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Abstract

Many cellular activities and pharmaceutical interventions involve endocytosis and delivery to 

lysosomes for processing. Hence, lysosomal processing defects can cause cell and tissue damage, 

as in lysosomal storage diseases (LSDs) characterized by lysosomal accumulation of undegraded 

materials. This storage causes endocytic and trafficking alterations, which exacerbate disease and 

hinder treatment. However, there have been no systematic studies comparing different endocytic 

routes or LSDs. Here, we used genetic and pharmacological models of four LSDs (type A 

Niemann-Pick, type C Niemann-Pick, Fabry, and Gaucher diseases) and evaluated the pinocytic 

and receptor-mediated activity of the clathrin-, caveolae-, and macropinocytic routes. Bulk 

pinocytosis was diminished in all diseases, suggesting a generic endocytic alteration linked to 

lysosomal storage. Fluid-phase (dextran) and ligand (transferrin) uptake via the clathrin route were 

lower for all LSDs. Fluid-phase and ligand (cholera toxin B) uptake via the caveolar route were 

both affected, but less acutely in Fabry or Gaucher diseases. EGF-induced macropinocytosis was 

altered in Niemann-Pick cells, not other LSDs. Intracellular trafficking of ligands was also 

distorted in LSD vs. wild-type cells. The extent of these endocytic alterations paralleled the level 

of cholesterol storage in disease cell lines. Confirming this, pharmacological induction of 

cholesterol storage in wild-type cells disrupted endocytosis, and model therapeutics restored 

uptake in proportion to their efficacy in attenuating storage. This suggests a proportional and 

reversible relationship between endocytosis and lipid (cholesterol) storage. By analogy, the 

accumulation of biological material in other diseases, or foreign material from drugs or their 

carriers, may cause similar deficits, warranting further investigation.
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 Introduction

Through endocytosis, cells internalize plasma membrane components and extracellular 

materials in membrane-bound vesicles1. Subsequent trafficking of internalized cargo to the 

lysosome (herein referred to as the endo-lysosomal route) and the processing by acidic 

hydrolases within the lysosomal lumen form the basis of numerous cell functions 1, 2. These 

include the use of nutrients and maintenance of metabolic homeostasis, the degradation of 

apoptotic, autophagic, and pathogenic material, the transduction of cell growth and other 

regulatory signals, the recycling and modulation of the plasmalemma composition and 

function, among others 1, 2. Moreover, lysosomes are the main destination for drugs and/or 

drug carriers that enter cells via endocytosis 3, 4. This can be an obstacle to therapy when 

drugs and their carriers get trapped and degraded in lysosomes, or an advantage when 

lysosomal cues (enzymes, pH, etc.) are used to control drug release or trigger escape to the 

cytosol 3-5. In addition, endo-lysosomal trafficking is required in diseases where the 

therapeutic target is the lysosome itself 4-6. Hence, endocytic and lysosomal processes are of 

great fundamental and translational interest.

Endocytosis occurs via distinct pathways, each having different biological roles and 

relevance to drug delivery 1, 3, 5. The most common pathways are those that internalize fluid 

and dissolved solutes, termed pinocytosis, some of which also concentrate cell-surface 

receptors with affinity for specific extracellular ligands 1, 3, 5. Delivery of therapeutic 

molecules within cells can be designed to follow the fluid phase or actively target these 

receptors 3, 7, 8. The most ubiquitous pinocytic pathway is clathrin-mediated endocytosis, 

which regulates receptors involved in cell signaling and uptake of ligands like low density 
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lipoprotein, transferrin (Tf), etc. 9. Therapeutic strategies targeting receptor-mediated uptake 

via clathrin-coated vesicles have been widely explored 8, 10. Another common pinocytic 

pathway is caveolae-mediated endocytosis, characterized by caveolin-1-rich vesicles that 

form in lipid raft domains of the plasma membrane 11. Therapeutics bearing albumin, 

cholera toxin B (CTB), or antibodies to aminopeptidase P, PV1, GM1, and other caveolae 

components have been shown to internalize within caveolar vesicles 8, 10, 12. Given the small 

size of endocytic vesicles resulting from these two pathways, commonly within 50-150 nm 

in diameter, pinocytosis via the clathrin- and caveolae-mediated routes are also referred to as 

micropinocytosis 3, 10. In contrast, in the third of the classical pinocytic mechanisms, 

macropinocytosis, vesicles do not concentrate specific receptors, but instead internalize large 

volumes of fluid (vesicle diameter > 500 nm) to promote cell growth, sample antigens, 

etc. 13. Although especially active in macrophages and dendritic cells, this pathway can be 

transiently induced by growth factors in other cell types, therefore playing a broad biological 

and translational role 7, 13. In addition to these three classical pinocytic pathways, less 

common routes of pinocytic uptake have been observed in association with certain cell-

surface receptors (e.g. interleukin-2, intercellular adhesion molecule-1 (ICAM-1), etc.) 14, 

which are far less understood, but appear amenable to intracellular drug delivery 8, 15.

Importantly, defects in endocytosis, trafficking, or lysosomal processing can cause and/or 

exacerbate disease. Numerous cancers, autoimmune diseases, and neurodegenerative 

disorders (e.g. Huntington’s, Alzheimer’s, and Parkinson’s) have been linked to storage of 

undigested material in autophagic and lysosomal compartments, where the affected tissues 

exhibit inflammation, nutrient deprivation, apoptotic signaling, and other problems 4. 

Lysosomal storage diseases (LSDs) offer a clinical example and research model of these 

effects. LSDs include about 50 different disorders, which arise from inherited mutations that 

render hydrolases and other lysosomal components ineffective or absent, disrupting 

lysosomal functions 16. Non-degraded substrates accumulate, affecting not only the 

metabolic flux, but also causing intracellular “traffic jams” that interfere with fusion of pre-

lysosomal compartments (e.g. autophagosomes and endosomes), biosynthetic and secretory 

activity, cytoskeletal restructuring, compartment transport, and other homeostatic 

activities 16-20. Lysosomal dysfunction often results in developmental abnormalities, 

peripheral organ damage, progressive central nervous system degeneration, and premature 

mortality 16.

Interference with the endo-lysosomal route may also impair drug delivery and success of 

therapeutic approaches 4. LSDs offer an example. The most common therapy for LSD 

patients is intravenous administration of recombinant enzymes to replace those absent in the 

disease 6, 21. Glycosylation motifs on these enzymes bind to cell-surface mannose-6-

phosphate receptors, or the enzymes can be modified to target other clathrin-associated 

receptors 6, 21. In principle, cells then take up the enzymes via clathrin-mediated endocytosis 

and deliver them to lysosomes to clear stored substrates 6, 21. However, several groups have 

observed alterations in the behavior of endocytic receptors and pathways in LSDs 22-27. 

These alterations impact intracellular delivery and effects of therapeutic enzymes 28-31, such 

as the case of acid sphingomyelinase (ASM) required for treatment of type A Niemann-Pick 

disease (NPD) 28-30.
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Despite these observations, there are few systematic and comparative investigations 

examining the implications of aberrant lysosomal storage on endocytic uptake and 

endocytic-dependent therapies. Our recent studies revealed alterations in fluid-phase and 

receptor-mediated uptake via clathrin-, caveolae-, and macropinocytic-mediated pathways in 

model NPD cells 29, 30. Whether such alterations occur in other LSDs is unknown; therefore, 

here we have examined examples characterized by different genetic defects and primary 

storage materials: type C Niemann-Pick disease (NPC), characterized by a deficiency of the 

lysosomal transporter protein NPC1 and primary storage of cholesterol 32; Fabry disease, 

characterized by a deficiency of lysosomal α-galactosidase A and primary storage of 

globotriaosylceramide 33; and Gaucher disease, characterized by a deficiency of 

glucocerebrosidase and primary storage of glucocerebroside 34. We have used genetic and 

pharmacological models to evaluate the relationship between lysosomal storage, endocytic 

and trafficking abnormalities, lipid levels, and the therapeutic potential of delivery strategies 

aimed to normalize endocytic activity and lipid levels. In all these examples, we have found 

a relationship between aberrant lysosomal storage and altered endocytic activity, which in 

turn impacts uptake and therapeutic effect. We discuss the implications for cellular health 

and drug delivery.

 Methods

 Antibodies and Reagents

Alexa Fluor 488-, Alexa Fluor 594-, and fluorescein-labeled Tf or CTB, fluorescent 

secondary antibodies, Texas Red dextran (10,000 MW), and BODIPY-FL-C12-

sphingomyelin were from Invitrogen Molecular Probes (Carlsbad, CA). Antibodies to Tf 

and CTB were from Calbiochem (La Jolla, CA), and those against EEA-1 or LAMP-1 were 

from Calbiochem (La Jolla, CA) or Santa Cruz Biotechnology (Dallas, TX), respectively. 

Antibody to ganglioside GM1 was obtained from the Developmental Studies Hybridoma 

Bank, created by the NICHD of the NIH and maintained by The University of Iowa, 

Department of Biology (Iowa City, IA). Polystyrene beads (100 nm diameter) were from 

Polysciences (Warrington, PA). Mouse monoclonal antibody against human ICAM-1 (anti-

ICAM; clone R6.5) was from the American Type Culture Collection (Manassas, VA). 

Recombinant human ASM 35 was kindly provided by Dr. Edward Schuchman (Dept. of 

Genetics and Genomic Sciences, Mount Sinai School of Medicine, New York, NY). Unless 

otherwise noted, all other reagents were from Sigma Aldrich (St. Louis, MO).

 Cell Cultures

Primary skin fibroblasts obtained from wild-type and NPD patients (homozygous for the 

R496L mutation) were kindly provided by Dr. Edward Schuchman. Primary skin fibroblasts 

from patients of NPC, Gaucher, and Fabry diseases were from the NIGMS Human Genetic 

Cell Repository of the Coriell Institute (Camden, NJ) and were homozygous for C39F, 

homozygous for L444P, and hemizygous for W162X mutations, respectively. Cells within 

10 passages were seeded on glass coverslips and incubated at 37°C, 5% CO2, and 95% 

relative humidity in Dulbecco’s Modified Eagle Medium (Gibco BRL, Grand Island, NY) 

supplemented with 10% fetal bovine serum, 2 mM glutamine, 100 U/mL penicillin, and 100 

μg/mL streptomycin. Where indicated, ICAM-1 expression was stimulated as in 
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inflammatory conditions pertaining to LSDs 15, 36, by incubating cells with 10 ng/mL tumor 

necrosis factor α (TNFα) overnight prior to assays.

 Validation of Uptake via Selected Pathways

Similar to previous works 37, we validated the endocytic models used in this study. For this 

purpose, wild-type fibroblasts were incubated for 30 min at 37°C with 1 mg/mL Texas Red 

dextran (10,000 MW), a fluid-phase marker for endocytosis, in the presence of 200 μg/mL 

Tf or 33.3 μg/mL CTB, ligands of clathrin- or caveolae-mediated endocytosis, respectively, 

conjugated to green fluorescein or Alexa Fluor 488. Cells were washed, fixed with cold 2% 

paraformaldehyde, and imaged by fluorescence microscopy. Alternatively, cells incubated 

with Texas Red dextran alone were washed, fixed, and permeabilized for 5 min with 0.2% 

Triton X-100, followed by immunostaining of ganglioside GM1 detected using a green 

Alexa Fluor 488-labeled secondary antibody.

Samples were examined using an Eclipse TE2000-U microscope, 60x PlanApo objectives, 

and filters optimized for Texas Red and FITC fluorescence (Nikon, Melville, NY). Separate 

color channels were imaged with an Orca-ICCD camera (Hamamatsu, Bridgewater, NJ), 

merged, and analyzed with ImagePro 3.0 software (Media Cybernetics, Silver Spring, MD). 

In merged-channel images, uptake of red dextran within green Tf-, CTB-, or ganglioside 

GM1-containing vesicles was visualized as colocalization of these colors (yellow), 

indicating co-uptake via clathrin- or caveolae-mediated endocytosis. This was quantified 

using a customized algorithm that detects fluorescent pixels and endosomal-sized vesicles 

surpassing background threshold fluorescence 29, 30. The percentage of colocalization was 

calculated for each cell using the total fluorescence area occupied by each label and total 

number of endosome-size vesicles occupied by each label, whereby the cell borders were 

obtained by phase-contrast microscopy 29, 30.

In addition, uptake of Texas Red dextran via macropinocytosis was induced by co-

incubation for 30 min at 37°C with 100 ng/mL epidermal growth factor (EGF), which 

stimulates the formation of membrane ruffles 13. This was tested in the absence vs. presence 

of 3 mM amiloride, which is known to inhibit macropinocytosis. In each cell, the total 

number of endocytic vesicles occupied by dextran was quantified as described above, and 

uptake was compared between control and amiloride conditions.

Further validation consisted of incubating wild-type fibroblasts for 30 min or 1 h at 37°C 

with red Alexa Fluor 594-conjugated Tf (200 μg/mL) or CTB (33.3 μg/mL), respectively. 

This was done in the absence (control condition) vs. presence of 50 μM 

monodansylcadaverine (MDC; to inhibit clathrin endocytosis), 1 μg/mL filipin (to inhibit 

caveolar endocytosis), or 3 mM amiloride (to inhibit macropinocytosis induced by EGF). 

Cells were washed, fixed, and surface-located (non-internalized) Tf or CTB were 

immunostained using antibodies conjugated to green FITC. Samples were analyzed by 

fluorescence microscopy using the customized algorithm described above 29, 30, which 

required Tf or CTB to be pseudocolored in green, while the additional cell-surface stains 

were pseudocolored in red. Therefore, in merged-channel images, surface Tf or CTB appear 

yellow vs. internalized counterparts that appear green 29, 30. The percentage of internalized 
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green fluorescent pixels over the total cell-associated fluorescence per cell was quantified, 

whereby the cell borders were obtained by phase-contrast microscopy 29, 30.

 Fluid-Phase Uptake in Wild-Type vs. LSD Cells

To compare bulk fluid-phase pinocytosis as well as the contribution of individual pathways 

in wild-type vs. diseased fibroblasts, cell were incubated for 1 h at 37°C with 1 mg/mL 

Texas Red dextran in control cell medium or medium containing 50 μM MDC or 1 μg/mL 

filipin. Alternatively, macropinocytosis was evaluated by incubating cells for 1 h at 37°C 

with 1 mg/mL Texas Red dextran in medium containing 100 ng/mL EGF. Cell samples were 

washed, fixed, and the number of fluorescent dextran-filled compartments per cell (cell 

borders were observed by phase-contrast) was quantified by fluorescence microscopy, as 

described 29, 30.

 Ligand Uptake in Wild-Type vs. LSD Cells

To measure receptor-mediated uptake by either clathrin- or caveolae-mediated endocytosis, 

wild-type vs. diseased fibroblasts were incubated for 1 h at 37°C in cell medium containing 

200 μg/mL Tf or 33.3 μg/mL CTB, respectively, both conjugated to red Alexa Fluor 

594 29, 30. Cells were washed, fixed, and cell surface-located ligands were immunostained 

using green FITC-conjugated antibodies. As described above, samples were analyzed by 

fluorescence microscopy, whereby surface Tf or CTB appear yellow vs. internalized 

counterparts that appear green 29, 30. The percentage of internalized green fluorescent pixels 

over the total cell-associated fluorescence, and the number of green fluorescent vesicles per 

cell were quantified, where the cell borders were obtained by phase-contrast 

microscopy 29, 30. LSD cells were compared to wild-type cells, and control conditions were 

compared to inhibitor conditions, as described.

 Scanning Electron Microscopy Visualization

Similar to our previous SEM examination of clathrin-coated pits in wild-type vs. NPD 

cells 30, we imaged cells for the presence of caveoli. We defined cell-surface caveoli as 

invaginations on the plasmalemma with a size ≤ 50 nm in diameter and void of an electron-

light halo surrounding the opening of the invagination (this halo is characteristic of clathrin-

coated pits) 30. Semiquantitative analysis was performed to analyze the number of 

invaginations per cell-surface area.

 Intracellular Trafficking of Ligands in Wild-Type vs. LSD Cells

Cells were incubated for 30 min at 37°C with 200 μg/mL Tf or 33.3 μg/mL CTB, both 

conjugated to red Alexa Fluor 594. Samples were then washed, fixed, and permeabilized as 

described above. Early endosomal compartments were then labeled using anti-EEA-1 

followed by a secondary antibody conjugated to green Alexa Fluor 488. Alternatively, 

lysosomes were marked using green Alexa Fluor 488-conjugated anti-LAMP-1. Cells were 

visualized by fluorescence microscopy, whereby colocalization of red-labeled ligands (Tf or 

CTB) with green-labeled compartment markers, which appear yellow in color-merged 

images, was analyzed using the algorithms described above. This colocalization was 

Rappaport et al. Page 6

Mol Pharm. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



expressed as a percentage of the total ligands present in cells, and the number of EEA-1 or 

LAMP-1 positive vesicles were additionally quantified.

 Imaging of Lipid Storage in Wild-Type vs. LSD Cells

To track sphingomyelin levels, wild-type vs. diseased fibroblasts were incubated overnight 

with fluorescent BODIPY-FL-C12-sphingomyelin, which fluoresces red (620 nm) at high 

concentrations and green (530 nm) at physiological concentrations 38, and cells were then 

fixed. In parallel experiments, in order to track cholesterol levels, cells were fixed and 

stained with 50 μg/mL filipin, which binds to cholesterol and fluoresces blue. 

Sphingomyelin or cholesterol staining were quantified by fluorescence microscopy, as 

previously described 38, 39.

 Preparation of ASM-Loaded Nanocarriers Targeted to ICAM-1

Model polymer nanocarriers were prepared by surface adsorption of a 50:50 mass ratio of 

anti-ICAM and ASM onto 100 nm-diameter polystyrene beads (anti-ICAM/ASM NCs), as 

described 38. Carriers were centrifuged at 13,000 g for three minutes to remove unbound 

molecules, re-suspended in phosphate buffered saline supplemented with 1% bovine serum 

albumin, and sonicated at low power. This procedure produces carriers that target and deliver 

active ASM to the lysosome, capable of degrading accumulated substrates 29, 38. Anti-ICAM 

or ASM cargo were characterized via conjugation to 125I and quantification of radiolabeled 

protein with a gamma counter, as reported 38. The diameter and polydispersity index of the 

coated particles were 190 ± 7 nm and 0.16 ± 0.02, respectively, measured by dynamic light 

scattering. Carriers contained 230 ± 24 ASM molecules and 135 ±17 anti-ICAM molecules 

per particle. This formulation has been shown to exhibit minimal enzyme release by 

mechanical stress (~10% release), storage (<5% release after three days in saline at 4°C), or 

physiological-like conditions (~10% release after 5 h in serum at 37°C), with lack of serum 

protein (albumin) absorption 40, 41. These are prototype carriers, with coating efficacy, in 
vivo targeting, and intracellular transport comparable to anti-ICAM NCs made of 

biodegradable poly(lactic-co-glycolic acid) 42, 43, therefore providing a valid model for cell 

culture assays. In addition, the specificity of anti-ICAM NCs (vs. control IgG NCs) in terms 

of targeting, endocytic uptake, and lysosomal delivery has been extensively demonstrated in 

both cell cultures and mouse models 29, 37, 39-43.

 Modulation of Lipid Storage Levels

To determine the role of lipid storage on endocytic uptake, TNFα-stimulated wild-type and 

NPD fibroblasts were treated to modulate lipid levels as follows. To induce lipid storage 

independently of genotype, wild-type cells were incubated for 48 hours at 37°C with 50 μM 

imipramine, which cleaves endogenous ASM and renders it inactive 44. Contrarily, to reduce 

lipid storage, NPD fibroblasts were incubated for 1 h at 37°C with 500 μM methyl-β -

cyclodextrin (a ring-shaped polysaccharide that removes cholesterol from cells 45), or for 3 h 

with recombinant ASM (1 h pulse + 2 h chase with ASM-free media). This enzyme was 

administered either as a naked counterpart (32 nM vs. 320 nM) or coupled onto anti-ICAM 

NCs (32 nM ASM). After these treatments, cells were washed, and lipid levels and dextran 

uptake were assessed via fluorescence microscopy, as described above.
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 Statistics

Fluorescence experiments involved two or three assays and microscopy analysis involved 

random selection of 8-15 regions located throughout the sample for image acquisition. Each 

region contained a range of cells (4-10). Cells contained in each image were individually 

analyzed, where all vesicles contained per cell were included in the analysis (this represents 

a total between 1,000-3,000 vesicles per condition). For SEM assays, images from two 

independent samples were analyzed (≥103 invaginations analyzed per condition). Data were 

calculated as mean ± standard error of the mean (SEM), where statistical significance was 

determined as p<0.05 by Student’s t-test, since comparisons were made between two groups.

 Results

 Reduced Fluid-Phase Uptake in Bulk and via Clathrin or Caveolar Pathways in LSD 
Fibroblasts

Non-specific pinocytosis serves as the gateway for extracellular fluid and dissolved solutes 

(including many drugs) to enter the cell. We recently demonstrated that lysosomal storage in 

NPD impairs bulk pinocytosis 29, 30. To examine if this is also the case for other LSDs, we 

compared the uptake of Texas Red dextran, a fluid-phase marker, in fibroblasts from patients 

of NPC, Gaucher, and Fabry diseases (Fig. 1). Over the course of one hour, all fibroblast 

types accumulated fewer dextran-filled compartments than wild-type cells, as observed by 

fluorescence microscopy (Fig. 1a), consistent with our previous findings in NPD cells 29, 30. 

Automatic image analysis revealed ~40% fewer dextran-positive vesicles in diseased cells 

vs. wild-type cells (Fig. 1b), suggesting a similar pinocytic alteration in all of these diseases.

This decrease in dextran uptake may be attributed to alteration in one or a combination of 

the pathways that contribute to bulk pinocytosis: clathrin-, caveolae-, and macropinocytic-

mediated endocytosis 1. For most cells, clathrin-coated pits and caveoli are the most likely 

uptake mechanisms, since macropinocytosis is largely restricted to immune cells and cells 

transiently stimulated by growth factors 13. In fact, as shown in Fig. 2a, fluorescent dextran 

internalized by wild-type cells significantly colocalized with ligands that associate with the 

clathrin route 9 (41-48% colocalization with transferrin; Tf) or the caveolar route 29, 46 

(48-53% colocalization with cholera toxin B; CTB). Since a fraction of CTB may enter 

certain cells via the clathrin pathway 47, we further confirmed dextran uptake via caveoli in 

wild-type cells by colocalization with a lipid raft domain constituent: the CTB target, 

ganglioside GM1 (40-55% colocalization; Suppl. Fig. 1).

The contribution of clathrin and caveolar pathways to endocytosis has been shown to differ 

between different cell types and tissue culture conditions 48-51. In this particular case, the 

validation described above indicates that these two routes contributed similarly to dextran 

uptake in wild-type fibroblasts. This parallels our previous data 29, 30 and was also 

confirmed here (left bars in Fig. 2b and 2c), showing that dextran uptake was diminished by 

43% and 44% in the presence of MDC or filipin, which respectively inhibit the clathrin and 

caveolar routes. Verifying the specificity of the inhibitors and conditions used, MDC 

decreased uptake of Tf but not CTB, filipin inhibited uptake of CTB but not Tf, and 
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amiloride (a macropinocytosis inhibitor) did not affect the uptake of either of these ligands 

(Suppl. Fig. 2).

With regard to the behavior of LSD cells, as previously observed for NPD cells 30 and 

confirmed here (Fig. 2b), MDC had no significant effect on dextran uptake: 96%, 102%, 

105%, and 91% of control for NPD, NPC, Gaucher, and Fabry cells, respectively (Fig. 2b). 

This indicates that the clathrin pathway was already diminished in all these cells and MDC 

had no further effect. As per the caveolar route (Fig. 2c), filipin did not significantly 

diminish dextran uptake in NPD cells (84% of control conditions), indicating that the 

pathway is affected in this disease, as described 29. This was further confirmed by scanning 

electron microscopy (see Materials and Methods), which showed 52 caveolar-like 

invaginations per 100 μm2 of cell-surface area for NPD cells vs. 131 for wild-type 

fibroblasts, a 60% reduction (Suppl. Fig. 3). Similarly to NPD, filipin did not diminish 

dextran uptake in NPC cells (81% of control), suggesting that the caveolar route is also 

affected in this disease (Fig. 2c). This was not the case for Gaucher and Fabry cells, where 

filipin decreased dextran uptake by 35% and 30% respectively, as in wild-type cells (Fig. 

2c).

 Reduced Fluid-Phase Uptake via Macropinocytosis in LSD Fibroblasts

Finally, we evaluated the contribution of macropinocytosis to non-specific fluid-phase 

uptake. Since clathrin- and caveolae-mediated pathways contributed almost the totality of 

dextran uptake in these fibroblasts (Fig. 2), we induced macropinocytosis by incubating cells 

with dextran in the presence of EGF. This signaling molecule results in the formation of 

membrane ruffles on the cell surface in non-immune cells and, hence, induces 

macropinocytosis 13. Verifying this premise, amiloride inhibited dextran uptake in wild-type 

cells (Suppl. Fig. 4), while it did not affect the uptake of Tf or CTB. In turn, MDC or filipin, 

which inhibited uptake of Tf and CTB, respectively (Suppl. Fig. 2 described above), did not 

inhibit dextran uptake induced by EGF (data not shown). With this verification in place, we 

examined the behavior in disease. The number of dextran-filled vesicles internalized by 

macropinocytosis varied among LSD cells (Fig. 3a): compared to wild-type cells, uptake 

was diminished by 33% in NPD cells (as previously reported 29), enhanced by 35% in NPC 

cells (Fig. 3b), and no significant differences were found for Gaucher and Fabry cells (Fig. 

3a and 3b).

Altogether, the findings reported in this and the previous sections suggest that endocytic 

alterations may be common to many LSDs, yet the activity of individual pathways may vary 

in each particular disease.

 Reduced Endocytosis of Clathrin- and Caveolae-Associated Ligands in LSD Fibroblasts

Given the alterations observed in fluid-phase uptake, both collectively and by individual 

pathways, we next examined uptake of specific ligands via clathrin- and caveolae-mediated 

endocytosis. First, we used fluorescent Tf as a model ligand that binds to the Tf receptor, 

which internalizes via the clathrin pathway 9. Over the course of one hour, the number of Tf-

positive vesicles was visibly lower for all diseased fibroblasts as compared to wild-type cells 

(Fig. 4a), which is consistent with observations previously reported for NPD cells 30. Image 
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quantification revealed that in wild-type fibroblasts, 93% of the total Tf associated with cells 

was found intracellularly, whereas this parameter ranged from 66% to 72% in diseased 

fibroblasts (Fig. 4b). Since the internalization percentage reflects the uptake rate, we also 

compared the absolute level of surface-bound and internalized Tf in these cells. A 

comparable level of Tf was found bound on the surface of all cell types (from 6-16 

fluorescent objects; Fig. 4c). In turn, the difference arose when comparing internalized Tf 

levels: 17-32 vesicles in diseased cells vs. 136 in wild-type cells (Fig. 4c), suggesting a 

defect in the internalization mechanism and consistent with the diminished fluid-phase 

uptake observed.

We also examined the uptake of fluorescent cholera toxin B (CTB), a ligand that binds to 

ganglioside GM1 on the cell surface and is primarily internalized within caveolae 46, as 

recently verified in these fibroblasts 29. In wild-type cells, CTB accumulated in a perinuclear 

region, consistent with expected Golgi and endoplasmic reticulum localization 52, whereas it 

appeared to localize in more punctate compartments in diseased cells (Fig. 5a). 

Quantification of the uptake efficiency (Fig. 5b) showed that the rate of CTB uptake in wild-

type cells was 76% of all cell-associated CTB, while this parameter was reduced for NPC 

(46% uptake), much like previously reported for NPD (49% uptake) 29. This was not the 

case for Fabry and Gaucher cells, which showed uptake rates similar to wild-type (70% and 

76%, respectively). A comparable level of CTB was bound to the surface of wild-type, NPD, 

NPC, and Gaucher cells (from 33 to 55 fluorescent objects; Fig. 5c), while less surface-

bound material was associated with Fabry cells (24 objects). More significant differences 

were observed when comparing internalized material: 148 vesicles in wild-type cells vs. 43 

and 47 in NPD and NPC, respectively (Fig. 5c). A more mild, yet significant decrease was 

also observed for Gaucher and Fabry cells (84 and 72 vesicles/cell). Hence, like the clathrin 

pathway, caveolae-mediated ligand uptake appears to be diminished in LSDs, although a 

greater variation was observed between diseases.

 Intracellular Trafficking of Ligands in LSD Fibroblasts

After identifying these endocytic alterations in LSDs, we next evaluated potential changes in 

the intracellular trafficking of ligands internalized via clathrin- or caveolae-mediated 

pathways. For this purpose, we examined the colocalization of Tf or CTB with markers of 

early endosomes (EEA-1) or lysosomes (LAMP-1). Fluorescence microscopy visualization 

(Suppl. Fig. 5) and quantification (Fig. 6a) showed an enhanced number of both early 

endosomes and lysosomes in NPD compared to wild-type cells (149% and 152% of wild-

type levels, respectively), which is expected in LSDs 4,16. Most importantly, a lower fraction 

of Tf and CTB colocalized with endosomal compartments (67% and 78% of the wild-type 

level; Fig. 6b and Suppl. Fig. 5a), and this was also the case for colocalization of these 

ligands with lysosomes (23% and 70% of the wild-type level; Fig. 6c and Suppl. Fig. 5b). 

Therefore, intracellular trafficking also seems to be altered in LSDs, which may be a 

consequence of the lower rate of endocytosis.

 Lipid Storage Correlates with Endocytic Dysfunction

The fact that altered endocytic patterns are observed for several LSDs despite their different 

genetic defects, metabolic routes involved, and storage materials suggests a generic link 
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between lysosomal and endocytic dyfunctions (e.g. sequestration of endocytic machinery, 

compartment mistrafficking, altered signaling, etc.). Specifically, vesiculation and vesicle 

trafficking depends on membrane lipid composition, of which cholesterol and other lipid raft 

constituents, such as sphingomyelin, are key regulatory components 24, 53, 54. Therefore, we 

examined the relative levels of cholesterol and sphingomyelin in these LSD cells. 

Fluorescence microscopy showed that, compared to wild-type fibroblasts, cells from all four 

diseases accumulated both lipids at higher levels (Fig. 7a): Gaucher and Fabry diseases cells 

accumulated 2-3-fold more cholesterol and sphingomyelin than wild-type cells, and NPD 

and NPC fibroblasts accumulated ~4-5 fold more than wild-type (Fig. 7b). These data 

correlate well with the broader and more severe endocytic alterations observed in NPD and 

NPC cells, suggesting a relationship between said lipid levels and endocytic activity.

In order to explore this possible relationship, we focused on NPD cells as an example of 

high lipid accumulation and alterations in all classical endocytic pathways compared to 

healthy cells. Using this example, we manipulated cholesterol levels and assessed the 

outcome with regard to bulk fluid-phase endocytosis (using Texas Red dextran), since this 

represents the additive uptake through all pathways (Fig. 8a). First, wild-type fibroblasts 

were treated with imipramine, which degrades endogenous ASM, mimicking ASM 

inactivity characteristic of NPD. This led to increased cholesterol storage up to a level 

comparable to that of NPD fibroblasts (4.4-fold over untreated healthy cells; 116% of NPD 

cells) and reduced dextran uptake (45% of untreated wild-type cells; 90% of NPD cells). 

The reverse was true as well: treatment of NPD fibroblasts with methyl-β-cyclodextrin to 

remove cholesterol resulted in restoration of cholesterol levels (26% of untreated NPD cells; 

97% of wild-type cells) and increased dextran uptake (1.6-fold over untreated NPD cells; 

82% of wild-type cells). This demonstrates a link between cholesterol storage and endocytic 

activity, and suggests that attenuation of cholesterol storage may help normalize the 

endocytic activity of these cells.

Diminished endocytosis in cholesterol-storing cells represents an important factor for 

therapeutic design, such as the case of enzyme replacement therapy for LSDs, which 

depends on endocytic uptake for trafficking to the compartment (the lysosome) in need of 

said therapeutic activity 4, 21. We previously showed that deficient clathrin-mediated 

endocytosis in NPD fibroblasts limited the uptake of therapeutic recombinant ASM from the 

cell medium, resulting in only a partial attenuation of the enzyme substrate characteristic of 

this disease, sphingomyelin 30. This paired well with previous reports that had found 

reduced uptake via the clathrin-dependent mannose-6-phosphate receptor in ASM deficient 

cells 28. In contrast, coupling ASM to nanocarriers targeting intercellular adhesion 

molecule-1 (ICAM-1), a cell-surface molecule overexpressed in inflammation found in 

several LSDs 15, 36, which utilizes the clathrin- and caveolae-independent CAM-

pathway 30, 37, 38, improved ASM delivery by 10-fold, normalized sphingomyelin storage to 

wild-type levels, and recovered endocytosis 29, 30. In addition, targeting, uptake, lysosomal 

delivery, and intra-lysosomal activity of ASM have been shown to be specific to anti-ICAM 

NCs vs. control IgG NCs 29, 37, 40-43, 55, 56. The characterization of these NCs is provided in 

the Materials and Methods section.
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We have shown that these treatments enhance endocytosis and here we demonstrate that this 

outcome associates with a reduction of cholesterol storage. As shown in Fig. 8b, NPD 

fibroblasts treated with 32 nM of naked recombinant ASM (low dose) continued to store 3-

fold more cholesterol than wild-type cells (86% of untreated NPD cells) and dextran uptake 

in these cells remained well below wild-type levels (47% of wild-type), comparable to 

untreated NPD cells (96% of NPD). Increasing the enzyme concentration by 10-fold (320 

nM; high dose) restored normal cholesterol levels (101% of wild-type) and partially restored 

dextran uptake (1.4-fold increase over untreated NPD; 68% of wild-type). Treatment with 

nanocarrier-loaded ASM both reduced cholesterol levels (65% reduction compared to 

untreated NPD; 135% of wild-type) and restored fluid-phase uptake (2-fold enhancement 

compared to untreated NPD; 98% of wild-type) even when using a low enzyme dose (32 

nM). Therefore, it appears that endocytic performance in LSDs is linked to lipid levels and 

strategies able to normalize said levels (methyl-β-cyclodextrin, recombinant ASM, ASM-

loaded nanocarriers) have a positive impact on the endocytic activity.

 Discussion

Endocytosis followed by lysosomal transport supports numerous cellular functions and is 

often exploited for intracellular drug delivery 1, 3, 10. Disruption of lysosomal function can 

alter endocytic behavior, which may exacerbate disease and impair drug uptake, as is 

observed in several cancers, autoimmune diseases, and metabolic disorders 4. Although 

reports have linked lysosomal dysfunctions to altered endocytosis 19, 20, 22-31, 57, the 

comparative activity of individual endocytic pathways in cells affected by lysosomal-

associated diseases remains unexplored, limiting our ability to optimize therapeutic 

strategies. LSDs represent adequate models to examine these aspects since they relate to 

primary lysosomal defects with well-known etiology 4, 18, 19, for which they were used in 

this study.

As an example, using patient fibroblasts from NPD, an LSD caused by ASM deficiency 58, 

we recently reported endocytic alterations in the clathrin, caveolar, and macropinocytic 

pathways 29, 30. These alterations led to reduced endocytosis of recombinant enzymes used 

for replacement therapy, which was overcome by targeting the enzyme to an alternative 

route 29, 30. To investigate whether similar alterations apply to other LSDs, here we have 

explored the endocytic behavior of NPC, Fabry, and Gaucher fibroblasts.

Clathrin-mediated endocytosis was the most affected pathway in all four diseases, in terms 

of both receptor-mediated (Tf) and fluid-phase transport. This agrees with previous 

observations in NPD and Pompe models of diminished clathrin-mediated uptake of ligands 

and cargo, including the mannose-6-phosphate receptor and recombinant therapeutic 

enzymes 28, 31. Others have also reported deficits in synaptic neurotransmitter recycling, 

which depends on clathrin endocytosis 1, in mouse models of glucocerebrosidase deficiency 

(characteristic of Gaucher and Parkinson’s disease) and palmitoyl protein thioesterase-1 

deficiency (Batten disease) 26, 59. This may contribute to the diminished synaptic plasticity, 

dopaminergenic neurotransmission, and other neurological symptoms observed in LSDs 6. 

Diminished clathrin-mediated uptake may arise from decreased availability of endocytic 

machinery. Clathrin proteins, adapters, and other pathway constituents are directly involved 
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in the trafficking of lysosomal proteins in the biosynthetic route. For instance, mannose-6-

phosphate receptors shuttle lysosomal enzymes between the trans-Golgi network and the 

lysosome in clathrin-coated vesicles 60. Alteration of lysosomal content in LSDs may disturb 

the balance, display, and/or function of transmembrane and/or peripheral proteins involved 

in the signaling, coating, and fusion/fission events required for proper trafficking between 

these compartments 18, 53, 61. This may lead to altered recycling and sequestration of said 

components at this stage, diminishing their availability to contribute to endocytic processes 

occurring at the plasmalemma. We recently reported increased localization of clathrin-heavy 

chain in perinuclear compartments and poor localization to ligand-receptor binding sites at 

the cell surface in NPD cells 30. In view of this, a rigorous study examining the links 

between lysosomal dysfunction and the clathrin pathway is warranted.

In contrast, the relative activity of clathrin-independent pathways varied. NPD and NPC 

fibroblasts had the lowest levels of fluid-phase and receptor-mediated (CTB) uptake via 

caveolar endocytosis, whereas Gaucher and Fabry cells were less affected. Although the 

clathrin- and the caveolae-mediated pathways share some commonalities, e.g. use of 

dynamin and actin 1, there are also major differences between these pathways that may 

account for such distinction. For instance, the caveolar route is not directly involved in the 

biosynthetic or endocytic transport of lysosomal enzymes, and caveolar trafficking is known 

to bypass the lysosome in many cases in favor of Golgi and ER targets 62. Therefore, this 

pathway may be less affected by lysosomal alterations. However, effects on this pathway 

may arise where lysosomal dysfunction alters the lipid composition of the plasmalemma or 

internal membranes. This is the case in this study, where the cholesterol and sphingomyelin 

levels in diseased cells directly related to the level of caveolar dysfunction. This agrees with 

previous studies showing aberrant trafficking of lactosylceramide and ganglioside ligands in 

these diseases (associated with caveolae), which were rerouted from a Golgi-targeting 

pathway to a lysosomal route 23, 24. Others have also reported disruption of caveolar 

microdomains in a Batten disease model and poor recruitment of signaling molecules to 

lipid rafts in a Krabbe’s disease model 25, 57.

With regard to macropinocytosis, the level of activity varied between diseases. The route 

was diminished in NPD cells, enhanced in NPC, and unchanged in Gaucher or Fabry cells. 

The relationship here with LSDs is less straightforward and may depend on collateral effects 

of the molecules and/or metabolic pathways affected. ASM activity is involved in 

macropinocytic-like events and is deficient in NPD, potentially explaining the deficits 

observed 29. For instance, ASM increases the ceramide content of the plasmalemma, 

providing both the biophysical properties and actin reorganization required to sustain 

formation of large macropinocytic engulfment structures 63-67. Since ASM is active in NPC, 

Gaucher and Fabry disease, this may explain the un-inhibited macropinocytosis in these 

cells. However, as NPC cells show defects in both clathrin- and caveolae-mediated 

pathways, it is possible that these cells upregulate macropinocytosis as a compensatory 

mechanism, as we observed here. Other cases of endocytic compensation have been reported 

elsewhere 68. Since the caveolar route was still significantly active in Gaucher and Fabry 

cells, such compensation may not be necessary, rendering wild-type levels of 

macropinocytosis.
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Endocytic disruption may arise directly from the primary genetic defect (such as the role of 

ASM in macropinocytosis) or secondarily to lysosomal stress (e.g. disruption of caveolar 

lipid rafts in NPD and NPC, or sequestration of clathrin machinery in the Golgi-lysosome 

route in all diseases tested). It is also possible that other physiochemical changes in the cell 

adversely affect endocytic function. For instance, the lysosomal buildup of undigested 

substances interferes with any pathways requiring lysosomal fusion/fission, pH, degradation, 

etc., such as autophagy, vesicular transport, and cytoskeletal reorganization 17, 19, 29, 30. In 

fact, our results here showed reduced colocalization of internalized ligands of the clathrin 

and the caveolar pathways (Tf and CTB, respectively) with early endosomes and lysosomes. 

Others have also reported defects in other vesicular trafficking mechanisms, such as 

lysosomal exocytosis, which is required for plasmalemma recycling and proper display of 

membrane proteins, including endocytic receptors 61. Interestingly, pharmacological 

enhancement of exocytosis is a concept that is being explored in order to enhance the 

therapeutic outcome of LSD treatments 53, 61, 69.

Differences with regard to the endocytic behavior of diseased cells are expected depending 

on the particular malady, specific mutations, and tissue type. Yet, the fact that cells of 

patients of four distinct diseases associated with different gene defects and lysosomal 

storages show endocytic alterations, which relates to previous reports in other LSD 

settings 19, 20, 22-31, 57, suggests a rather common pattern and validates our overall 

observations. Importantly, variations in uptake activity and endocytic trafficking in healthy 

vs. diseased cells represent important considerations for therapeutic delivery targeted to 

these routes. Clathrin activity is essential for replacement therapy for LSDs, as recombinant 

enzymes classically use this pathway for uptake (via the mannose-6-phosphate receptor) 21, 

and several other strategies have targeted other clathrin-dependent receptors 6, 70. Targeting 

the caveolar route could help, but this pathway also appears affected in some diseases and 

material internalized via this pathway often avoids the lysosome 10, 34. Strategies involving 

macropinocytosis may be possible by using certain signaling molecules (e.g. EGF), but 

because this is not a receptor-mediated pathway, cargo would remain dissolved in the fluid-

phase, preventing specific or concentrated cargo from reaching the cell interior. Alternative, 

non-classical pathways may be beneficial, such as the case of the ICAM-1 example shown 

here 37, 38. Interestingly, ICAM-1 mediates uptake via the CAM route, which requires ASM 

activity like macropinocytosis, yet it represents a receptor-mediated process that allows for 

specific targeting and concentration of cargo 37-39. Also, coupling of recombinant ASM to 

ICAM-1 targeting carriers provides the necessary activity to recover this endocytic 

route 39, 71. Enhanced lysosomal delivery via this route decreased storage and, subsequently, 

improved endocytosis.

Importantly, lipid (cholesterol) alterations in cellular membranes, arising from either the 

primary or secondary LSD defect, directly correlated with the degree of endocytic alteration. 

Although this may more directly and relevantly impact caveolar pathways due to the 

involvement of cholesterol, sphingolipids, etc. in this route, it is known that cholesterol and 

other lipids also play a role in clathrin-mediated uptake 72, 73. Modulation of the levels of 

cholesterol, either directly with methyl-β-cyclodextrin, or indirectly with imipramine or 

recombinant ASM, permitted us to modify the overall endocytic activity, traced as bulk 

fluid-phase uptake. It is known that the lipid profile of membranes along the endo-lysosomal 
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pathway regulates the formation of lipid-protein complexes, the generation of membrane 

curvature, and the sorting of membrane-bound material 22, 74. Lipids facing the compartment 

lumen, such as sphingolipids, regulate ion channel activity, affecting exocytosis and 

membrane remodeling 61. Elevated cholesterol has been linked to aberrant SNARE protein 

complexes, disrupting compartment fusion en route to the lysosome 53. Here, we only 

examined cells affected by primary lipid storage (NPD), but lipid storage also arises 

secondarily to carbohydrate and protein storage 61. It would be worth performing similar 

studies on cells storing glycogen (Pompe disease), cysteine (cystinosis), autophagic 

materials (Huntington’s, Alzheimer’s, and Parkinson’s disease), etc. 4, 16.

The relationship between storage and endocytic/trafficking dysfunction suggests that 

lysosomal toxicity arising from drugs and materials employed in drug delivery may render a 

similar phenotype. Lysosomal storage is a known side effect of many drugs used clinically, 

such as the case of imipramine (the anti-depressant used here), suramin (an anti-parasitic 

drug that diminishes proteolysis in Kupffer cells), chloroquine (a malariacidal agent), 

amiodarone (an antiarythmic), and certain anorectics 75. Non-degradable drug carrier 

materials, such as quantum dots, gold, titanium dioxide, and others accumulate and impact 

lysosomal/autophagic compartments 76-80. Intracellular delivery of lipids or slow-degradable 

polymers used in liposomes and other carrier formulations could render side effects 

consistent with lysosomal storage 80, 81. Therefore, whether the cellular uptake and storage 

of foreign materials could alter endocytic function as observed in genetic LSDs deserves 

further investigation. Ultimately, awareness of the role of the lysosome in regulating 

endocytosis will improve therapeutic efficacy and diminish the toxicity of future drug 

delivery systems, including not only those aimed at treating LSDs, but also other diseases 

requiring endocytic entry within cells.

 Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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 Abbreviations

ASM acid sphingomyelinase

ICAM-1 intercellular adhesion molecule-1

LSD lysosomal storage disease

NC nanocarrier
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NPD type A-B Niemann-Pick disease

NPC type C Niemann-Pick disease
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Figure 1. 
Bulk pinocytic fluid-phase uptake in LSD fibroblasts. (A) Fluorescence microscopy images 

of wild-type (Wt), NPC, Gaucher, and Fabry fibroblasts incubated for 1 h at 37°C with cell 

medium containing Texas Red dextran. NPD, reported in 30, serves as a control and is not 

shown. Dashed lines = cell borders, as observed by phase-contrast microscopy. Scale bar = 

10 μm. (B) Quantification of the number of dextran-positive vesicles. Data are the mean ± 

SEM. *Comparison with Wt (p<0.05 by Student’s t-test).
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Figure 2. 
Fluid-phase uptake via clathrin- or caveolae-mediated endocytosis in LSD fibroblasts. (A) 

Quantification of the percent colocalization of Texas Red dextran-positive vesicles 

internalized by wild-type fibroblasts (30 min, 37°C) along with green fluorescent transferrin 

(Tf) or cholera toxin B (CTB). Colocalizing area and number of vesicles are shown. (B, C) 

Quantification of the number of Texas Red dextran-positive vesicles internalized during 1 h 

at 37°C by wild-type vs. diseased cells incubated with: (B) monodansylcadaverine (MDC), 

an inhibitor of clathrin-mediated endocytosis, or (C) filipin, an inhibitor of caveolar 

endocytosis. Data are normalized to those of cells incubated in the absence of inhibitors 

(control (Ctr)), which is indicated by the horizontal line. The difference between the control 

line and the inhibitor bar demonstrates the relative contribution of each pathway to fluid-

phase uptake. Data are the mean ± SEM. *Comparison with uninhibited, control cells 

(p<0.05 by Student’s t-test).
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Figure 3. 
Fluid-phase uptake via macropinocytosis in LSD fibroblasts. Incubation of Wt, NPD, NPC, 

Gaucher, and Fabry fibroblasts for 1 h at 37°C with cell medium containing both the fluid-

phase marker Texas Red dextran and epidermal growth factor (EGF), which stimulates 

macropinocytosis. (A) Fluorescence images showing dextran-positive vesicles. NPD, 

reported in 29 serves as a control and is not shown. Dashed lines = cell borders, as observed 

by phase-contrast microscopy. Scale bar = 10 μm. (B) Quantification of the number of 

dextran-positive vesicles. Data are the mean ± SEM. *Comparison with Wt (p<0.05 by 

Student’s t-test).
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Figure 4. 
Transferrin endocytosis in LSD fibroblasts. Wild-type (Wt), NPD, NPC, Gaucher, and Fabry 

fibroblasts incubated with fluorescent transferrin (Tf; green pseudocolor) for 1 h at 37°C. 

(A) Fluorescence images were taken after unbound Tf was washed off and surface-bound Tf 

was immunostained (red pseudocolor). This rendered surface-bound Tf marked in two colors 

(red + green = yellow; arrowheads), distinguishable from internalized Tf (green; arrows). 

NPD, reported in 30 serves as a control and is not shown. Dashed lines = cell borders, as 

observed from phase-contrast microscopy. Scale bar = 10 μm. (B) Quantification of the 

percentage of single-labeled Tf found inside each cell compared to total (single-labeled and 

double-labeled) Tf associated with said cells. (C) Internal and surface Tf (fluorescent objects 

over background). (B,C) Data are the mean ± SEM. *Comparison with Wt (p<0.05 by 

Student’s t-test).
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Figure 5. 
Internalization of cholera toxin B in LSD fibroblasts. Wild-type (Wt), NPD, NPC, Gaucher, 

and Fabry fibroblasts incubated with fluorescent cholera toxin B (CTB; green pseudocolor) 

for 1 h at 37°C. (A) Fluorescence images were taken after unbound CTB was washed off and 

surface-bound CTB was immunostained (red pseudocolor). This rendered surface-bound 

CTB marked in two colors (red + green = yellow; arrowheads), distinguishable from 

internalized CTB (green; arrows). NPD, reported in 29 serves as a control and is not shown. 

Dashed lines = cell borders, as observed from phase-contrast microscopy. Scale bar = 10 μm. 

(B) Quantification of the percentage of single-labeled CTB found inside each cell compared 

to total CTB (single-labeled and double-labeled) associated with said cells. (C) Internal and 

surface CTB (fluorescent objects over background). (B,C) Data are the mean ± SEM. 

*Comparison with Wt (p<0.05 by Student’s t-test).
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Figure 6. 
Intracellular trafficking of ligands in LSD fibroblasts. Wild-type (Wt) or NPD fibroblasts 

were incubated for 30 min at 37°C with fluorescent transferrin (Tf) or cholera toxin B 

(CTB), pseudocolored green, followed by immunostaining of early endosomes or lysosomes 

using antibodies against EEA-1 or LAMP-1, respectively (pseudocolored red). (A) The 

graph shows the quantification of the number of EEA-1- or anti-LAMP-1-positive vesicles 

from fluorescence microscopy images (Suppl. Fig. 5). (B) Colocalization of Tf or CTB with 

EEA-1, and (C) with LAMP-1, expressed as the percentage of the total Tf or CTB associated 

to cells. Data are the mean ± SEM. *Comparison with wild-type cells (p<0.05 by Student’s 

t-test).
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Figure 7. 
Lipid accumulation in LSD fibroblasts. (A) Fluorescence images of wild-type (Wt), NPD, 

NPC, Gaucher, and Fabry fibroblasts incubated overnight with fluorescent BODIPY-FL-C12-

sphingomyelin or stained with filipin, in order to visualize sphingomyelin and cholesterol, 

respectively. Dashed lines = cell borders, as observed from phase-contrast microscopy. Scale 

bar = 10 μm. (B) Quantification of lipid accumulation, normalized to that of Wt cells 

(horizontal bar). Data are the mean ± SEM. *Comparison with Wt (p<0.05 by Student’s t-

test).
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Figure 8. 
Cholesterol levels are inversely proportional to bulk endocytosis in NPD fibroblasts. (A) 

Wild-type (Wt) fibroblasts were treated at 37°C for 48 h with imipramine (imi) to induce 

lipid storage and NPD fibroblasts were treated for 1 h at 37°C with methyl-β -cyclodextrin 

(Cdx) to relieve lipid storage. (B) NPD fibroblasts were treated for 1 h at 37°C with cell 

medium containing naked ASM (low dose = 32 nM; high dose = 320 nM) or nanocarriers 

targeted to ICAM-1 and containing 32 nM ASM (anti-ICAM/ASM NCs). (A, B) After 1 h 

incubation with Cdx or enzyme, these agents were removed and cells incubated for an 

additional 2 h in control medium. Cholesterol levels were quantified using fluorescent filipin 

staining and normalized to that of Wt cells. The number of Texas Red dextran-positive 

vesicles internalized within cells after 1 h incubation at 37°C was quantified by fluorescence 

microscopy, as in Fig. 1. Data are the mean ± SEM. *Comparison with untreated Wt (solid 

horizontal line in graphs). #Comparison with untreated NPD (dashed horizontal line in 

graphs) (p<0.05 by Student’s t-test).
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