration of 50 mM: MES (2-(N-morpholino) ethanesulfonic 
acid) (pKa = 6.15) or HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) 
(pKa=7.5). The final medium pH was 7.0, and 7.4 respectively. After a week of culture, 
cells were harvested and lysed in KPi-buffer supplemented with 0.1% Triton X-100. 
Active GCase molecules in cell lysates were labelled with fluorescent ABP ME569 and 
were analysed by SDS-PAGE (Figure 1). The cellular abundance of GCase and the GCase 
glycoform profile was found to be clearly influenced by the medium composition. In 
fibroblasts and RAW264.7 cells cultured at lower pH, less GCase was labelled with ABP 
(Figure 1A), and less GCase activity was detected (Figure 1B). In cells cultured at pH 
7.4, in the presence of HEPES, GCase was more abundant, in particular glycoforms with 
MW of 62-66 kDa (Figure 1A). PNGase digestion resulted in the generation of a 52 kDa 
labelled protein in lysates of both MES and HEPES exposed cells, which confirms that 
all labelled enzyme is GCase and various MW forms stem from differences in glycans 
(Figure 1C). We also studied cells that were exposed to 50 mM MOPS (3-(N-morpholino) 
propanesulfonic acid; pKa = 7.15), which buffered the final medium pH at 7.15. As shown 
in Supplemental figure 1, cells cultured at pH 7.15 showed an intermediate GCase 
profile when compared to the glycan isoform profile of cells cultured at higher and lower 
medium pH. 
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Figure 1.  Impact of medium on cellular GCase glycoforms. (A) GCase in lysates of skin 
fibroblasts (NHDF) and RAW264.7 cells was labelled with GCase-specific ABP and subsequently 
visualized by fluorescence scanning after SDS-PAGE. Labeled GCase was digested with PNGase F to 
remove N-glycans, as described in M&M. (B) GCase of the same lysates of skin fibroblasts (NHDF) 
and RAW264.7 cells was measured with 4MU-β-Glc substrate as described in M&M.  (C) Scheme 
depicting processing of GCase glycoforms (adapted from Aerts, thesis).

Dynamics of induced changes in GCase by medium pH 
The induction and reversibility of changes in cellular GCase induced by culture medium 
composition was investigated more closely. For this, cells (fibroblasts and RAW264.7 
cells) were exposed to culture medium containing 50 mM HEPES (medium pH 7.4).  In 
both cell types, GCase with higher MW (reflecting enzyme species with more sialylated 
complex glycans) accumulated and an increase in overall GCase activity was detected over 
time (Figure 2A). Next, the reversibility of the induced changes in GCase was examined. 

A

C
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Cells were first exposed to medium containing 50 mM HEPES for 3 days. Subsequently, 
cells were washed and further cultured in the presence of 50 mM MES (medium pH 7.0). 
At different time points (0-96 hours), cells were harvested and cellular GCase was studied 
by ABP-labeling and SDS-PAGE, as well as by enzymatic activity measurements (Figure 
2B). Exposure to a lower medium pH caused a reversal of GCase glycoform profile, which 
was accompanied by reduced total cellular enzymatic activity (Figure 2B). Of note, the 
correction of GCase in fibroblasts proceeded slower than that in RAW cells (Figure 2B). 
Brightfield microscopy analysis of RAW264.7 cells showed a prominent change in vacuolar 
morphology upon HEPES induction, which could be reversed through subsequent and 
prolonged replacement by MES (Supplemental Figure 2).

Figure 2. Induction and reversibility of GCase changes by HEPES-containing medium. (A) 
Induction. Skin fibroblasts (NHDF) and RAW264.7 cells were exposed to either 50 mM HEPES or 
MES, and cellular GCase was monitored in time (0-48 hours) by means of ABP labeling of enzyme in 
cell lysates and the measurement of enzymatic activity in lysates.  (B) Reversibility. Skin fibroblasts 
(NHDF) and RAW264.7 cells were exposed for 3 days to 50 mM HEPES in the culture medium (pH 
7.4). Following washing, cells were cultured in medium containing 50 mM MES (medium pH 7.0), 
and cellular GCase was monitored in time (0-96 hours) in cell lysates by means of ABP labeling of 
enzyme molecules and measurement of GCase activity. The last lane to the right represents cells 
chronically cultured in in the presence of 50 mM MES.

A B
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Life cycle of GCase visualized with ABPs
Two earlier published GCase-specific ABPs conjugated with green and red boron 

dipyrromethene (BODIPY), MDW933 and MDW941 respectively 28, were used to perform 
a pulse-chase experiment. Cultured fibroblasts and RAW264.7 cells were first exposed 
to 100 nM cell permeable MDW933 overnight to irreversibly label all active GCase 
molecules. Next, cells were extensively washed and subsequently cultured in the presence 
of red fluorescent MDW941. Detection of MDW941-labeled enzyme allows selective 
monitoring of de novo synthesized GCase in time. The pulse-chase experiments were 
performed with fibroblasts and RAW264.7 cells cultured in medium containing either 50 
mM HEPES or 50 mM MES. Cells were harvested at different time points during the chase 
period (0-96 h) and cellular GCase was analyzed by SDS-PAGE (Figure 3). Incubation 
of RAW264.7 cells with the red MDW941 probe for extended periods of time resulted in 
complete labeling of GCase and its inactivation as measured with 4MU-assay, whereas 
GCase activity was restored 96h after removal of green MDW933 without the MDW941 
chase (Supplemental figure 3).

During the chase period, MDW941-labeled GCase increased in both types of cells 
cultured in both media, indicating sustained synthesis of GCase during the various chases 
(Figure 3). Cells cultured with HEPES did not show the transition of 66 kDa GCase to 58 
kDa enzyme, a process known to depend on stepwise removal of external sugars from the 
N-glycans.31 In contrast, cells cultured with 50 mM MES at pH 7.0 did show detectable 
formation of 58 kDa GCase after one day of chase (Figure 3). 

Figure 3. Visualization of GCase isoforms with two distinct ABPs: reduced glycan maturation 
in HEPES-containing medium. (A) Pulse-chase experiments with fibroblasts, performed as 
described in M&M. Following pre-labeling with MDW933 (green fluorescent, existing GCase), cells 
were incubated continuously with MDW941 (red fluorescent, newly synthesized GCase) for indicated 
time periods. Cells were harvested and labeled GCase was visualized following SDS-PAGE. (B) Same 
experimental set-up was used for GCase studies in RAW 264.7 cells. 

A B
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Subcellular localization of GCase in cells cultured in the presence of different buffers.
Immunofluorescence analysis of fibroblasts revealed a punctate pattern for ABP-labeled 
GCase when cultured in presence of HEPES and MES, that similarly overlapped with 
immunocytochemically labelled LIMP2, the transporter of GCase (Figure 4A). No 
marked overlap was observed for GCase with the ER protein Calnexin, the Golgi marker 
Giantin and the early endosome marker EEA1 (Early Endosome Antigen 1) in cells 
cultured in HEPES-supplemented medium (Figure 4B). Localization of labelled GCase 
was however associated with that of the (endo)lysosome marker LAMP1 (Figure 4B). Of 
note, an increase in LAMP1 positive punctae was observed in fibroblasts cultured in the 
presence of HEPES, which suggests that more (endo)lysosomes exist upon exposure to 
HEPES-containing medium (Supplemental figure 4).

  

Figure 4. GCase colocalizes with LAMP1- and LIMP2 in HEPES treated fibroblasts. 
Cells were pretreated ABP MDW941 to label GCase and subsequently fixed and analyzed by 
immunohistochemistry to establish overlap of GCase with other marker proteins. (A) Visualization 
of GCase and LIMP2 in fibroblasts cultured in the presence of MES or HEPES. (B; next page ->) 
Visualization of GCase and Calnexin, Giantin, EEA1 and LAMP1 in fibroblasts cultured in the 
presence of HEPES. Scale bar: 10 µm 

Lysosomes are dense organelles and can be separated from ER and Golgi structures 
based on density difference. Subcellular fractionation was used to separate compartments 
by means of a continuous Percoll density gradient, as described in M&M. In gradient 
fractions, the enzyme activities of GCase and the lysosomal enzyme β-hexosaminidase were 
determined. In the case of MES-exposed RAW264.7 cells, GCase and β-hexosaminidase 
activities were detected in fractions with high density. These fractions are known to contain 
mature dense lysosomes (Figure 5). GCase β-hexosaminidase activity was virtually absent 

A
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in highly dense fractions of cells exposed to HEPES. The lysosomal enzyme activities in 
compartments with lower density reflect enzymes in pre-lysosomal compartments (ER, 
Golgi, endolysosomes and immature lysosomes). Similar observations were made for 
fibroblasts (Supplemental figure 5). These findings indicate that HEPES-exposed cells 
contain on average less dense lysosomes compared to MES-conditioned cells. 

B
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Figure 5. Subcellular fractionation of fibroblasts cultured in the presence of 50 mM HEPES 
or MES. Homogenates of RAW264.7 cells treated with HEPES or MES were fractionated and 
compartments were separated on the basis of density using 49% Percoll centrifugation to generate 
density gradients. In collected fractions enzymatic activities of GCase and β-hexosaminidase were 
measured as described in M&M.

Intralysosomal proteolytic degradation of GCase is known to be potently inhibited by 
leupeptin, a broad protease inhibitor.36,38 Consequently, leupeptin induces accumulation 
of mature 58 kDa GCase upon complete maturation of GCase. The impact of leupeptin 
on GCase in cells (fibroblasts and RAW264.7) cultured in the presence of MES, MOPS 
and HEPES was examined. The presence of leupeptin led to accumulation of 58 kDa 
GCase (Figure 6A) and overall GCase activity (Figure 6B) in cells in cells cultured with 
MES and MOPS but not those with HEPES. Thus, even in the presence of leupeptin, 
HEPES-treated cells do not form the mature 58 kDa form of GCase. This suggests that 
the machinery leading to the formation of 58 kDa GCase, likely exo-glycosidase activity, 
is perturbed in these cells. 

In summary, the microscopy analyses (Figure 4), the outcome of subcellular 
fractionation experiments (Figure 5), and the noted effects of leupeptin (Figure 6) all 
rendered data consistent with the hypothesis that the presence of HEPES in the culture 
medium affects normal maturation of lysosomes to dense structures, and instead 
promotes formation of compartments with lower density that contain altered activity 
of glycosidases and proteases.37 GCase undergoes prominent trimming of its N-glycans 
by glycosidases and is degraded relatively rapidly by proteases in mature lysosomes. 
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Therefore, it is not surprising that GCase is highly sensitive to the presence of HEPES in 
the medium which causes cellular accumulation of the 66 kDa enzyme.

 

Figure 6. Inhibition of lysosomal cathepsins in increases GCase in cells exposed to MES and 
MOPS, but not those exposed to HEPES. Cells (fibroblasts and RAW264.7) were cultured in the 
presence of 50 mM buffer compound (MES, MOPS or HEPES) in the absence or presence of 0, 25 or 50 
µg/mL leupeptin for 48 hours. Cells were harvested and GCase in lysates was visualized by (A) ABP 
labeling, SDS-PAGE and fluorescence scanning, or (B) by enzymatic GCase activity measurements 
(as described in M&M).

Implications for diagnosis of GD using cultured cells.
The use of culture medium with added HEPES is increasingly popular because it allows 
stable buffering of medium for extended amount of days. Here we show that in cultured 
cells the enzyme GCase is particularly influenced by the use of this buffer. This has 
repercussions regarding measurement of enzyme activity levels for diagnostic purposes. 
Figure 7 shows the GCase levels (nmol/mg protein/hour) in lysates of fibroblasts from 
type 1 Gaucher disease patients and normal individuals cultured in the presence of HEPES 
and MES. The levels for lysates of cells from some patients cultured in the presence of 
HEPES overlap with values in lysates of cells from normal individuals cultured in the 
presence of MES. Culturing patient and control cells at different conditions might result 
in false negatives in GD diagnosis. It also was observed that glucosylsphingosine levels 
in Gaucher patient-derived fibroblasts were increased when cells were cultured in the 
presence of 25 mM  HEPES, a finding that again points to reduced lysosomal GCase 
activity under this condition (Supplemental Table 1).

B
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Figure 7. GCase activity level in control and Gaucher fibroblasts cultured in the presence 
of 25 mM MES or HEPES.  Values expressed a mean ± SD; measurements performed in triplicate.

Impact of medium on other lysosomal glycosidases
Selective ABPs are nowadays also available for a number of other lysosomal retaining 
glycosidases like the α-glucosidases (GAA) and β-glucuronidase (GUSB).39,40 We examined 
the impact of the culture medium buffers on these enzymes using corresponding ABPs 
for visualization. Figure 8 shows that in fibroblasts cultured in the presence of HEPES 
at a medium pH of 7.4, the ratio of intermediate and mature GAA is altered, pointing to 
perturbed lysosomes. Likewise, an increase in the intermediate form of GUSB (75 kDa) 
and a decrease in the mature form (65 kDa) was noted in cells cultured in the presence 
of HEPES. Proteolytic processing of 95 and 76 kDa GAA and 75 kDa GUSB is thought to 
largely take place in lysosomes. The findings therefore suggest that the involved proteases 
in this processing are less active. This explanation was substantiated by the finding that 
leupeptin treatment did not cause an increase in mature 65 kDa GUSB in fibroblasts 
cultured in the presence of HEPES (Supplemental figure 6). Of note, the intermediate 
75 kDa GUSB was increased in cells cultured in the presence of HEPES (Supplemental 
figure 6).  

Discussion

In recent times, attractive new tools have become available for investigations on GCase in 
intact cells. For the purpose of GCase visualization, cell permeable fluorescent activity-
based probes have been designed that covalently bind to the catalytic nucleophile E340 of 
active GCase molecules with extreme specificity, allowing their convenient visualization 
in intact cells.28 Based on earlier observations with irreversible inhibitors, the attachment 
of a bulky group to the pseudo C6 position in substrates confers specificity for GCase over 
GBA2 and GBA3.28,29,41,42
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 Figure 8. Impact of medium pH on alpha-galactosidase (GAA) and beta-glucuronidase 
(GUSB) isoforms. Fibroblasts were cultured in the presence of 50 mM buffer compound (MES or 
HEPES). Cells were harvested and GAA and GUSB in lysates was visualized by ABP labeling, SDS-
PAGE and fluorescence scanning. 

Additional novel GCase-specific substrates have been designed based on this principle, 
including the cell-permeable fluorescence-quenched substrates for in situ measurement 
of GCase activity26, or the resorufin substrates for in vitro GCase activity and kinetic 
analysis.27 Many investigations on GCase make use of cultured cells. Earlier work in 
our lab revealed that culture conditions may impact on GCase in cells, in particular the 
addition of the increasingly popular buffer HEPES to culture medium. HEPES maintains 
the medium at the relative high pH of 7.4.37 Our present investigation illustrates the 
marked impact on cellular GCase of the presence of HEPES in the culture medium, both 
qualitatively and quantitatively.43 In cells, fibroblasts and macrophage-like RAW264.7 
cells alike, exposure to HEPES containing medium causes GCase to steadily accumulate. 
The accumulating enzyme shows a MW of about 66 kDa, which suggests an abundance 
of complex-type sialylated glycans. The subsequent intralysosomal conversion to a 58 
kDa glycoform by trimming of N-glycans does not seem to occur in cells that are exposed 
to HEPES. Also, an overall increase in the 66 kDa isoform of GCase is observed in these 
cells. The observed reduction in lysosomal glycan processing increased abundance of 
GCase could theoretically be caused by an arrest of the enzyme in the trans-Golgi region. 
However, microscopy revealed that GCase in HEPES-exposed cells is present in LAMP1-
positive compartments and does not overlap in location with Giantin, a Golgi marker and 
the early endosome marker EEA1. This suggests that the enzyme has passed the Golgi 
apparatus and does not accumulate in early endosomes. The subcellular distribution of 
LIMP2 and GCase were also found to overlap in cells cultured in the presence of HEPES. 
At present, it seems most attractive to assume that mature lysosomes acquire a higher pH 
upon uptake of HEPES, consequently exhibit lower density and have reduced hydrolase 
capacities. These include the activities of glycosidases and proteases involved in GCase 
N-glycan trimming and proteolytic degradation. However, additional explanations 
cannot be entirely excluded yet. The relatively high medium pH might impact on 
cytosolic pH, which could in turn impact on lysosome acidification. Indeed, it has been 
recently reported that STAT3 can promote lysosome acidification via direct interaction 
with the v-ATPase. The cytosolic pH was found to play a key role in the association of 
STAT3 with lysosomes.44  In light of this, recent work by Grinstein and colleagues has 
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revealed the existence of two pools of lysosomes in cells: highly acid and lytic, perinuclear 
ones, and less acidic peripheral ones.45 The two types of lysosomes are similar in v-ATPase 
composition but nevertheless fundamentally differ in luminal pH.45 Cytosolic pH has 
earlier been reported to impact on location of lysosomes in cultured macrophages.46 
Acidification of the cytosol by the presence of acetate in medium was found to cause 
movement of lysosomes to the cell periphery.46 At present, we have no indications for a 
marked difference in distribution of lysosomes in cells cultured in the presence of HEPES 
compared to those cultured in the presence of MES. It may nevertheless be of relevance 
to study to which extent medium pH impacts on retrograde and anterograde transport of 
lysosomes along microtubules.47 

The change in GCase glycan isoforms in cells exposed to HEPES reveals a striking 
sensitivity of this glycan composition to lysosomal perturbations. Of note, the mild 
lysosomal stressor sucrose (80 mM) induced a similar enrichment of the high MW 
variant of GCase (Supplemental figure 7). Sucrose induced vacuolation might 
negatively impact on lysosomal pH homeostasis and thereby impair GCase maturation 
in a similar fashion as HEPES. The perturbed vacuolar processing of GCase to the mature 
58 kDa isoform was not accompanied by an impaired catalytic function as measured by 
4MU-assay. This is in line with previous reports, suggesting that whereas conformational 
folding of GCase requires occupation of reported glycan sites, the hydrolytic capacity is 
not dependent on the precise glycan composition.31 Moreover, buffering medium pH at 
7.4 by HEPES induces a prominent increase in total cellular GCase content, as measured 
in lysates. The majority of GCase in these cells is not present in physiologically mature 
lysosomes and might therefore be relatively inactive towards substrate. Indeed, we noted 
that formation of glucosylsphingosine in lysosomes, a measure for impaired degradation 
of GlcCer, is significantly higher in type 1 GD fibroblasts cultured in the presence of 
HEPES (Supplemental Table 1).48 It might therefore be prudent to use culture medium 
with a measured, predefined pH as well as to assess the molecular weight and abundance 
of cellular GCase when using cultured cells in fundamental research on GCase and 
related disorders such as GD and PD. This could facilitate comparable and reproducible 
assessment of cellular GCase functions. Importantly, as pointed out in the results section, 
during diagnostic demonstration of reduced GCase activity in lysates of cultured cells, 
special care should be taken that tentative patient cells and normal cells are cultured in 
identical media. 

In conclusion, GCase is remarkably sensitive to presence of HEPES in the culture 
medium. In view of the major effect of this buffer compound, investigations concerning 
GCase should better refrain from the use of this medium addition.
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Material and Methods

Cell Culture Experiments
RAW264.7 cells (American Type Culture Collection #TIB-71) were cultured in DMEM 
and normal human dermal fibroblasts cells (NHDFs, Lonza #CC-2511) were cultured 
in DMEM/F12. Both mediums contained 10% (v/v) fetal calf serum, 1% (w/v) glutamax 
and 0.2% (w/v) antibiotics (penicillin-streptomycin; all purchased from Thermo Fisher 
Scientific) at 37°C at 7% CO2 at controlled humidity. For modulation of medium pH, MES 
(Sigma, M3671), MOPS (Sigma, M1254) and HEPES (Sigma, H3375) were dissolved and 
filtered to obtain culture grade stock buffers (1 M). Where mentioned, culture medium 
was supplemented with culture grade HEPES, MES or MOPS to a final concentration of 
50 mM for at least 72h, if not stated otherwise. Stock solutions were titrated so that final 
pH in medium was 7.0 for MES, 7.20 for MOPS and 7.5 for HEPES. Leupeptin (Sigma, 
L9783) was added in 25 or 50 µg/mL concentration  to medium of cells pre-treated with 
MES, MOPS or HEPES for 72h and incubated along with the respective buffers for 48 
h. Sucrose (Sigma, S7903) was incubated for 24h at a concentration of 80 mM. Gaucher 
fibroblasts were obtained for fundamental investigations with consent of patients and 
their GBA genotype was confirmed by sequencing.

Activity-based probe analysis 
Cultured cells were lysed in KPi lysis buffer (25 mM K2HPO4/KH2PO4, pH 6.5, 0.1% 
(v/v) Triton X-100) supplemented with protease inhibitors (Roche) and sonicated 5x 1 
second with 9 minutes interval (amplitude 25%). Protein concentration was assessed by 
bicinchoninic acid assay (Thermo Fisher Scientific, 23225) and absorbance measurements 
(EMax Plus microplate reader, Molecular Devices). Equal protein amounts were labelled 
with excess of activity-based probe (ABP) conjugated to a fluorescent dye. Labelling of 
all active GCase molecules in cell homogenates and recombinant GCase (Cerezyme) was 
performed using 100 nM ABP-ME569 (Cy5).42 Incubation was performed at 100 nM for 
1 h (0.5-1% (v/v) DMSO) on ice. Labelling of acid alpha-glucosidase (GAA) and beta-
glucuronidase (GUSB) was performed as described earlier.41 Shortly, homogenates were 
prelabelled with 200 nM of β-glc aziridine ABP JJB70 for 30 min at 37 °C, pH 4.0 and 5.0 
resp. GAA was subsequently labeled by incubation of 500 nM JJB383 for 30 min at 37 °C, 
pH 4.0. GUSB labelling was performed through incubation with 200 nM JJB392 for 30 
min at 37 °C, pH 5.0. After labelling, 5x Laemlli buffer (50% (v/v) 1 M Tris-HCl, pH 6.8, 
50% (v/v) 100% glycerol, 10% (w/v) DTT, 10% (w/v) SDS, 0.01 % (w/v) bromophenol 
blue) was added and samples were denatured at 95°C. Proteins were resolved by 10% 
polyacrylamide gel through SDS-PAGE. 

PNGase F treatment
Buffer-exchange was performed on GCase-labelled protein homogenate by spin desalting 
column (Pierce, 89849) and incubated with PNGase F according to the manufacturer’s 
instructions (NEB, P0705S). Shortly, denaturation of protein was performed in denaturing 
buffer at 100°C for 10 minutes. Subsequent digestion by PNGase F was performed at 37°C 
for 1h. 
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Pulse-chase experiment
For In situ labelling of GCase in living cells, RAW264.7 cells and NHDFs were cultured 
overnight in the presence of 100 nM green fluorescent cyclophellitol based ABP (MDW933). 
Next, cells were thoroughly washed and incubated with 100 nM red fluorescent ABP 
(MDW941) for different amount of times. Thus, existing GCase is labeled green and 
newly synthesized GCase is red. Cells were extensively washed, lysed in KPi lysis buffer 
and equal amounts of protein were analyzed by SDS-PAGE.

In-gel visualization of probes
Detection of fluorescence in wet gel slabs was performed using a Typhoon FLA 9500 
fluorescence scanner (GE Healthcare). Green fluorescence (MDW931 and JJB70) was 
detected using λEX 473 nm and λEM ≥ 510 nm, red fluorescence (MDW941) using  λEX 532 
nm and λEM ≥ 575 nm and far red fluorescence (ABP-ME569, JJB383, JJB392) using λEX 635 
nm and λEM ≥ 665 nm. After imaging, gels were either stained by Coomassie G250 for total 
protein and scanned on ChemiDoc MP imager (Bio-Rad) or used for western blotting. 

Western Blot Analysis
Samples resolved on 10% polyacrylamide gels were transferred to 0.2 µm nitrocellulose 
membrane (#1704159, Biorad). Blocking of membranes occurred in 5% (w/v) bovine 
serum albumin (Sigma, A1906) solution in PBS/0.1% Tween-20 (Sigma, P1379) for 1 h at 
room temperature (RT). Primary antibodies used target GCase (clone 8E4, manufactured 
in Aerts lab) and tubulin (Cedarlane, CLT 9002). Proteins were detected by using specific 
secondary conjugated antibodies (Alexa FluorTM 488/647) (Molecular Probes). Detection 
of immunoblots was performed using a Typhoon FLA 9500 fluorescence scanner (GE 
Healthcare). 

Labeling of GCase in situ
Functionalized glass coverslips were seeded with NHDF at a confluency of 70% as 
described and treated with MES or HEPES.49 Active GCase was labelled by 2 h medium 
supplementation of 5 nM MDW941. Next, the cells were washed 3x with PBS and fixed 
with 4% (w/v) formaldehyde (Sigma) in PBS for 20 min at room temperature while kept 
in the dark. Fixed cells were then washed with PBS and blocked in 5% normal donkey 
serum (NDS, Jackson Laboratory, 145-017-000-121) for 60 min. Cells were either stained 
for immunofluorescence microscopy or mounted directly on a microscope slide with 
ProLong Diamond antifade reagent containing DAPI (Molecular Probes, P36962). 
Immunofluorescence staining was performed in 2% NDS. Antibodies used were rabbit 
anti‐LAMP‐1 (Abcam, AB24170), rabbit-anti-LIMP2 (Novus Biologicals, NB400-129), 
rabbit-anti-Calnexin (Sigma, C4731), rabbit-anti Giantin (Abcam, AB24586), all at a 
dilution of 1:400 and rabbit-anti-EEA1 (Cell Signaling, 2411S) at a concentration of 1:200. 
Secondary antibodies used was Alexa Fluor conjugated IgGs (H + L) donkey anti‐rabbit 
Alexa 488 (Invitrogen). Fluorescence microscopy was performed using a Leica TCS SP8 
confocal microscope with a 63×/1.40 numerical aperture (NA) HC Plan Apo CS2 oil 
immersion objective and equipped with a hybrid detector (HyD). 
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Enzyme activity assays 
Equal protein amounts as assessed by bicinchoninic acid assay were used for enzyme 
activity assays. GCase activity was assayed using 3.75 mM 4-methylumbelliferyl (4-MU) 
substrate beta-D-glucopyranoside (44059, Glycosynth) in McIlvaine buffer, pH 5.2, with 
0.1% (w/v) BSA, 0.2% (w/v) sodium taurocholate and 0.1% (v/v) Triton X-100. For activity 
measurements of β-hexosaminidases HexA/B, 5 mM 4MU-β-N-acetyl-glucosaminide at 
pH 4.5 was used.

Density gradient fractionation
Cultured cells were harvested and washed 2x in PBS and 2x MME buffer (250 mM 
mannitol, 2 mM EGTA, 5 mM MOPS/Tris pH 7.0) through centrifugation at 1000 g for 
5 min. Cells were resuspended in MME buffer and homogenized by 30 strokes using a 
Dounce homogenizer (B. Braun). The suspension was centrifuged for 2 min at 1000 rpm. 
The post-nuclear fraction (PSN, supernatant) was transferred to a percoll colum (49% 
percoll (Sigma, P1644), 250 mM mannitol, 2.5 mM MOPS-Tris, HCl titrated to pH 7.0) 
on top of a cushion of 2.5 M Sucrose (Sigma). Ultracentrifugation of the column was 
performed at 30,000 g in a SW 41 Ti swinging bucket rotor (Beckman). Optimal density-
based fractionation was verified by Density Marker Beads (Pharmacia, 17-0459-01). After 
centrifugation, fractions of 250 µl were obtained, weighed, and used for enzyme activity 
measurements. 

Measurement of glucosylsphingosine
Levels of glucosylsphingosine in cultured fibroblasts were determined as earlier 
described.50,51 Briefly, samples were analyzed by mass spectrometry (ESI-LC-MS/MS), 
along with a 13C-isotope encoded internal standard.50
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Supplemental Figures

Supplemental figure 1. Impact of the presence of 50 mM MES, MOPS and HEPES in medium 
on GCase in cultured fibroblasts and RAW264.7 cells. GCase in aliquots of the same lysates was 
labelled with GCase-specific ABP and subsequently visualized by fluorescence scanning after SDS-
PAGE. 

Supplemental figure 2.  Reversible vacuolization upon HEPES exposure of RAW264.7 cells 
over time. RAW264.7 cells were cultured in the presence of HEPES (50mM) for 0-96h and visualized 
over time by phase contrast microscopy. Cells were subsequently washed, and medium was replaced 
by MES (50mM) containing medium for 96h and captured by phase contrast microscopy. 
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Supplemental figure 3. Inhibition of GCase in pulse (MDW933)-chase (MDW941) experiments 
as measured by 4MU-assay. Pulse-chase experiments with HEPES and MES treated RAW264.7 
cells, performed as described in M&M. Following pre-labeling with MDW933 (green fluorescent), 
cells were incubated continuously with MDW941 (red fluorescent) for indicated time periods. Basal 
GCase activity was assessed in samples left untreated with probes. Recovery of GCase after block 
was assessed by applying pulse (MDW933) and subsequent culturing without probe for 96h. Cells 
were harvested and lysed for enzyme activity measurements using fluorogenic substrate for GCase 
as described in M&M. 

Supplemental figure 4. Immunofluorescence analysis of LAMP1 in fibroblasts exposed to 
MES or HEPES. Cells were pretreated ABP MDW941 to label GCase and subsequently fixed and 
analyzed by immunohistochemistry to establish overlap of GCase with other marker proteins. Scale 
bar: 10µm
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Supplemental figure 5. Subcellular fractionation of fibroblasts cultured in the presence 
of 50 mM HEPES or MES. Normal human derived fibroblasts (NHDFs) were fractionated and 
compartments were separated on the basis of density using 49% Percoll centrifugation to generate 
density gradients. In collected fractions enzymatic activities of GCase and β-hexosaminidase were 
measured as described in M&M.

Supplemental figure 6. Impact of leupeptin and medium pH on β-glucuronidase (GUSB). 
Fibroblasts were cultured in the presence of 50 mM buffer compound (MES or HEPES) simultaneously 
with 72h hour incubation with different concentrations leupeptin. Cells were harvested and GAA and 
GUSB in lysates was visualized by ABP labeling, SDS-PAGE and fluorescence scanning.
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Supplemental Table 1. Glucosylsphingosine (GlcSph) content of fibroblasts cultured in the 
absence or presence of 25 mM HEPES. Values expressed as mean ± SD on three independent cell 
cultures and triplicate measurements.

GlcSph
(pmol/mg total protein of cell lysate)

Fibroblasts no HEPES + 25 mM HEPES 
(pH 7.4)

Control wt GBA <0.3 <0.3

Control wt GBA <0.3 <0.3

N370S/L444P GBA 1.3 ± 0.4 4.2 ± 1.2

N370S/L444P GBA 0.9 ± 0.3 3.3 ± 0.6

N370 S/N370S GBA 0.7 ± 0.3 1.4 ± 0.5

L444P/L444P GBA 2.5 ± 0.4 2.4 ± 0.8
  

 

Supplemental figure 7. Sucrose induced changes in GCase glycan isoform profile. RAW264.7 
cells were cultured in the presence of 80 mM Sucrose for different amounts of time. Cells were 
harvested and GCase in lysates was visualized by ABP labeling, SDS-PAGE and fluorescence scanning.
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Chapter 3
Localization of active endogenous and exogenous GBA 
by correlative light-electron microscopy in human 
fibroblasts

Manuscript published as:

Van Meel, E., Bos, E., van der Lienden, M. J. C., Overkleeft, H. S., van Kasteren, S. 
I., Koster, A. J. & Aerts, J. M. F. G. Localization of active endogenous and exogenous 
β-glucocerebrosidase by correlative light-electron microscopy in human fibroblasts. 
Traffic 20, 346–356 (2019).
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Abstract

β-Glucocerebrosidase (GBA) is the enzyme that degrades glucosylceramide in lysosomes. 
Defects in GBA that result in overall loss of enzymatic activity give rise to the lysosomal 
storage disorder Gaucher disease, which is characterized by the accumulation of 
glucosylceramide in tissue macrophages. Gaucher disease is currently treated by infusion 
of mannose receptor-targeted recombinant GBA. The recombinant GBA is thought to 
reach the lysosomes of macrophages, based on the impressive clinical response that is 
observed in Gaucher patients (type 1) receiving this enzyme replacement therapy. In this 
study, we used cyclophellitol-derived activity-based probes with a fluorescent reporter 
that irreversibly bind to the catalytic pocket of GBA, to visualize the active enzymes in 
a correlative microscopy approach. The uptake of pre-labeled recombinant enzyme was 
monitored by fluorescence and electron microscopy in human fibroblasts that stably 
expressed the mannose receptor. The endogenous active enzyme was simultaneously 
visualized by in situ labeling with the activity-based probe containing an orthogonal 
fluorophore. This method revealed the efficient delivery of recombinant GBA to lysosomal 
target compartments that contained endogenous active enzyme. 
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Introduction
The lysosomal acid β-glucosidase, β-glucocerebrosidase (GBA, EC 3.2.1.45), is essential to 
the catabolism of glycosphingolipids in lysosomes as it removes the β-D-glucopyranose 
group from glucosylceramide. The enzyme encoded by the GBA gene is synthesized 
as a 497 amino acid protein in the endoplasmic reticulum. While the majority of the 
lysosomal enzymes are modified with the mannose 6-phosphate recognition marker to 
mediate their transport from the biosynthetic pathway to the lysosomes, GBA does not 
contain phosphomannosyl residues.1-3 Instead, GBA is routed via a mannose 6-phosphate 
independent targeting pathway, by binding to the lysosomal membrane protein, 
LIMP II.4 LIMP II interacts with newly synthesized GBA at the site of the endoplasmic 
reticulum. After passage through the Golgi complex, the LIMP II-GBA complex is 
directed to endosomes and lysosomes, likely through a dileucine-based sorting motif in 
its C-terminal cytosolic tail.5,6 The importance of LIMP II is evident as individuals with 
LIMP II deficiency develop progressive myoclonic epilepsy with glomerulosclerosis and 
neurological manifestations, named action myoclonus-renal failure syndrome (AMRF).7,8 
In AMRF, mutations in the SCARB2 gene encoding LIMP II cause the failure of normally 
synthesized GBA to interact with LIMP II. As a result, GBA is secreted from the cells, 
leading to reduced lysosomal levels of the enzyme in various cell types.4,7,9,10

Mutations in GBA result in a prominent loss of GBA in lysosomes and cause the 
autosomal recessive lysosomal storage disorder Gaucher disease.11 Gaucher disease 
is characterized by the accumulation of the substrate glucosylceramide in tissue 
macrophages.12 The clinical manifestations of the disease are remarkably variable, but 
usually include enlargement of the liver and spleen, infiltration of the bone marrow by 
storage macrophages, thrombocytopenia, anemia and bone disease, and can include 
neurological symptoms. Currently approved treatments are substrate reduction therapy 
aiming to reduce substrate buildup in macrophages and enzyme replacement therapy 
(ERT), in which human recombinant GBA (hrGBA) is administered intravenously. To 
mediate uptake by macrophages, hrGBA is modified to expose its mannose moieties, 
which bind to the mannose receptor (Man-R) present at the surface of these cells. 
Endocytosis of the Man-R delivers hrGBA to the endo-lysosomal system. 

The development of activity-based probes (ABPs) that covalently and irreversibly tag 
GBA with high sensitivity and almost complete selectivity has allowed the ultra-sensitive 
visualization of active GBA molecules in vitro and in vivo in cells and organisms.13 These 
cyclophellitol-derived ABPs react with the catalytic nucleophile Glu340 of GBA to form 
an enzyme-substrate complex, linked through an ester bond that is stable under native 
physiological conditions. When applied to the cell culture medium, the ABPs rapidly 
enter the cells, a process that appears independent of endocytosis 13, and bind to the 
intracellular pools of GBA. The presence of a fluorescent reporter allows the detection 
by light microscopy.13 As fluorescence microscopy does not provide information about 
the underlying ultrastructure, in this study a correlative light and electron microscopy 
(CLEM) approach was employed to allow the more detailed localization of active GBA. 
Moreover, the cellular fate of hrGBA following binding to the Man-R was investigated. The 
uptake of ABP-prelabeled hrGBA was monitored while simultaneously visualizing the 
endogenous enzyme by using ABPs with different fluorescent reporters. Light microscopy 
showed co-localization of endocytosed and endogenous GBA, but also distinct punctae 
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for either endocytosed or endogenous enzyme. By CLEM, the endogenous GBA was 
localized to lysosomes, where it showed substantial overlap with endocytosed hrGBA. Of 
note, some lysosomes did not appear to be reached by hrGBA during the course of the 
experiment. In addition, the endocytosed enzyme was detected in earlier compartments 
of the endo-lysosomal system that showed no detectable endogenous GBA. This method 
will be valuable in determining the efficiency of ERT for Gaucher disease and potentially 
other lysosomal storage diseases.

Results
GBA was readily detected in normal human dermal fibroblasts (NHDFs) by fluorescence 
microscopy upon in situ labeling with the ABP, MDW941 (Figure 1), consistent with 
previous observations by our lab.13 Under these conditions, approximately 50% of 
total GBA was labeled, as determined by GBA activity assays. Pre-incubation with 
conduritol B epoxide (CBE) for 16h prior to the in situ labeling with MDW941, which 
should block the active site of all available GBA molecules 14, resulted in no detectable 
signal (Supplemental figure 1), neither was any signal detected upon DMSO or CBE 
incubation in the absence of probe (Supplemental figure  1). These data indicate that 
the fluorescent signal does not represent unbound, endocytosed probe and is specific 
to active GBA. Importantly, in situ labeled GBA showed clear overlap with total GBA 
as detected by confocal immunofluorescence microscopy after staining with antibodies 
to GBA (Figure 1, upper panels, Supplemental figure 2). Significant overlap was also 
detected with the late endosomal/lysosomal marker LAMP-1, although not all LAMP-
1-containing compartments appeared positive for GBA (Figure 1, lower panels, 
Supplemental figure 2). Loading of the late compartments of the endo-lysosomal 
system with the endocytic tracer dextran-FITC (3h pulse, 6h chase), resulted in substantial 
co-localization with MDW941, although not all MDW941 positive punctae contained 
dextran (Supplemental figure 3).
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Figure 1: Active GBA accumulates in late endosomes and lysosomes. In situ labeling of active 
GBA in NHDFs with 5 nM MDW941 for 2h shows a punctate staining pattern (red) by confocal 
fluorescence microscopy. Significant overlap is observed with total GBA (see arrows in insets upper 
panels, green) and the late endosomal/lysosomal marker LAMP-1 (see arrows in insets lower panels, 
green) upon immunostaining with specific antibodies. The arrowheads show LAMP-1 positive 
compartments that contain no detectable levels of MDW941. Nuclei were stained with DAPI (blue). 
Scale bars, 25 μm.

To identify the endo-lysosomal compartments that accumulated active GBA, a 
correlative microscopy approach was applied. First, GBA was in situ labeled as in the 
previous experiments, after which the cells were fixed, gelatin embedded and prepared 
for electron microscopy according to the Tokuyasu technique.15 The ultrathin cryosections 
on grids were first mounted on glass slides with 50% glycerol to allow their imaging by 
confocal microscopy. This revealed the presence of numerous fluorescent punctae per 
cell profile (Figure 2A). Subsequently, the sections were contrasted and embedded with 
uranyl acetate/methylcellulose and imaged with an electron microscope. Overlay of 
the fluorescent images and electron micrographs showed that most of the fluorescent 
signal localized to membrane-bound compartments (Figure 2B, C), while the CBE-
pre-treated and DMSO-treated sections showed no fluorescent signal. The membrane-
bound compartments mainly represented lysosomes, as identified by the presence of the 
characteristic internal membrane sheets and their electron dense appearance (Figure 
2D, E). The earlier compartments of the endo-lysosomal system, the endosomes, 
characterized by their more electron lucent appearance and intraluminal vesicles and the 
absence of internal membrane sheets, occasionally showed low levels of active GBA, but 
in most cases the signal was below the detection limit (Figure 2D, E). These data indicate 
that the majority of the active GBA molecules in fibroblasts reside in the lysosomes. 



80

Chapter 3

Figure 2: Correlative microscopy shows the accumulation of active GBA in lysosomes of 
NHDFs. (A) Confocal fluorescence image of an ultrathin cryosection of NHDFs in situ labeled 
with MDW941 for 2h at 5 nM. The red punctae represent active GBA (MDW941), while the blue 
dots represent fluorescent electron dense beads used for correlation of the images. Scale bar, 10 μm. 
Merged fluorescence and electron microscopy images of boxed areas 1 and 2 are shown in (B) and 
(C), respectively. Scale bars, 3 μm. (D, E). Magnifications of boxed areas in (B) and (C), respectively. 
MDW941 (red), which labels active GBA, is present in lysosomes. E, endosome; L, lysosome; M, 
mitochondrion; PM, plasma membrane; *, bead used for correlation. The white arrowheads indicate 
lysosomes positive for MDW941, recognized by the internal membrane sheets, while the black 
arrowheads indicate endosomes negative for the ABP. Scale bars, D, 250 nm; E, 500 nm.

To allow the efficient internalization of hrGBA by human fibroblasts, cell lines were 
generated that stably express the mannose receptor (Man-R) with a C-terminal V5 tag. In 
this way, the uptake of hrGBA by the modified fibroblasts mimics the mode of uptake by 
tissue macrophages, which express Man-R at their surface. Fibroblasts that were obtained 
from a patient homozygous for the nonsense mutation p.W178X 7 contained no detectable 
levels of LIMP II by Western blotting (Figure 3A). As a result, the intracellular level of 



81

Localization of GCase by CLEM

GBA was significantly reduced. In control fibroblasts, three bands were detected for GBA 
by Western blotting (Figure 3A), i.e. the complex glycosylated form, the ER form and the 
late endosomal/lysosomal form.16 In the LIMP II-/- cells low levels of the ER form were 
detected (Figure 3A) and the intracellular GBA activity was reduced to approximately 5 
± 0.9% of the level in control fibroblasts (Figure 3B). These findings are consistent with 
the absence of the lysosomal targeting receptor LIMP II, which results in the increased 
secretion of GBA by these cells. Lentiviral transduction of both NHDFs and LIMP II-/- 
fibroblasts with MRC1 resulted in the expression of the Man-R as determined by anti-V5 
immunoblotting (Figure 3A) and immunofluorescence microscopy (Supplemental 
figure 4), with the LIMP II-/- cells containing slightly higher expression levels of Man-R 
than the NHDFs.

Figure 3: Man-R expressing fibroblasts endocytose increased amounts of MDW933-labeled 
hrGBA. A. NHDFs and LIMP II-/- fibroblast lysates with or without Man-R with a V5-tag were 
subjected to SDS-PAGE and immunoblotting. No detectable levels of LIMP II are present in the LIMP 
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II-/- cells, while the levels of GBA are significantly reduced (lane 3 and 4). The Man-R is expressed 
in the control and LIMP II-/- fibroblast lines (lane 2 and 4), as detected with an antibody to the V5 
tag. GAPDH shows equal protein loading. B. GBA activity in the various cell lines as determined 
with 4-methylumbelliferyl-coupled specific substrate. The values are averages of 3 independent 
experiments ± standard deviations, with the activity in NHDFs set to 100%. The activity in LIMP II-

/- fibroblast lines is ~5% of NHDFs, while the Man-R expressing NHDFs show a somewhat increased 
activity. * p < 0.01. C. Representative wet slab gel of at least 3 independent experiments shows the 
increased uptake of hrGBA by Man-R expressing NHDFs and LIMP II-/- fibroblasts, as compared 
to the Man-R negative fibroblasts. The addition of mannan reduces the hrGBA uptake to the same 
levels in all four cell lines, likely representing the uptake by non-specific, fluid-phase endocytosis. 1% 
of total MDW933-hrGBA that was added to the culture medium (input) was loaded for comparison. 
β-tubulin shows equal protein loading.

Subsequently, hrGBA was in vitro labeled with MDW933 (an ABP functionalized 
with a green fluorescent BODIPY dye 13) and, after the removal of unreacted ABP 
(Supplemental figure 5), added to the culture medium to follow its uptake in the 
various cell lines. A 6h-incubation with MDW933-hrGBA resulted in the enhanced 
internalization of hrGBA by fibroblasts that expressed the Man-R, both NHDFs and LIMP 
II-/-, as compared to those that did not express the receptor (Figure 3C). Somewhat higher 
levels of hrGBA were observed in the LIMP II-/- cells as compared to the NHDFs, which 
is likely due to the higher levels of Man-R present in the former, resulting in increased 
uptake. Competition with mannan, to block the Man-R, reduced the uptake to the same 
level in all cell lines. This level likely reflects the uptake by fluid-phase endocytosis. The 
effect of mannan that was observed in NHDFs and LIMP II-/- fibroblasts that did not 
overexpress the Man-R might be caused by the block of another lectin responsible for 
hrGBA internalization, as these cells are unlikely to express the Man-R endogenously. 

To visualize the delivery of hrGBA to the intracellular target compartments and find 
out whether it reaches the lysosomes that contain active GBA, MDW933-labeled hrGBA 
was applied to the culture medium of the four different cell lines, while endogenous GBA 
was labeled simultaneously with MDW941. Analysis by SDS-PAGE showed labeling of the 
endogenous enzyme with the red probe in NHDFs, identified as two bands representing 
the complex glycosylated and lysosomal forms of GBA (Figure 4). In LIMP II-/- fibroblasts 
the GBA levels were in most instances too low to be detected by this method (Figure 
4). Importantly, uptake of MDW933-labeled hrGBA did not result in significant cross-
labeling of the endogenous enzyme due to unreacted MDW933, as only a single band 
was labeled with MDW933, representing hrGBA. In addition, the signal for MDW941 
had a similar intensity in the lanes with or without MDW933-hrGBA. Likewise, no cross-
labeling of internalized hrGBA with MDW941 appeared to occur. 
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Figure 4. Simultaneous uptake of ABP-labeled hrGBA and labeling of the active endogenous 
enzyme. The four different fibroblast cell lines were allowed to take up 2 μg/mL MDW933-hrGBA 
for 6h, while endogenous GBA was in situ labeled during the final 2h with MDW941. A representative 
wet slab gel shows endocytosed hrGBA (upper panel, scanned green channel MDW933) and labeled 
endogenous GBA (middle panel, scanned red channel MDW941). The lower panel shows the overlay 
of the two channels. While endogenous GBA is readily detected in NHDFs, the signal is too low in 
LIMP II-/- fibroblasts. β-tubulin shows equal protein loading.

Subsequently, the same experimental set-up was used in confocal fluorescence 
microscopy. The Man-R expressing cells represented a heterogeneous population, as 
they expressed varying levels of receptor. While the signal for MDW933-labeled hrGBA 
was below the detection level in all cells without Man-R, a punctate staining pattern 
was observed in NHDFs that expressed sufficient levels of Man-R (Figure 5, upper 
panels). These punctae significantly overlapped with endogenous GBA as visualized with 
MDW941, suggesting the delivery of hrGBA to lysosomes. However, some punctae were 
mainly positive for either hrGBA or endogenous GBA (see insets Figure 5, Supplemental 
figure 2). A similar result was observed in NHDFs that were immunostained for LAMP-
1 after the 6h-uptake with hrGBA (Supplemental figure 6). There was a significant 
overlap of hrGBA and LAMP-1, in addition to LAMP-1-positive compartments that did 
not contain detectable levels of hrGBA. Importantly, no signal for MDW933-hrGBA could 
be visualized after uptake in the presence of mannan, which further suggests that no 
cross-labeling of endogenous GBA occurred with MDW933. As expected, endogenous 
GBA failed to be detected in the LIMP II-/- fibroblasts (Figure 5, middle panels). However, 
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uptake of MDW933-labeled hrGBA resulted in a punctate pattern that showed partial 
overlap with LAMP-1 (Figure 5, lower panels, see insets, Supplemental figure 2). These 
data suggest that hrGBA is delivered to late endosomes/lysosomes in the absence of 
LIMP II.

Figure 5: Endocytosed hrGBA partially co-localizes with active GBA and LAMP-1. Confocal 
fluorescence microscopy of NHDFs and LIMP II-/- fibroblasts expressing the Man-R after a 6h uptake 
of 2 μg/mL MDW933-hrGBA (green) and 2h in situ labeling of endogenous GBA (red) with 5 nM 
MDW941 (upper and middle panels) or immunofluorescent staining of LAMP-1 (red, lower panels; 
see also Supplemental figure 4 for LAMP-1 staining in NHDFs). Substantial co-localization was 
observed in NHDFs between endocytosed hrGBA and endogenous GBA (see arrows in inset upper 
panels). In LIMP II-/- fibroblasts, the endocytosed enzyme reached a portion of the LAMP-1 positive 
compartments (arrows in inset lower panels). The arrowheads indicate compartments positive for 
either endocytosed hrGBA or endogenous GBA/LAMP-1. Scale bars, 10 μm.

With CLEM the nature of the various fluorescent punctae could be identified. As the 
uptake of labeled hrGBA was continuous for 6h, we anticipated that the hrGBA-containing 
punctae would represent both early and late compartments of the endo-lysosomal system. 
Consistent with this prediction, hrGBA was present in endosomes, as well as in lysosomes 
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(Figure 6A-D). Significant overlap was observed between endocytosed and endogenous 
GBA in lysosomes (Figure 6E). Interestingly, some lysosomes appeared to be negative for 
endocytosed hrGBA (Figure 6E). In agreement with the previous data, no endogenous 
GBA was detected by CLEM in the LIMP II-/- fibroblasts. However, endocytosed hrGBA 
was delivered to the endosomes and lysosomes (Figure 7), suggesting that the absence of 
LIMP II does not have a major effect on the lysosomal delivery of GBA upon endocytosis. 

Figure 6: hrGBA is delivered to GBA-containing lysosomes in NHDFs as determined by 
CLEM. (A-E). Overlay of electron micrograph and confocal fluorescence image of an ultrathin 
cryosection of NHDFs expressing the Man-R. The cells were allowed to take up MDW933-labeled 
hrGBA (green) for 6h, while endogenous GBA was labeled by adding MDW941 to the culture medium 
at a concentration of 5 nM for 2h (red). Nuclei were stained with DAPI (blue). Scale bar in A, 1 
μm. (B-D). Magnification of boxed area 1 from A. E, endosome; L, lysosome. The arrow indicates 
an endosome that contains endocytosed hrGBA (green). The lysosomes contain both endocytosed 
hrGBA and endogenous enzyme (red). (E). Magnification of boxed area 2 from A showing lysosomes 
with both endocytosed hrGBA (green) and endogenous GBA (red). One lysosome (arrow) contains 
mainly the endogenous enzyme. M, mitochondrion; PM, plasma membrane. Scale bar, 500 nm. 

Discussion

In this study we have presented a correlative microscopy technique that combines the 
use of ABPs, for the detection of active lysosomal enzyme by fluorescence microscopy, 
with electron microscopy. This allows the visualization of the positive structures at high 
resolution. The cyclophellitol-derived ABPs that irreversibly bind to the active site of the 
lysosomal β-glucosidase GBA, readily penetrate through the cellular membranes, which 
provides the great benefit that they can be applied to living cells.13 In our approach, in situ 
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labeling of human fibroblasts with ABP, equipped with a fluorescent tag, was followed by 
fixation and sample preparation according to the Tokuyasu technique.15,17 The ultrathin 
cryosections were directly imaged for their fluorescent signal by confocal microscopy, 
without the need of on-section labeling reactions that could increase background signals 
or influence the sensitivity of detection. The subsequent imaging by electron microscopy 
provides a relatively straightforward technique to localize the active enzyme to distinct 
subcellular compartments. 

Figure 7: hrGBA is delivered to lysosomes in LIMP II-/- fibroblasts as determined by CLEM. 
(A, B). Overlay of electron micrograph and confocal fluorescent image of an ultrathin cryosection 
showing LIMP II-/- fibroblasts + Man-R, after a 6h-uptake of MDW933-labeled hrGBA (green) and 
in situ labeling of endogenous GBA (red, not detected). Nuclei were stained with DAPI (blue). Both 
endosomes (E) and lysosomes (L) are positive for hrGBA, however, not all of them are reached 
(arrows). M, mitochondrion; *, bead used for correlation. Scale bars, 500 nm.

This correlative approach to localize GBA resulted in the detection of active enzyme 
mainly in lysosomes. By confocal fluorescence microscopy, the ABP co-localized well 
with our antibody to GBA and was blocked by pre-incubation with the inhibitor CBE, 
showing the specificity of GBA labeling. In addition, the ABP co-localized significantly 
with the lysosomal membrane protein LAMP-1, which is present in late endosomes 
and lysosomes.18,19 By CLEM we were able to determine that the highest levels of active 
GBA were present in lysosomes, based on the morphological characteristics of these 
compartments, while endosomes appeared negative. Thus the LAMP-1-containing, ABP-
negative compartments most likely represent late endosomes with GBA levels below the 
detection limit.
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Subsequently, we aimed to follow the uptake of recombinant GBA and relate it to the 
localization of the endogenous enzyme using two-color CLEM. To this end, hrGBA was 
in vitro labeled with ABP containing a green fluorophore, while the endogenous pool of 
GBA was in situ labeled with a red ABP. By confocal fluorescence microscopy we observed 
a significant overlap of green and red fluorescent signals, while there were also punctae 
positive for either fluorophore. Correlative microscopy showed that the overlapping 
green/red signals localized to lysosomes, while the green dots represented early and late 
endosomes containing hrGBA and the red dots lysosomes that had not been reached 
by endocytosed hrGBA. The observation that many, but not all lysosomes were reached 
by endocytosed hrGBA could be a technicality due to the imaging of sections instead of 
intact cells, or other factors such as the duration of uptake. Alternatively, an interesting 
possibility could be that there are different populations of lysosomes, some more and 
others less accessible by endocytosis.

Altogether, the imaging of GBA with ABPs in this correlative microscopy approach 
resulted in the localization of the enzyme to specific subcellular compartments, 
without the need for additional labeling.20,21 This method could be applied to model 
organisms as well, as these ABPs can be delivered to various tissues upon intravenous 
or intracerebroventricular injection in rodents.13,22 Moreover, correction of lysosomal 
enzyme deficiency by ERT is presently pursued for several other lysosomal storage 
disorders, such as Fabry disease and Pompe disease, which are caused by deficiency of 
lysosomal a-galactosidase A (GLA) and lysosomal a-glucosidase (GAA), respectively.23-25 
As ABPs have already been designed for GLA and GAA 26,27, this method might be applied 
to analyze the targeting of these expensive drugs. Finally, mutations in GBA have recently 
been recognized as a risk factor for multiple myeloma and carriers of one mutant GBA 
allele are more likely to develop Parkinsonism and Lewy body dementia.28,29 Extending 
our knowledge of this enzyme could be instrumental to the understanding of these, and 
possibly other, pathologies.
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Material and Methods

Cell lines
Normal human dermal fibroblasts (NHDFs) were obtained from Lonza and LIMP II-

/- fibroblasts from a patient homozygous for the mutation c.533G>A, resulting in an 
early stop codon at W178.7 All cell lines were maintained in Dulbecco’s Modified Eagle’s 
Medium with 4.5 g/L glucose, sodium pyruvate and sodium bicarbonate (D6546, Sigma), 
supplemented with 10% (v/v) fetal bovine serum, 100,000 units/L penicillin, 100 mg/L 
streptomycin and 2 mM glutamax (Thermo Fisher Scientific Inc.) at 37°C in a 5% CO2 
humidified incubator.

NHDFs or LIMP II-/- fibroblasts stably expressing the mannose receptor (Man-R) 
were generated by lentiviral transduction. Human spleen mRNA was used to amplify 
the human MRC1 (MRC1, NM_002438.3) coding sequence by PCR using the following 
oligonucleotides: sense 5’-GGG GAC AAG TTT GTA CAA AAA AGC AGG CTT CGG TAC 
CAC CAT GAG GCT ACC CCT GC -3’ and antisense 5’-GGG GAC CAC TTT GTA CAA 
GAA AGC TGG GTC GAT GAC CGA GTG TTC ATT CTG -3’. The fragment was cloned 
into pDNOR-221, and subsequently sub-cloned into pLenti6.3/TO/V5-DEST using the 
Gateway system (Invitrogen), generating a C-terminal V5 fusion protein. Due to toxicity 
of the construct in E. coli CopyCutter™ EPI400™ chemically competent E. coli cells were 
used according to the manufacturer’s protocol (Epicentre). The full sequence was verified 
by DNA sequencing.

To produce lentiviral particles, HEK293T cells in 6-well plates were transfected at 
~70% confluency with the envelope and packaging plasmids pMD2.G, pRSV, pMDL-RRE 
and pLENTI6.3-MRC1 at a 1:1 ratio, 3 μg DNA in total, and 9 μg polyethylenimine (PEI 
25K, Polysciences Inc.). The culture medium was replaced 16h after transfection with 
culture medium containing 20 mM HEPES and collected twice after a 24h incubation 
period. The culture medium containing viral particles was passed over a 0.45 μm filter 
and applied to the control and LIMP II-/- fibroblast lines for 8-24h. Transduced cells were 
selected for by incubation with 2.5 μg/mL blasticidin (Sigma) containing culture medium 
for several weeks.

In situ labeling of GBA and fluorescence microscopy
Cells were grown to ~70% confluency on glass coverslips in 12-well plates. GBA was 
in situ labeled by adding MDW941 (‘red’, BODIPY 573/612) to the culture medium at 
a concentration of 5 nM. The cells were incubated for 2h in a humidified incubator at 
37°C with 5% CO2. Pre-incubation with CBE (Enzo Life Sciences Inc.) was performed at a 
concentration of 0.3 mM for 16h. Unlabeled cells were incubated with similar percentages 
(v/v) of DMSO. Uptake with FITC-CM-dextran (MW 70,000, Sigma) was performed at 
a concentration of 1 mg/mL for 3h (pulse). Subsequently, the cells were washed 5 times 
with PBS and incubated in culture medium for 6h (chase). In situ labeling with 5 nM 
MDW941 was performed during the last 2h of the chase.

At the end of the incubations, the cells were washed 3 times with PBS and fixed 
with 4% (w/v) formaldehyde (Sigma)/PBS for 30 minutes at RT. After the fixation, the 
cells were washed with PBS and distilled H2O, after which they were either stained for 
immunofluorescence microscopy or mounted directly on a microscope slide with ProLong 
Diamond antifade reagent containing DAPI (Molecular Probes). Immunofluorescence 
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staining was performed as described.30 Antibodies used were mouse anti-GBA monoclonal 
(8E4, generated in the Aerts lab) at dilution 1:500, rabbit anti-LAMP-1 (Abcam) at 
dilution 1:400, mouse anti-V5 (Invitrogen) at dilution 1:250 and Alexa Fluor conjugated 
IgGs (H+L) donkey anti-mouse Alexa 488 and donkey anti-rabbit Alexa 488 (Invitrogen). 
The cells were imaged under a Leica TCS SP8 confocal microscope with a 63x/1.40 NA HC 
Plan Apo CS2 oil immersion objective and equipped with a hybrid detector (HyD).

In vitro labeling of hrGBA with MDW933
hrGBA (Cerezyme) was a kind gift from Genzyme (Boston, MA). 5 μL hrGBA at a 
concentration of 1 μg/μL was incubated for 16h at 37°C with 40 μL of 150 mM McIlvaine 
buffer pH=5.2, 0.2% (w/v) sodium taurocholate (Calbiochem), 0.1% (v/v) Triton X-100 
and 2 μM MDW933 (‘green’, BODIPY 493/503), while protected from the light. After the 
incubation, an aliquot was kept to confirm that the residual hrGBA activity was reduced 
>99% (see below). The remainder was passed over a protein desalting spin column, 
MWCO 7K (Thermo Scientific) according to the manufacturer’s protocol, to remove any 
unreacted probe (see also Supplemental figure 3).

GBA activity assay
The enzymatic activity of hrGBA preparations or GBA in cell lysates was measured by 
incubating 10-20 μL sample with 100 μL substrate mix, which consisted of 3.75 mM 
4-methylumbelliferyl β-D-glucopyranoside (Glycosynth Limited), 0.2% (w/v) sodium 
taurocholate (Calbiochem), 0.1% (w/v) BSA, 0.1% (v/v) Triton X-100 in 150 mM McIlvaine 
buffer pH=5.2, in a 96-well plate at 37°C. The reactions were stopped with 200 μL 1 M 
glycine-NaOH pH=10.3 and read in an LS55 fluorescence spectrometer (PerkinElmer) at 
λex 366 nm, λem 445 nm.

Uptake of MDW933-labeled hrGBA and in situ labeling of endogenous GBA
All uptake experiments were performed with 2 μg/mL MDW933-labeled hrGBA 
for 6h. When indicated, MDW941 was added during the last 2h of the incubation at 
a concentration of 5 nM. To block uptake of hrGBA by the Man-R, mannan from 
Saccharomyces cerevisiae (Sigma) was added simultaneously at 3 mg/mL. At the end of 
the incubations, the cells were washed 3 times with PBS and either lysed (for the GBA 
activity assay/SDS-PAGE) or fixed for microscopy.

SDS-PAGE and Western blotting
Cells were lysed by the addition of ice-cold lysis buffer, i.e. 25 mM potassium phosphate 
buffer pH=6.5, 0.1% Triton X-100 and a protease inhibitor cocktail (cOmplete, Roche 
Diagnostics GmbH). Total protein concentration in the lysates was determined by the 
BCA protein assay (Pierce BCA protein assay kit, Thermo Fisher Scientific Inc.) in a 96-
well plate format, according to the manufacturer’s protocol. The samples were read in 
an EMax Plus microplate reader (Molecular Devices). Equal protein amounts (5 μg) 
were resolved on 10% polyacrylamide gels and transferred onto 0.2 μm nitrocellulose 
membranes (Amersham, GE Healthcare). Antibodies used were rabbit anti-LIMP II 
(Novus Biologicals), mouse anti-GBA (8E4, generated in the Aerts lab), rabbit anti-
GAPDH (Cell Signaling), mouse anti-V5 (Invitrogen) and rabbit anti-β-tubulin (Cell 
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Signaling) and secondary antibodies used were donkey anti-rabbit Alexa Fluor 647 
IgG (H+L) (Invitrogen), goat anti-mouse IgG (H+L)-HRP conjugate and goat anti-
rabbit IgG (H+L)-HRP conjugate (BioRad). HRP-conjugated antibodies were visualized 
by chemiluminescence (Pierce ECL Plus Western blotting substrate, Thermo Fisher 
Scientific Inc.). The wet slab gels and immunoblots were scanned on a Typhoon FLA 
9500 scanner (GE Healthcare).

Correlative microscopy
NHDFs were grown in 100 mm culture dishes to ~70% confluency. GBA was in situ labeled 
with 5 nM MDW941 for 2h at 37°C, either with or without pre-incubation with 0.3 mM 
CBE for 16h as a control for the specificity of the signal. To check for autofluorescence, 
one dish was incubated for 2h with a similar percentage (v/v) of DMSO. The uptake 
experiments were performed with NHDFs + Man-R and LIMP II-/- fibroblasts + Man-R, 
with 2 μg/mL MDW933-labeled hrGBA for 6h. During the last 2h endogenous GBA was in 
situ labeled with 5 nM MDW941. As a control for the Man-R-specific uptake of MDW933-
hrGBA, the uptake in NHDFs + Man-R, followed by the in situ labeling was performed in 
the presence of 3 mg/mL mannan.

At the end of the incubations, the culture medium was removed and the cells were 
washed 3 times quickly with culture medium at 37°C. Subsequently, the cells were fixed 
with 2% (w/v) formaldehyde + 0.2% glutaraldehyde (Electron Microscopy Sciences) in 0.1 
M PHEM buffer for 2h at RT, while protected from the light. Embedding of the samples 
and cryosectioning was performed as described.15 For correlation purposes, fluospheresTM 
carboxylate-modified microspheres blue (350/440) with a diameter of 100 nm (Thermo 
Fisher Scientific Inc.) were added to the grids, which were coated with a formvar film, 
either before or after collection of the sections by incubating the grids for 2 minutes on 
the beads (1:2000 dilution of 2% solids). Subsequently, the sections were incubated on 
2% gelatin for 30 minutes at 37°C and on 15 mM glycine/PBS for 10 minutes at RT. The 
nuclei were stained with 50 ng/mL DAPI (Sigma)/PBS for 5 minutes. After a quick wash 
with distilled H2O, the ultrathin cryosections on titanium grids (Agar Scientific) were 
mounted on microscope glass slides in 50% glycerol/H2O and imaged under a Leica TCS 
SP8 confocal microscope with a 63x/1.40 NA HC Plan Apo CS2 oil immersion objective. 
Immediately after imaging, the glycerol was removed from the grids by washing in 
distilled H2O. The sections were contrasted with 1.8% methylcellulose/0.6% uranyl 
acetate/H2O at pH=4.8 and analyzed in a FEI Tecnai 12 BioTwin electron microscope at 
120 kV. Correlation of the images was performed using Adobe Photoshop CC 2015.5. 

Labeling specificity in correlative microscopy
The specificity of the green and red fluorescent signals for hrGBA and endogenous GBA, 
respectively, was determined in the following way. First of all, the in vitro labeling reaction 
was optimized to label over 99% of hrGBA, which was confirmed by an enzymatic activity 
assay to result in near absence of hrGBA activity. In this way, cross-labeling of hrGBA 
with red ABP was prevented during the in situ labeling. Consistent herewith, no red ABP 
signal was detected in fibroblasts that lack GBA, due to a mutation in the receptor LIMP 
II, upon endocytosis of labeled hrGBA. Secondly, any unreacted green ABP was removed 
from the preparation before addition to the culture medium. SDS-PAGE analysis showed 
substantial reduction of unreacted ABP. Any remaining unreacted probe was not sufficient 
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to result in detectable cross-labeling of endogenous GBA as determined by SDS-PAGE of 
the cell lysates. Finally, the uptake of ABP-labeled hrGBA in the presence of mannan did 
not result in a detectable green fluorescent signal in the cells by microscopy, indicating 
that the endogenous enzyme was not labeled with green probe.
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Supplemental Figures 

Supplemental figure 1: In situ labeling of NHDFs with MDW941 specifically visualizes 
active GBA. While in situ labeling of active GBA with MDW941 shows a punctate staining pattern 
in NHDFs (left upper panel), pre-incubation with CBE followed by in situ labeling with MDW941 
results in loss of the fluorescent signal (right upper panel). Incubation with DMSO or CBE shows no 
detectable autofluorescence in lysosomes with the same imaging settings (lower panels). Nuclei were 
stained with DAPI. Scale bars, 10 μm.
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Supplemental figure 2: 2D intensity histograms of confocal fluorescence microscopy 
images. The 2D intensity histograms of the merged fluorescence microscopy images from figure 
1 (A) and figure 5 (B) are shown. The histograms were generated with the ImageJ plugin ‘Coloc 2’, 
using Costes threshold regression and 30 Costes randomizations. 
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Supplemental figure 3: MDW941 reaches lysosomes marked with the endocytic tracer 
dextran. Confocal fluorescence images of NHDFs after uptake of FITC-dextran (green) and in situ 
labeling of endogenous GBA with 5 nM MDW941 (red) for 2h. The 3h-uptake with 1 mg/mL dextran-
FITC was followed by a 6h-chase to mark lysosomes. The arrows show examples of co-localization 
of dextran with MDW941. Not all MDW941 positive compartments were reached by dextran. Nuclei 
were stained with DAPI (blue). The 2D intensity histogram of the merged image is shown. Scale bar, 
10 μm.
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Supplemental figure 4: Expression of the Man-R is detected by immunofluorescence 
microscopy. NHDFs and LIMP II-/- fibroblasts + or - Man-R were stained with anti-V5 antibodies 
(green) to detect the presence of the Man-R with a C-terminal V5 tag. As the cells were permeabilized, 
the signal is detected in intracellular compartments by confocal fluorescence microscopy. Nuclei 
were stained with DAPI. Note that no signal is detected in the Man-R negative cells. Scale bars, 25 
μm.
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Supplemental figure 5. In vitro labeling of hrGBA with MDW933 and removal of unbound 
ABP. Representative wet slab gel showing equivalent amounts (lanes ‘2’ contain the double amounts 
of lanes ‘1’) of MDW933 used in the in vitro reaction (lane 1 and 2), MDW933-labeled hrGBA at the 
end of the reaction with residual free ABP (lane 3 and 4) and MDW933-labeled GBA after passage 
over a protein desalting column to remove unreacted MDW933 (lane 5 and 6). Note that MDW933 
runs ahead of the dye front (indicated with the arrowhead) and is greatly reduced in lanes 5 and 6. 
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Supplemental figure 6: Endocytosed hrGBA partially co-localizes with the late endosomal/
lysosomal marker LAMP-1 in NHDFs. Confocal fluorescence images of NHDFs expressing the 
Man-R, after a 6h uptake of MDW933-hrGBA (green) and immunostaining of LAMP-1 (red). The 
arrows in the insets show co-localization of endocytosed GBA and LAMP-1, while the arrowheads 
show punctae that are positive for either MDW933-hrGBA or LAMP-1. Nuclei were stained with DAPI 
(blue). The 2D intensity histogram of the merged image is shown. Scale bar, 10 μm.
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 Abstract

Several diseases are caused by inherited defects in lysosomes, the so-called lysosomal 
storage disorders (LSDs). In some of these LSDs, tissue macrophages transform into 
prominent storage cells, as is the case in Gaucher disease. Here, macrophages become 
the characteristic Gaucher cells filled with lysosomes laden with glucosylceramide, 
because of its impaired enzymatic degradation. Biomarkers of Gaucher cells have been 
actively searched, particularly after the development of costly therapies based on enzyme 
supplementation and substrate reduction. Proteins selectively expressed by storage 
macrophages and secreted into the circulation have been identified, among which 
glycoprotein non metastatic protein B (GPNMB). This review focusses on the emerging 
potential of GPNMB as biomarker of stressed macrophages in LSDs as well as in acquired 
pathologies accompanied by excessive lysosomal substrate load in macrophages.
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Inherited lysosomal storage disorders

LSDs comprise at least fifty distinct disorders, each caused by specific defects in 
the function of the lysosomal apparatus.1,2 In LSDs, primary and secondary metabolites 
accumulate within lysosomes of specific cells, which in turn gives rise to progressive multi-
organ pathologies. In many LSDs, tissue macrophages are among the prominent storage 
cells. Of note, with each particular LSD the clinical manifestation is heterogeneous, 
resulting in neonatal, infantile, juvenile and adult variants. This heterogeneity is 
thought to stem from different primary genetic defects impacting differently on residual 
activity of a lysosomal enzyme.  However, complex interplay between the genetic defect, 
modifier genes, epigenetics and environmental factors seems to further contribute to 
variable clinical manifestation. This is exemplified by Gaucher disease (GD), a relatively 
common LSD.3 GD is caused by an inherited deficiency in the lysosomal β-glucosidase 
glucocerebrosidase (GBA), causing accumulation of its substrate glucosylceramide 
(GlcCer).4 GlcCer is the most simple glycosphingolipid consisting of a glucose linked to the 
lipid moiety ceramide.5 Lysosomal GlcCer storage occurs in GD patients almost exclusively 
in tissue macrophages, thus transforming into Gaucher cells.6 Accumulation of viable 
Gaucher cells in tissues is thought to contribute to characteristic symptoms of adult GD 
patients such as enlargement of liver and spleen, anemia and skeletal deterioration.3,7 The 
overall severity of GD may vary considerably among patients and consequently different 
phenotypic variants are historically distinguished: the colloidon baby with impaired skin 
permeability features incompatible with life outside the womb, the acute (infantile, type 
3) and sub-acute (juvenile, type 2) variants with fatal neurological symptoms and the 
non-neuronopathic (adult, type 1) variant most common in Caucasian populations.3,7 
There is no strict correlation between mutations in GBA and disease manifestation in GD 
patients.8,9 The most striking illustration of this comes from reports on monozygotic GD 
twins with marked discordance in symptoms.10,11 The remarkable poor predictive value 
of GBA genotype for GD phenotype complicates confirmation of diagnosis. Currently, 
clinical assessment of Gaucher patients includes analysis of blood parameters (platelet 
count), examination of inflicted liver and spleen (MRI)/computed tomography (CT), 
skeletal status (MRI/X-ray) and a quality-of-life survey.3,12,13 As described below, the 
demonstration in plasma of biomarkers, i.e. metabolites or proteins specifically secreted 
by the lipid laden macrophages (Gaucher cells), provides an additional tool to confirm 
the diagnosis of GD and may assist the monitoring of progression of disease.14 Such 
biomarkers are also increasingly exploited to assess responses to costly therapies based 
on chronic intravenous supplementation with macrophage-targeted recombinant GBA 
or pharmacological reduction of endogenous GlcCer by oral administration of inhibitors 
of glucosylceramide synthase.7,15

Gaucher cell biomarkers: lipids 

Since the Gaucher cells primarily accumulate GlcCer, plasma glycosphingolipid 
abnormalities in GD patients have received considerable interest. Plasma of symptomatic 
GD-patients was found to show only moderately elevated levels of GlcCer, being associated 
with lipoproteins.16 Likely, the excessive GlcCer in the patient’s plasma does not stem from 
Gaucher cells but rather from hepatocytes. The same may hold for the elevated ganglioside 
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GM3 observed in plasma of GD patients.17 There is consensus that plasma GlcCer has 
no value as GD biomarker. More relevant in this connection is the occurrence of more 
than hundred-fold increased glucosylspingosine (GlcSph) in plasma of GD patients and 
animal models of GBA deficiency.18,19 GlcSph is de-acylated GlcCer lacking the fatty acyl 
moiety. This sphingoid base was demonstrated to be actively formed inside lysosomes by 
the enzyme acid ceramidase acting on accumulating GlcCer.20 Intralysosomally formed 
GlcSph may partly leave cells, and even leave the body via bile and urine. The prominent 
cellular producers of plasma GlcSph in GD patients seem to be visceral Gaucher cells 18, 
however many cell types produce GlcSph during marked GBA deficiency. Indeed,  about 
ten-fold increased plasma GlcSph has been observed in plasma of patients with Action 
Myoclonus Renal Failure syndrome (AMRF).21 This disorder is caused by genetic deficiency 
of lysosome membrane protein 2 (LIMP-2; also called Scavenger Receptor Class B Member 
2 (SCARB2)), the membrane protein involved in transport of newly formed GBA to 
lysosomes.22 GBA is markedly reduced in many cell types of AMRF patients, but actually 
not in their macrophages likely due to some alternative transport mechanism in these 
cells or their ability of re-uptake of faulty secreted GBA by other cells.23 At present plasma 
GlcSph is considered as useful GD biomarker and its measurement is already broadly 
used.18,19,24,25 Of note, sphingoid bases, rather than the corresponding primary storage 
lipids, are also used as markers in other sphingolipid storage disorders.7,26 Examples are 
galactosylsphingosine in Krabbe Disease, globotriaosylsphingosine in Fabry Disease, a 
phosphorylcholinesphingosine (lyso-sphingomyelin 509) in Niemann-Pick type C (NPC) 
and B (NPB).27–29 Convenient and sensitive multiplex measurements of several sphingoid 
bases have been developed and their use may assist in confirmation of diagnosis of several 
sphingolipid storage disorders.30–32 A role of the sphingoid bases in pathophysiology has 
also been hypothesized. For example, it has been proposed that excessive GlcSph may 
play a role in abnormal osteoblast differentiation and thus contribute to osteoporosis in 
GD patients.33 A role of GlcSph as auto-antigen  has been identified, promoting B-cell 
proliferation and the associated risk for multiple myeloma, a common cancer in GD 
patients.34,35 Recently it was reported that chronic administration of GlcSph to mice induces 
organomegalies and hematological abnormalities characteristic of GD.36 Furthermore, 
excessive GlcSph has been proposed to promote alpha-synuclein aggregation.37 This 
may  provide an explanation for the increased risk of individuals with abnormal GBA to 
develop Parkinson’s disease.38 Likewise, excessive globotriaosylsphingosine (lyso-Gb3) in 
Fabry patients is thought to contribute to neuronopathic pain and loss of podocytes.39,40 
It is of interest to point out that apparently a dysfunction in lysosomal catabolism of 
glycosphingolipids leads to metabolic adaptations generating secondary metabolites that 
ultimately may cause specific symptoms beyond the storage cells.41 A recently recognized 
glycolipid abnormality in GD patients concerns glucosylcholesterol (GlcChol).42 It 
appears that glucosylcholesterol is formed in cells by sequential action of the enzymes 
glucosylceramide synthase (GCS) and the transglucosylating non-lysosomal GBA 
variant GBA2.42 Lysosomal glucocerebrosidase (GBA) normally degrades GlcChol, but 
during lysosomal cholesterol accumulation the enzyme forms via transglucosylation of 
cholesterol GlcChol, using GlcCer as glucose donor.42,43 This pathway explains the massive 
increase in GlcChol in liver of mice with NPC, a condition caused by defects in either 
Npc1 or Npc2, proteins involved in the normal efflux of cholesterol from lysosomes.42 
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Currently, biochemical confirmation of the diagnosis of NPC relies on identification of 
cholesterol accumulation in patient derived fibroblasts and measurement of excessive 
plasma oxysterols by advanced mass spectrometry.44,45 Oxysterols are formed in the body 
through enzymatic, and non-enzymatic reactions involving reactive oxygen species 
(ROS). The latter reaction seems to be driving the enhanced levels of oxysterols in NPC.45–

49 Moderate elevation of oxysterol levels is also observed in other cholesterol related 
storage diseases such as atherosclerosis, obesity and diabetes.50–52 The role of GlcChol 
in pathophysiology of NPC still warrants investigation. Of note in this connection, 
pharmacological inhibition or genetic deletion of GBA2 causing marked reduction of 
GlcChol has been found to ameliorate disease manifestations in NPC mice.53 Furthermore, 
N-butyl-1-deoxynojirimycin (Zavesca or Miglustat), an inhibitor of  GCS and GBA2, is an 
approved drug to treat the neurological symptoms of NPC.54–57 

Gaucher cell biomarkers: proteins

Discovery of protein markers of Gaucher cells was prompted by the development 
of enzyme replacement therapy (ERT) for non-neuropathic GD some three decades 
ago by researchers at the National Institutes of Health.58 Brady and colleagues used 
GBA isolated from human placentas being modified in its N-glycans to favor mannose-
receptor mediated uptake by macrophages following intravenous administration.59 This 
macrophage-targeted ERT was found to result in prominent corrections in organomegaly 
and hematological symptoms of GD patients.60 The high costs associated with ERT of 
GD patients limited its application and stimulated research on personalized ERT, i.e.  
the minimal effective dose of recombinant enzyme for each patient.61,62 Novel tools 
to sensitively monitor corrections in Gaucher cell burden of GD patients following 
ERT became urgently needed. Already reported were a number of plasma protein 
abnormalities in Gaucher patients, for example elevated levels of lysozyme, beta-
hexosaminidase, ferritin, tartrate-resistant acid phosphatase (TRAP) and angiotensin-
converting enzyme (ACE), see for a review.63 However, for none of these abnormalities it 
was clear that they are uniquely related to Gaucher cells and not also released by other cell 
types, as for example TRAP by pro-inflammatory macrophages, osteoclasts and dendritic 
cells.64 Subsequent research led to the discovery that Gaucher cells massively produce 
and secrete the enzyme chitotriosidase (CHIT1), causing a stunning average 1000-fold 
elevated plasma level in type 1 GD patients.65 CHIT1 has been subsequently studied in 
great detail.65–74 Importantly, it was found that the enzyme is specifically produced in 
tissue macrophages and neutrophils. In particular Gaucher cells are producers of CHIT1 
that is partly routed to lysosomes and partly secreted.68,71 Improved substrates were next 
developed to accurately monitor CHIT1 levels in plasma of patients.75,76 Plasma CHIT1 has 
been extensively investigated in relation to GD in clinical centers applying ERT. From 
these studies it has become apparent that the reductions in plasma CHIT1 of GD patients 
following ERT have a prognostic value for corrections in organomegaly and the risk for 
long-term complications.77 Of note, elevated plasma CHIT1 is not unique for GD.73 The 
enzyme levels may be increased during various disease conditions, albeit to a much lesser 
extent as in type 1 GD patients.78–80 Many LSDs show modest elevations in plasma CHIT1, 
most notably Fabry Disease and NPC 81–83. Likely, accumulation of materials in lysosomes 
of macrophages induces expression of CHIT1. A major drawback regarding CHIT1 as 
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marker stems from the common occurrence of a duplication in the CHIT1 gene causing 
absence active CHIT1.67 Homozygosity for this mutation occurs relatively frequently, being 
present in about 1 in 20 individuals in most ethnic groups. CHIT1 deficiency also occurs 
with the same frequency among GD patients.67 This stimulated a search for additional 
protein markers of Gaucher cells. It was subsequently discovered that chemokine (C-C 
motif) ligand 18 (CCL18), also called pulmonary and activation- regulated chemokine 
(PARC) is also massively produced and secreted by Gaucher cells, resulting in twenty 
to forty-fold elevated plasma levels.84–86 Corrections in plasma CCL18 and CHIT1 during 
ERT mimic each other closely, illustrating the common source of these markers being 
the Gaucher cell.85 Like CHIT1, CCL18 is also elevated in NPC patients.87–89 Monitoring 
of corrections in plasma CHIT1 and/or CCL18 is not only performed in patients receiving 
ERT for which presently multiple recombinant enzymes are registered.90,91 Corrections of 
Gaucher cell markers are also monitored in GD patients treated by means of substrate 
reduction therapy (SRT). In this alternative therapeutic approach an inhibitor of GCS is 
orally administered to GD patients to reduce the endogenous synthesis of GlcCer and thus 
balance the impaired capacity of lysosomal degradation of the lipid.41 Registered for SRT 
of type 1 GD are at present two GCS inhibitors Miglustat and Eliglustat.92–94; responses in 
CHIT1, CCL18 and GlcSph to the SRT therapies have been analyzed.95 

Emerging marker: GPNMB 

In recent years, the impact of deficiency of GBA is increasingly studied in mouse 
models, either generated by genetic modification or pharmacologically induced with 
GBA inhibitors. The two existing protein biomarkers of storage macrophages in GD 
patients are unfortunately of no use for these murine GD models. In the mouse, CHIT1 
is not expressed by phagocytes due to a different promotor.73 In addition, no rodent 
homologue of CCL18 exists.85 Moran et al. studied differentially expressed transcripts 
in type 1 GD spleen.84 Among the observed overexpressed mRNAs was the one coding 
for glycoprotein non metastatic protein B (GPNMB). GPNMB, was previously shown 
to be induced upon stimulation of monocytes with granulocyte-macrophage colony 
stimulating factor (GM-CSF) as well as with M-CSF.96 Much later, Kramer and colleagues 
observed in their analysis of the proteome of normal and GD spleens marked increases 
in GPNMB in patients tissues.97 Isolation of Gaucher cells by laser-capture revealed the 
massive presence of the protein in Gaucher cells. Moreover, release of a soluble fragment 
of GPNMB was observed, explaining the up to several hundred fold elevated levels in 
plasma of GD patients as can be detected by ELISA.97 Furthermore, it became apparent 
that also GBA-deficient mice in the hematopoietic lineage that form Gaucher cells show 
elevated GPNMB.98 Treatment of such mice by substrate reduction therapy as well as 
lentiviral gene therapy leads to prominent corrections in GPNMB in key organs.97–99 
Independently, other researchers noted in other non-neuronopathic GD mouse models 
increased expression of GPNMB.33,100 Zigdon and co-workers reported elevated GPNMB  
in cerebrospinal fluid (CSF) of type 3 GD patients and a pharmacological neuronopathic 
GD mouse model.101 In a larger GD cohort, the applicability of GPNMB as biomarker was 
carefully examined.102 This study revealed a correlation between serum GPNMB levels 
and disease severity.102

Macrophage storage, reflected by a foamy cell appearance, is also observed in NPC. 
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Interestingly, in NPC mouse models it was demonstrated that these macrophages (Iba1+ 
cells) showed high GPNMB protein levels in spleen, liver and brain.103 These observations 
extend on the earlier reported gene expression elevations in the same tissues in NPC 
mouse models.104,105 Furthermore, GPNMB was found to be elevated in human NPC 
plasma samples, correlating with CHIT1 levels.103 In summary, like CHIT1, GPNMB is 
strongly associated with lipid laden macrophages. Unlike CHI1, GPNMB, is also elevated 
in mouse models of GD and NPC and can thus be used as a cross-species foam cell marker 
that could be instrumental in monitoring disease burden in LSD.33,103 

GPNMB: properties

Human GPNMB is a type 1 transmembrane glycoprotein that, as the result of 
alternative splicing, occurs as two polypeptide isoforms, one of 572 amino acids and a 
shorter of 560 amino acids.106,107 The protein is encoded by the GPNMB gene at locus 7p15. 
Murine GPNMB shares 71% sequence homology with the human orthologue and is slightly 
smaller (574 amino acids).108,109 GPNMB is highly glycosylated: there are twelve putative 
glycosylation sites in the predicted extracellular part of human protein and eleven in that 
of the murine orthologue. Several domains in the GPNMB protein have been identified, 
including an integrin-recognition (RGD) motif and a polycystic kidney disease (PKD)/
Chitinase domain in the extracellular part and an immunoreceptor tyrosine-based 
activation-like motif (ITAM-like; YxxI) and a lysosomal targeting (dileucine) motif in the 
intracellular part (Figure 1). Extensive N-glycosylation of GPNMB increases its molecular 
mass to about 120 kDa.110 After traversing the Golgi apparatus, GPNMB is directed to the 
cell membrane. At the cell surface, a soluble fragment may be proteolytically released by 
ADAM-10. Alternatively, GPNMB may be internalized to intracellular vesicles through 
phagocytosis/endocytosis.111–114   

GPNMB was originally discovered in a melanoma cell line.115 and occurs in various 
tissues and cell types. It has relatively high expression in retina and skin, followed by 
adipose tissue, bone marrow, lung, cervix and immune system, and to lesser extent liver 
and muscle.116 Several cell types are reported to express GPNMB: these include phagocytes 
(dendritic cells and macrophages), osteoclasts and melanocytes.109,117–119 In addition, well 
documented is expression of GPNM in melanoma cells as well as other types of cancer 
cells (reviewed in 111). 
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Figure 1. Schematic overview of Gpnmb protein. SS, signal sequence; RGD, RGD tripeptide; PKD, 
Polycystic kidney disease domain; a.a., amino acid; ADAM, a disintegrin and metalloproteinase; 
ITAM, immunoreceptor tyrosine-based activation like motif; TM, transmembrane domain.

As addressed in more detail below, GPNMB has been associated with endosomal/
lysosomal structures in phagocytes overexpressing the protein during specific stress 
conditions.113,117,119 In melanocytes, GPNMB is also targeted to a lysosome-like organelle, 
the membrane of melanosomes. This particular targeting in melanocytes relies on 
C-terminal motives in the cytoplasmic tail, shared with the homologous protein 
premelanosome protein 17 (PMEL17).114,121 GPNMB is important in melanosome formation 
as is reflected by defective formation of pigment by iris pigment epithelium in a mouse 
strain (DBA/2J (D2)) with a truncated version of Gpnmb.122–124 In humans, a truncated 
version of GPNMB is associated with hyper- and hypopigmentation of the skin in an 
autosomal recessive variant of Amyloidosis cutis dyschromica (ACD).125 Unlike its 
homologue PMEL17, GPNMB expression is not restricted to melanocytes. GPNMB has 
received multiple names. Within the context of bone marrow cells, human GPNMB was 
initially called Hematopoietic growth factor inducible neurokinin-1 type (HGFIN).126 In 
mouse, GPNMB was independently identified in dentritic (Langerhans) cells and was 
named DC-associated, HSPG-dependent integrin ligand (DC-HIL).109 This variant shared 
88.3% homology to its rat homologue, named osteoactivin.127 GPNMB was found to be 
upregulated upon differentiation of monocytes into dendritic cells (DCs), macrophages 
and osteoclasts.109,117–119 

An established regulator of GPNMB expression is melanogenesis associated 
transcription factor (MITF).119,128–132 Of note, MITF is a member of the MiT/TFE subfamily 
of transcription factors known to regulate expression of proteins involved in autophagy 
and lysosome biogenesis.133–135 Other members of the Mi/TF subfamily are transcription 
factor EB (TFEB), transcription factor E3 (TFE3) and transcription factor EC (TFEC). 
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Homozygosity for many mutations in Mitf alleles gives rise to dysfunctional melanocyte 
differentiation and defective development of retinal pigment epithelium.136 Following  
activation, MITF translocates into the nucleus and binds preferentially to the conserved 
M-box sequence TCATGTG.129,137,138 Recent advances in the field of lysosomes have placed 
the Mi/TFE subfamily at the center of lysosomal homeostasis.133,135,139,140 The transcriptional 
activity of TFEB, MITF and TFE3 can be induced upon pharmacological disruption of 
lysosomal integrity in cultured cells.

Function of GPNMB in myeloid cells

Many studies on the function of GPNMB in myeloid cells have been performed 
with DCs. Upon stimulation with interleukin 10 (IL-10), GPNMB expression is found to 
be induced in DCs through inhibition of phosphoinositide 3-kinase (PI3K)/ RAC-alpha 
serine/threonine-protein kinase (AKT) and subsequent activation of glycogen synthase 
kinase-3-ß (GSK3ß). GSK3ß in turn activates MITF to promote expression of GPNMB.131,141 
DC-expressed, membrane bound GPNMB is found to bind to T-cells, thereby inhibiting 
proliferation of CD4+ and CD8+ T-cells and secretion of IL-2.142 Syndecan-4, an heparan 
sulfate proteoglycan (HSPG) containing membrane protein on activated T-cells, has been 
identified as primary ligand for GPNMB.143–145 Binding of GPNMB to syndecan-4 is thought 
to take place in two steps: initial binding via the extracellular arginylglycylaspartic acid 
(RGD-) domain facilitates PKD-dependent binding.109 Since the RGD-domain is known 
to interact with integrin, GPNMB possibly exerts its adhesive action through activation 
of integrin interactions.109,146–148 Similarly, DC expressed GPNMB has been reported 
to bind to dermatophytic fungi in a heparan sulfate dependent manner.149 Another 
identified binding partner of GPNMB is CD44. Macrophages with anti-inflammatory 
characteristics (M2) show a marked upregulation of GPNMB.150 Upon skin wounding, 
GPNMB derived from infiltrating macrophages was found to promote recruitment of 
MCSs and subsequent wound repair.151 Given the fact that MSCs can differentiate into 
osteoblasts, these studies are in line with findings correlating GPNMB with osteogenesis 
and osteoblast maturation.33,152,153 Lastly, GPNMB was found to bind to calnexin, which 
was suggested to reduce oxidative stress.154

In several studies on tissue damage, an increase in GPNMB has been reported.155–164 
Upon renal and liver tissue damage, upregulation of GPNMB is associated with infiltration 
of macrophages into the damaged tissue.161–164 Interestingly, in a model of reversible liver 
fibrosis, a subset of profibrotic macrophages (Ly6Chi ) undergoes a phenotypic switch into 
macrophages associated with resolution of fibrosis (Ly6Clow )  and concomitantly with 
increased expression of GPNMB.159 The phenotypic switch gives rise to macrophages with 
pro-inflammatory (M1) as well as M2 characteristics and can be triggered by phagocytosis. 
Of note, a study revealed that GPNMB is crucial for clearance of cellular debris by F4/80+ 
macrophages upon repair of ischemia reperfusion injury (IRI) in the murine kidney.113 Li 
et al. showed that GPNMB is associated with LC-3 positive phagocytic vesicles formed 
upon engulfment of apoptotic cells by macrophages.113 Monocyte expressed GPNMB 
seems associated with formation of intracellular vesicles such as (auto-) phagosomes and 
lysosomes.113,117,119 

An M2-phenotype nature of GPNMB positive macrophages is in line with earlier 
work on splenic Gaucher cells.71 Morphologically, the Gaucher cell exhibits a foamy 
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appearance due to dramatic enlargement of the lysosomal compartment, in which lipids 
accumulate in tubular deposits.165 Gaucher cells are M2-like cells.71 and are surrounded 
in tissue lesions by macrophages expressing proinflammatory molecules such as IL-1β or 
monocyte chemoattractant protein 1 (MCP-1).71 Possibly, the latter cells are responsible 
for the elevated levels of the chemokines MIP-1α and MIP-1β in plasma of symptomatic 
Gaucher patients.166 

GPNMB and foam cells in acquired ‘metabolic’ disorders

As indicated earlier, defects in the lysosomal catabolic machinery trigger massive 
induction of GPNMB in macrophages in spleen, liver and brain in GD and NPC.33,97,101,103,104 
Interestingly, when the amount of lipid substrate exceeds the lysosomal capacity in 
macrophages, a foamy appearance and clear induction of GPNMB is observed.132,154,167,168 
Examples are: cholesterol accumulation in atherosclerosis, lipid accumulation in 
macrophages during obesity and myelin accumulation in brain macrophages during 
MS. In a proteome analysis of ascending aortic extracts of rabbits fed a high cholesterol 
diet (HCD), 15-fold elevated GPNMB was detected.169 In LDLR -/- mice fed a HCD a 300-
fold induction of Gpnmb was found in liver, most likely in Kupffer cells.167 Interestingly, 
GPNMB was also found to be increased in human subjects with fatty liver disease. In 
subjects with non-alcoholic steatohepatitis plasma GPNMB levels were significantly 
elevated compared to simple steatosis.154 Studies on rodent models of obesity, leptin-
deficient and high fat diet fed mice, revealed striking induction of GPNMB in obese 
adipose tissue macrophages.132 Again, a high lipid load derived from phagocytosis of 
dysfunctional/apoptotic adipocytes is the likely trigger. In liver, a less pronounced 
induction of GPNMB was detected in Kupffer cells. Consistently, increased lysosomal 
volume occurs in obese adipose macrophages.170 Also in human obese adipose tissue, 
GPNMB expression was found to be increased.132 In post-mortem analyzed human brain 
tissue of MS patients, it was found that GPNMB is increased around the rim of chronic 
active lesions. This rim is characterized by the abundant presence of foamy, lipid-laden, 
macrophages.168 The GPNMB increase was accompanied by an increase in macrophage 
restricted CD68 expression, as well as CHIT and CCL18. Together these data point to 
a role of accumulating lipids like (glyco) sphingolipids and cholesterol as inducers of 
GPNMB. During an LSD flaws in the catabolic machinery in macrophages drive lipid 
accumulation, whereas in acquired metabolic diseases such as atherosclerosis and 
obesity, as well as MS, the lysosomal load of lipids exceeds the catabolic capacity.

In vitro studies support a connection between GPNMB and lysosomal function. 
A variety of lysosomal stressors, including sucrose, chloroquine, bafilomycin, 
concanamycin A, palmitate (but not oleate), induce GPNMB expression in cultured 
RAW264.7 cells.132,171 Upregulation of Gpnmb occurs also  in RAW264.7 macrophages 
upon blocking cholesterol efflux from the lysosome by U18666A, thereby mimicking 
aspects of NPC pathology.103 Impairing lysosomal function in different ways (increasing 
lumenal pH, swelling by accumulation of non-degradable material, excessive lipid load 
and impaired lipid efflux) all induces upregulation of GPNMB. mTORC1 is known to 
mediate regulation of lysosome biogenesis and autophagy via the Mi/TFE transcription 
factors.132,172 Consistently, inhibition of mTORC1 activity with torin 1 induces markedly 
GPNMB.[150] Recently, the buffer HEPES was found to also potently induce GPNMB 
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expression through Mi/TFE members in cultured RAW264.7 cells.171 In this manner the 
presence of HEPES impacts on cellular lysosomal enzyme levels. Therefore, the finding 
highlights the importance of culture conditions (such as presence of HEPES) for diagnosis 
of LSDs with cultured cells.  

Besides being highly expressed in macrophages in LSDs and acquired metabolic 
disorders, GPNMB is also increasingly linked to neuroinflammation.173–175 For example, 
elevated GPNMB in glioma tissue stems largely from reactive glioma-associated 
phagocytosing microglia and macrophages (GAMs).176–179 Data also link GPNMB to 
neurodegeneration, including cerebral ischemia, amyotrophic lateral sclerosis (ALS), 
Alzheimers Disease (AD), Multiple Sclerosis (MS) and Parkinson Disease (PD).180–185 
Increased GPNMB expression has been associated with a particular microglial state 
called the ‘microglial neurodegenerative phenotype’(MGnD), observed in mouse 
models for AD, MS and ALS.186 This phenotype was shown to markedly differ from M1-
differentiated microglia and cells with this phenotype were associated with amyloid-β 
deposits in a murine AD-model.183,186 Strikingly, upon injection of apoptotic neurons in 
the hippocampus and cortex of healthy mice, the MGnD-phenotype could be induced 
through TREM2, a phosphatidylserine sensing protein, and upregulation of apolipoprotein 
E (APOE). Upregulated expression of GPNMB was also found in the substantia nigra 
(SN) of PD-patients.184,185 Moloney et al. could recapitulate this GPNMB-increase in mice 
by blocking GBA activity through systemic conduritol-beta-epoxide administration, 
which suggests a connection between neuronopathic glycosphingolipidoses and 
PD.38,97,103,185,187. In a chemically induced mouse model of PD, CD44 has been proposed to 
function as binding partner of GPNMB in the SN.184 The dopamine-producing neurons 
in the SN produce neuromelanin, causing their pigmentation. Neuromelanin increases 
upon ageing and has been associated with PD. Neuromelanin accumulation may occur 
along with defective trafficking and degradation by the endolysosomal apparatus.188,189 
It is conceivable that GPNMB is upregulated as response to lysosomal stress caused by 
accumulating, undegradable neuromelanin.

It is of interest to consider the advantages and disadvantages of the use of GPNMB as 
marker of lipid laden macrophages, instead of chitotriosidase or CCL18. Firstly, GPNMB 
can be conveniently quantified by ELISA, a methodology accessible to most laboratories. 
Secondly, GPNMB is expressed also by lipid laden macrophages in mice; this is not the 
case for either chitriosidase or CCL18.73,85 A potential disadvantage is the present lack 
of knowledge on possible genetic heterogeneity in (expression of) GPNMB. This may 
not be irrelevant: for example, the CHIT1 gene has common mutations, resulting in no 
protein or enzyme with abnormal catalytic features.67,73 This limits the value of CHIT1 as 
marker of lipid laden macrophages. The selectivity of GPNMB as marker warrants further 
research. It is still unclear to which extent other cell types than lipid-laden macrophages 
may also express and secrete GPNMB during pathological conditions. It seems likely 
that in disease characterized by the presence of lipid laden macrophages abnormalities 
in GPNMB will occur: such candidate diseases include Wolman disease and the more 
benign mature variant, cholesteryl ester storage disorder, both caused by a deficiency in 
lysosomal acid lipase.190 In this disorder chitotriosidase is also markedly elevated.191 
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Conclusion

Lipid laden macrophages may orchestrate pathology, an accepted notion in the field of 
inborn lysosomal storage disorders and more recently also in the field of the metabolic 
syndrome (Figure 2). The development of ERT for specific LSDs has led in the last 
decades to identification of markers of lipid laden macrophages. In LSDs characterized 
by foamy macrophages as storage cells, plasma GPNMB has been shown to accurately 
reflect disease burden. Moreover, GPNMB is also applicable in mouse models of LSDs 
like GD and NPC. GPNMB is also increased in several acquired diseases, such as the 
metabolic syndrome and neurodegeneration. It therefore might be that specific LSDs 
and the latter disease conditions share elements in pathophysiology, in particular the 
involvement of accumulating foamy, lysosomal stressed, macrophages, see Figure 2. 

   
Figure 2. Model for lysosomal dysfunction in LSD, metabolic syndrome, and cultured cells. 
Lysosomal dysfunction could be caused in vivo by deficiencies in lysosomal hydrolases (LSD) or 
chronic excess of nutritional intake (metabolic syndrome). In vitro, lysosomal dysfunction can be 
recapitulated by several compounds that model in vivo systems.

GPNMB is among the highest upregulated proteins in lipid laden macrophages. 
Nevertheless, at present its exact function in the foamy macrophage remains largely 
enigmatic. Important unanswered questions concern the function(s) served by GPNMB, 
either the cellular membrane-bound or (extracellular) soluble isoforms, in lipid laden 
macrophages and beyond. 
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Abstract 

The lysosomal storage disease Niemann Pick type C (NPC) is caused by impaired 
cholesterol efflux from lysosomes which is accompanied by secondary lysosomal 
accumulation of sphingomyelin and glucosylceramide (GlcCer). Similar to Gaucher 
disease (GD) patients deficient in glucocerebrosidase (GCase) degrading GlcCer, NPC 
patients show an elevation in glucosylsphingosine and glucosylated cholesterol. In livers 
of mice lacking the lysosomal cholesterol efflux transporter NPC1, we investigated the 
expression of established biomarkers of lipid-laden macrophages in GD patients, their 
GCase status, and the presence of the cytosol facing glucosylceramidase GBA2 and LIMP2, 
the transporter of newly formed GCase to lysosomes. Livers of 80-week-old Npc1-/- mice 
showed a partial reduction in level of GCase protein and enzymatic activity. In contrast, 
GBA2 levels tended to be reciprocally increased compared to GCase deficiency. In Npc1-

/- liver, increased expression of lysosomal enzymes (cathepsin D, acid ceramidase) was 
observed as well as an increase in markers of lipid-stressed macrophages (GPNMB and 
galectin-3). Immunohistochemistry showed that the latter markers are expressed by lipid 
laden Kupffer cells. An elevation of LIMP2 in Npc1-/- liver was detected by western blotting. 
Unexpectedly, immunohistochemistry revealed a marked overexpression of LIMP2 
specifically in hepatocytes of the Npc1-/- liver. The subcellular distribution of LIMP2 and 
LAMP1 in NPC1-deficient hepatocytes differed, suggesting that LIMP2 not only localizes 
to (endo)lysosomes. The recent recognition that LIMP2 harbours a cholesterol channel 
prompts the speculation that LIMP2 in Npc1-/- hepatocytes mediates export of cholesterol 
into the bile and thus protects the hepatocytes.
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Introduction 

The liver plays a key role in maintaining bodily cholesterol homeostasis. It produces, 
metabolizes, secretes, and endocytoses cholesterol. Following the endocytic uptake by 
hepatocytes and Kupffer cells, cholesterol is exported from their (endo)lysosomes to 
the cytosol. This process is carried out by the lysosomal proteins NPC1 and NPC2.1 The 
latter protein transfers cholesterol from (endo)lysosomal luminal membrane vesicles to 
the lysosomal membrane protein NPC1 that next mediates its efflux from the lysosome. 
Deficiencies in either NPC1 or NPC2 cause Niemann Pick disease type C (NPC), a 
lysosomal storage disorder characterized by lysosomal accumulation of cholesterol that is 
accompanied by increases in other lipids including sphingomyelin and glucosylceramide 
(GlcCer).2 In NPC liver, lysosomal lipid accumulation is more prominent in Kupffer cells 
than hepatocytes.3

The secondary accumulation of GlcCer in NPC liver suggests interaction between 
cholesterol and GlcCer metabolism. Several other findings point to this. For example, the 
activity of glucocerebrosidase (GCase), the lysosomal β-glucosidase degrading GlcCer to 
ceramide, is found to be reduced in NPC.4–6 Indeed, like GCase-deficient GD patients, NPC 
patients show an elevation in glucosylsphingosine (GlcSph).7 GlcSph is also increased in 
tissues and plasma of Npc1-/- mice. GlcSph is formed from excessive lysosomal GlcCer by 
acid ceramidase.8 GCase is also known to act as transglucosidase, generating glucosylated 
cholesterol (GlcChol) during lysosomal cholesterol accumulation.9 Consequently, 
GlcChol is more than fifty-fold elevated in liver of Npc1-/- mice and significantly increased 
in plasma of NPC1-deficient mice and patients.9 Under normal conditions, GlcChol 
is synthesized by the cytosol-facing enzyme GBA2 and is degraded to glucose and 
cholesterol by GCase in lysosomes.10

The enzyme GCase is transported to lysosomes being bound to the membrane protein 
LIMP2.11 Following folding in the endoplasmic reticulum, GCase associates to LIMP2 
and the complex is routed to lysosomes were dissociation is favored by the locally low 
pH.12,13 Recently it has become apparent that LIMP2 contains a putative channel allowing 
transport of cholesterol molecules.14 During deficiency of NPC1, LIMP2 appears to be 
involved in cholesterol efflux from lysosomes.14 This is substantiated by the observation 
that a dual deficiency in NPC1 and LIMP2 results in a more prominent SREBP2-driven 
induction of HMGCoA reductase transcription, a classic readout for impaired cholesterol 
efflux from lysosomes.14 Of note, LIMP2-deficient mice show no marked abnormalities in 
cholesterol homeostasis, suggesting that NPC1 is normally sufficient to govern cholesterol 
efflux from lysosomes.9 

A striking similarity between NPC and GCase-deficiency (GD) is the overexpression 
of specific proteins by lipid-laden macrophages. In GD, GlcCer-laden macrophages 
excessively produce the chitinase chitotriosidase, the chemokine CCL18 and GPNMB.15–19 
In plasma of symptomatic Gaucher patients, chitotriosidase, CCL18 and a soluble 
fragment of GPNMB are spectacularly increased and these abnormalities are exploited 
as biomarkers.20 Increased plasma levels of these biomarkers also occur in NPC.21,22 
Finally, increased metabolism of GlcCer by the cytosol-facing glucosylceramidase GBA2, 
which is observed during GCase deficiency, has also been noted in brain of Npc1-/- mice.10 
Pharmacological inhibition of GBA2 activity with a hydrophobic iminosugar, or GBA2 
gene ablation, remarkably ameliorates neuropathology in Npc1-/- mice and increases their 
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life span.10,23

We examined the status of GCase in the liver of mice lacking the NPC1 protein and 
determined the expression of biomarkers of lipid-laden macrophages. Furthermore, we 
investigated the status of GBA2 and LIMP2. Our study revealed an expected increased 
expression of biomarkers of lipid-stressed macrophages, but it also disclosed remarkable 
upregulation of LIMP2 in hepatocytes.

Results

Structural analysis of Npc1-/- liver
The livers of 80-days-old Npc1-/- mice showed clusters of enlarged macrophages as 
visualized by toluidine blue staining (Figure 1A). Ultrastructural analysis of the tissue 
by transmission electron microscopy (TEM) confirmed the presence in Npc1-/- liver of 
characteristic, vacuole containing storage cells of macrophage origin (Figure 1B). Altered 
ultrastructure was also observed in the case of hepatocytes in the Npc1-/- liver (Figure 1B). 
Of note, the Npc1-/- hepatocytes contained clefts suggestive for deposition of cholesterol 
crystals (Figure 1A & B).24–26

Figure 1. Structural analysis of liver of 80-days-old Npc1+/+ and Npc1-/- mice. (A) Micrographs 
of toluidine blue-stained sections. Scale bar=25µm; M: liver resident macrophage(clusters). (B) 
Transmission electron microscopy (TEM) micrographs of liver resident macrophages (M) and 
hepatocytes (H). Scale bar=5µm. Arrows indicate clefts in hepatocytes of NPC1-/- liver.

Lysosomal GCase and cytosol facing GBA2 in Npc1-/- liver  
The enzymatic activity of GCase in total Npc1-/- liver extract was on average 60% reduced 
(Figure 2A). This reduction is similar to earlier observations made with Npc1-/- brain.10 
Of note, the expression of the Gba1 gene tended to be upregulated in the Npc1-/- liver 
(Figure 2B), which indicates that GCase in the Npc1-/- liver is post-transcriptionally 

A B



131

GCase and LIMP in murine NPC liver

reduced. An activity-based probe, covalently binding to the catalytic nucleophile of 
retaining β-glucosidases, was used to simultaneously visualize active GCase (59-66 
kDa) and GBA2 (110 kDa) enzyme molecules in extracts of the various livers. Although 
considerable interindividual variation was noted for levels of GCase and GBA2 activities 
in livers (Figure 2C), a reduction in GCase was found to correlate with an elevation of 
GBA2 (Figure 2D). 

 
Figure 2. Lysosomal GCase and cytosol facing GBA2 in NPC+/+- and Npc1-/- mouse liver. (A) 
GCase activity was measured in liver lysates of NPC1+/+- and NPC-/--mice with 4MU-β-Glc substrate 
as described in M&M. (B) Real-time (Rt) qPCR RNA analysis on Gba1 and Gba2 gene expression in 
lysates of the same livers. Values represent relative numbers compared to ribosomal gene Rplp0. 
(C) GCase and GBA2 in aliquots of the same lysates were labelled with GCase-specific ABP and 
subsequently visualized by fluorescence scanning after SDS-PAGE. # Npc1+/+: 1, 4, 5, 8, 11, 12; # Npc-/-: 
2, 3, 6, 7, 9, 10, 13, 14. (D) Reciprocal correlation between overall active GCase and GBA2 molecules in 
liver lysates of Npc1+/+- and Npc1-/- mice based on quantification of labelled bands in C.

Response to lysosomal storage in NPC liver 
Npc1-/- mice exhibit a striking degree of storage that is particularly confined to macrophages. 
Lysosome perturbation by storage is usually accompanied by increased lysosomal 
biogenesis and expression of particular markers such as GPNMB.22,27 Employing western 
blotting, a clear increase in GPNMB in Npc1-/- livers was demonstrable (Figure 3A). 
Likewise, the lysosomal membrane protein LAMP1 and galectin-3, a protein associated 
with lysosome stress, were found to be increased as visualized by western blotting. Next, 
the expression of illustrative genes encoding lysosomal proteins was analysed (Figure 
3B). We noted markedly increased expression of the Gpnmb and Lgals3 genes, coding 
for GPNMB and galectin-3. No significant upregulation of expression of the genes 
Lamp1, encoding the lysosomal membrane protein LAMP1 and Atp6v1a, encoding the 
ATPase H+ transporting V1 subunit A, was detected. However, an increased expression of 
Asah1, encoding acid ceramidase, and Ctsd, encoding cathepsin D was observed in the 

A B C
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NPC1-deficient mouse livers. Furthermore, the Npc1-/-  mouse livers showed increased 
expression of genes coding for proteins implicated in inflammation (TNFα, CCL2; Figure 
3C). No clear changes were observed in expression of the Iba1 gene, which encodes for a 
commonly used marker of macrophages (Figure 3C).  

Figure 3. Response to lysosomal storage in NPC liver. (A) Western blot analysis of lysosome 
storage associated proteins in lysates of Npc1+/+- and Npc1-/- mouse liver; Real-time (Rt) qPCR RNA 
analysis of the same livers regarding lysosomal storage associated genes (B) and inflammatory 
genes (C). Values represent relative numbers compared to ribosomal gene Rplp0.

LIMP2 upregulation in Npc1-/- liver but not in cultured cells with pharmacologically induced 
lysosomal cholesterol accumulation 
Analysis of LIMP2 by Western blotting revealed a clear increase in the membrane protein 
in the Npc1-/- livers (Figure 4A). Next, we employed U18666A, an agent causing lysosomal 
cholesterol accumulation. No change in morphology was detected in HEPG2 cells treated 
with U18666A (Figure 4B). Treatment of HepG2 cells with U18666A caused a reduction 
in GCase as detected with activity-probe labelling but no change in LIMP2 as detected by 
western blotting (Figure 4C). In other words, the findings with NPC1-deficient liver for 
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LIMP2 were not recapitulated in cultured cells.

Figure 4. LIMP2 in NPC liver and U18666A treated HEPG2 cells. (A) Western blot analysis of 
LIMP2/SCARB2 in lysates of Npc1+/+- and Npc1-/- mouse liver. (B) Phase contrast microscopy pictures 
of HEPG2 cells treated with NPC1-inhibitor U18666A. (C) GCase (GBA) in HEPG2 lysates was labelled 
with GCase-specific ABP and subsequently visualized by fluorescence scanning after SDS-PAGE. 
LIMP2/SCARB2 was analysed by western blotting of the same wet gel slab as described in M&M.

Immunohistochemical analysis of Npc1-/- liver 
To visualize the cellular source of the excessive macrophage marker galectin-3 as well 
as that of the lysosomal protease cathepsin D and LIMP2 in liver of 80 days old Npc1-/- 
mice, immunohistochemistry was applied. Contrary to matched control liver, the Npc1-/- 
tissue showed the presence of lipid-laden macrophages (Kupffer cells, positive for Iba1), 
previously reported to markedly express GPNMB (Figure 5A).22 Galectin-3 and cathepsin 
D staining were found to be also prominent for these storage cells (Figure 5A and B). 
Unexpectedly, the analysis of LIMP2 revealed predominant labelling of hepatocytes in 
the Npc1-/- liver (Figure 5A). The location of LIMP2 in a peribiliary zone in wildtype 
hepatocytes was expanded to a more widespread peripheral distribution in Npc1-/- 
hepatocytes (Figure 5B). The altered distribution of LIMP2 in Npc1-/- liver was confirmed 
by fluorescence microscopy (Figure 5C). Again, LIMP2 staining was prominent in the 
hepatocytes. In contrast, GPNMB and galectin-3 staining was abundant in storage 
macrophages of the Npc1-/- liver (Figure 5C). Of note, the staining pattern for LIMP2 
in hepatocytes differed from that of LAMP1, an integral lysosomal membrane protein 
(Figure 5C).  

A

B
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Figure 5. Immunohistochemistry Npc1-/- liver. (A) ‘Composite’ panels of immunostaining of 
Npc1+/+- and Npc1-/- liver of 80-days-old mice: LIMP2 is depicted in magenta and IBA1, galectin-3 and 

C
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cathepsin D in yellow. Brightfield scans were analysed using spectral imaging; separate images are 
displayed in heat-map intensity scale. Scale bar = 50 µm; (B) Higher magnification of livers from (A): 
LIMP2 is depicted in blue and IBA1 in red. Arrows indicate peribiliary LIMP2 localization in Npc1+/+-
hepatocytes and widespread location along apical and lateral membranes in Npc1-/- hepatocytes. 
Scale bar = 10 µm. (C) Immunofluorescence microscopy of the same livers (images taken with 63x 
magnification):  LIMP2, GPNMB, LAMP1 and galectin-3. Nucleus is depicted in blue. Scale bar = 20 
µm; asterisk indicates (clusters of) storage cells.

Discussion 

Our present study concerns abnormalities in GCase levels in the liver of mice that lack 
the lysosomal transmembrane protein NPC1 and consequently develop Niemann Pick 
disease type C. Earlier investigations already showed that the livers of Npc1-/- mice contain 
increased levels of GlcCer along with cholesterol.7 In parallel, GlcSph is increased in 
the Npc1-/- liver. These studies indicate that local degradation of GlcCer by lysosomal 
GCase is impaired, which is followed by increased de-acylation through lysosomal acid 
ceramidase.8 Moreover, livers of Npc1-/- mice accumulate GlcChol, which points to an 
increased transglucosylation activity of GCase.9 Earlier work also described accumulation 
of GPNMB positive foamy cells in the liver of Npc1-/- mice, resembling Gaucher cells 
during a primary GCase deficiency (Gaucher disease).22 We studied GCase in more detail 
in liver of Npc1-/- mice using activity-based probes that selectively label active enzyme 
molecules. In addition, we employed western blotting, qPCR and immunohistochemistry 
to examine other proteins known to be changed by GCase deficiency. ABP labelling 
confirmed reduction in active GCase content of liver of Npc1-/- mice. Reduction in GCase 
was accompanied by reciprocal increase of active GBA2 molecules in liver lysates of Npc1-

/- mice. Of note, in brain of Npc1-/- mice, an increase in GBA2/GCase ratio was already 
observed previously10 and  genetic ablation or pharmacological inhibition of GBA2 in 
Npc1-/- mice significantly increases life span.10 The reduction of GCase following lysosomal 
cholesterol accumulation was recapitulated in vitro with cultured HEPG2 cells treated 
with a known NPC1 inhibitor, U18666A. Our immunohistochemical investigation of liver 
of Npc1-/- mice confirmed the presence of characteristic storage cells that were positive for 
the macrophage marker Iba1. An increase in GPNMB in livers of 80 weeks old Npc1-/- mice 
was observed on RNA level, and by western blot. The foamy storage cells were found to 
overexpress GPNMB, galectin-3 and cathepsin D.  

Immunohistochemical analysis of the NPC livers unexpectedly revealed a very 
prominent expression of LIMP2 in hepatocytes and not in the lipid-laden storage cells. 
The pattern of LIMP2 staining differed from that of lysosome marker LAMP1 regarding 
subcellular localization. Interestingly, inducing lysosomal cholesterol accumulation in 
HEPG2 cells with U18666A caused no overexpression of LIMP2. These findings show that 
cultured cells do not provide a phenocopy of the polarized hepatocytes in the Npc1-/- liver. 
The striking upregulation of LIMP2 in hepatocytes of the Npc1-/- liver and apparent partial 
non-lysosomal localization is intriguing and warrants further discussion. The morphology 
of NPC1-deficient hepatocytes is not considered to undergo prominent lysosomal 
storage associated changes.3 It could be speculated that the upregulation of LIMP2 is 
instrumental to this. Heybrock et al. recently provided evidence that LIMP2 can assist 
efflux of cholesterol from lysosomes in an NPC1-independent manner. In NPC1-deficient 
cells, SREBP2 (Sterol regulatory element-binding protein 2) mediated transcription is 
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upregulated in response to the reduced cholesterol level in the endoplasmic reticulum 
that results from impaired sterol efflux from lysosomes. The transcription factor SREBP2 
controls cholesterol homeostasis by stimulating transcription of genes encoding proteins 
involved in the biosynthesis of cholesterol.28 A combined deficiency of NPC1 and LIMP2 
was found to increase SREBP2-mediated de novo synthesis of cholesterol, which points to 
LIMP2-mediated cholesterol efflux from lysosomes during NPC1 deficiency.14 Clearly, the 
efflux of cholesterol from lysosomes is primarily mediated by the NPC2/NPC1 pathway 
since individuals deficient in LIMP2 (ko mice and patients suffering from acute myoclonus 
renal failure syndrome, AMRF) show no signs of disturbed cholesterol metabolism.29 If 
overexpression of LIMP2 serves as a compensatory mechanism to NPC1 deficiency, the 
question arises why such response does not seem to take place in the macrophage-like 
cells that transform into lipid storage macrophages. These cells seem to change instead 
by increasing storage capacity through upregulation of their lysosomes.

The apparent partial non-lysosomal location of LIMP2 in Npc1-/- hepatocytes prompts 
the hypothesis that LIMP2 could be additionally involved in the export of cholesterol to 
the bile. In view of this hypothesis, examination of Npc1-/- enterocytes may be of interest. 
It has been recognized for some time that cholesterol is exported from enterocytes into 
the intestinal lumen via so-called TICE (trans-intestinal cholesterol export).30 Possibly, 
LIMP2 could also be a player in this physiologically relevant process of cholesterol export.

In conclusion, the present study on liver of Npc1-/- mice has led to the discovery of a 
prominent upregulation of LIMP2 in hepatocytes. These findings could give impetus to 
studies on compensatory mechanisms in lysosomal storage disorders and the beneficial 
value of these processes. Specifically, characterization of human NPC1-deficient liver and 
the putative role of LIMP2 in cholesterol efflux to the bile warrants further testing. 



137

GCase and LIMP in murine NPC liver

Materials & Methods

Cell Culture Experiments
RAW264.7 cells and HEPG2 cells (American Type Culture Collection, TIB-71 and HB-
8065 resp.) were cultured in DMEM containing 10% fetal calf serum, 1% glutamax and 
0,2% antibiotics (penicillin-streptomycin; all purchased from Thermo Fisher Scientific) 
at 37°C at 5% CO2. NPC1 inhibition was performed using 10 µM U18666 (Sigma-Aldrich).9 

Animals
Mice heterozygous for a spontaneous truncation of the Npc1 gene, BALB/c Nctr-
Npc1m1N/J mice (#003092) were obtained from The Jackson Laboratory (Bar Harbor, 
USA). Males and females of the two strains were crossed in-house to generate Npc1-/-

, and wild-type littermates (Npc1+/+). Mice received a normal chow diet and water ad 
libitum and were housed in a temperature and humidity controlled room with a 12h light/
dark cycle. National and local ethical committee approval was obtained for conducting 
animal experiments and laboratory animal welfare rules were enforced (DBC101698 and 
DBC17AC). In order to anesthetize mice, Hypnorm (0.315 mg/mL phenyl citrate and 10 
mg/mL fluanisone) and Dormicum (5 mg/mL midazolam) was administered according 
to their weight (80 μL per 10g body weight) and subsequent cervical dislocation was 
performed. Organs were dissected and fixed in 4% formalin for immunohistochemical 
analysis or snap-freezed for protein and mRNA analysis. 

Electron microscopy and toluidine blue staining
For transmission electron microscopy (TEM) and toluidine blue staining, fresh liver 
was fixed in paraformaldehyde/glutaraldehyde (Karnovsky’s fixative) and post-fixed 
with 1% osmium tetroxide. The fixed tissue samples were block-stained with 1% uranyl 
acetate, dehydrated in dimethoxypropane, and embedded in epoxyresin LX-112. 0.5 µm-
thick sections were stained with toluidine blue and imaged by brightfield microscopy 
(Leica DM5500B) with an HCX PL APO 63x/1.40-0.60 Oil immersion objective. For 
TEM, ultrathin sections were stained with tannic acid, uranyl acetate, and lead citrate. 
Examination was performed using a Philips CM10 transmission electron microscope 
(Eindhoven, The Netherlands). Images were acquired using a digital transmission EM 
camera (Morada 10-12, Soft Imaging System, RvC, Soest, The Netherlands).

Immunohistochemistry and immunofluorescence
Dissected tissue was fixed in 4% formalin (pH 7.0 by phosphate buffer), and embedded 
in paraffin. Embedded tissue was cut in 4 µm-thick sections, washed in 100% xylene to 
remove paraffin, and washed in 100% ethanol. Rehydration occurred through incubation 
in 96% ethanol, 70% ethanol and milliQ water respectively and heat induced epitope 
retrieval (HIER) was performed at 98°C for 10 minutes in 10 mM citric acid (pH 6). Tissues 
were washed and permeabilized in PBS/0,01% Tween-20 (CAS 9005-64-5, Sigma) and 
incubated with primary antibodies goat-anti-GPNMB (AF2330; R&D Systems, Abingdon, 
UK), rat-anti-galectin-3 clone M3/38 (MABT51, Millipore; pre-blocked with 5% mouse 
serum and centrifuged), rabbit-anti-LAMP1 (ab24170, Abcam) or rabbit-anti-SCARB2 
(NB400-129, Novus Biologicals). Antibodies were diluted in PBS/5% antibody diluent 
(ScyTek Laboratories). In order to prepare immunohistochemistry for spectral imaging, 
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slides stained for SCARB2 were washed and incubated with alkaline phosphatase-
conjugated poly-AP goat anti-rabbit IgG (BrightVision; ImmunoLogic, Klinipath, 
Duiven, The Netherlands). Bound AP was visualized through incubation with AP 
substrate VectorBlue (SK-5300; Vector Laboratories, Burlingame, CA, USA) in presence 
of 0.2 mM levamisole to inhibit endogenous alkaline phosphatase activity. For double 
staining, slides were washed and subjected to a second HIER to inactivate and remove 
existing antibody-antigen bonds while leaving the precipitated chromogen unchanged.31 
Sections were incubated with rabbit anti-IBA1 (019-19741, WAKO Chemicals), rat anti-
galectin-3 clone M3/38 (MABT51) or rabbit anti-cathepsin D (antiserum was prepared in 
our laboratory) and subsequently washed, and incubated with poly-AP goat anti-rabbit 
IgG or goat anti-rat IgG according to their respective primary antibody. Development of 
signal was performed through incubation with VectorRed AP substrate (SK-5100; Vector 
Laboratories) in presence of 0.2 mM levamisole. Sections were mounted with VectaMount 
(Vector Laboratories). Images were obtained by brightfield microscopy (Leica DM5500B) 
with an HC PLAN APO 20x/0.70 or HCX PL APO 63x/1.40-0.60 Oil objective. Nuance 
imaging system (Perkin Elmer, Hopkinton, MA, USA) allowed acquisition of multispectral 
data sets from 420 to 720 nm with 10nm intervals. Single-stained sections were used 
to define the spectral properties of each colour in order to unmix the double staining 
patterns. Construction of composite images was done by Nuance 3.0.2 software, which 
rendered display intensity heat maps for single channels and subsequently allowing a 
colour universal design. With respect to immunofluorescence analysis, aforementioned 
primary antibodies were visualized by secondary donkey antibodies against rabbit or goat 
IgG, conjugated to Alexa FluorTM 647 (Molecular Probes, A31573 and A21447 resp.). For 
detection of galectin-3, goat-anti-rat IgG conjugated to TxR was used (Southern Biotech, 
3052-07). Images were obtained by fluorescence microscopy (Leica DM5500B) with an 
HCX PL APO 63x/1.40-0.60 Oil objective.

Enzyme activity assays 
Protein quantification of cell and tissue homogenates was assessed by bicinchoninic acid 
assay (Thermo Fisher Scientific, 23225). Equal protein amounts were used for enzyme 
activity assays. GCase activity was assayed using 4-methylumbelliferyl (4-MU) substrate 
beta-D-glucopyranoside (44059, Glycosynth) in McIlvaine buffer, pH 5.2, with 0.1% (w/v) 
BSA.32

Activity-based probe analysis 
Where stated, homogenates of tissue and cells were labelled with excess of activity-
based probe (ABP) conjugated to a fluorescent dye as earlier described.33 When GCase 
was labelled in lysates of cultured cells (Figure 4), ultrasensitive labeling of all active 
GCase molecules was performed using 100 nM ABP-ME569 (Cy5, in 0.5-1% DMSO).33 

Incubation was performed for 1h at 37°C. In homogenates of tissue (Figure 2), GCase and 
GBA2 were labelled using a broad specificity ABP for retaining β-exoglucosidases, ABP-
JJB367 (containing Cy5).34 Labelling occurred at 200 nM ABP-JJB367 at pH 5.8 (0,5-1% 
DMSO) for 1h on ice. Samples were denatured and separated by SDS-PAGE. Detection 
of fluorescence in wet gel slabs was performed using a Typhoon FLA 9500 fluorescence 
scanner (GE Healthcare). Far red fluorescence (ME569 and JJB367) was detected using 
λEX 635 nm and λEM ≥ 665 nm. After imaging, gels were either stained by Coomassie 
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G250 for total protein and scanned on ChemiDoc MP imager (Bio-Rad) or used for 
western blotting.33

Western Blot Analysis
Frozen tissue samples and cultured cells were lysed in KPi lysis buffer (25 mM K2HPO4/
KH2PO4, pH 6.5, 0.1% [v:v] Triton X-100) supplemented with protease inhibitors 
(Roche) and sonicated 5x 1 second with 9 minutes interval (amplitude 25%). Equal 
quantities of protein as assessed by bicinchoninic acid assay (Thermo Fisher Scientific, 
23225) were resuspended in Laemmli buffer and denatured at 95°C. Proteins were 
subsequently separated by SDS-PAGE using a 10% acrylamide gel and transferred to 
0,2 µm nitrocellulose membrane (#1704159, Biorad). Blocking of membranes occurred 
in 5% (w:v) bovine serum albumin (Sigma, A1906) solution in PBS/0.1% Tween-20 
(Sigma, P1379) for 1 h at room temperature (RT). Primary antibodies used were targeted 
against GPNMB (AF2330; R&D Systems), LIMP2 (NB400-129, Novus Biologicals), LAMP1 
(ab24170, Abcam) and galectin-3 (MABT51, Millipore). Furthermore, mouse-anti-tubulin 
(Cedarlane, CLT 9002) was used as loading control. Proteins were detected by using 
specific secondary conjugated antibodies (Alexa FluorTM 488/647) (Molecular Probes). 
Detection of immunoblots was performed using a Typhoon FLA 9500 fluorescence 
scanner (GE Healthcare). 

RNA Extraction and Real-time PCR
Total RNA from liver or cell culture was extracted by means of the NucleoSpin II extraction 
kit (Macherey Nagel) according to manufacturer’s protocol. RNA concentrations were 
measured (DeNovix DS-1) and equal amounts of RNA were used for cDNA synthesis 
according to the manufacturer’s protocol (Invitrogen). Real time qPCR was performed 
using Bio-Rad CFX96 Touch™ real-time PCR detection system (Bio-Rad Laboratories). 
Acidic ribosomal phosphoprotein 36B4 expression (Rplp0) was used as reference.
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Abstract

Recent studies suggest an important role for the lysosome in acquired metabolic disorders 
such as obesity. Obese adipose tissue macrophages (ATMs) scavenge lipid-rich debris 
and exhibit marked lysosomal storage and increased lysosomal mass. In line, GPNMB, 
a marker for lysosomal perturbation, is highly elevated in obese ATMs. In this study, 
the role of transcription factors that drive lysosomal biogenesis in macrophages was 
characterized. Interference with lysosomal integrity triggers a cellular response through 
three transcription factors that belong to the microphthalmia-transcription factor 
E (MiT/TFE) family. In cultured RAW264.7 cells TFEB, TFE3 and MITF all contribute 
to lysosomal biogenesis. Ablation of these TFs in ATMs of leptin deficient obese mice 
lowered adiponectin and worsened glucose metabolism. Altogether, we report a complex 
transcriptional regulation of the lysosome in macrophages. Our data suggest an adaptive 
role of lysosomal apparatus in ATMs that reduces the burden of sustained metabolic 
overload. 
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Introduction

The lysosome is an acidic, membrane enclosed organelle that is involved in the degradation 
of macromolecules derived from endocytosis, macropinocytosis and phagocytosis. 
Intracellular cargo enters the lysosome via (macro-) autophagy, a process that facilitates 
removal of dysfunctional organelles and misfolded protein.1

The identification of a transcriptional machinery that drives lysosomal biogenesis 
upon high catabolic demand has put the lysosome at the forefront of metabolic regulation. 
Predominant in this cellular response is considered to be the microphthalmia-transcription 
factor E (MiT/TFE) subfamily of basic helix-loop-helix (bHLH) transcription factors 
(TFs).2 This subfamily of leucine zipper regulatory proteins consists of transcription factor 
EB (TFEB), transcription factor E3 (TFE3), melanogenesis associated transcription factor 
(MITF) and transcription factor EC (TFEC).3 The MiT/TFE subfamily was associated 
with lysosomal biogenesis upon identification of TFEB as primary binding protein to a 
common sequence upstream of lysosomal genes, the so called Coordinated Lysosomal 
Expression and Regulation (CLEAR) element.4 These factors homo- or heterodimerize to 
bind DNA sequences involved in cellular metabolism.5 TFEB and TFE3 are ubiquitously 
expressed, whereas MITF is largely restricted to pigmented cells such as melanocytes and 
retinal epithelium cells, as well as to myeloid cells of the immune system, osteoclasts, and 
stem cells of the hair follicle.3,6. 

TFEB, TFE3 and MITF are subjected to phosphorylation by Mammalian target of 
rapamycin complex 1 (mTORC1), an established master regulator of cell growth that 
resides at the cytosolic side of the lysosomal membrane.7–10 At this position, mTORC1 
functions as a key signaling hub for nutrients and hormonal pathways.11 Under basal, 
nutrient rich conditions, RAG GTPases facilitate lysosomal localization of mTORC1 that 
allows proximity with its activator protein Ras homologue enriched in brain (RHEB). 
Likewise, RAG GTPases and 14-3-3 proteins associate with phosphorylated MITF, TEB 
and TFE3 and sequester them in the cytosol.12–15 With respect to TFEB, a serine residue 
is phosphorylated by active mTORC1.13,16 A homologous serine residue can be found 
on MITF and its phosphorylation was previously shown to be important for cytosolic 
retention by 14-3-3 proteins.17 Inhibition of mTORC1 results in dephosphorylation of 
TFEB and its nuclear localization. This was initially achieved artificially through selective 
inhibition of mTORC1 by a commonly used drug Torin 1, as well as through lysosomal 
amino acid starvation.4,13,18,19 Treatment with conventional lysosomal stressors such as 
the undegradable sugar sucrose or elevation of lysosomal pH by the lysosomotropic 
compound chloroquine, induced a similar nuclear translocation of TFEB, MITF and TFE3. 
Moreover, evidence suggests that TFEB and other TFs exhibit enhanced transcriptional 
activity in diseases that are characterized by a lysosomal defect.4,15,20–22.

Perturbed lysosomal function is also implicated in other biological processes such 
as longevity, and in pathologies like cancer and neurodegeneration.23–26 Among the most 
common acquired metabolic disorders in which lysosomal function has been suggested to 
play an important role is obesity and its associated pathologies classified as the metabolic 
syndrome.27,28 Xu et al. discovered a lysosome driven program of lipid degradation in 
adipose tissue macrophages (ATMs) upon obesity and ultrastructural analysis revealed a 
foamy appearance of obese ATMs.29 In line with this, glycoprotein non metastatic protein 
B (GPNMB), a marker for lysosomal problems in macrophages, is dramatically increased 
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in obese mice and, to a lesser extent, in men.30,31 It was furthermore shown in RAW264.7 
cells that GPNMB expression was induced upon palmitate feeding (not oleate) and 
upon exposure to the lysosomotropic agent chloroquine, an induction that was driven 
by MITF. Moreover, GPNMB was shown to potentiate arginase-1 production upon IL-4 
stimulation, thereby associating GPNMB with an immunomodulatory phenotype.30 The 
immunological status of the adipose tissue is largely influenced by the bidirectional 
communication between adipocytes and macrophages. Macrophages react to adipocyte 
derived factors hormones such as adiponectin, which sensitizes tissues for insulin and 
alleviate toxic lipid accumulation (lipotoxicity) and inflammation.32 This balance is 
disturbed upon obesity. 

Despite the increased understanding of the machinery that orchestrates lysosomal 
adaptation, it remains largely unclear to what extent adaptive lysosomal biogenesis 
contributes to pathology. Here, we test the contribution of MITF, TFEB and TFE3 in 
regulating increased lysosomal demand. Significance of these TFs in obese ATMs was 
characterized through recently developed ATM specific siRNA delivery molecules called 
glucan encapsulated particles (Gerps).33,34 A combinatorial approach was employed, 
targeting the TFs in ATMs simultaneously to highlight the importance of lysosomal 
adaptation within ATMs. 

Results

In vitro analysis of MiT/TFE knockdown in cultured RAW264.7 cells
TFs belonging to the MiT/TFE subfamily are established regulators of lysosomal gene 
transcription, but redundancy and mutual exclusivity are incompletely understood. 
Macrophages express Tfeb, Tfe3 as well as Mitf. To impair lysosomal regulation 
macrophage-like cells, an siRNA-based approach was applied to specifically knock-
down either MITF, TFEB or TFE3 in cultured RAW264.7 cells. Transfection with siRNA 
targeting Mitf in RAW264.7 cells resulted in knock down of Mitf, along with an increase 
in expression of Tfeb and Tfe3 (Figure 1A). In contrast, successful knock down of Tfeb 
did not alter expression of Mitf and Tfe3. Knock-down of Tfe3 resulted in a concomitant 
increase in Mitf, but not Tfeb. At the level of protein, knock-down could be verified 
by western blot (Figure 1B). The use of different oligonucleotide sequences for one of 
the respective targets confirmed a specific effect of the siRNA oligonucleotides used 
(Supplemental figure 1A). Immunohistochemistry provided additional proof for 
reduced protein abundance of respective target genes (Figure 1C). Of note, knock 
down of either MITF, TFEB or TFE3 with or without sucrose supplementation did not 
markedly affect nuclear translocation of the other TFs, suggesting that reduced presence 
of one MiT/TFE-member did not lead to changes in localization of subfamily members 
(Supplemental figure 1B). Subtle changes in MiT/TFE nuclear localization upon knock 
down of homologous TFs however, cannot be ruled out.

In the presence of the mild lysosomal stressor HEPES, a similar pattern with 
respect to Mitf, Tfeb and Tfe3 RNA expression was observed upon each respective knock 
down (Figure 1D). Expression of lysosomal genes Gpnmb, CtsD, Lamp1 and Atp6v1a 
and inflammatory genes Ccl2 and Tnfa were elevated upon HEPES supplementation 
(Supplemental figure 2A) and were unaltered or further increased upon knock down of 
either Mitf, Tfeb or Tfe3 (Figure 1D). This unanticipated increase could be explained by 
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cross regulation. It was therefore decided to use a combinatorial knockdown approach, 
in which two or three transcription factors are knocked down simultaneously. In DMEM 
cultured (basal conditions) RAW264.7 cells, Tfeb showed a more than two-fold induction 
upon simultaneous knock-down of Mitf and Tfe3, whereas Mitf exhibited increased 
expression upon combined knock-down of Tfeb and Tfe3 (Figure 1E). Tfe3 did not 
seem to be subjected to a regulatory feedback in the experimental set up. The changes 
in expression levels of Mitf, Tfeb and Tfe3 remained the same in the presence of HEPES 
(Figure 1F). Next, we analysed the impact of the various knockdown combinations 
on lysosomal genes in the presence of HEPES. A combination of either reduced Mitf 
or Tfe3 with reduced Tfeb showed reduction in the expression of Gpnmb in HEPES 
stimulated cells (Figure 1F). Surprisingly, knock-down of all three transcription factors 
was necessary to induce a significant reduction in CtsD and Atp6v1a. Of note, lysosomal 
and inflammatory genes were altered only to a limited extend under basal conditions 
(Supplemental figure 2B)

Analysis of inflammatory gene expression revealed that simultaneous knock-
down of Tfeb and Tfe3 induced an increase in Ccl2 expression, but not Tnfa expression 
(Supplemental figure 2C). Additional knock-down of Mitf abolished this increase. In 
conclusion, simultaneous knock-down of Mitf, Tfeb and Tfe3 resulted in the most potent 
reduction in target gene expression as measured by Gpnmb, Cathepsin D and Lamp1, 
without triggering upregulation of Ccl2. 
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Figure 1. In vitro analysis of MiT/TFE knockdown in cultured RAW264.7 cells; (A) Real-time 
(Rt) qPCR RNA analysis on Mitf, Tfeb and Tfe3 gene expression in RAW264.7 macrophages subjected 
to siRNA mediated knock down under basal conditions; (B) Western blot analysis of siRNA treated 
RAW264.7 macrophages; (C) Immunohistochemical analysis of siRNA mediated knock down of 
Mitf, Tfeb and Tfe3 in RAW264.7 cells cultured in DMEM and in DMEM supplemented with 80mM 
Sucrose; (D) Rt qPCR expression analysis on Mi/TEF and lysosomal gene expression of HEPES 
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treated RAW264.7 cells upon single MiT/TFE knock-down; Below -> (E) Rt qPCR on target genes of 
Mitf, Tfeb and Tfe3 through combined knock down of Mitf/Tfeb, Mitf/Tfe3, Tfeb/Tfe3 or Mitf/Tfeb/
Tfe3 resp under basal conditions; (F) MiT/TFE and lysosomal gene expression of HEPES treated 
RAW264.7 cells upon combinatorial MiT/TFE knock-down.

Validation Gerp particles in RAW264.7 cells
To investigate the impact of MITF, TFEB and TFE3 in vivo, we optimized a macrophage 
specific siRNA delivery method through yeast derived glucan shells called glucan 
encapsulated particles (Gerps). Through this method we aimed to simultaneously 
knock down Mitf, Tfeb and Tfe3. Firstly, functionalized yeast derived glucan shells were 
prepared to deliver siRNA in RAW264.7 cells according to the described protocol.33,34 In 
cultured RAW264.7 cells, addition of Gerp-siRNA complexes resulted in internalization 
and accumulation of these Gerps inside the macrophage (Figure 2A). RNA expression 
analysis revealed knock-down of all three TFs (Figure 2B). 

E F
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Figure 2. Validation of Gerp-siRNA complex treatment in RAW264.7 cells; (A) Fluorescence 
microscopy of RAW264.7 cells treated with FITC-labelled Gerp-siRNA particles; (B) Rt qPCR analysis 
of MiT/TFE genes in RAW264.7 macrophages subjected to Gerp-siRNA treatment.

Lowering of adiponectin expression in total EWAT upon treatment of obese mice with 
MiT/TFE siRNA Gerp particles
Since accumulating evidence suggests that obese ATMs exhibit increased lysosomal 
content, this methodology was employed to study the contribution of lysosomal 
biogenesis in ATMs to the integrity of adipose tissue and progression of obesity in leptin 
deficient mice (Ob/Ob). FITC-labelled Gerps were loaded with either scrambled siRNA 
or siRNA targeting Mitf, Tfeb and Tfe3 simultaneously. The siRNA-Gerp complexes 
were injected daily into the peritoneal cavity of 9 weeks old leptin deficient mice for 
a period of 14 days. Fluorescence microscopy showed localization of Gerps inside 
CLSs (Figure 3A). Gene expression analysis on whole EWAT revealed that Tfeb and 
Tfe3 tended to be reduced, whereas Mitf expression remained unchanged (Figure 
3B). Although no differential RNA expression of Gpnmb, Ctsd and Atp6v1a could 
be detected, expression of the structural lysosomal protein Lamp1 was significantly 
reduced (Figure 3C). Moreover, no difference in inflammatory status of epididymal 
fat was observed due to treatment, as measured by expression levels of cytokines 
Ccl2, Tnfa and macrophage markers Emr1(F4/80) and Itgax (CD11c) (Figure 3D). 

A
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Figure 3. Characterization of EWAT from Gerp-siRNA treated obese mice; (A) Fluorescence 
microscopy analysis on localization of Gerps in epididymal fat of obese mice treated with siRNA-Gerp 
complexes, inlets show magnified cluster of ATMs, scale bar: 20µm; Rt qPCR analysis of epididymal 
fat on (B) MiT/TFE genes, (C) lysosomal genes, (D) inflammatory genes and (E) adiposity associated 
genes 
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Recent studies on obesity in mice have identified a unique expression profile of ATM 
residing in CLSs that fundamentally differs from the classically activated macrophages.35,36 
These ATMs are characterized by CD9, CD36 and TREM2 expression and are found 
to be specialized in lipid uptake and degradation.36 Upon treatment with MiT/TFE 
targeting siRNA, Trem2 expression was reduced in EWAT, but not CD9 (Figure 3D). 
Characterization of lipid related signalling and scavenging in EWAT revealed a striking 
reduction in expression of the insulin sensitizing adipokine Adipoq (Adiponectin) and 
an increase in the lipid scavenging receptor CD36. Genes encoding the lipoprotein 
interacting protein lipoprotein lipase (Lpl) and the adipocyte specific lipid droplet 
marker cell death-inducing DNA fragmentation factor alpha-like effector A (Cidea) are 
aberrantly expressed upon obesity, but not altered in total EWAT upon Gerp-siRNA 
treatment. 

Since ATM specific targeting was anticipated, CD11b-enriched fractions were 
analysed with respect to the specificity of the Gerp-siRNA treatment, as well as the 
macrophage specific changes. Fluorescence microscopy could readily detect enrichment 
of FITC-labelled Gerps in the CD11b-positive fraction (Figure 4A). Unexpectedly however, 
knock-down of Mitf, Tfeb and Tfe3 was not observed in CD11b+-macrophage fraction 
(Figure 4B), while a trend towards lower expression of Lamp1 was observed (Figure 
4C). Other lysosomal genes did not show to be altered (Figure 4C). Pro-inflammatory 
markers Ccl2, Tnfa were not altered in the CD11b+-fraction (Figure 4D). Since the ATM 
population exhibits high plasticity, we speculated that targeted macrophages acquired a 
different metabolic state and phenotype. The markers of lipid-associated macrophages 
Trem2 and CD36 were not altered (Figure 4D and E). However, CD9, an additional 
marker that identifies macrophages involved in lipid uptake and degradation, was found 
to be significantly reduced (Figure 4D). In line with a potentially altered lipid uptake, 
CD11b specific Lpl expression was similarly reduced upon Gerp treatment targeting Mitf, 
Tfeb and Tfe3 (Figure 4E). 
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Figure 4. Characterization of EWAT obtained CD11b+-fraction from Gerp-siRNA treated 
obese mice; (A) Fluorescence microscopy analysis of CD11b+ fraction of Gerp-siRNA treated obese 
epididymal fat; Rt qPCR analysis of CD11b+ fraction of Gerp-siRNA treated obese epididymal fat 
on (B) MiT/TFE genes, (C) lysosomal genes, (D) inflammatory genes and (E) adiposity associated 
genes.

Treatment of obese mice by Gerp-MiT/TFE siRNA results in worsening of glucose tolerance
RNA expression profiles suggest that ATM specific targeting of MiT/TFE members lowers 
lipid associated markers of macrophages. Furthermore, the expression of the adipokine 
adiponectin is reduced in EWAT, which possibly impacts on systemic insulin sensitivity. 
To further study the impact of the siMiT/TFE-Gerp treatment on progression of obesity, 
metabolic parameters of treated, obese mice were analysed. At start of the treatment, 
metabolic parameters between groups was not different (Supplemental figure 3). 
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Strikingly, glucose tolerance significantly reduced in groups treated with siRNA oligo’s 
targeting MiT/TFE subfamily compared to scrambled siRNA after 14 days of siRNA-
Gerp treatment (Figure 5A and B). Other metabolic parameters such as average weight, 
fat mass percentage were not altered (Figure 5C and D). Moreover, no difference was 
observed in fasting insulin levels and HbA1c (Figure 5 E and F). 

Figure 5. Metabolic characterization of Gerp-siRNA treated obese mice; (A) Area under the 
curves (AUC) of glucose tolerance of two weeks after treatment and (B) their respective curves; 
(C) Average body weight of scrambled treated group and triple knock-down group over 14 days of 
treatment; (D) Percent change in fat mass at 14 days of treatment compared to start; (E) Percentage 
change in Hb1Ac levels compared to start of the experiment; (F) Insulin levels at t=0 and t=14 of  
scrambled and triple siRNA treated groups. 

Discussion

A major factor that currently drives the interest in the lysosome is its ubiquitous role in 
nutrient sensing and coordination of cellular metabolism.4,11 It has nevertheless remained 
enigmatic which of the known drivers of lysosomal biogenesis are redundant or crucial for 
their function. We previously reported transcriptional control by MITF, TFEB and TFE3 
on the expression of several lysosomal genes (Chapter 2). Here, the regulatory profile 
of these TFs was extended by characterizing the individual and combinatorial effect of 
MITF, TEFB and TFE3 on expression of target genes. These data establish a compensatory 
feedback among MITF, TEFB and TFE3 that is dependent on the expression level of 
other members. Upon knock down of Mitf and Tfe3 respectively, increased expression 
of untargeted MiT/TFE members was observed. In the case of Mitf targeted knock 
down, Tfeb and Tfe3 were upregulated. In addition, regulation of target genes exhibited 
differential dependence on MiT/TFE members. Knock-down of Mitf, Tfeb and Tfe3 did 
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not completely abolish lysosomal gene expression, which could be explained by the fact 
that no full knock-down was achieved. This could have allowed for residual transcriptional 
activity of knocked-down proteins. 

Moreover, homologous MiT/TFE subfamily member TFEC is predominantly 
expressed in macrophages and may provide additional clues on the redundancy and 
exclusivity of MiT/TFE members in driving inflammatory and lysosomal gene expression. 
In addition to the homodimerization that occurs upon activation, heterodimerization 
among the MiT/TF factors has been described.3,5 The cell specific presence of each TF, 
as well as the posttranscriptional (splicing) and posttranslational (phosphorylation, 
acetylation) processing, may determine self-regulation and promotor affinity of each 
subtype.13,37,38 Quantitative assessment of dimerization affinity and DNA-binding 
properties may shed light onto their cell-specific action.

Alternatively, presence of other transcription factors could have contributed to 
lysosomal biogenesis in the absence of MiT/TE members, such as MYC, Signal transducer 
and activator of transcription 3 (Stat3) or zinc finger with KRAB and SCAN domains 3 
(Zkscan3).39–42

Intriguingly, combined knock down of Tfeb and Tfe3 increased pro-inflammatory 
Ccl2 gene transcription under basal and HEPES stimulated conditions. When Mitf was 
simultaneously knocked down, no increase Ccl2 expression was observed. The significance 
of these findings remains unclear. Earlier observations by Pastore et al. revealed that 
upon LPS stimulation CCL2 secretion was compromised in a Tfeb/Tfe3 double knock-out 
RAW264.7 model compared to the wild type cell line.43

MiT/TFE regulation has been considered a main driver of lysosomal biogenesis, 
but the implication of this mechanism in tissue resident storage cells has remained 
incompletely understood. Moreover, a distinction between the role of these factors in 
ubiquitous lysosomal maintenance and compensatory (pathological) stimuli is not clear. 
Metabolically activated macrophages have emerged as storage cells that exhibit a unique 
gene expression profile along with increased lysosomal content.29,30,44–47 These cells have 
been shown to fundamentally differ from the classically activated M1-macrophages that 
are assumed responsible for a chronic, low grade inflammatory state in obese individuals. 
Emerging data furthermore suggest that ATMs can serve a protective role within tissue 
by scavenging lipids and modulate inflammation.30,48 The Gerp-siRNA methodology 
provides a unique tool to study the impact of obese ATMs on whole body metabolism 
through transient interference with ATM gene expression.33,34 This way, compensatory 
lysosomal biogenesis in ATMs can be counteracted by interference in transcriptional 
regulation of lysosome genes. By fluorescence microscopy, localization of Gerps in Iba+-
cells in EWAT was confirmed. Moreover, Gerp-positive cells were highly enriched in the 
CD11b+-fraction, which suggests that the delivery method was suitable for specific ATM 
targeting. A trend towards lower expression of target genes Tfeb and Tfe3 was observed 
in the whole EWAT of MiT/TFE-Gerp treated mice, whereas no effect was observed in 
the CD11b+-fraction. Although effectivity and specificity of the technique was extensively 
validated in vitro, we cannot rule out additional technicalities such as limited reach of 
the entire ATM population in the epididymal fat. Recent data shows that during the 
progression towards obesity, murine adipose tissue acquired a Trem2 positive, lipid 
associated subpopulation of macrophages as characterized by single-cell sequencing.36 
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Obese Trem2 knock-out mice manifest with dramatically increased adipocyte size and 
worsening of whole-body metabolism compared to obese wild type mice. Upon 14-
days administration of MiT/TFE-Gerps, Trem2 was found to be significantly lower in 
whole EWAT. Surprisingly, this effect was lost in the CD11b enriched fraction.36,45,46 In 
contrast, CD9, a marker strongly associated with Trem2+ LAM signature, was significantly 
reduced in the CD11b+-fraction, whereas reduction in CD9 expression in whole AT was 
not significant. The presence of distinct macrophage subpopulations could provide an 
explanation to the discrepancies between EWAT and CD11b+-fractions. It is conceivable, 
for example, that the employed CD11b+-enrichment protocol may not have been sensitive 
enough to all ATM-populations, favouring extraction of Trem2- CD11b+-macrophages due 
to either physical properties or protein expression. Since CD9 is less exclusively associated 
with LAMs, a treatment-effect could still be observed in the enriched fraction, while 
variable expression in whole EWAT could dilute this effect. Alternatively, a differential 
uptake of Gerp-particles by different ATM-populations or suboptimal siRNA targeting 
of genes could explain a large variation in certain markers. The lack of treatment-effect 
on Gpnmb expression in EWAT and CD11b+-fraction is unexpected, since it proved the 
most sensitive to MiT/TFE regulation during in vitro validation. Again, the Gerp-siRNA 
particles may have reached only a subset of macrophages, diluting the effect of treatment. 
Expression of the ubiquitous lysosomal membrane protein Lamp1 was however reduced 
in both EWAT and the CD11b+-fraction of Mi/TFE-Gerp treated mice. Taken together, the 
expression analysis revealed a significant reduction in several genes involved in lysosome 
function and lipid handling in EWAT, in the CD11b+-fraction or in both, concomitantly 
with impaired glucose clearance. 

Aouadi et al. previously showed that Gerp-siRNA mediated knock-down of ATM 
derived lipoprotein lipase (LPL), the enzyme involved in de-esterification of lipoprotein 
derived lipids for cellular uptake, resulted in worsening of insulin sensitivity and a 
reduction in foam cell appearance, without exacerbation of the immune response.34 
Similarly, our data reveal an impaired insulin sensitivity upon interference in regulation 
of lysosome genes without apparent change in expression of canonical, pro-inflammatory 
markers Ccl2 and Tnfa. The significant reduction in RNA encoding adiponectin in 
EWAT upon MiT/TFE knock down, an adipokine important in regulating systemic 
glucose metabolism, may therefore indicate that adipose tissue signalling, rather than 
inflammation underlies worsening of glucose sensitivity.49 Adiponectin is exclusively 
produced by adipocytes and acts on many organs as potent insulin sensitizer and reducer 
of lipotoxicity.32 The link between lipid-associated macrophages and the adipose tissue 
however remains incompletely understood.

The current study suggests that reduced MiT/TE driven lysosomal biogenesis in 
obese ATMs causes a concomitant reduction in expression of lipid scavenging proteins, 
perturbed adipose tissue signalling and worsening of systemic glucose sensitivity, 
independent of inflammatory status. It would be of therapeutic value to study mechanisms 
through which lysosome and lipid scavenging capacity of ATMs can be improved. 
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Material and Methods

Animals
Leptin-deficient obese mice (C57BL/6J background) were obtained from Charles River 
(Italy). National and local ethical committee approval was obtained for conducting 
animal experiments and laboratory animal welfare rules were followed (AVD nr 
AVD1060020186607). Mice were kept on a chow diet for the duration of experiments. 
Body weight and food intake were measured weekly prior to start and daily from start of 
experiments on. Lean and fat mass were scanned at day 0, day 7 and day 14 by EchoMRI-100 
analyzer (Echo MRI).

Prepatation of Gerps
Gerp-siRNA complexes were prepared as previously described.50 siRNA was functionalized 
by a 15 minutes incubation of 3 nmol siRNA (Dharmacon) with 50 nmoles Endo-Porter 
(Gene Tools) at room temperature, buffered in a total volume of 20 µl by 30 mM sodium 
acetate pH 4.8. The functionalized siRNA solution was loaded into the glucan shells by 
resuspending 1 mg of FITC labelled glucan shells in the siRNA/endoporter solution, 
vortexed and incubated for 1 h. The siRNA-Gerp complexes were brought to a final 
concentration by PBS, homogenized by sonication and stored at -20°C. 

Gerp-siRNA treatment of obese mice
9-weeks old mice were assigned to a treatment and control group (5 mice per group) 
based on fasting body weight and glucose levels. Daily, mice received intraperitoneal (i.p) 
treatment with one dose Gerp-siRNA up to fourteen days. One dose of prepared Gerps 
contained 0.2 mg of glucan shell, 10 nmol of Endo-Porter (Gene Tools) and 1 nmol of 
siRNA (Qiagen) in PBS (200µl). Organs were collected for assessment of specificity of the 
treatment and for metabolic and immunological profiling.

Monitoring metabolic parameters
Performance of the intraperitoneal glucose tolerance test (IPGTT) was performed by 
injection of 1.5g/kg body weight of a 20% glucose solution in PBS intraperitoneally. Blood 
was collected by tail bleeding at 0, 15, 30, 45, 90 and 120 minutes after injection of the 
glucose bolus to determine plasma glucose using either a portable glucometer or a glucose 
assay. In addition, body weight was determined.

Preparation of Stromal Vascular Fractions and CD11b+ fraction
Dissected epididymal white adipose tissue (EWAT) was minced and Kreb’s buffer (2.4M 
NaCl; 96 mMKCl; 24mM KH2PO4; 24mM MgSO4 in Milli-Q; pH 7.4) was added. An 
equal volume of 2x collagenase I (Sigma) buffer was added and fat pads were incubated 
for 1h at 37°C in a shaking incubator at 60 rpm. The collagenase I was washed by adding 
prewarmed PBS and the suspension was strained through repeated pipetting and filtering 
through a 200uM filter. The suspension was washed and allowed to stand for 10 minutes 
to allow the fat cell to float. The infranatant was collected with a syringe and an 18G 
needle for SVF collection. SVF fraction was centrifuged for 10 minutes at 350G at RT. 
CD11b+-cell isolation was performed through anti-CD11b antibody incubation conjugated 
to magnetic beads (Miltenyi Biotec). MACS columns were used to separate the stromal 



160

Chapter 6

vascular fraction (SVF) from the CD11b+-cell -fraction following the manufacturer’s 
protocol. 

RNA Extraction and Real-time PCR
Total RNA from total Epididymal fat, SVF, and CD11b+ fractions was obtrained through 
TRIzol (Invitrogen) extraction and the NucleoSpin II extraction kit (Macherey Nagel) 
according to manufacturer’s protocol. cDNA was synthesized based on the measured RNA 
concentration (DeNovix DS-1) according to the manufacturer’s protocol (Invitrogen). 
Real time qPCR was performed using Bio-Rad CFX96 Touch™ real-time PCR detection 
system (Bio-Rad Laboratories). Acidic ribosomal phosphoprotein 36B4 expression 
(Rplp0) was used as reference.

Plasma parameters
For plasma preparations, blood samples were collected via tail cut and collected in heparin 
coated capillaries at day 0 and 14 after 4 hours of fasting. Capillaries were centrifuged at 
1500 rpm at 4°C. Plasma was collected and stored at -80°C until assayed. Plasma insulin 
levels were measured by ELISA (Crystal Chem Inc.) Whole blood was separately obtained 
at end of the treatment HbA1c was determined by using a Mouse Glycated Hemoglobin 
Assay Kit according to the manufacturers protocol (Crystal Chem Inc.).

Cell Culture Experiments
The macrophage cell line RAW264.7 (American Type Culture Collection, TIB-71) was 
cultured in DMEM supplemented with 10% fetal calf serum (Thermo Fisher Scientific), 
1% glutamax (Thermo Fisher Scientific) and 0,2% antibiotics (penicillin-streptomycin) 
at 37°C at 5% CO2 in a humidified chamber. In assays employing lysosomal perturbation, 
RAW264.7 cells were subjected to 80mM sucrose (Sigma) or 25mM HEPES (Sigma) for 
at least 24 hours. For siRNA mediated knock down experiments, RAW264.7 cells were 
seeded at a confluency of 3x105 cells/ml and allowed to rest at least 3h before transfection. 
siRNA oligonucleotides were obtained from Qiagen and contained two sequences 
per target for Mitf (Sequence: SI02687692, SI0270963), Tfeb (Sequence: SI01444394, 
SI01444408) and Tfe3 (Sequence: SI01444415, SI05181435) and control (scrambled/SCR) 
siRNA (SI03650318). Cells were harvested 48 hours post-transfection and analysed on 
mRNA and protein expression. 

Immunohistochemistry
EWAT was dehydrated in 70% ethanol overnight upon dissection, fixed in 4% formaline, 
phosphate-buffered at pH 7.0, and subsequently embedded in paraffin. Embedded tissue 
was cut in 4µm-thick sections, which were then deparaffinized by three 100% xylene 
washes and a subsequent 100% ethanol wash. Sections were rehydrated by washing 
subsequently in 96% ethanol, 70% ethanol and miliQ and heat induced epitope retrieval 
(HIER) was performed at 98°C for 10 minutes in 10mM citric acid (pH 6). Next, tissues 
were washed in PBS/0,1% Tween-20 (Sigma) and incubated with the following primary 
antibody rabbit-anti-Iba1 (Wako, 019-19741) diluted in PBS/5% antibody diluent (ScyTek 
Laboratories). Antibodies were visualized by Alexa FluorTM 647 conjugated secondary 
anti rabbit antibody (Molecular Probes, A31573). For detection of transcription factors, 
cultured RAW264.7 on glass coverslips (VWR) were fixed in absolute methanol for 15 
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minutes at -20°C, blocked in 5% normal donkey serum (The Jackson Laboratory) 
diluted in 0.2% Tween/PBS. Cells were incubated with primary antibodies MITF 
(Exalpha BiologicalsInc, X1405M), TFEB (Bethyl Lab Inc, A303-673A) and TFE3 (Sigma, 
HPA023881) for 1h and detected with secondary anti mouse or rabbit Alexa FluorTM 488 
conjugated antibodies (Molecular Probes, A2102 and A21206 resp.). 

Western Blot Analysis
Cultured RAW264.7 cells and tissue samples were lysed in radio immunoprecipitation 
assay (RIPA) buffer (150 mmol/L NaCl, 50 mmol/L Tris-HCl pH 7.4, 2 mmol/L EDTA, 
0.5% deoxycholaat, 1 mmol/L Na3VO4, 20 mmol/L NaF, and 0.5% Triton X-100) containing 
protease and phosphatase inhibitors (Roche) and phenylmethylsulfonyl fluoride (PMSF; 
Sigma). Soluble lysate fraction was obtained by centrifugation at 12,000 x g for 15 minutes 
at 4°C. Protein concentrations were determined using the bicinchoninic acid assay 
(Thermo Fisher Scientific, 23225) and equal quantities of protein were denatured in 
Laemlli buffer at 95°C, separated on a 10% SDS-PAGE, and transferred to nitrocellulose 
(WELKE Biorad). Membranes were blocked in 5% (w:v) bovine serum albumin (Sigma, 
A1906) solution in PBS/0.1% Tween-20 (Sigma, P1379) for 1 h at room temperature (RT), 
and incubated overnight with respective antibodies at 4°C. Primary antibodies used 
MITF, TFEB and TFE3 (see earlier) and detected by using specific secondary conjugated 
antibodies (Alexa FluorTM 488/647) (Molecular Probes). Detection of immunoblots was 
performed using a Typhoon FLA 9500 fluorescence scanner (GE Healthcare)

Statistical Analysis
Values presented in figures represent means ± standard deviation. Statistical analysis of 
expression data on the Gerp-siRNA treated groups was performed by Student t test (two 
tailed). 

IPGTT analysis
With respect to IPGTT analysis, significance was established when p ≤ 0.05 for a given 
difference in area under the curve (AUC) between groups, and the power of the effect is 
80%, tested by a two-way ANOVA for repeated measurements.
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Supplemental Figures

Supplemental figure 1. Validation of siRNA mediated knock down of Mitf, Tfeb and 
Tfe3 on protein level; (A) Verification of specificity target genes by two oligonucleotide 
sequences per gene. (B) Immunocytochemical validation of subcellular localization and 
intensity MiT/TFE members upon single knock down of either Mitf, Tfeb or Tfe3.
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B
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Supplemental figure 2. Gene expression analysis of lysosome related genes upon 
(A) HEPES addition to medium, (B) combinatorial knock down of Mitf, Tfeb and Tfe3 
under (non-stressed) basal conditions; (C; Next page ->) inflammatory gene expression 
analysis during combinatorial knock down of Mitf, Tfeb and Tfe3 and (non-stressed) basal 
conditions 
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B
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Supplemental figure 3. Metabolic parameters of mice at start of experiment; (A) 
Time curve of Intraperitoneal glucose tolerance test (IPGTT) of scrabled siRNA-Gerp 
and siMiT/TFE-Gerp treated group; (B) Area under the curve (AUC) of IPGTT; (C) Blood 
insulin levels 

C
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Historical and renewed interest in lysosomes 

Since the seminal studies by De Duve and co-workers in the late fifties, cells are known 
to contain 100-200 distinct membrane enclosed acid compartments that are named 
lysosomes (‘bodies of cleavage’).1 These organelles are responsible for fragmentation 
of intra- and extracellular macromolecules that enter lysosomes via endocytosis, 
macropinocytosis or autophagy. Fragmentation relies on the catalytic action of hydrolases 
that are assisted by accessory proteins and low luminal pH. The surrounding membrane 
of lysosomes is equipped with transporters that assist in export of degradation products, 
ion-channels and the v-ATPase that maintains the acid pH at the expense of ATP.2 The 
interest in lysosomes was boosted in the sixties by the identification of genetic disorders 
that result in deficiencies in lysosomal hydrolases or supporting proteins.3,4 Since in most 
of these disorders the substrate of the deficient enzyme accumulates, inherited lysosomal 
deficiencies became collectively named as lysosomal storage diseases (LSDs). Presently, 
over 60 LSDs are known and also include genetic defects in non-enzymatic constituents 
of lysosomes such as transporters, activator proteins and other protein factors.5 In the 
case of inherited lysosomal enzymopathies, the corresponding enzymes were purified 
and characterized in the eighties and for most of these LSDs, the deficient gene has 
meanwhile been cloned. These developments revolutionized laboratory diagnosis and 
initiated research on therapies for lysosomal enzymopathies. Instrumental in this regard 
was the gained knowledge of biosynthesis, intracellular sorting and lectin-mediated 
uptake of lysosomal enzymes.6 From the late seventies onwards, attempts were made 
to treat lysosomal enzymopathies by administration of the lacking hydrolase: the 
breakthrough was enzyme replacement therapy (ERT) for type 1 Gaucher disease through 
chronic infusions with a mannose-terminated glucocerebrosidase ensuring lectin-
receptor uptake by tissue macrophages.7 Such ERT was soon copied for other lysosomal 
enzyme deficiencies like Fabry disease and Pompe disease, albeit with limited clinical 
success. In the last two decades alternative therapies for some LSDs have been designed 
based on small compound drugs, e.g. substrate reduction therapy (SRT) and enzyme 
stabilizing chaperone therapies.8,9 At present, vast effort is paid to a variety of gene 
therapy approaches employing viral vectors (conventional gene therapies, RNA therapies 
and siRNA therapies).10,11 Interest in the cellular role of lysosomes was boosted by the 
appreciation of a key role for autophagy in maintenance of cell integrity, culminating 
in the Nobel prize that was recently awarded to Yoshio Oshumi.12 In this millennium 
lysosome research got further, major momentum by the realization that the organelles 
not merely play a role in macromolecule fragmentation but are actively involved in the 
regulation of key cellular processes.13 It was discovered that two key regulatory kinases 
in cells, mTORC1 (master regulator of cell growth and metabolism mechanistic target 
of rapamycin [serine/threonine kinase] complex 1)  and AMPK (AMP-activated protein 
kinase), can be associated with the surface of lysosomes and as such link metabolite 
supply from lysosomes with processes like cell growth and metabolism.13 Moreover, it 
has become apparent that mTORC1 regulates the activity of transcription factors of 
the MiT/TFE (microphthalmia-transcription factor E) family, a group of transcription 
factors that promote the expression of genes encoding lysosomal proteins and autophagy 
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components.14 In this way, supply of metabolites from lysosomes is intricately linked to 
de novo formation of lysosomes, autophagy and endocytosis. Knowledge on membrane 
proteins of lysosomes has been lagging for some time, but their composition on the 
lysosomal membrane surface and their functions is increasingly elucidated.15,16 Similarly, 
regulation of the membrane content of cells has been limitedly understood, but again 
crucially involves lysosomes. Turnover of membranes in cells takes place in lysosomes 
following formation of multi-vesicular bodies generated in endosomes as well through 
delivery via autophagy. By means of fission and fusion, lysosomes and endosomes 
dynamically interact with each other, as well as with the plasma membrane through 
endocytosis and phagocytosis. More recently, the relevance of exocytosis of lysosomes 
has begun to be appreciated.17 In specialized cells, lysosomes fulfil specific functions, 
attracting further attention of researchers. Examples of this are immune cells that 
phagocytose pathogens, antigens, senescent and apoptotic cells as well as osteoclasts 
involved in bone remodelling. In view of their amazingly broad functions lysosomes 
presently receive interest in various fields such as inherited and acquired metabolic 
disorders, infectious diseases, neurodegenerative diseases, cancer, and ageing.18–20

This thesis aims to elucidate several aspects of lysosomes and their outcome is here 
further discussed. 

Chapters 1 and 2 deal with perturbation of lysosome function in general and that 
of lysosomal enzymes in cultured cells. Cultured cells, and fibroblasts in particular, 
have been amply used as the biochemical confirmation of diagnosis of LSDs. In addition, 
they have been employed as models to study the biosynthesis, intracellular transport and 
uptake of lysosomal enzymes. The importance of the acidic lysosomal pH has also been 
elucidated by use of cultured cells. Lysosomotropic weak bases such as methylamine 
and chloroquine were used to increase endosomal and lysosomal pH and thus disrupt 
lysosomal processes in cultured cells. The mannose-6-phosphate receptor mediated 
sorting of newly formed lysosomal enzymes relies on low pH for the release of enzyme 
ligands from the receptors. Consequently, the presence of lysosomotropic weak bases in 
the cell culture medium also interferes with delivery of acid hydrolases to lysosomes.21,22 
The effects of lysosomotropic bases illustrate that lysosomes of cultured cells can be 
markedly influenced by the culture medium composition. 

Chapter 1 addresses the impact of the presence of the zwitterionic buffer HEPES 
in cell culture medium on cultured cells, nowadays a popular addition to stabilize 
medium pH. HEPES as buffer in biological systems was originally described by Good 
and co-workers. It was found to exert little effect on isolated mitochondria and purified 
bacterial enzymes.23 Later studies reported no toxic effects of the presence of HEPES in cell 
culture medium and even noted an increase in growth rate as compared to bicarbonate 
supplemented medium.24 However, as described in chapter 1, the presence of HEPES (25 
mM) in culture medium does significantly influence lysosomes of cells. Since HEPES 
is a potent buffer with a pKa of 7.4, chronic exposure of cells to HEPES likely results 
in elevated lysosomal pH which impairs lysosomal function. A similar phenomenon is 
triggered by chloroquine and the v-ATPase inhibitor bafilomycin. Increased lysosomal pH 
is well known to reduce the activity of numerous lysosomal hydrolases and thus disturb 
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metabolic fluxes in cells.25 In addition, membrane flow in the endolysosomal apparatus is 
impaired by pH changes induced by permeable weak bases and various low pH-dependent 
receptor-mediated endocytic mechanisms are reduced at such conditions.26 It has been 
recently reported that perturbed lysosomal pH induces a rescue mechanism in which 
interaction of the STAT3 (Signal transducer and activator of transcription 3) protein with 
the ATP6V1A subunit of the lysosomal v-ATPase promotes reduction of lysosomal pH. 
Acidification of the cytosol or alkalinization of the lysosomal lumen triggers STAT3 to the 
lysosome, at the expense of STAT3-mediated transcription.27 

Exposure of cells to HEPES induces the translocation of MiT/TFE transcription 
factors, in turn promoting lysosome biogenesis and autophagy. This response likely 
constitutes an attempt to restore the catabolic flux in cells with impaired lysosomes. 
Remarkable is the finding that the MiT/TFE translocation upon HEPES stimulation 
proceeds independently of mTORC1, as phosphorylation of its prime substrates remained 
unaltered in HEPES exposed cells.28 It therefore poses a paradox with respect to mTORC1 
as a master regulator of anabolism.13,29,30 Indeed, MiT/TFE members are reported to be 
activated by several other proteins, including PKC, PKD, GSK3β and phosphatases, and 
further research on cell specificity and redundancy of these pathways in regulating MiT/
TFE members is required.31–35

Chapter 2 illustrates how the lysosomal enzyme glucocerebrosidase (GCase) acts 
as sensitive indicator for disturbances in lysosomes induced by the presence 
of HEPES in the culture medium. GCase fundamentally differs from other soluble 
lysosomal hydrolases: it is not sorted to lysosomes via mannose-6-phosphate receptors, 
but it binds to the membrane protein LIMP2 in the endoplasmic reticulum soon after 
folding. As complex, LIMP2 and GCase are sorted to lysosomes where low local pH 
triggers dissociation. GCase is a glycoprotein containing 4 N-linked glycans that are 
largely converted in the Golgi apparatus from high mannose-structures to sialylated 
complex-type ones. These modifications are reflected by an increase in molecular weight 
of 62 kDa (ER) to 66 kDa (trans-Golgi). Upon delivery into the lysosome, exoglycosidases 
gradually trim the glycans of GCase resulting in stepwise formation of a ‘mature’ 58 kDa 
form of the enzyme. As such, the precise glycan composition of GCase does not influence 
its enzymatic activity.36 Inside the lysosome, GCase is also subjected to proteolytic 
breakdown that is inhibitable by leupeptin. Exposing cultured cells to HEPES markedly 
reduces the maturation of 66 kDa GCase and its proteolytic degradation: accumulation 
of 66 kDa enzyme in less dense organelles occurs under these conditions. This is likely 
caused by a disturbed intralysosomal milieu that inhibits glycosidases and proteases. 
Since GCase turnover in lysosomes is relatively fast, a reduction in its intralysosomal 
degradation as induced by HEPES leads to a marked increase in cellular content on active 
enzyme molecules. This can be visualized with selective activity-based probes for GCase 
(see section below) and the measurement of enzyme activity in cell lysates. In other 
words, cells cultured in the presence of HEPES tend to show higher cellular GCase levels 
than when grown without buffer in the culture medium. This phenomenon is relevant 
for the enzymatic diagnosis of Gaucher disease with cultured cells as source of enzyme. 
A negative impact of the presence of HEPES in the culture medium is also observed for 
other lysosomal hydrolases such as acid alpha-glucosidase and beta-glucuronidase. This 
highlights that caution is warranted when interpreting data on lysosomes of cells that 
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are cultured in the presence of HEPES. Recently, GCase specific substrates have become 
available that can measure enzyme activity inside lysosomes of cultured living cells, 
providing alternative ways to measure GCase activity.37 

Besides accumulating protons, lysosomes also act as store for Ca2+ ions. Lysosomal 
Ca2+ concentration can be as high as 0.5 mM.  Released Ca2+ from lysosomes is postulated to 
act as second messenger that activates calcium dependent cellular processes.38–40 TRPML1 
(Mucolipin TRP channel 1) mediated calcium efflux from lysosomes has been linked to 
activation of the phosphatase calcineurin and subsequent dephosphorylation of TFEB 
(transcription factor EB).41 It is presently unknown whether the presence of HEPES in 
the culture medium impacts on lysosomal Ca2+ concentration besides H+ concentration, 
and whether lysosomal Ca2+ release contributes to mTORC1-independent activation of 
MiT/TFE transcription factors. Lysosomal calcium is also crucially involved in the fusion 
of lysosomes with other organelles, as well as in lysosome exocytosis. SNAREs (Soluble 
N-ethylmaleimide-sensitive factor attachment protein receptors) form a parallel four-
helix bundle called a trans-SNARE complex in a Ca2+-dependent manner. This facilitates 
the merger of opposing membranes and exchange of content.42

Chapter 3 focusses attention to the composition of individual lysosomes in cells. It 
has become clear that cellular lysosomes (>100) are heterogeneous of nature. Individual 
lysosomes in cells move inward (retrograde; towards the microtubule-organizing 
center (MTOC)) and outward (anterograde) along microtubules, assisted by adaptor 
proteins (dynein and kinesin, respectively).43 The perinuclear lysosomes are found to be 
on average more acid and catabolically active than the peripheral located organelles.44 
During nutrient excess, anterograde outward movement is more frequent, whilst 
during nutrient shortage retrograde inward transport is more prominent. It is presently 
unknown whether the hydrolase composition of all lysosomes is similar. The recent 
design of cyclophellitol-based activity probes (ABPs) for various retaining glycosidases 
has led to tools allowing selective labelling of alpha- and beta-glucosidase, alpha- and bet 
-mannosidases, alpha- and beta-galactosidases, beta-glucuronidase, alpha-iduronidase 
and alpha-fucosidase.45 Fluorophore-tagged ABPs allow labelling of corresponding 
active glycosidases and an unprecedented visualization of them in living cells. Chapter 
3 describes the fluorescent labelling of active GCase molecules in intact fibroblasts. 
Correlative light and electron microscopy (CLEM) allows visualization of labelled GCase 
molecules in individual electron dense lysosomes. Labelling therapeutic enzyme with a 
different fluorophore-tagged ABP allows simultaneous detection of endogenous GCase 
and exogenous enzyme in mannose-receptor expressing cells exposed to the therapeutic 
agent. The study revealed that the majority of individual lysosomes was supplemented 
with therapeutic enzyme. The finding provides an explanation for the clinical success of 
enzyme replacement therapy of Gaucher disease and suggests the exchange of content 
among lysosomes. The CLEM technology could in principle employed to visualize 
multiple lysosomal glycosidases for the study of uniformity of lysosomes in cells exposed 
to various conditions (e.g. nutrients, hormones, lysosomotropic agents, hydrolase 
inhibitors). Another future application for ABPs is labelling of therapeutic recombinant 
enzyme with suitable tagged probes, followed by infusion and subsequent monitoring of 
tissue distribution with non-invasive scanning techniques, for example by PET-SCAN.46 
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Chapters 4 and 5 are studies on storage cells encountered in LSDs. In many LSDs, 
tissue macrophages transform into storage cells. The particular vulnerability of these cells 
is not surprizing given their role in ongoing phagocytosis and endocytosis of senescent 
and apoptotic cells as well as lipoproteins. These pathways imply high rates of lysosomal 
degradation of substrates and handling of products. Particularly in sphingolipid storage 
disorders the presence of lipid-laden macrophages is very prominent: examples of this 
are Gaucher cells in Gaucher disease (glucocerebrosidase deficiency) and Pick cells in 
Niemann-Pick diseases types A and B (acid sphingomyelinase deficiency). Factors that 
are produced by storage cells and released into the circulation have been actively searched 
for since these may be employed to assist diagnosis, to monitor progression of disease 
and to capture corrections by therapeutic interventions. At the forefront in this respect 
has been the detection of biomarkers for Gaucher disease, i.e. factors released by the 
glucosylceramide-laden macrophages. It was discovered that these Gaucher cells produce 
and secrete high quantities of the chitinase chitotriosidase and the chemokine CCL18, 
leading to strikingly elevated plasma levels in symptomatic patients, on average 1000-
fold and 40-fold respectively.45 Increased plasma levels of chitotriosidase are encountered 
in various LSDs, illustrating the common involvement of macrophages in storage 
accumulation in these disorders.47 In many centres world-wide, plasma chitotriosidase 
measurement is nowadays employed as a first screen for the potential existence of a 
lysosomal storage disorder in a suspected individual. 

Chapter 4 reviews the knowledge on glycoprotein non metastatic protein B 
(GPNMB), a more recently identified marker for lysosomal dysfunction. GPNMB is a 110 
kDa membrane protein that is selectively expressed, most prominently in melanocytes 
and in phagocytes subjected to lysosomal stressors.48 GPNMB is excessively produced by 
Gaucher cells in spleen of GD patients, and remarkably also by RAW264.6 cells exposed to 
HEPES, a relative mild stressor of lysosomes. The protein has been reported to co-localize 
with phagosomes and lysosomes.49 A soluble fragment of GPNMB is released by Gaucher 
cells, most likely via cleavage by ADAM10.50,51 The mechanism of active GPNMB shedding 
explains the more than tenfold elevated plasma levels encountered in symptomatic GD 
patients. The precise function of GPNMB and its soluble fragment in context of lysosome 
perturbation has still not been established.48 It is presently thought that induction of 
GPNMB expression occurs in response to lysosomal storage, in particular through 
stress by excessive lipids. Consistent with this is the increased expression of GPNMB in 
lipid-laden macrophages of GD patients and in macrophages of patients and mice with 
Niemann Pick disease type C (NPC) showing lysosomal accumulation of sphingolipids and 
cholesterol resulting from impaired export of the sterol.52–54 In addition, elevated GPNMB 
has also been observed in acquired metabolic disorders characterized by lipid-stressed 
macrophages such as atherosclerosis and obesity.54,55 Finally, microglia, the resident brain 
macrophages, can also excessively produce GPNMB as was discovered in multiple sclerosis 
and neuronopathic Gaucher mice.56,57 It is presently unclear whether the upregulation of 
GPNMB serves some protection for stressed lysosomes. GPNMB has been described to 
mediate LC-3 dependent phagocytosis in macrophages, a process that utilizes aspects 
of the autophagy machinery.49 Possibly, the increased intracellular GPNMB following 
perturbation of lysosomes reflects adaptations in the endolysosomal apparatus. GPNMB 
expression is known to be controlled by MITF, a member of the MiT/TFE transcription 
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factor family, further hinting to a role in the endolysosomal apparatus.54,58 In fact, the 
physiological relevance of the marked upregulation of chitotriosidase and CCL18 in 
Gaucher cells is neither identified yet.

Based on amino acid homology, GPNMB has been earlier proposed to contain a 
lectin-binding domain with some affinity to galactose structures.59 Of interest, a genuine 
galactose-lectin, galectin 3, is also found to be modestly increased in GD patients, NPC 
mice, and individuals suffering from obesity, atherosclerosis, α-synucleinopathies, 
atherosclerosis and obesity.60–63 Galectin-3 has been shown to be involved in repair of 
lysosomal membrane permeabilization.64,65 In addition, it has been associated with 
membrane repair involving autophagy.65,66 Extracellular galectin-3 has been proposed to 
play a role in intercellular communication and was found to be associated with insulin 
resistance during obesity.61

Adaptations to lysosomal defects is characterized in chapter 5, which focusses 
on the liver of mice that are deficient in the cholesterol efflux transporter Niemann-
Pick type C1 (NPC1-/-). In certain LSDs, it has become apparent that a blockade in 
lysosomal catabolism due to an impaired hydrolase results in alternative metabolism. An 
example of this is offered by Gaucher disease. The deficiency of GCase causes lysosomal 
accumulation of glucosylceramide (GlcCer), but part of the lipid is converted by acid 
ceramidase to glucosylsphingosine (GlcSph).67 The latter lipid is water-soluble and may 
leave lysosomes, cells and even the body via bile and urine. Similarly, alternative lysosomal 
deacylation of accumulating glycolipids occurs in other LSDs, e.g. formation of lysoGb3 
(globotriaosylsphingosine in Fabry disease) and galactosylsphingosine in Krabbe disease.45 
Elevated deacylated sphingolipids (lyso-sphingolipids) are considered to be toxic. For 
example GlcSph has been proposed to induce osteopenia, α-synuclein aggregation, 
gammopathy and related multiple myeloma and to activate the complement cascade.45 
Likewise, lysoGb3 has been proposed to contribute to podocyturia, fibrosis and loss of 
nociceptive neurons in Fabry disease patients.45 Finally, excessive galactosphingosine 
(originally named psychosine) in neurodegenerative Krabbe disease is thought to be 
neurotoxic.45 

An additional consequence of lysosomal enzyme deficiency can be the redistribution 
of substrate and altered destination of products. For example, the activity of the cytosol-
facing GCase homologue glucosylceramidase (GBA2) is increased in GCase-deficient 
cells, along with extralysosomal GlcCer degradation and a concomitant formation of 
glucosylated cholesterol (GlcChol) via so-called transglucosylation.68 A particularly 
intriguing LSD in this respect is NPC, which manifests with a primary lysosomal cholesterol 
accumulation but is accompanied by secondary accumulation of sphingomyelin and 
GlcCer. In addition, NPC patients show elevated levels of GlcChol that is formed by the 
transfer of the glucose moiety from GlcCer to cholesterol in lysosomes by GCase.68 The 
modestly elevated GlcSph in NPC deficient patients and mice is likely caused by increased 
deacylation of excessive GlcCer, as in GD.69

In chapter 5, the status of GCase was investigated in livers of mice lacking NPC1 protein. 
In the studied NPC livers, the most prominent pathological hallmark was the acquisition 
of characteristic lipid-laden storage macrophages. However, an altered ultrastructural 
appearance was also observed for hepatocytes. In total liver of NPC mice, a reduced enzyme 
activity as well GCase protein content was observed. In contrast, GBA2 levels tended to be 
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inversely correlated to GCase deficiency. There was variation among individual mice in 
the extent of the effect, but the changes in GCase and GBA2 levels were always reciprocal. 
Next, immunohistochemistry was used to study lysosomes in hepatocytes and Kupffer 
cells (resident macrophages) of 80 weeks old murine NPC liver. The investigation pointed 
to fundamentally distinct adaptations in hepatocytes compared to Kupffer cells. Increased 
levels of GPNMB, galectin-3 and the lysosomal protease cathepsin D were observed in the 
Kuppfer cells, but not hepatocytes. In striking contrast, the hepatocytes in the NPC1-
deficient liver showed a marked increase in LIMP2, a phenomenon not observed for the 
lipid-laden Kupffer cells. Recently it has been recognized by crystallography that LIMP2, 
the transporter of newly formed GCase to lysosomes, harbours a channel structure. Given 
structural similarity of LIMP2 with CD36, it is presently proposed that LIMP2 might 
act as a transporter for cholesterol.70 Indeed, it has been observed that LIMP2 might 
assist export of cholesterol from lysosomes, as indicated by the finding that a double 
deficiency in NPC1 and LIMP2 results in a more prominent SREBP2-driven induction 
of HMGCoA reductase transcription, a classic readout for impaired cholesterol efflux 
from lysosomes.71 Based on these findings it seems conceivable that LIMP2 may facilitate 
transport of cholesterol from the lysosome when the regular NPC1-mediated pathway is 
absent. In theory, it cannot be excluded that LIMP2 might act as transporter of GlcChol. 
Depending on metabolite concentrations, GCase is known to be able to either catabolize 
GlcChol to glucose and cholesterol or to generate GlcChol from GlcCer and cholesterol. 
Moreover, the catalytic pocket of GCase bound to LIMP2 is relatively close to the presumed 
cholesterol channel of LIMP2. Of further note, NPC patients are presently treated with 
Miglustat (N-butyldeoxynojirimycin), a potent inhibitor of GBA2, the primary enzyme 
forming GlcChol in cells. The relevance of this with respect to export of cholesterol (or 
GlcChol) from lysosomes via LIMP2 is not established. 

The location of LIMP2 in hepatocytes tends to be largely confined to the peribiliary 
region of the cytosol suggesting overlap with previously described location of lysosomes.72,73 
Since lysosomes may excrete cargo into bile by exocytosis, we consider the possibility 
that the increased abundance of LIMP2 in NPC hepatocytes telltales compensatory 
facilitation of cholesterol export into bile canaliculae.74 In absence of NPC1, hepatocytes 
may thus be protected from cholesterol excess by LIMP2 upregulation.

Presently, NPC receives attention from many different research fields: researchers 
with an interest in cellular cholesterol homeostasis, investigators of lysosomal storage 
disorders and neuroscientists with an interest in degenerative conditions such as 
Alzheimer’s disease.75–77 This illustrates the enormous cellular and physiological 
implications of a relatively simple monogenetic defect involving lysosomes. 

Chapter 6 deals with the role of MiT/TFE transcription factors in lysosomal 
biogenesis in macrophages residing in adipose tissue of obese mice. The MiT/TFE 
subfamily of basic helix-loop-helix (bHLH) transcription factors  consists of TFEB, TFE3 
(transcription factor 3), MITF (melanogenesis associated transcription factor) and TFEC 
(transcription factor EC).78 TFEB was the first to be identified as binding to a common 
sequence upstream of lysosomal genes, the so called Coordinated Lysosomal Expression 
and Regulation (CLEAR) element.79 TFEB and TFE3 are ubiquitously expressed, whereas 
MITF is largely restricted to pigmented cells such as melanocytes and retinal epithelium 
cells, as well as myeloid cells of the immune system, osteoclasts, and stem cells of the hair 
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follicle.78,80 TFEC has been shown to be strictly expressed in macrophages.81 TFEB, TFE3 
and MITF undergo phosphorylation by mTORC1, the master regulator of cell growth that 
resides at the cytosolic side of the lysosomal membrane.13,82–84 It is still unknown whether 
TFEC is also modified by mTORC1. Under basal, nutrient rich, conditions, heterodimeric 
RAG GTPases recruit mTORC1 to the lysosome, thereby facillitating its interaction 
with the activator protein RHEB (Ras homologue enriched in brain). Active mTORC1 
phosphorylates a serine residue (Ser211) of TFEB that mediates cytosolic retention by 14-
3-3 proteins.85,86 Likewise, the phosphorylation of a homologous serine (Ser173) in MITF 
governs its cytosolic retention.87 Inhibition of mTORC1 results in dephosphorylation of 
TFEB, MITF and TFE3 and their nuclear localization. Selective inhibition of mTORC1 
by Torin 1 and lysosomal amino acid starvation promotes translocation of TFEB 
to the nucleus.79,85,88,89 Stressors of lysosomes such as the undegradable sucrose or 
lysosomotropic chloroquine induce the nuclear translocation of TFEB, MITF and TFE3.28 
During lysosomal deficiencies, increased transcriptional activity of TFEB and other TFs 
has been observed.79,90–93

Transcriptional activity of MiT/TFE factors is complex. Homodimerization 
and heterodimerization among the MiT/TF factors have been described.78,94 The cell 
specificity of these TFs and their posttranscriptional (splicing) and posttranslational 
(phosphorylation, acetylation) processing impacts on transcriptional action.85,95,96 In bone 
marrow derived monocytes, MITF and TFE3 have been reported to be phosphorylated upon 
M-CSF (macrophage-colony stimulating factor) stimulation via ERK1/2 (extracellular-
signal regulated kinase 1/2) / MAPK (mitogen-activated protein kinase).97 Of note, 
phosphorylation of TFEB by ERK2 was found to result in cytosolic retention of TFEB.88 
Besides ERK1/2, MITF has also been reported to be serine-phosphorylated by the p38 
MAPK.81,98 Moreover, the PI3K/AKT route has been described as an alternative pathway 
for activation of MITF in myeloid cells. IL-10 stimulation of dendritic cells causes nuclear 
translocation of MITF, triggering GPNMB expression through inhibition of PI3K/AKT 
and subsequent activation of GSK3β.58,99 GSK3β is thought to phosphorylate MITF on 
Ser298 and thereby allows MITF to transactivate promotor regions of target genes. Natural 
substitution of Ser298 in MITF to proline strongly affects binding affinity to consensus DNA 
target motifs and gives rise to Waardenburg Syndrome type 2 , a syndrome characterized 
by a lack of skin pigmentation.99,100 Recently, acetylation has been added to the possible 
posttranslational modifications of MiT/TFE members. For example, MITF was shown 
to be subjected to MAPK/p300 dependent acetylation in melanocytes changing binding 
affinity to DNA-regions.96

	 Other levels of regulation of MiT/TFE mediated transcription have become 
apparent. Mass spectrometry analysis of the nuclear binding partners of MITF has 
revealed an extensive interactome.101 Furthermore, recent studies point to a role of 
chromatin modifications in MiT/TFE mediated lysosomal biogenesis.102 In addition, 
HDACs (histone acetylases or deacetylases), particularly HDAC2, facilitate binding of 
c-Myc to the promotors of genes encoding lysosomal proteins, thus competing their 
MiT/TFE mediated transcription.102 Zkscan3 (zinc finger with KRAB and SCAN domains 
3) has been proposed to act as a repressor of lysosomal biogenesis, likely by competing 
MiT/TFE mediated transcription.31,103 Thus, the chromatin landscape and other TFs may 
further regulate MiT/TFE mediated transcription.
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The role of MiT/TFE in pathologies characterized by lipid-laden cells such as 
macrophages remains incompletely understood. Obesity is generally associated with a 
combination of pathologies (insulin resistance, hypertension, hypercholesterolemia and 
hypertriglyceridemia) that are classified as the metabolic syndrome.104,105 Obese adipose 
tissue tends to be inflamed and a macrophage orchestrated low-grade inflammation 
is generally considered to drive insulin resistance in diabetic obese individuals. It is 
assumed that communication between neighbouring macrophages with adipocytes in 
obese adipose tissue occurs. On the one hand, macrophages are involved in phagocytic 
clearance of apoptotic adipocytes, visible as so-called crown-like structures.106,107 On 
the other hand, macrophages respond to factors released by adipocytes, for example 
adiponectin, a hormone that sensitizes tissues for insulin and alleviates lipotoxicity and 
inflammation.108 Xu et al. noted that obese adipose tissue macrophages (ATMs) have a 
foamy appearance suggesting lysosomal lipid stress.109 In line with this, GPNMB, a marker 
for perturbation of lysosomes in macrophages, is dramatically increased in obese mice 
and, to a lesser extent, in men.48,54 In cultured macrophage-like RAW264.7 cells, MITF-
mediated GPNMB expression is induced by feeding palmitate and chloroquine.54

Given the previous findings regarding MiT/TFE driven induction of the lysosomal 
apparatus in macrophages upon lysosomal stress, we investigated the role of these 
transcription factors in macrophages residing in adipose tissue of obese mice. The key 
objective was to elucidate whether the MiT/TFE mediated response in the phagocytes 
is beneficial or harmful. To study this, use was made of siRNAs targeting MiT/TFE 
transcription factors and their selective delivery to macrophages in adipose tissue (ATM) 
through encapsulation in glucan particles (Gerps).110

First, the siRNAs targeting Mitf, Tfeb and Tfe3 were examined regarding efficacy using 
cultured RAW264.7 cells. Using Gpnmb expression as readout, only simultaneous siRNA 
knockdown of Mitf, Tfeb and Tfe3 mRNA resulted in marked reduction of Gpnmb mRNA. 
Next, mice were intraperitoneally treated with Gerps containing a mixture of siRNAs 
targeting the three MiT/TFE family members or Gerps containing scrambled siRNA2. 
After two weeks, the animals were sacrificed, and tissues and blood were collected for 
analyses. No significant reductions were observed in adipose tissue of mice treated with 
Gerps containing MiT/TFE siRNAs with respect to transcription factor mRNA levels and 
Gpnmb expression. However, there was marked variation among individual mice in both 
groups (Gerps with MiT/TFE siRNAs and those with scrambled siRNAs). Next, CD11b+-
cells were isolated and examined, revealing again no significant changes in transcription 
factor mRNA levels and Gpnmb expression. In CD11b+-cells from MiT/TFE siRNA treated 
mice only Cd9 and Lpl mRNA levels were found to be significantly reduced. CD9 is a 
tetraspanin that is associated with exosomes and is implicated in several biological 
processes including reproduction.111,112 Increased expression of CD9 and LPL mRNA has 
been found to be accompanied by increased expression of TREM2 in macrophages (or 
migroglia) cells.113,114 In obese adipose tissue TREM2 positive, lipid laden macrophages 
have been identified by single-cell sequencing.113 Obese Trem2 knock-out mice manifest 
with dramatically increased adipocyte size and worsening of whole-body metabolism 
compared to obese wild type mice.113 Upon administration of MiT/TFE-siRNA Gerps, 
Trem2 levels were found to be significantly lower in epididymal white adipose tissue. The 
finding that Gpnmb expression was not prominently reduced in macrophages in adipose 
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tissue of MiT/TFE-siRNA Gerp treated obese mice is remarkable. Nevertheless, the 
treatment resulted in reduced glucose clearance in an intraperitoneal glucose tolerance 
test, suggesting increased insulin resistance. Moreover, the treated mice showed a 
reduced adiponectin expression in their adipose tissue. The reduction in adiponectin 
expression in adipose tissue is relevant since this adipokine is known to act as potent 
insulin sensitizer and protector against lipotoxicity.108 The mechanism by which MiT/TFE 
suppression in macrophages effects adipocytes (adiponectin expression) is unknown.

It should be kept in mind that other transcription factors directly, or indirectly 
(c-Myc), play a major role in regulation of lysosomal biogenesis. Besides the MiT/TFE 
transcription factors, STAT3 has recently been reported to drive transcription of some 
lysosomal genes.115 Of note, STAT3 shares a 50 amino acid motif with MITF that binds 
PIAS3 (protein inhibitor of activated STAT3), suggesting common regulation.116,117 

Future questions
The described PhD investigations concerned lysosomes, in particular those in 
macrophages. Macrophages are well known to be heterogenous and generally two major 
phenotypes are distinguished: the inflammatory M1-macrophages and the alternatively 
activated M2-cells.118 It is assumed that lysosomal lipid accumulation promotes the 
differentiation of macrophages to the M2-phenotype, for example in spleen and liver 
of Gaucher disease patients and in adipose tissue of obese individuals (described in 
this thesis).119 A similar M1/M2 distinction is also made for the heterogeneous microglia 
in the brain.114,120 In general, M1-phagocytes are thought to promote pathology due to 
their inflammatory nature, whereas M2-cells dampen such processes and might exert 
beneficial roles in whole body metabolism in atherosclerosis and during obesity.113,121–123 
It will be of interest to establish whether differences exist in lysosomal biogenesis and 
lysosome composition of M1-macrophages and their M2-counterparts. It has been 
reported that active mTORC1 promotes inflammatory M1-macrophages, whereas in M2-
macrophages, TFEB transcriptional activity is high.124,125 In monocytes, MITF was shown to 
drive GPNMB expression as part of differentiation towards a M2-like, T-cell suppressive, 
phenotype.58 Conceivably, and testable in future research, the M2-phenotype of tissue 
residing macrophages may be related to MiT/TFE transcription. If so, beneficial M2-
macrophage differentiation could be promoted by (modest) lysosomal stress and/or 
lysosome perturbation. 

Storage cells in inherited LSDs have been historically viewed as the major culprits in 
pathology. However, they might also modulate pathological processes, e.g. by containing 
toxic metabolites in storage material and through anti-inflammatory action. The 
occurrence of perturbed lysosomes not only has negative consequences for cells and their 
surroundings. It may lead to favourable induction of lysosomal biogenesis, promotion 
of autophagy and synthesis of anti-inflammatory cytokines. In other words, lysosomal 
accumulation of lipids in macrophages (‘storage cells’) within a tissue might give rise 
to various responses, including even beneficial ones. In view of this consideration, 
correcting the lysosomal storage in lipid-laden macrophages, present in inherited and 
acquired disorders and increasing with ageing, may render unforeseen outcomes. 
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The research described in this thesis combines the latest insights in lysosomal function 
with lysosome centred cell signalling. Novel imaging and labelling techniques are 
applied to provide in depth characterization of lysosome function in health and disease. 
An integrative approach was used to study the physiological role of the lysosome, 
characterizing the function of lysosomal hydrolases and signalling on a cellular level as 
well as within the context of tissue.

The general introduction covers the current knowledge on the composition and 
functions of lysosomes, with a focus on macrophages. Lysosomal hydrolases and 
corresponding inherited lysosomal storage disorders are introduced, with emphasis to 
glucocerebrosidase (GCase) and Gaucher disease. The effect of (MiT/TFE) transcriptional 
regulation of cellular content on lysosomes is described, as well as the role of lysosome-
associated kinases in regulation of cellular metabolism with emphasis on lipid 
homeostasis. Excessive lipid accumulation as cause of metabolic derailment (lipotoxicity) 
is introduced and illustrated by inherited and acquired disorders.

Chapter 1 reports on an increase in lysosome biogenesis in cells cultured in medium 
containing the buffer HEPES, which is driven by the transcription factors of the Mi/
TF family, TFEB, TFE3 and MITF independently of mTORC1. In macrophage-like cells, 
exposure to HEPES results in an enlarged vacuolar compartment and alterations in 
lysosomal signalling, proteolytic capacity, autophagic flux, and inflammatory signalling. 
This is accompanied by an increase in GCase activity and GPNMB expression, a protein 
that is part of the cellular response to lysosomal perturbation. Altogether, the findings 
show that chemical buffering agents in cell culture media can potentially confound 
lysosomes.

Chapter 2 describes the impact of culture conditions on the maturation of GCase 
as measured with specific mechanism-based probes visualizing the enzyme. The 
zwitterionic buffer HEPES, earlier identified as   lysosome stressor, is shown to reduce 
the normal maturation of GCase to its final 58kDa form by means of glycan modification 
in lysosomes by local glycosidases. The processing of other glycosidases such as alpha-
glucosidase and beta-glucuronidase is also impaired by the presence of HEPES in the 
culture medium. In cells grown in the presence of HEPES, GCase markedly accumulates 
due to impaired degradation. This phenomenon potentially has impact on diagnosis of 
Gaucher disease when residual GCase activity in cultured cells is assessed. In fibroblasts 
of Gaucher disease patients grown in the presence of HEPES, the enzyme levels may be 
very close to those observed in control cells grown without the buffer. It is concluded that 
supplementation of HEPES to cell culture medium should be treated with caution when 
cultured cells are used to confirm the diagnosis of Gaucher disease. 

Chapter 3 describes the visualization of active GCase molecules by means of correlative 
light and electron microscopy (CLEM). Cyclophellitol-derived activity-based probes 
(ABPs) with a fluorescent reporter are employed that irreversibly bind to the catalytic 
pocket of GCase. By combining electron microscopy and fluorescence microscopy, 
the subcellular localization of active GCase molecules can visualized. This technique 
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confirmed that endogenous active GCase molecules reside in the electron dense 
lysosomes. Gaucher disease is currently treated by infusion of mannose receptor targeted, 
recombinant GCase. Pre-labelling of therapeutic enzyme with an ABP with a distinct 
fluorophore allowed the simultaneous visualization of endogenous and exogenous, 
therapeutic enzyme in cells expressing mannose-receptor. This method revealed the 
efficient delivery of recombinant GCase to lysosomal compartments that contain 
endogenous active enzyme in an unprecedented manner. 

Chapter 4 reviews the current knowledge on glycoprotein non-metastatic protein B 
(GPNMB) as biomarker for macrophage-associated lysosomal storage disorders. The 
transmembrane glycoprotein has emerged as one of the most abundant proteins in lipid-
laden macrophages accumulating in spleen of Gaucher patients. A soluble fragment of 
GPNMB is released from the storage cells which results in prominently elevated GPNMB 
levels in plasma of symptomatic Gaucher disease patients. GPNMB is also found to be 
markedly increased in storage cells in Niemann-Pick type C liver. The review extends the 
knowledge on lipid laden macrophages to other fields, including neurodegeneration and 
obesity, in which lipid storage by macrophages has also been reported to induce GPNMB 
expression. 

Chapter 5 provides a molecular and biochemical characterization of the liver of mice 
suffering from a deficiency in the lysosomal protein NPC1, a condition that results in the 
lysosomal storage disorder Niemann-Pick type C. The transmembrane protein NPC1 is 
involved in export of cholesterol from lysosomes and its deficiency causes intralysosomal 
cholesterol accumulation, which is accompanied by accumulation of other lipids such 
as sphingomyelin and glucosylceramide. As previous reports suggested, analysis of the 
NPC1-deficient liver revealed a reduction in hepatic GCase protein along with reduced 
enzyme activity. Surprisingly, the hepatocytes of 80 weeks old NPC1-deficient liver showed 
a strong increase in LIMP2, the lysosomal membrane protein that transport GCase to 
lysosomes and that is speculated to also act as cholesterol channel in the lysosomal 
membrane. The upregulation of LIMP2 was not observed in cholesterol-laden Kupffer 
cells in the same NPC1-deficient livers. These findings might point to compensatory role 
for LIMP2 in cholesterol transport during deficiency of the NPC1-mediated pathway. 

Chapter 6 reports on the molecular and metabolic consequences of interfering in 
lysosomal biogenesis of obese adipose tissue macrophages. An siRNA-based approach 
was employed to elucidate the role of three Mi/TFE members, MITF, TFEB and TFE3, 
in regulating lysosome and inflammatory gene expression in macrophages. In cultured 
cells, a biomarker of lysosomal stress, GPNMB, was found to be highly dependent 
on Mi/TFE mediated transcription. The simultaneous knock down of all three Mi/
TFE members was required for optimal reduction in GPNMB response to lysosomal 
perturbations, pointing to redundancy among the transcription factors. Delivery vehicles 
called glucan encapsulated particles were loaded with siRNAs targeting MITF, TFEB and 
TFE3 simultaneously. These were used to selectively interfere with macrophages in the 
adipose tissue of obese mice. The treatment resulted in worsening of glucose tolerance 
and reduced production of beneficial by adipocytes. Based on these results, the Mi/TFE 
driven induction of gene expression in macrophages present in obese adipose tissue seems 
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a favourable response limiting metabolic abnormalities and not a driver of pathology.

The discussion considers the major findings made during the investigations. The 
findings are discussed in view of recent literature. 
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Samenvatting 

Het onderzoek in dit proefschrift combineert nieuwe inzichten met betrekking 
tot lysosomale functie en signalering vanuit lysosomen. Nieuwe visualisatie- en 
labelingstechnieken zijn gebruikt om lysosomale functie tijdens welzijn en ziekte in 
kaart te brengen. Middels een integratieve benadering is de fysiologische functie van het 
lysosoom als organel bestudeerd, in de context van de cel en het weefsel. 

De algemene introductie beslaat de huidige kennis over de samenstelling en functie 
van lysosomen, met een focus op de rol van het lysosoom in de macrofaag. In deze context 
worden lysosomale hydrolases geïntroduceerd met de daaraan gekoppelde aangeboren 
lysosomale stapelingsziektes. Glucocerebrosidase en de ziekte van Gaucher worden 
uitgelicht als voorbeeld van een aandoening waarin lysosomale lipidenstapeling zich 
manifesteert in de macrofaag. Beschreven wordt hoe de status van het lysosoom gekoppeld 
is aan transcriptionele regulatie van het celmetabolisme via lysosoom-geassocieerde 
kinases. Verstoord lipidenmetabolisme, en lysosomale lipidenafbraak in het bijzonder, 
wordt uitgelicht als belangrijk voorbeeld van lysosomale disfunctie. De consequenties 
van excessieve blootstelling aan lipiden (lipotoxiciteit) worden geïntroduceerd en de 
gerelateerde aangeboren en verkregen metabole aandoeningen worden besproken.

Hoofdstuk 1 beschrijft de veranderde biogenese van lysosomen in gekweekte cellen 
door toedoen van de veelgebruikte celkweek buffer HEPES. De toename in lysosomale 
genexpressie wordt toegeschreven aan drie transcriptiefactoren die behoren tot de MiT/
TFE familie, TFEB, TFE3 en MITF. Het effect werd onafhankelijk bevonden van mTORC1, 
een lysosoom-geassocieerde kinase dat MiT/TFE leden post-translationeel modificeert. 
In gekweekte cellen die model staan voor de macrofaag resulteert blootstelling aan 
HEPES in een vergroting van de vacuolaire compartiment en veranderingen in lysosomale 
signalering, proteolytische capaciteit, autofage flux en inflammatiesignalering. Deze 
veranderingen worden geïllustreerd door een verhoogde activiteit van lysosomaal 
glucocerebrosidase en expressie van GPNMB, een eiwit dat verhoogd is als reactie op 
lysosomale disfunctie. Deze bevindingen laten zien dat buffers die gebruikt worden 
tijdens in vitro kweek van cellen potentieel lysosomale functie kunnen verstoren. 

In Hoofdstuk 2 is de invloed van kweekcondities op de maturatie van GCase geanalyseerd 
aan de hand van een synthetisch suicide substraat met een fluorescent label, een 
activity-based probe (ABP). De zwitterionische buffer HEPES, eerder geïdentificeerd 
als lysosomale stressor, verstoort de glycaanmodificatie van GCase, waardoor de 
uiteindelijke 58 kDa variant niet wordt gevormd tijdens de gebruikelijke maturatie in 
lysosomen. Fysiologische maturatie van andere glycosidasen zoals alpha-glucosidase 
en beta-glucoronidase is ook verstoord in aanwezigheid van HEPES in kweekmedium. 
GCase accumuleert in aanwezigheid van HEPES door verminderde proteolytische 
afbraak. Dit fenomeen heeft potentieel gevolgen voor diagnose van Gaucherpatiënten 
wanneer enzymactiviteit wordt gemeten in gekweekte cellen. De GCase-activiteit in 
patiënt-verkregen fibroblasten die gekweekt zijn in bijzijn van HEPES kan vergelijkbaar 
hoog zijn met die in fibroblasten afkomstig van gezonde individuen zonder de buffer. 
Concluderend, voorzichtigheid moet in acht moet genomen worden bij het gebruik van 
HEPES bij het kweken van cellen, en in het bijzonder bij gebruik van gekweekte cellen 
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voor diagnose van de ziekte van Gaucher. 

Hoofdstuk 3 beschrijft de visualisatie van actieve GCase moleculen door middel van 
correlatieve licht- en elektronenmicroscopie (CLEM). Hierbij is gebruik gemaakt 
van ABPs die irreversibel binden in het katalytische domein van GCase. Door 
fluorescentiemicroscopie met electronenmicroscopie te combineren kan de subcellulaire 
lokalisatie van GCase worden vastgesteld. Het signaal van gelabeld endogeen GCase kon 
worden gelokaliseerd in electrondichte (endo)lysosomen. De huidige behandeling van 
de ziekte van Gaucher bestaat uit recombinant GCase met affiniteit voor de mannose 
receptor. Door therapeutisch GCase te pre-labelen met een afwijkend fluorescente ABP 
kon zowel endogeen als exogeen, therapeutisch enzym simultaan gelabeld worden in 
cellen met overexpressie van de mannose receptor. Deze methode beschrijft voor het 
eerst een efficiënte aflevering van recombinant GCase in individuele lysosomen die 
tevens endogeen GCase bevatten. 

Hoofdstuk 4 geeft een overzicht van de huidige kennis over glycoprotein non-metastatic 
protein B (GPNMB) als biomarker voor lysosomale stapelingsziekten waarin de macrofaag 
een centrale rol speelt. Het geglycosyleerde transmembraan eiwit is een van de meest 
voorkomende eiwitten in lipide-geladen macrofagen die zich ophopen in de milt van 
Gaucherpatiënten. Bovendien is een prominente verhoging gevonden in de hoeveelheid 
van een oplosbaar GPNMB-fragment in plasma van symptomatische Gaucher patiënten. 
In andere lysosomale stapelingsziektes waarbij stapelingscellen voorkomen is GPNMB 
ook (lokaal en systemisch) verhoogd, bijvoorbeeld Niemann-Pick type C. De kennis 
aangaande stapelingscellen in andere ziektebeelden wordt besproken, waaronder die 
in neurodegeneratieve aandoeningen en obesitas, waarbij lipide stapelende macrofagen 
ook een verhoogde expressie van GPNMB tonen. 

In Hoofdstuk 5 is de lever van muizen die deficiënt zijn in het lysosomale eiwit NPC1 
gekarakteriseerd op histologisch, biochemisch en moleculair niveau. NPC1 is betrokken 
bij de export van lysosomaal cholesterol en een deficiëntie in dit eiwit resulteert in de 
lysosomale stapelingsziekte Niemann-Pick type C. De ziekte is gekarakteriseerd door 
lysosomale cholesterol accumulatie dat ook gepaard gaat met stapeling van andere 
lipiden zoals sphingomyeline en glucosylceramide. Histologische analyse bevestigde de 
aanwezigheid van karakteristieke stapelingsmacrofagen en morfologische veranderingen 
in de lever van 80 dagen oude NPC-muizen. De levers bevatten een verlaagde hoeveelheid 
GCase eiwit wat gepaard gaat met verlaagde enzymactiviteit in leverlysaten van NPC1-
deficiënte muizen, in lijn met eerder gepubliceerde data betreffende een verlaagde GCase 
activiteit bij NPC-deficiëntie. Western blot analyse gaf een verhoogde aanwezigheid van 
lysosoom geassocieerde eiwitten te zien, waaronder GPNMB, Galectine-3 en LIMP2. 
Immunohistochemische analyse wees uit dat LIMP2 verhoogd was in de hepatocyt, maar 
niet in de lipide geladen macrofagen van dezelfde lever. LIMP2 is verantwoordelijk voor 
het transport van nieuw gesynthetiseerd GBA naar het lysosoom en is tevens beschreven 
als lysosomaal exportkanaal voor cholesterol, als alternatief voor NPC1. De in dit 
hoofdstuk beschreven bevindingen suggereren dat LIMP2 in de hepatocyt bij een NPC1-
deficientie als een compensatie opgereguleerd wordt.

Hoofdstuk 6 beschrijft de moleculaire en metabole consequenties van verstoorde 
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lysosomale biogenese in obese adipose weefselmacrofagen. Door middel van siRNA 
werd de expressie van drie leden van de MiT/TFE transcriptiefactorfamilie, MITF, TFEB 
en TFE3, gereduceerd in gekweekte cellen. Hiermee werd beoogd de algehele expressie 
van lysosomale en autofagie genen te remmen. Een van de meest afhankelijke eiwitten 
van MiT/TFE regulatie bleek GPNMB, een gevoelige marker voor lysosomale stress. 
Echter, een simultane knock-down van MITF, TFEB en TFE3 was nodig voor opheffing 
van verhoogde GPNMB-expressie ten gevolge van lysosomale perturbatie, wat duidt 
op overlappende regulatie van genexpressie. In vivo siRNA-experimenten werden 
uitgevoerd met behulp van glucanomhulsels geladen met siRNA specifiek voor MITF, 
TFEB en TFE3. Deze methode werd toegepast voor de specifieke levering van siRNA 
in de vetweefselmacrofagen van obese muizen. De siRNA-behandeling resulteerde in 
verslechtering van glucosetolerantie en in verminderde productie van adiponectine 
door het vetweefsel. Concluderend lijkt de MiT/TFE-gedreven transcriptie in de obese 
vetweefselmacrofaag een gunstige bijdrage te leveren aan de glucosegevoeligheid tijdens 
obesitas.

De discussie beschouwt de belangrijkste bevindingen uit dit proefschrift en plaatst deze 
in de context van de huidige literatuur. 
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