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Abstract

Pharmaceutical intervention often requires therapeutics and/or their carriers to enter cells via
endocytosis. Therefore, endocytic aberrancies resulting from disease represent a key, yet often
overlooked, parameter in designing therapeutic strategies. In the case of lysosomal storage
diseases (LSDs), characterized by lysosomal accumulation of undegraded substances, common
clinical interventions rely on endocytosis of recombinant enzymes. However, the lysosomal defect
in these diseases can affect endocytosis, as we recently demonstrated for clathrin-mediated uptake
in patient fibroblasts with type A Niemann-Pick disease (NPD), a disorder characterized by acid
sphingomylinase (ASM) deficiency and subsequent sphingomyelin storage. Using similar cells,
we have examined if this is also the case for clathrin-independent pathways, including caveolae-
mediated endocytosis and macropinocytosis. We observed impaired caveolin-1 enrichment at
ligand-binding sites in NPD vs. wild type fibroblasts, corresponding with altered uptake of ligands
and fluid-phase markers by both pathways. Similarly, aberrant lysosomal storage of
sphingomyelin induced by pharmacological means also diminished uptake. Partial degradation of
the lysosomal storage by untargeted recombinant ASM lead to partial uptake enhancement, while
both parameters were restored to wild type levels by ASM delivery using model polymer
nanocarriers specifically targeted to intercellular adhesion molecule-1 (anti-lICAM NCs). Carriers
also restored caveolin-1 enrichment at ligand-binding sites and uptake through the caveolar and
macropinocytic routes. These results demonstrate a link between lysosomal storage in NPD and
alterations in clathrin-independent endocytosis, which could apply to other LSDs. Hence, this
study shall guide the design of therapeutic approaches using viable endocytic pathways.

Graphical Abstract

"Address correspondence to: Silvia Muro, 5115 Plant Sciences Building, College Park, MD 20742-4450. Tel: 1+301-405-4777; Fax:
1+301-314-9075; muro@umd.edu.

Supporting Information Available

This information is available free of charge via the Internet at http://pubs.acs.org/


http://pubs.acs.org/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rappaport et al. Page 2

L
%4;,,_

Pathways
Inhibited

I
Storage | Reduction
]

ASM Deficiency Lysosome ASM Delivery

Keywords

Lysosomal storage disorders; type A Niemann-Pick disease; caveolae-mediated endocytosis;
macropinocytosis; ICAM-1-targeted nanocarriers; enzyme delivery

Introduction

Cells continuously internalize extracellular material and plasmalemma molecules via
endocytosis, supporting a plethora of biological functions and providing a gateway for
intracellular drug delivery 1-3. Budding of endocytic vesicles from the plasma membrane
can occur constitutively, or can be induced by specific binding of ligands to their receptors
on the cell surface, where both extracellular fluid and said molecules can be internalized by
pinocytosis 3 4. As such, therapeutics and/or their carriers may undergo uptake from the
extracellular milieu as a part of the fluid-phase, or may target and induce uptake by
association with plasmalemma components, most commonly endocytic receptors 2: 2.

Parameters such as the vesicle size, intracellular trafficking, and molecular players that
regulate the fate of endocytosed substances vary among each of the three classical pinocytic
mechanisms 2 3: clathrin-mediated endocytosis, caveolin-mediated endocytosis, and
macropinocytosis 3 4. Each has been explored to varying degrees for uptake of

therapeutics 1+ °. Clathrin-mediated endocytosis has been broadly observed in mammalian
cells in association with a number of receptors (e.g., transferrin, low density lipoprotein,
mannose-6-phosphate, etc.). This route has been widely targeted for delivery of therapeutics,
drug conjugates, and carriers bearing clathrin-associated ligands 4 8- 7. Alternative routes
have also drawn considerable attention. For example, caveolae-mediated endocytosis occurs
in most cell types 4 > 8 and is characterized by caveolin-1-rich invaginations of ~50-70 nm
that form in lipid raft regions of the plasmalemma 8: °. Uptake via this route has been
achieved by exploiting caveolar ligands such as cholera toxin, simian virus 40, albumin,
aminopeptidase P, etc., or antibodies to caveolar markers 2 > 7. 10-12_ Aternatively,
macropinocytosis is characterized by constitutive uptake of fluids in large vesicles (>500 nm
in diameter) 13 and, although it is especially active in macrophages and dendritic cells, it can
be transiently induced in non-hematopoietic cells by epidermal growth factor (EGF),
therefore also playing a key role in biology and drug uptake > 13,

It has become increasingly apparent however, that normal endocytic trafficking behavior can
be altered by disease, reducing the efficiency of therapies requiring endocytic uptake.
Lysosomal storage disorders (LSDs) illustrate this paradigm. LSDs often arise from a

Mol Pharm. Author manuscript; available in PMC 2016 September 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rappaport et al.

Methods

Page 3

genetic deficiency of a lysosomal hydrolase, causing abnormal lysosomal accumulation of
metabolic substrates 14. Therapy by gene transfer via viral vectors (in clinical trial for
Sanfilippo and Pompe disease) or replacement therapy with recombinant enzymes (clinically
approved for Gaucher, Fabry, Pompe, and mucopolysaccharidosis types I, Il, and V1) 15-17
both require endocytic uptake within cells 18. However, secondary cellular defects that arise
from substrate storage (e.g., altered cytoskeletal rearrangement, diminished secretory
trafficking, subcellular traffic jams, etc.) may impair uptake of such therapies 1923, In
particular, lysosomal accumulation of lipids in certain LSDs has been linked with aberrant
trafficking of plasma membrane components and ligands associated with clathrin and
caveolar pathways 21-25, This is the case for fibroblasts from patients with type A Niemann-
Pick disease (NPD). NPD cells are characterized by acid sphingomyelinase (ASM)
deficiency leading to sphingomyelin and, secondarily, cholesterol storage 26. In these cells,
we have recently described impairment of clathrin-mediated endocytosis 27. This defect
correlated with suboptimal uptake of therapeutic ASM 23 27 an enzyme that naturally
targets the clathrin route via the mannose-6-phosphate receptor 23 26, Instead, enzyme
delivery was more efficient and led to greater degradation of the lysosomal storage by
bypassing this defunct pathway 27. This was achieved by delivering the enzyme via polymer
nanocarriers targeted to a clathrin-, caveolae-, and macropinocytic-independent route called
cell adhesion molecule (CAM)-mediated endocytosis, which was induced by targeting
intercellular adhesion molecule -1 (ICAM-1) 2831, |n addition, the reduction of lysosomal
sphingomyelin storage restored the activity of the clathrin pathway 27, demonstrating a link
between lysosomal storage and altered clathrin-mediated endocytosis.

In this study, we have explored and found that a similar relationship exists between aberrant
lysosomal storage in type A Niemann-Pick disease and clathrin-independent endocytosis via
caveolar and macropinocytic routes.

Antibodies and Reagents

Alexa Fluor-594 cholera toxin B subunit (CTB), 10,000 MW Texas Red dextran, BODIPY-
FL-C42-sphingomyelin, and fluorescent secondary antibodies were from Molecular Probes
(Eugene, OR). Anti-CTB and anti-caveolin-1 were from Calbiochem (La Jolla, CA). Mouse
monoclonal anti-human ICAM-1 (clone R6.5) was from the American Type Culture
Collection (Manassas, VA). Non-fluorescent or green Fluoresbrite 100 nm-diameter
polystyrene beads were from Polysciences (Warrington, PA). Recombinant human ASM 32
was kindly provided by Dr. Edward Schuchman (Dept. of Genetics and Genomics Sciences,
Mount Sinai School of Medicine, New York, NY). Unless otherwise noted, all other reagents
were from Sigma Aldrich (St. Louis, MO).

Cell Cultures

Wild type and type A NPD patient skin fibroblasts (homozygous for the R496L mutation)
were kindly provided by Dr. Edward Schuchman. Cells were seeded on glass coverslips and
incubated at 37°C, 5% CO,, and 95% relative humidity in Dulbecco’s Modified Eagle
Medium (Gibco BRL, Grand Island, NY) supplemented with 10% fetal bovine serum, 2 mM
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glutamine, 100 U/mL penicillin, and 100 pug/mL streptomycin. Where indicated, ICAM-1
expression was stimulated as in inflammatory conditions pertaining to NPD, by incubating
cells with 10 ng/mL tumor necrosis factor a. (TNFa.) overnight prior to assays 2°.

Ligand Uptake by Caveoli

Wild type and NPD fibroblasts were incubated with medium containing 2.9 uM red Alexa
Fluor-594 CTB for varying periods of time (from fifteen minutes to five hours) at 37°C in
order to measure the kinetics of uptake by caveolar endocytosis. Cells were then washed,
fixed with 2% paraformaldehyde, and incubated with goat anti-CTB followed by green
fluorescein isothiocyanate (FITC)-labeled rat anti-goat 1gG. This protocol renders CTB
bound to the cell surface double stained in red and green (yellow) vs. internalized CTB,
which appears only red, as previously described 28, To verify that CTB uptake was mainly
contributed by caveolar- vs. clathrin-mediated endocytosis, similar experiments were
conducted in the presence of 1 pg/mL filipin (inhibits caveolar uptake 33), 50 pyM
monodansylcadaverine (MDC; inhibits clathrin pathways 34), or a mixture of both inhibitors.
Cells had been exposed to said inhibitors also for thirty minutes prior to incubation with
CTB.

All samples were washed, mounted on slides, and analyzed by fluorescence microscopy.
This was done using an Eclipse TE2000-U microscope with a 60x PlanApo objective and
filters optimized for Texas Red and FITC fluorescence (Nikon, Melville, NY). Images were
taken with an Orca-ICCD camera (Hamamatsu, Bridgewater, NJ) using ImagePro 3.0
software (Media Cybernetics, Silver Spring, MD). To facilitate analysis using a customized
algorithm that detects both fluorescent pixels and endosomal-sized vesicles, both surpassing
a background threshold fluorescence 37, CTB was pseudocolored in green and the additional
stains were pseudocolored in red. Therefore, surface CTB appear yellow vs. internalized
counterparts that appear green, which were quantified as described previously 35. The
percentage of internalized green fluorescent pixels over the total cell-associated fluorescence
and the number of green fluorescent vesicles were quantified. Where indicated, these
parameters were expressed per cell area (shown in mm2), which was obtained from
observation of the cell borders by phase-contrast microscopy.

Caveolin-1 Distribution

To measure the colocalization of CTB with caveolin-1, cells were incubated with red Alexa
Fluor-594 CTB as described above, washed, fixed, and permeabilized with 0.2% Triton
X-100. Samples were then immunostained with mouse anti-human caveolin-1 and green
FITC goat anti-mouse 1gG. Cells not exposed to CTB were used as controls to discern the
baseline distribution of caveolin-1. After image analysis using the equipment and software
described above, CTB co-localizing or not with caveolin-1 appears yellow vs. green,
respectively, which was quantified as described previously 3. In addition, the percentage of
caveolin-1 fluorescence that localized within ~3 um distance from the cell nucleus compared
to the whole cell-associated fraction was calculated, where both the nucleus and cell borders
were imaged by phase-contrast microscopy.
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Fluid-Phase Uptake

To quantify bulk fluid-phase pinocytosis as well as the contribution of individual pathways
to such uptake, wild type and NPD fibroblasts were pretreated for thirty minutes at 37°C
with control media or media supplemented with either one or a combination of the following
pharmacological inhibitors: 50 yM MDC (to inhibit clathrin endocytosis), 1 pg/mL filipin
(to inhibit caveolar endocytosis), and 3 mM amiloride (to inhibit macropinocytosis). We
have validated the specificity of these treatments elsewhere 28, Cells were then incubated for
varying periods of time (from thirty minutes to eight hours) with 1 mg/mL Texas Red
dextran, a fluid phase marker for endocytosis, in control media or for one hour in inhibitor-
supplemented media (see a description of the inhibitors above). Alternatively,
macropinocytosis was evaluated by incubating cells for varying periods of time (from fifteen
minutes to eight hours) at 37°C with 1 mg/mL Texas Red dextran in media containing 100
ng/mL EGF, which stimulates the formation of membrane ruffles and macropinocytosis 13.
Cell samples were washed, fixed, and the number of fluorescent dextran-filled compartments
was quantified by fluorescence microscopy as described 27. Where indicated, this parameter
was expressed per cell area (shown in mm?), which was obtained from observation of the
cell borders by phase-contrast microscopy.

Role of Induced Lipid Storage

To mimic lysosomal storage of sphingomyelin as seen in type A NPD, wild type fibroblasts
were incubated at 37°C for forty eight hours with 50 pM imipramine, which cleaves
endogenous ASM, rendering it inactive 36. To track sphingomyelin levels in control vs.
imipramine-treated wild type fibroblasts, or NPD fibroblasts, cells were incubated overnight
with BODIPY-FL-Cq,-sphingomyelin, which fluoresces red (620 nm) at high concentrations
and green (530 nm) at physiological concentrations 2. Cells were then analyzed by
fluorescence microscopy to quantify sphingomyelin accumulation.

In parallel experiments, fluid-phase uptake of 1 mg/mL Texas Red dextran was examined in
imipramine-treated wild type fibroblasts and compared to that of control wild type or NPD
fibroblasts, as described above.

Preparation of ASM-Loaded Nanocarriers Targeted to ICAM-1

Model polymer nanocarriers were prepared by adsorbing either anti-ICAM, control non-
specific 1gG, or a mix containing 50:50 mass ratio of anti-ICAM:ASM (anti-ICAM NCs,
IgG NCs and anti-ICAM/ASM NCs, respectively) on the surface of 100 nm-diameter
polystyrene beads (non-fluorescent or green Fluoresbrite, as indicated for respective
experiments), as described 27- 2%, This antibody:enzyme ratio has been shown to produce
carriers with efficient targeting properties and active ASM capable of degrading
accumulated lysosomal substrates 27- 2%, Unbound molecules were removed by
centrifugation at 13,000 g for three minutes, carriers were re-suspended in phosphate
buffered saline supplemented with 1% bovine serum albumin, and the solution was
sonicated at low power to disengage carrier aggregates. To characterize the carrier coat,
either anti-ICAM, IgG, or the enzyme cargo were conjugated to 12°1, and the amount of
radiolabeled antibody or enzyme per carrier was determined with a gamma counter. The
diameter of all coated particles ranged between 185 and 225 nm, with polydispersity ranging
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from 0.16 to 0.19, as measured by dynamic light scattering. Carriers coated with anti-ICAM
or 1gG alone contained 262 + 9 and 244 + 10 antibody molecules per particle, respectively,
while those carrying ASM and anti-ICAM contained 230 + 24 enzyme molecules and 135

+ 17 antibody molecules per particle. These formulations have been shown to exhibit
minimal antibody or 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
five hours in serum at 37°C) 37: 38, Although not intended for clinical use, these prototype
carriers have been demonstrated to render coating efficacy, /n vivotargeting, and
intracellular transport comparable to anti-ICAM NCs made of biodegradable poly(lactic-co-
glycolic acid) 3940, and are therefore a valid model.

Targeting and Uptake of anti-ICAM Carriers

Wild type fibroblasts were pretreated overnight with TNFa to mimic inflammatory
activation typical of NPD and other LSDs 17: 26, Cells were exposed for one hour at 37°C to
green Fluoresbrite anti-ICAM NCs or control non-specific IgG NCs, then washed and fixed.
Samples were then incubated with a secondary antibody labeled with Texas Red, which is
only accessible to anti-ICAM on the coat of cell-surface located carriers (not internalized
ones), as demonstrated before 35. This allows differential staining of cell-surface bound
(green + red = yellow) vs. internalized (green alone) carriers. Total cell-associated carriers
and the percentage of carriers internalized were quantified by fluorescence microscopy, as
described 3.

Effects of Delivered ASM

Statistics

Following overnight treatment with TNFa to mimic inflammatory activation observed in
many LSDs 17:26 NPD fibroblasts were incubated for one hour at 37°C with recombinant
ASM, applied either as a free counterpart (32 nM vs. 320 nM, respectively) or coupled onto
anti-ICAM NCs (32 nM ASM). We previously demonstrated partial vs. complete
normalization of the sphingomyelin levels, respectively, by these treatments 27. The cells
were washed to remove treatments and incubated in basal media for three hours to permit
degradation of intracellular sphingomyelin stores. Bulk fluid-phase endocytosis, uptake of
CTB, caveolin-1 distribution and co-localization with CTB, and EGF-stimulated
macropinocytosis were then assessed as described above.

Experiments involved two or three assays and microscopy analysis involved random
selection of 8-15 regions located throughout the sample for image acquisition. Individual
analysis of each cell contained in such images was pursued, where all vesicles contained per
cell were included in the analysis (this represents a total between a thousand and three
thousand vesicles 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 aimed between two groups.
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Altered Endocytosis and Distribution of Caveolar Ligands and Markers in NPD Fibroblasts

To build upon our recent study showing altered clathrin-mediated endocytosis in NPD
fibroblasts 27, here we have focused on clathrin-independent routes. We first examined the
uptake of fluorescent CTB, a molecule that associates with ganglioside GM1 on the
plasmalemma and internalizes largely by caveolar-mediated endocytosis 41. Over the course
of one hour, total CTB associated with wild type fibroblasts to a significantly greater extent
than with NPD cells, and also localized to the perinuclear region vs. an endosomal-punctate
like appearance observed in NPD (Figure 1a). Hence, CTB distribution in wild type cells
was consistent with endoplasmic reticulum and Golgi trafficking, as expected for caveolar
uptake of this toxin 8. Verifying this route (since clathrin-mediated endocytosis could
contribute to CTB uptake 42), only treatment with filipin, a cholesterol-binding agent that
inhibits caveolar endocytosis 33, but not monodansylcadaverine (MDC), an inhibitor of
clathrin coated pits 34, significantly diminished CTB endocytosis in wild type fibroblasts:
47% vs. 81% of control, respectively (Supplementary Figure 1). Also, CTB uptake in the
presence of both filipin and MDC did not differ from filipin alone (51% of control;
Supplementary Figure 1). Importantly, total association of CTB with NPD fibroblasts was
only 64% that of wild type cells (Figure 1a), indicating a defect in the caveolar route. In fact,
filipin inhibition of CTB uptake, alone or in combination with MDC, was less acute in NPD
cells (63% and 80% of control, respectively; Supplementary Figure 1) and no effect was
found for NPD cells treated with MDC alone (111% of control), which is expected since
NPD cells have impaired clathrin-mediated uptake 27.

The endocytic differences observed between NPD and wild type cells mostly applied to the
internalized fraction of CTB (47% that of wild type fibroblasts), while the amount of CTB
bound to the cell surface was similar in both cell types, suggesting that the defect may lie in
the uptake process. Examination of the kinetics of CTB uptake suggested this event was
slower in NPD vs. wild type cells: half time for maximal uptake was 26 minutes vs. 12
minutes, respectively, when comparing the percentage of CTB that was internalized from the
total cell-associated fraction (Figure 1b). With time, this parameter reached a similar
saturation (95% uptake for wild type and 94% uptake for NPD; Figure 1b). When
quantifying the number of internalized vesicles containing CTB, the uptake kinetics was
even more affected (half time of 20 minutes for wild type vs. 134 minutes for NPD;
Supplementary Figure 2a), and when the number of internalized vesicles containing CTB
was normalized to the cell-surface area (since different cell sizes would render different
numbers of invaginating vesicles even if the rate of uptake was same) a similar pattern was
observed, yet still more acute (Supplementary Figure 2b).

Since caveolin-1 is enriched in caveolar invaginations, caveolae-mediated uptake is
characterized by co-localization of ligands internalizing via this route with caveolin-1 41, To
evaluate if this was affected in NPD cells, we examined the intracellular distribution of
caveolin-1. In fixed cells and under control conditions (absence of CTB), caveolin-1
localized to widespread peripheral regions in wild type cells, as expected, while it appeared
to preferentially occupy a nuclear-like region in NPD cells (Figure 2a). As shown in Figures
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2b and 2c, when wild type cells were exposed to CTB prior to fixation and then
immunostained for caveolin-1, this marker was also found to be broadly distributed (only
28% localization within 3 pm from the cell nucleus) and clearly associated with CTB (76%
colocalization), as expected for caveolar uptake of CTB. In contrast, caveolin-1 remained
localized in the nuclear region in NPD cells after exposure to CTB (88% perinuclear), with
only 8% of all CTB being colocalized with caveolin-1, which is consistent with the previous
observation of diminished CTB uptake via caveoli.

Reduced Fluid-Phase Uptake via Caveoli and Macropinocytosis in NPD Fibroblasts

Aberrant distribution of caveolin-1 and reduced CTB uptake support that the caveolae-
mediated pathway is altered in NPD. This may affect not only endocytosis of ligands
(illustrated by CTB) but also fluid-phase uptake via caveoli. Indeed, using fluorescent
dextran as a fluid-phase marker, NPD cells exhibited reduced uptake: 60-70% compared to
wild type cells (see one hour time point in Figure 3a, and solid and dashed horizontal lines
in Figure 3b), similar to our previous report for these cells 27. As in the case of altered
uptake of CTB, NPD cells showed slower dextran uptake kinetics as compared to wild type
cells (half time for maximal internalization was 67 minutes vs. 29 minutes, respectively), yet
maximal uptake per cell was not decreased (Figure 3a). However, when the number of
dextran-containing vesicles was normalized to the cell size, maximal uptake at saturation
seemed reduced for NPD (Supplementary Figure 3).

Interestingly, treatment of wild type cells with filipin to inhibit caveoli resulted in a
significant reduction in dextran pinocytosis: 50% reduction (compare wild type filipin black
bar vs. its horizontal solid line control; Figure 3b), demonstrating the significant role of the
caveolar pathway in basal fluid-phase uptake. In NPD cells however, filipin treatment only
diminished dextran uptake by 17% (compare NPD filipin black bar vs. its horizontal dashed
line control). This suggests that caveolar endocytosis contributed less to dextran uptake in
NPD vs. wild type cells, in accordance with the defect observed above.

We also evaluated uptake via the caveolar route in healthy vs. diseased fibroblasts when
other pathways were inhibited. Wild type cells were treated simultaneously with MDC and
amiloride to simultaneously inhibit clathrin- and macropinocytosis-mediated uptake, leaving
only the caveolar route active. In these cells, dextran uptake was nearly equivalent to that of
untreated, control cells (99% of control; Fig 3b), suggesting that the caveolar pathway may
compensate for the loss of clathrin endocytosis and micropinocytosis function in wild type
cells. This is in agreement with previous studies demonstrating compensatory roles between
different endocytic pathways 43. In contrast, NPD fibroblasts treated with the MDC
+amiloride cocktail did not exhibit increased uptake (84% of its control), suggesting that the
caveolar route may not be able to compensate for decreased dextran uptake under these
conditions.

In addition, since macropinocytosis is known to contribute to non-specific uptake of
extracellular fluid, we also evaluated this route. We examined dextran uptake in wild type vs.
NPD fibroblasts under induction with EGF, a treatment that transiently stimulates
macropinocytosis 3. In this scenario, NPD cells internalized only 72% as much dextran as
wild type cells in one hour (Figures 4a and 4b), demonstrating deficient macropinocytic
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activity as well. Both the kinetics associated to this endocytic route and maximal uptake
level were affected: the half time for maximal internalization was 26 minutes in NPD cells
vs. 17 minutes in wild type cells, with NPD cells reaching only 86% of the maximal uptake
observed in wild type samples (Figure 4b). A yet more altered result was found when the
number of internalized vesicles was normalized to the cell size: maximal uptake per mm? in
NPD was 67% of wild type (Supplementary Figure 4).

Uptake is Inversely Related to Lysosomal Storage and Can Be Rescued by Reducing Said

Storage

NPD patient fibroblasts show alterations in endocytic uptake. Hence, we next examined if
this defect is associated with aberrant lysosomal storage. We compared the sphingomyelin
level and bulk uptake of dextran (reflecting the additive uptake through all endocytic
pathways) in wild type fibroblasts treated with imipramine, and compared these parameters
to that of untreated wild type and NPD cells. Imipramine is known to inhibit ASM activity,
hence inducing in cells an NPD-like phenotype that mimics genetic ASM deficiency 36. As
expected, imipramine-treated wild type cells accumulated sphingomyelin in perinuclear
compartments, resulting in a 4-fold increase in sphingomyelin levels over control wild type
cells (Figure 5a). The level and perinuclear distribution of the storage material were similar
to that of NPD cells, which showed 5-fold enhanced sphingomyelin accumulation compared
to control wild type cells (Figure 5a). Importantly, treatment of wild type cells with
imipramine also resulted in a reduction of dextran uptake, which was diminished by 55%
compared to control wild type cells, similar to that observed for NPD cells (50% uptake
reduction; Figure 5b). These results correlate reduced pinocytosis with sphingomyelin
storage.

Given the relationship between lysosomal storage and diminished uptake, it is expected that
a reduction in storage would revive this function. We have reported that incubation of NPD
fibroblasts with recombinant ASM added to the cell media resulted in only partial reduction
of sphingomeylin storage, which correlated with reduced ASM uptake due to altered
clathrin-mediated endocytosis in these cells 27. In contrast, delivery of recombinant ASM
was improved by nanocarriers targeted to ICAM-1, which rely on the CAM-mediated
pathway, resulting in normalization of sphingomyelin storage to wild type levels 27. The
specificity of anti-ICAM NCs to enhance binding, uptake, lysosomal enzyme delivery and
activity, storage reduction in cell culture, and biodistribution in mouse models, vs. naked
ASM, control 1IgG NCs, or in the presence of ICAM-1 blockers, has been previously
documented 28: 30-32,37-40, 44 | accordance with previous work, targeting and endocytosis
of anti-ICAM NCs vs. control 1gG NCs was specific in these fibroblasts: 354 vs. 2 NCs
associated per cell and 49% vs. 3% internalization, respectively, after one hour incubation in
these cells (Supplementary Figure 5).

We then examined bulk uptake of dextran in cells treated with these different strategies, i.e.,
naked ASM vs. ASM coupled to anti-ICAM NCs. As shown in Figure 6, dextran uptake
directly correlated with the therapies’ ability to attenuate storage: uptake was normalized
(98% of wild type; 2-fold uptake over untreated NPD cells) when NPD fibroblasts were
incubated with ASM coupled to ICAM-1-targeted nanocarriers (ASM NCs; low dose of 32
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nM ASM). Treatment with similar dose of untargeted ASM did not exert any effect (48% of
wild type uptake; no difference vs. untreated NPD cells). Only increasing the dose of
untargeted ASM by 10-fold (320 nM) enhanced dextran uptake, yet still partially (68% of
wild type; 1.4-fold over untreated NPD cells).

Recovery of Caveolae- and Macropinocytic-Mediated Uptake by ICAM-1-Mediated ASM

Delivery

Bulk uptake (examined using dextran) was normalized after incubation of NPD cells with
recombinant ASM delivered by anti-ICAM NCs (Figure 6). This may be in part due to
improvement in clathrin-mediated endocytosis by this treatment, which we previously
reported 27. Hence, we examined if ICAM-1-mediated enzyme delivery also improves
caveolae- and macropinocytic-mediated uptake, which we observed here to also be altered in
NPD cells.

As per the caveolar pathway, the distribution of caveolin-1 in the presence of CTB was more
widespread after treating cells with anti-ICAM/ASM NCs, with only 23% caveolin-1
remaining within 3 pm of the nucleus, comparable to wild type cells (Figure 7a and
Supplementary Figure 6). Also, treatment with nanocarriers increased the colocalization of
CTB with caveolin-1 to levels comparable to that of wild type cells (63% colocalization;
83% of wild type; Figure 7a and Supplementary Figure 6). In agreement with this recovery,
total accumulation of CTB in nanocarrier treated cells, as well as CTB internalization and
surface association were all restored and even enhanced as compared to wild type cells (1.6-,
1.5-, and 2.2-fold of wild type, respectively; Figure 7b). As per macropinocytosis, EGF-
induced uptake of dextran in NPD cells was assessed after treatment with anti-ICAM/ASM
NCs (Figure 7c and Supplementary Figure 7). Treatment resulted in a significant
enhancement in this pathway as well, which was 4-fold greater than that of untreated NPD
cells and 1.7-fold over that of the wild type.

Discussion

Non-specific fluid-phase and receptor-mediated uptake are rather ubiquitous in mammalian
cells, where they regulate a plethora of physiological functions and represent viable routes
for intracellular drug delivery 2-4. Therefore, altered endocytic transport may affect cell and
tissue homeostasis, as well as intracellular delivery of therapeutics aimed to treat such
conditions. Yet, information on the relative activity of individual endocytic pathways in
diseased cells is still scarce. Illustrating this, we recently described aberrant clathrin-
mediated endocytosis in type A NPD fibroblasts, which limited the uptake of therapeutic
ASM 27 an enzyme known to bind to the mannose-6-phospahte receptor for internalization
via clathrin-mediated endocytosis 23: 26 45, Targeting ASM to an independent receptor/
pathway, CAM endocytosis mediated by ICAM-1, enhanced intracellular ASM delivery and
reduction of lysosomal (sphingomyelin) storage, also restoring clathrin-mediated
endocytosis to wild type levels 27. Here, we examine caveolae- and macropinocytic-
mediated uptake in these cells, and the relationship between endocytic activity and
lysosomal storage.
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As for the clathrin route 27, uptake of a model ligand (CTB) or a model fluid-phase marker
(dextran) via caveolae was also impaired in NPD fibroblasts. Since CTB levels at the cell
surface were comparable with wild type cells, and since fluid-phase caveolar uptake does
not associate with specific receptors, the observed defect seems due to an aberrant capability
for internalization rather than abnormal availability of caveolar receptors, as described for
receptors of the clathrin route 23: 27, Nevertheless, we have not compared the GM1 levels (to
which CTB binds) on these cells, and it is possible that altered biosynthesis, trafficking to
the cell surface, and/or recycling of plasma membrane components could also be contribute
to these effects.

The cellular distribution of the machinery regulating caveolar vesicle formation (e.g.,
caveolin-1) also appeared disrupted in NPD, which may have contributed to decreased
uptake via this pathway. Caveolin-1, essential for caveolar endocytosis 13, appeared located
in the proximity of the nucleus in NPD cells and it barely colocalized with CTB when this
ligand was present (Figure 2c), suggesting aberrant endogenous trafficking and/or
recruitment to caveolar-binding ligands. Aberrant caveolin localization to sites of lipid
accumulation has been observed in murine fibroblasts and macrophages loaded with
cholesterol 46, It is possible that aberrant sphingomyelin storage in NPD, which is associated
with increased cholesterol levels 28, results in a similar outcome. Notably, we still observed
CTB uptake by NPD cells at a level 47% of the wild type, which seemed high considering
the alteration in caveolin-1 distribution. However, our understanding of the relationship
between caveolin-1 and the endocytosis of lipid raft-associated ligands is still evolving 13.
This difference may be due to uptake contributed by compensatory pathways; for example,
small fractions of GM1 could be taken up in clathrin-coated vesicles 41 42, However, this
route is altered in NPD fibroblasts 27 and would contribute only minimally to CTB uptake,
as shown using single vs. combination inhibitors for the clathrin and caveolar routes
(Supplementary Figure 1). An alternative pathway involves dynamin-independent vesicles
forming in lipid rafts and trafficking to the endoplasmic reticulum, as observed for CTB and
simian virus 40 47, Whether this pathway compensates for CTB uptake in NPD cells remains
to be determined.

Our finding showing aberrant caveolar uptake activity in LSD cells is supported by previous
studies suggesting aberrant intracellular trafficking via this route. For example, patient
fibroblasts and Drosophila models of LSDs have altered trafficking of a lactosylceramide
analog, a plasmalemma lipid internalized by a “caveolar-like” route, 2% 48 CTB is re-routed
to endosomes rather than the Golgi apparatus in fibroblasts from four LSDs 25. In agreement
with this, we found that internalized CTB distributed differently in wild type vs. NPD cells:
in perinuclear vs. more punctate and widespread compartments, consistent with the Golgi vs.
endosomes, respectively (Figure 1). In addition to the patho-physiological impact of this
observation, since CTB and other strategies have been explored as a means to target drugs
for caveolar endocytosis 2 7, the practicality of exploiting caveolar uptake and/or trafficking
for future lysosomal storage therapies must be considered. Diminished caveolar uptake may
pose an obstacle to adequate delivery, while altered trafficking toward an endo-lysosomal
route may be desirable for therapeutic intervention in the lysosome.
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Apart from clathrin- and caveolar-mediated pathways, EGF-induced macropinocytosis was
also decreased in NPD cells. Although there is less information on this direction, several
reports have suggested alteration in related functions. For instance, several pathogens, such
as ebola virus and some intracellular bacteria, exploit macropinocytosis-like routes to invade
cells 49-54 where ASM activity (affected in NPD) modulates such pathogen-host cell
interactions 4% 5254 Also, ASM activity products, such as ceramide or its derived
metabolites, regulate dynamic reorganization of the actin cytoskeleton 25, which is a key
contributor to micropinocytosis-related formation of ruffling and invagination structures
involved in this route 56. Macropinocytosis also relates to formation of foamy macrophages
in lipid metabolic alterations 57, both of which are observed to occur in NPD 25, Hence, it is
plausible that ASM deficiency resulting in lipid storage in NPD results in altered
macropinocytic uptake, as observed here.

Beyond the alterations found in specific uptake routes, there appears to be a generalized
defect in fluid-phase pinocytic activity, illustrated by lower uptake of dextran in NPD vs.
wild type cells. This suggests that the endocytic defect may stem from a common cause,
e.g., the aberrant lysosomal storage and/or the particular lipid accumulation. Indeed, we also
observed diminished bulk uptake of dextran in wild type fibroblasts with imipramine-
induced sphingomyelin storage (Figure 5). In turn, uptake was revived in NPD cells in
proportion to the attenuation of storage by recombinant ASM (Figure 6). Similarly,
colocalization of caveolin-1 and clathrin heavy chain with their ligands (CTB and
transferrin, respectively), as well as ligand uptake via these routes were enhanced
proportionally to lysosomal storage reduction (Figure 7 and 27). Recent work using neuronal
ceroid lipofuscinosis models have also demonstrated endocytic dysfunctions, despite genetic
and lysosomal storage profiles different from NPD 58: 59, Numerous factors may play a role,
such as cytoskeletal abnormalities, impaired cytosolic diffusion of molecules, and/or altered
lipid metabolism 19: 20. 22, 25,48, 60 | particular, NPD-associated changes of the lipid
composition (sphingomyelin and cholesterol 26) in membranes along the biosynthetic and
endocytic routes could disrupt the biophysical properties of lipid raft domains and other
regions, altering the association of integral and peripheral proteins that act as receptors,
adaptors, signaling molecules, and others. This may cause disturbance in elements
associated with vesicular fusion/fission, sorting, trafficking, etc. 21 58. 61 |n fact,
endocytosis of recombinant ASM mediated by the mannose-6-phosphate receptor was
decreased in cells from ASM knockout mice 23 and also lysosomal exocytosis was disrupted
in LSDs, which has been linked to aberrant regulation of lysosomal ion channels by
sphingomyelin 61,

Approaches to bypass altered routes or enhance endocytic signaling may help improve
therapeutic efficacy. ICAM-1 is an attractive target due to its widespread expression and
activation during inflammation (a hallmark of NPD and other LSDs 26: 62), because it
undergoes uptake via a clathrin- and caveolae-independent pathway 28 29, and because
ICAM-1 has no endocytic ligands endogenous to the body, hence, there are no competitors
for the induction and progress of this pathway. Multivalent binding of carriers displaying
multiple copies of anti-ICAM to the cell surface may be more efficient in receptor clustering
and inducing endocytic signals than classical non-multivalent binding strategies 63.
Nevertheless, it is important to note that we observed endocytosis of ICAM-1-targeted
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carriers to also be decreased in ASM-deficient cells, since secreted ASM activity is required
for ceramide enrichment and derived signaling events upon carrier binding on the cell
surface 44, As said above, ASM activity is required for intracellular invasion by certain
pathogens, including major class human rhinovirus which enter cells via ICAM-1 64,
However, the mechanism by which the endocytic defect arises in the CAM pathway vs.
clathrin or caveolar pathways likely differ. For instance, ASM activity has not been linked to
clathrin pits; in fact, ceramide is displaced from these invaginations during uptake via the
mannose-6-phosphate receptor 5. When ASM is coupled to carriers binding to ICAM-1 its
activity is exogenously provided, ceramide enrichment at binding sites is rescued and so is
CAM endocytosis 44. Since this mechanism does not apply to uptake of the mannose-6-
phosphate receptor, this would explain why exogenous ASM cannot restore the clathrin or
caveolar routes as efficiently as the CAM pathway.

Delivery of ASM via the CAM pathway vs. the classical route used by naked ASM resulted
in enhanced degradation of lysosomal storage material 27 and recovery of the clathrin 27,
caveolar, and macropinocytic routes (Figure 7). In fact, a rebound effect was observed,
where uptake after treatment resulted in uptake values greater than wild type cells. Induction
of endocytosis by multivalent anti-ICAM NCs leads to uptake of over three hundred NCs per
cell (Supplemental Figure 5), with large cytoskeletal remodeling 44 66, which may promote
an endocytic phenotype. In fact, significant dextran uptake was observed in the presence of
anti-ICAM NCs 87. This cytoskeletal remodeling activity returns to its basal state a few
hours after uptake . Hence, this effect may be temporary, yet this requires further
investigation.

Along with other works 23-25. 58-60 these findings indicate that endocytic dysfunction
occurs rather widely in LSDs, although this will likely depend on the particular pathology,
tissue, etc. Relevant implications derive from this premise with regard to LSD therapies.
This applies to enzyme replacement, including administration of recombinant enzymes and
viral vectors?3: 271868 that enter cells by receptor-mediated uptake, or other agents whose
uptake may rely on pinocytosis. As an example, endocytosis of recombinant ASM via the
mannose-6-receptor pathway, which is mediated via clathrin-coated pits, was decreased in
NPD models 23, Combining such therapies with strategies to decrease lysosomal storage or
restore endocytic trafficking by other means may be beneficial. It is possible that this lower
uptake via altered routes may still render significant therapeutic outcomes in virtue of
cumulative effects acquired as a result of such chronic treatments. Yet, alternative or
combination strategies improving endocytic uptake may allow therapies to act faster and/or
upon administration of lower doses, reducing cost. Also noteworthy, it has been postulated
that lysosomal accumulation of undegraded materials in LSDs may offer protection against
the potential effects of storing said materials elsewhere in the cell. If this is the case,
improved endocytosis and lysosomal enzyme delivery, resulting in degradation of such
materials, may provide a means to restore lysosomal trafficking from other cellular sites
(e.g., the plasmalemma, the biosynthetic route, the autophagocytic pathway, etc.59),
attenuating the storage in these places too. Hence, characterizing the activity of uptake
pathways in healthy and diseased models shall inform the selection of appropriate
therapeutic approaches for these diseases.
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Figure 1.
Binding and internalization of cholera toxin B (CTB) in NPD fibroblasts. A Fluorescence

microscopy of wild type (Wt) and NPD fibroblasts incubated with CTB (green) for one hour
at 37°C. Unbound CTB was washed off, cells were fixed, and surface CTB was
immunostained (red+green=yellow; arrowheads) to distinguish it from internalized CTB
(green; arrows). Dotted lines = cell borders, as observed by phase-contrast microscopy. Scale
bar = 10 um. Total, internal, and surface CTB (fluorescent objects over background) were
quantified. B Kinetics of uptake of CTB in Wt vs. NPD fibroblasts, examined as described

in A, where the percentage of internalized fluorescence from the total cell-associated
fluorescence is shown. Lines are regression curves, where RZ was 0.99 for Wt and 0.94 for
NPD. A-B Data are the mean + SEM. *Comparison with Wt cells (p<0.05 by Student’s t-
test).
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Figure 2.
Distribution of caveolin-1 in NPD fibroblasts. A Fluorescence microscopy images of Wt and

NPD fibroblasts showing the distribution of caveolin-1 in fixed cells that had been
previously incubated in the absence of ligands (CTB) added to the cell media. B After
incubation with CTB (pseudocolored green) for one hour at 37°C to induce caveolar uptake,
cells were washed, fixed, permeabilized and caveolin-1 was immunostained and
pseudocolored red. Black/white panels illustrate the distribution of caveolin-1, while color
panels show the colocalization (yellow) of caveolin-1 (red) and CTB (green) in the same
cells. A—B Ovals denote the nucleus and dotted lines mark the cell borders, as observed by
phase-contrast microscopy. Scale bar = 10 pm. C The percentage of CTB that colocalized
with caveolin-1 throughout the entire cell and the percentage of caveolin-1 located within ~3
um of the nucleus were quantified. Data are the mean £ SEM. *Comparison with Wt cells
(p<0.05 by Student’s t-test).
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Figure 3.

Pinocytosis and its mediation by caveolae in NPD fibroblasts. A Microscopy images and
quantification of the number of dextran-filled vesicles (fluorescent objects over background)
associated with Wt or NPD fibroblasts incubated for varying periods of time at 37°C with
media containing fluorescent dextran (microcopy images show one hour as an example).
Dotted lines mark the cell borders, as determined from the corresponding phase-contrast
images. Scale bar = 10 um. B Dextran-filled vesicles were quantified after one hour
incubation at 37°C in control untreated cells (either Wt Ctr or NPD Ctr) vs. cells treated
with either 1 pg/mL filipin (Fil; to inhibit caveolar endocytosis) or with a cocktail of 50 uM
MDC and 3 mM amiloride (MDC + Amil; to inhibit clathrin and macropinocytosis
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simultaneously). Uptake by control untreated Wt or NPD cells are shown as solid and
dashed horizontal lines, respectively. A-B Data are the mean £ SEM. *Comparison between
NPD and similarly treated Wt cells; #comparison with untreated (control without inhibitor)
cells within each cell type (p<0.05 by Student’s t-test). In graph A, lines are regression
curves, where R? = 0.99 for WT and 0.97 for NPD.
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Figure 4.
Macropinocytosis in NPD fibroblasts. A Microscopy images of Wt and NPD fibroblasts

incubated for one hour at 37°C with media containing 100 ng/mL EGF (to stimulate
macropinocytosis) and fluorescent dextran. Dotted lines mark the cell borders, as determined
from the corresponding phase-contrast images. Scale bar = 10 pm. The number of dextran-
filled vesicles was quantified as in Fig. 3. B Kinetics of EGF-induced uptake of dextran in
Wt vs. NPD cells was assessed at the indicated times, as described in panel A. A-B Data are
the mean £ SEM. *Comparison with Wt cells (p<0.05 by Student’s t-test). In graph B, lines
are regression curves, where R2 = 0.99 for both WT and NPD.
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Figure 5.
Induction of sphingomyelin storage in wild type fibroblasts decreases bulk uptake. A Wild

type (Wt), NPD, and imipramine-treated Wt fibroblasts were incubated overnight with
fluorescent BODIPY-FL-Cq,-sphingomyelin to allow incorporation and visualization of
storage material. Sphingomyelin fluorescence was quantified and normalized to the Wt
level. B Wt, NPD, and imipramine-treated Wt fibroblasts were incubated for one hour at
37°C with media containing fluorescent dextran. Fluorescent vesicles were quantified and
the data were normalized to the Wt level. A-B Dotted lines mark the cell borders, as
observed by phase-contrast microscopy. Scale bar = 10 pm. Data are the mean = SEM.
*Comparison with Wt cells. Comparison between NPD and imipramine-Wt cells resulted in
no significant findings. (p<0.05 by Student’s t-test).
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Figure 6.
Recovery of bulk uptake by enzyme replacement in NPD fibroblasts. NPD fibroblasts were

treated for one hour at 37°C with media containing untargeted ASM (supplied at a low dose
of 32 nM or a high dose of 320 nM) or ASM coated on the surface of anti-ICAM NCs (32
nM of ASM). Cells were then incubated for one hour with Texas Red dextran to examine
endocytosis as in Fig. 3. A Fluorescence microcopy of dextran uptake in enzyme-treated
cells. Dotted lines mark the cell borders, as observed by phase-contrast microscopy. Scale
bar = 10 um. B Dextran vesicles were quantified for each treatment group and normalized to
that of Wt cells. Relative uptake by untreated Wt and NPD cells are shown as horizontal
solid and dashed lines, respectively. Data are the mean + SEM. *Comparison with Wt cells.
#Comparison with untreated NPD cells (p<0.05 by Student’s t-test).
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Figure 7.
Recovery of clathrin-independent endocytosis in NPD fibroblasts treated with anti-

ICAM/ASM NCs. A NPD fibroblasts were incubated for one hour at 37°C with fluorescent
CTB (pseudocolored green) three hours after treatment with 32 nM ASM coated on anti-
ICAM NCs and compared to untreated NPD cells similarly incubated with CTB. Caveolin-1
was immunostained and its distribution and colocalization with CTB were imaged as in
Figure 2. The percent colocalization of CTB with caveolin-1 and the percent of caveolin-1
located within ~3 um of the nucleus were quantified as in Figure 2. B Binding and uptake of
fluorescent CTB were quantified as in Figure 1, and data are normalized to wild type levels
(horizontal line). C NPD fibroblasts were incubated for one hour at 37°C with fluorescent
dextran and EGF three hours after treatment with 32 nM ASM coated on anti-ICAM NCs,
and compared to untreated NPD cells (as in Figure 4). Dextran-filled vesicles were
quantified and normalized to wild type levels (horizontal line). A—C Data are the mean +
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SEM. A*Comparison with untreated NPD cells (p<0.05 by Student’s t-test). B-C
*Comparison with Wt cells (p<0.05 by Student’s t-test).
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