S International Journal of
Molecular Sciences

Review

Pluripotent Stem Cells for Disease Modeling and Drug
Discovery in Niemann-Pick Type C1

Christin Volkner ', Maik Liedtke 1'*, Andreas Hermann 123

check for

updates
Citation: Volkner, C.; Liedtke, M.;
Hermann, A.; Frech, M.]. Pluripotent
Stem Cells for Disease Modeling and

Drug Discovery in Niemann-Pick

Type C1. Int. ]. Mol. Sci. 2021, 22, 710.

https:/ /doi.org/10.3390/ijms
22020710

Received: 21 December 2020
Accepted: 10 January 2021
Published: 12 January 2021

Publisher’s Note: MDPI stays neu-
tral with regard to jurisdictional clai-
ms in published maps and institutio-

nal affiliations.

Copyright: ©2021 by the authors. Li-
censee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and con-
ditions of the Creative Commons At-
tribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Moritz J. Frech 1-2-*

Translational Neurodegeneration Section “Albrecht Kossel”, Department of Neurology,

University Medical Center Rostock, 18147 Rostock, Germany; christin.voelkner@med.uni-rostock.de (C.V.);
maik.liedtke@med.uni-rostock.de (M.L.); andreas.hermann@med.uni-rostock.de (A.H.)

Center for Transdisciplinary Neurosciences Rostock (CTNR), University Medical Center Rostock,

18147 Rostock, Germany

German Center for Neurodegenerative Diseases (DZNE) Rostock/Greifswald, 18147 Rostock, Germany

*  Correspondence: moritz.frech@med.uni-rostock.de

t These authors contributed equally.

Abstract: The lysosomal storage disorders Niemann-Pick disease Type C1 (NPC1) and Type C2
(NPC2) are rare diseases caused by mutations in the NPC1 or NPC2 gene. Both NPC1 and NPC2 are
proteins responsible for the exit of cholesterol from late endosomes and lysosomes (LE/LY). Conse-
quently, mutations in one of the two proteins lead to the accumulation of unesterified cholesterol
and glycosphingolipids in LE/LY, displaying a disease hallmark. A total of 95% of cases are due
to a deficiency of NPC1 and only 5% are caused by NPC2 deficiency. Clinical manifestations in-
clude neurological symptoms and systemic symptoms, such as hepatosplenomegaly and pulmonary
manifestations, the latter being particularly pronounced in NPC2 patients. NPC1 and NPC2 are
rare diseases with the described neurovisceral clinical picture, but studies with human primary
patient-derived neurons and hepatocytes are hardly feasible. Obviously, induced pluripotent stem
cells (iPSCs) and their derivatives are an excellent alternative for indispensable studies with these
affected cell types to study the multisystemic disease NPC1. Here, we present a review focusing
on studies that have used iPSCs for disease modeling and drug discovery in NPC1 and draw a
comparison to commonly used NPC1 models.

Keywords: induced pluripotent stem cells; iPSCs; patient-specific iPSCs; lysosomal storage disorders;
NPC1; NPC2; cholesterol; neurodegeneration

1. Introduction

Niemann-Pick disease type C is a rare monogenic neurovisceral lysosomal storage
disorder, inherited in an autosomal recessive manner, with an estimated incidence of
1/120,000 [1]. Homozygous or compound heterozygous mutations in the NPC1 (95%;
OMIM # 257220) or NPC2 (5%, OMIM # 607625) gene lead to impaired intracellular trans-
port of cholesterol and glycosphingolipids, resulting in the accumulation of these lipids in
late endosomes/lysosomes (LE/LY). Currently, 549 mutations in NPC1 and 29 mutations
in NPC2 have been described [2]. The location of observed mutations is not limited to the
cholesterol binding site; rather, they can be found throughout the whole sequence and can
lead to misfolded protein, resulting in proteasomal degradation and hampered trafficking
to the lysosome and therefore reduced lipid turnover. Clinical manifestations of patients
do not show a strong genotype-phenotype correlation, but rather Niemann-Pick disease
type C is characterized by heterogeneous phenotypic expression. Therefore, it is hardly
possible to predict the clinical outcome caused by a specific mutation, suggesting that
several factors may be involved in the pathogenesis of the disease.

The clinical spectrum of NPC1 includes visceral manifestations, such as hepatospleno-
megaly, and neurological symptoms, such as hypotonia, loss of motor skills, ataxia, seizures,
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dysphagia, dysarthria, supranuclear gaze palsy (VSGP), and dementia, as well as psy-
chiatric symptoms. Systemic and neurological symptoms occur at different times, with
systemic symptoms, which may be absent in 10-15% of cases, preceding neurological
symptoms. The age of onset of symptoms defines the classification into perinatal, infantile
(early and late), juvenile, and adolescent/adult forms of NPC1. The perinatal presentation
includes patients up to three months of age and patients usually suffer from liver disease,
including fetal ascites or fetal hydrops and prolonged neonatal cholestatic jaundice with
progressive hepatosplenomegaly. Patients with the early infantile form, from three months
to two years of age, may present with hepatosplenomegaly and show delayed motor devel-
opmental and central hypotonia, while VSGP is usually not recognized. Patients with the
late infantile form (26 years) lose already acquired motor skills, resulting in frequent falling
and clumsiness. They also show progressive ataxia, dystonia, dysphagia, and dysarthria.
These patients die between the ages of 7 and 12 years. The juvenile presentation (6-15 years)
may be accompanied by hepatosplenomegaly for years, and patients show poor school
performance and impaired fine movements and later progressive ataxia and dysarthria, as
well as dystonia, dysphagia, and cataplexy. VSGP is usually present. Affected patients die
in their teens or second decade of life. The adolescent/adult form (>15 years) is described
as the attenuated juvenile form and is often associated with psychiatric symptoms such as
psychosis and depression (for review refer to [1,3]).

Since the identification of the primary genetic defect in 1997 [4], substantial progress
in understanding the pathophysiology of NPC1 has been made, but still the mechanisms
underlying the constitution and progression of the disease are not exactly understood and
a cure for NPC1 remains elusive. In addition, the rare occurrence of NPC1 is a major hurdle
that hinders rapid progress, as disease diagnosis and the establishment of appropriate test
populations for clinical trials are challenging.

Human primary cultures would allow us to study pathophysiological mechanisms,
but this possibility is limited by the availability and accessibility of disease-affected tissues,
such as liver and brain. Here, pluripotent stem cells offer an excellent alternative as they
can be differentiated into specific disease-affected cell types. Induced pluripotent stem cell
(iPSC) technology has been widely used to model lysosomal storage disorders including
Gaucher’s disease, Pompe disease, Fabry disease, metachromatic leukodystrophy, the
neuronal ceroid lipofuscinoses, several of the mucopolysaccharidoses and Niemann-Pick
disease types A and C [5-11].

Research using iPSC-based model systems is progressing rapidly, and therefore we
want to recapitulate the current status of iPSC-based model systems used to study the
pathomechanisms of Niemann-Pick type C1 disease. To this end, we will travel from
standard NPC1 models to the exciting field of pluripotent stem cells and finally discuss
their application in disease modeling and drug discovery for NPC1.

2. Commonly Used NPC1 Model Systems

Most of the studies designed to investigate the pathophysiological features of NPC
disease use in vitro cell culture models containing fibroblasts or animal models (for review,
see also [12,13]). Fibroblasts can be easily obtained from skin biopsies. Nevertheless, skin
biopsies are related to ethical issues, especially when taken from underaged patients. They
are inexpensive and are widely commercially available via biorepositories and can be
expanded for a limited number of passages, generating a solid research basis. The use
of tissues severely affected by NPC1, namely brain and liver, is challenging in terms of
their availability. There have been studies analyzing these tissues post-mortem [14,15];
however, the significance of the results is limited as they only represent advanced stages of
the disease.

The NPC1 gene is highly conserved among eukaryotes, making it possible to generate
NPC1 models ranging from mammals to fungi, including cat, mouse, zebrafish, fruit fly,
nematode and yeast models [12]. A frequently used animal model is the Npc1™" mouse
model that arose as a spontaneous mutation in the BALB/c mouse strain, resulting in an
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NPC1 null allele [16]. This model shows clinical and biochemical features of NPC1. It
is characterized by progressive weight loss, loss of motor coordination, ataxia, tremors,
hindlimb paralysis, and decreased lifespan [17,18]. Additionally, one can observe axonal
swelling, demyelination, gliosis, functional alterations of Purkinje cells [19,20], and as a
major hallmark of NPC1, the loss of cerebellar Purkinje cells [21-23]. Another mouse model
is the Npc1°P™ mouse that arose spontaneously on the C57BL/Ks background and shows
attenuated sphingomyelinase activity and an excess of sphingomyelin accumulation [24].
This is based on a point mutation that leads to a null allele. As such null NPC1 mice display
an extreme phenotype, they only partially reflect the human NPC1 phenotype as very few
NPC1 patients are homozygous for truncating mutations but most of the pathogenic alleles
are point mutations leading to misfolded NPC1 protein. Further mouse models (for review,
refer to [12]) carrying different mutations are available and are of great value for modeling
NPC1, as they have helped us to decipher many mechanistic processes [25-27]. Common
features of the various murine NPC1 models are the progressive loss of cerebellar Purkinje
cells and astrogliosis, both of which can be observed in NPC1 patients, accompanied
by progressive loss of body weight and a shortened lifespan. However, they do not
represent complex human phenotypes, but can only reflect partial aspects of them. For
example, NPC1 mice do not form neurofibrillary tangles or plaques from tau and (-
amyloid proteins, which do form in human mutant NPC1 neurons and are discussed to
be involved in neurodegeneration observed in NPC1. Additionally, the apolipoprotein
E €4 homozygosity that was found in humans [28] is missing in mice. As the use of
animal models is expensive and time consuming, they are inadequate for high throughput
drug screenings [29]. However, their value remains in preclinical testing for the most
promising hits from large-scale screenings. As an alternative to murine model systems,
human pluripotent stem cells, as well as specific neuronal and hepatic differentiation
protocols, can be used to generate NPC1 disease-affected cell types. In the following, we
give an overview of studies in which human iPSC-based model systems were used for
NPC1 disease modeling and discuss these studies in context with commonly used models,
such as fibroblasts or murine NPC1 models.

3. NPC1 Disease Modeling Using Pluripotent Stem Cells

Since the advent of iPSC technology, iPSC-based models, displaying disease relevant
phenotypes, are indispensable for disease modeling and drug discovery (for review, refer
to [30,31]). This holds especially true for rare diseases such as NPC1. Currently, to the best
knowledge of the authors, 17 studies are available [11,20,32—46] investigating NPC1 and
only one publication describes an NPC2 model [47], by means of human pluripotent stem
cell-based in vitro models. Out of these 17 publications dealing with NPC1, 13 publications
comprise iPSC-based NPC1 models, used for disease modeling and drug discovery. Four
publications are methodological or technical reports focusing on the generation of iPSCs,
without further studies on the pathophysiology of NPC1 [40,43,44,46]. One publication
describes the use of human embryonic stem cells combined with the silencing of NPC1 [32],
and the remaining 16 studies are based on iPS cells.

Another two publications used multipotent adult stem cells [48] or neurons derived
from the direct conversion of fibroblasts into neural stem cells [49]. The majority of the
studies that focused on pathophysiological features of NPC1 have been performed with
neuronal differentiated cells (NDCs), and only two studies included hepatocyte-like cells
(HLCs) [33,36]. An overview of the publications is given in Table 1 and an overview of
applications is given in Figure 1.
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Figure 1. Schematic representation of the approaches using induced pluripotent stem cells (iPSCs) in
the field of Niemann-Pick disease Type C1 (NPC1). Several studies describe the reprogramming of
NPC1 patient-specific fibroblasts into disease-specific iPSCs, usually using the classical "Yamanaka
factors". The majority of studies used neuronal cell systems derived from iPSCs. Currently, only two
studies include hepatocyte-like cells derived from iPSCs. NPC1-deficient iPSC-derived cell types have
been successfully used for disease modeling and drug discovery. Approaches to transplant genetically
corrected cells have not yet been undertaken, but iPSCs with a TALEN-mediated correction of the
NPC1 mutation have been used for disease modeling. Green arrows indicate successful technical
approaches, grey arrows indicate theoretical curative approaches. (Graphic was composed using
https:/ /smart.servier.com). Please also refer to Table 1.

NPCl1-associated phenotypes have been described in disease-affected cell types such as
fibroblasts or animal models, whereas others were identified for the first time in iPSC-based
models. Pathophysiological features of NPC1, using a human stem cell-based neuronal
cell system, were first described by Ordonez and colleagues using human embryonic
stem cells with an NPC1 knock down created by shRNA mediated silencing of NPC1 [32].
This study was followed by a report from Bergamin and colleagues [48], who isolated
multipotent adult stem cells from skin biopsies (hSKIN-MASCs) of three NPC1 patients,
thereby allowing the analysis of the impact of specific mutations and overcoming the
ethical controversies of using human embryonic stem cells. Since then, several groups have
described NPC1 model systems using patient-specific iPSCs, generated with protocols
based on transduction by retrovirus, lentivirus and sendai virus. The first iPSC-based NPC1
model was described by our group in 2013 [11]. Below, we outline the results obtained with
these NPC1 model systems, focused on pathophysiological features such as cholesterol ac-
cumulation, autophagy, mitochondrial homeostasis, oxidative stress, gliosis and functional
alterations. An overview of the publications is given in Table 1. A comprehensive review
in regards to pathophysiological features obtained from other NPC1 model systems can be
found in [50].

The table contains an overview of publications involving the use or production of
pluripotent stem cells in the field of NPC1 research. The corresponding references are
given in square brackets.
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Table 1. Overview of publications.
Reference Donor Cells Reprogramming Stem Cells Differentiation Results/ Compounds Used Genotypes
Used Method Used Target(s) Observations Studied
Models Based on Pluripotent Stem Cells
Ordonez et al. N/A N/A NPC1 KD hESCs NSCs Accumulation of lysotracker M-3-CD N/A
2012 [32] neurons positive organelles
Mitochondrial fragments
Increased filipin staining
Defective autophagy
Bergamin et al. N/A N/A hSKIN-MASCs neurons Cholesterol and GM2 N/A 11061T/11061T
2013 [48] accumulation 11061T/11061T
Morphological changes V1165M
Models Based on Transdifferentiation
Sung et al. Fibroblasts Trans- N/A neurons Cholesterol accumulation 5B202190 P2375/11061T
2017 [49] differentiation Deficiencies in self-renewal L-NAME 11061T/11061T
of NSCs valproic acid
Models Based on Induced Pluripotent Stem Cells
Trilck et al. Fibroblasts Retroviral iPSCs NPCs Cholesterol accumulation in N/A E612D/P543Rfs*20
2013 [11] NDCs fibroblasts, iPSCs and NPCs
Maetzel et al. Fibroblasts Cre-excisable iPSCs HLCs Decreased cell viability H-3-CD 11061T/11061T
2014 [33] lentivirus NDCs Defects in cholesterol rapamycin P2375/11061T
metabolism and autophagy bafilomycin A1l 1920delG/1009G>A
carbamazepine
verapamil
trehalose
SMER28
Yu et al. Fibroblasts Sendai virus iPSCs NSCs Cholesterol accumulation HP-3-CD P2375/11061T
2014 [34] neurons M-3-CD
d-tocopherol
Lee et al. Fibroblasts Retroviral iPSCs neurons Defects in VEGF signaling SphK inhibitor P2375/11061T
2014 [35] Defective autophagic flux VEGF
Soga et al. Fibroblasts Sendai virus iPSCs HLCs Cholesterol accumulation HP-3-CD S667L/C1161Y
2015 [36] NPCs Impaired autophagy HP-y-CD Y1088C/581_592delinsG
Efthymiou et al. Fibroblasts Lentiviral iPSCs NSCs Impaired Ca®* Curcumin 11061T/11061T
2015 [37] neurons and Wnt3a signaling dantrolene

BIO
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Table 1. Cont.
Reference Donor Cells Reprogramming Stem Cells Differentiation Results/ Compounds Used Genotypes
Used Method Used Target(s) Observations Studied
Cougnoux et al. Fibroblasts Sendai virus iPSCs NPCs Decreased viability Necl P2375/11061T
2016 [38] Increased necroptosis
Trilck et al. Fibroblasts Retroviral iPSCs NPCs Cholesterol and GM2 N/A 11061T/11061T
2017 [39] NDCs accumulation in NDCs Y394H/Y394H
Reduced Hex A activity E612D/P543Rfs*20
Peter et al. Fibroblasts Retroviral iPSCs NPCs Methodological report N/A 11061T/11061T
2017 [40] NDCs of reprogramming Y394H/Y394H
Peter et al. Fibroblasts Retroviral iPSCs NPCs Increased number PMA 11061T/11061T
2017 [41] NDCs of reactive astrocytes Y394H/Y394H
Hypophosphorylation E612D /P543Rf{s*20
of GFAP and vimentin
Rabenstein et al. Fibroblasts Retroviral iPSCs NPCs Decreased Ca”* flux through N/A 11061T/11061T
2017 [20] NDCs AMPAR Y394H/Y394H
Increased amount of GluA2 E612D/P543Rfs*20
Dai et al. Fibroblasts Sendai virus iPSCs NSCs Impaired macroau- HP-3-CD P237S/11061T
2017 [42] neurons tophagy/autophagy M-3-CD
Lietal Fibroblasts Sendai virus iPSCs N/A Methodological report N/A 11061T/11061T
2020 [43] of reprogramming
Volkner et al. Fibroblasts Sendai virus iPSCs N/A Methodological report N/A 11061T/11061T
2020 [44] of reprogramming
Jiirs et al. Fibroblasts Retroviral iPSCs NPCs Increased level of ROS N/A 11061T/11061T
2020 [45] NDCs Down regulation of catalase Y394H/Y394H
E612D/P543Rfs*20
Volkner et al. Fibroblasts Retroviral iPSCs N/A Methodological report N/A V1023Sfs*15/G992R
2020 [46] of reprogramming
Pluripotent Stem Cell-Based Models in NPC2 Disease
Volkner et al. Fibroblasts Retroviral iPSCs N/A Methodological report N/A E20X/C47F
2019 [47] of reprogramming

N/A = not applicable.



Int. J. Mol. Sci. 2021, 22, 710

7 of 28

3.1. Lipid Accumulation

The hallmark of NPC1, as well as of NPC2, is the accumulation of cholesterol and sph-
ingolipids in late endosomes and lysosomes. For clinical diagnosis, filipin is routinely used
to detect cholesterol accumulation in patient-derived fibroblasts. Filipin is a fluorescent
antibiotic dye that specifically binds to unesterified cholesterol [51]. However, in patients
with a mild clinical phenotype or in patients with a biochemical variant phenotype, in
whom cholesterol accumulation cannot be detected despite clinical symptoms [1,52,53],
filipin staining of cholesterol accumulation may fail.

Cholesterol accumulation has been shown in NPC1-deficient fibroblasts, iPSCs, neu-
ral progenitor cells (NPCs) /neural stem cells (NSCs) and neuronal differentiated cells
(NDCs) [11,34,49], as well as in hepatocyte-like cells [33,36]. An accumulation can be
recognized as a punctate pattern of a bright blue staining in the perinuclear region of the
cells [54], but also in ramifications of neuronal differentiated cells [39]. The accumulation
of cholesterol can be quantified using the Amplex Red Cholesterol assay, detecting the
amount of total cholesterol (unesterified and esterified) [11,34,39,41].

The effect of cholesterol sequestration on downstream pathways, such as cholesterol
ester synthesis, was investigated by Maetzel and colleagues [33]. By analyzing the in-
corporation of [*CJoleate, they observed a decreased cholesteryl ['*CJoleate synthesis in
NPC1-deficient cells compared to control cells. The authors suggested an impairment of
cholesterol esterification in NPC1-deficient cells due to cholesterol sequestration [33]. One
study lacked the proof of cholesterol accumulation in iPSC-derived neural stem cells and
neurons [37]. It is still discussed to which extent neurons have the capacity to compensate
for a cholesterol deficit by de novo synthesis compared to astrocytes, and to which extent
neurons rely on astrocytes providing cholesterol [55,56]. Thus, the above-mentioned obser-
vation might be explained by a lack of an appropriate exogenous cholesterol source in the
culture system and, indeed, several studies analyzing cholesterol accumulation in NPC1
used supplemented culture medium to provide an exogenous source of cholesterol [34,36].

In addition to the accumulation of cholesterol, deposits of GM2 and GM3 gangliosides
are described in NPC1 patients’ brains [57] and fibroblasts [58], and in mouse brains [59].
GM2 accumulation has also been shown in human cellular in vitro model systems [11,48].
Bergamin and colleagues [48] described an accumulation of GM2 ganglioside in differen-
tiated cells by immunostaining, which appears to be acquired during differentiation, as
an accumulation in fibroblasts and undifferentiated hSKIN-MASCs was not detected. An
accumulation of GM3 ganglioside in these cells was not observed. The authors concluded
that the hSKIN-MASCs system might reflect an early stage of NPC1 disease, as a GM2
accumulation precedes the accumulation of GM3 [23]. Trilck and colleagues [39] showed a
dotted staining pattern of accumulated GM2 in NPC1-deficient neurons. Colocalization
analyses of GM2/pIII-tubulin and GM2/glial fibrillary acidic protein (GFAP) revealed
a distribution of GM2 primarily in neurons. Comparable results were obtained from an
NPC1 mouse model describing a lack of GM2 staining in astrocytes. As the GM2 stain-
ing colocalized with filipin staining, the authors suggested a deposit in the same cellular
compartment [39]. Quantification of GM2 by HPLC-MS/MS revealed a four-fold higher
amount of GM2 in two of the three analyzed mutants. GM2 degradation enzyme Hex-
osaminidase A (Hex A) was shown to have reduced activity. Comparable to the results of
Bergamin and colleagues [48], Trilck and colleagues also failed to detect GM3 enrichment.

Taken together, cholesterol accumulation was shown in a variety of different cell types
and patient-specific iPSCs or iPSC-derived cells. Nevertheless, it is difficult to compare the
enrichments in the different cell systems because they depend on the protocols used for
cell culture, e.g., in regard to a supplementary cholesterol source. However, the studies
summarized here show not only the ubiquitous defect caused by mutations in the NPC1
gene, but also the applicability of iPSC-based model systems for disease modeling of NPC1,
at least in regard to the accumulation of different lipids.
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3.2. Alterations of Autophagy

Autophagy is a physiological catabolic mechanism that provides cellular material
for degradation and recycling in the lysosome. This enables the rapid elimination of
toxic waste, misfolded proteins or damaged organelles in pathophysiological situations,
but also the reuse of material no longer required under physiological conditions [60].
Thus, autophagy contributes to cellular stress response pathways, which are especially
important in long-lived, post-mitotic cells that cannot dilute damaged material via cell
division, such as neurons [60]. During autophagy, the material to be degraded is engulfed
in double-membranous structures called autophagosomes. These organelles undergo
different fusion events with endosomes, forming so called amphisomes, and lysosomes,
forming autolysosomes, where finally the cargo is degraded [61,62]. A general phenotype
of a defective autophagy is the accumulation of microtubule-associated protein 1 light
chain 3B (LC3B) and p62/SQSTM1 (p62), two proteins widely used as autophagy marker
proteins. LC3BI and LC3BII, two isoforms of LC3B, are key players in autophagy. During
the induction of autophagy, the cytosolic LC3BI is processed into the membrane-bound
LC3BII and incorporated into the membrane of autophagosomes, where it is detectable
throughout the whole process [63]. Thus, an increased LC3BII/LC3BI ratio hints towards
an overall hampered autophagy [36]. Additionally, measurements of p62 level can be used
to assess alterations of the autophagic flux. It binds LC3BII and the cargo and is degraded
in the autolysosome. Therefore, an accumulation is used as a sign for impairments of
the autolysosomal activity [36]. Alterations in lipid composition are likely to affect the
autophagic pathway as autophagy is involved in lipid metabolism [64] and might be
of special interest regarding neurodegenerative diseases. Autophagy is reported to be
implicated in the pathogenesis of different neurodegenerative diseases, such as Alzheimer’s
disease (AD) [65], Parkinson’s disease (PD) [66], Huntington’s disease [67] and amyotrophic
lateral sclerosis (ALS) [68].

Regarding NPC1, alterations in the autophagic pathway were first reported in NPC1-
deficient mice [69,70] and NPC1 patient-derived fibroblasts [71,72], and later in pluripotent
stem cell-based model systems. In 2012, Ordonez and colleagues [32] suggested an impaired
autophagy in human embryonic stem cell(hES)-derived NPC1-deficient neurons. Serum
deprivation of NPC1-deficient neurons and fibroblasts triggered a severe increase in the
LC3BII/LC3BI ratio, which was slightly increased under treatment with the lysosomal
inhibitor leupeptine, pointing at a decreased degradation rate of autophagosomes. The
authors proposed a model combining the induction of autophagy and inhibited clearance of
autophagic vesicles. Treatment with the cholesterol mobilizing drug Methyl-{3-cyclodextrin
(M-3-CD) reduced the LC3BII/LC3BI ratio, linking the cholesterol accumulation, which
is typically seen in NPC1, to defects in autophagy. In 2014, Maetzel and colleagues [33]
investigated autophagy in iPSC-derived neurons and hepatocyte-like cells. The authors
described increased levels of p62 and LC3BII under basal conditions in both cell types,
and electron microscopy revealed an increased amount of autophagic vacuoles. Cells
with a TALEN-mediated correction of the NPC1 mutation were indistinguishable from
control cells. After treatment with bafilomycin A1, an inhibitor of the vacuolar-type H*-
ATPase, to block the clearance of autophagic vesicles, the LC3BII/LC3BI ratio was similar
between NPC1-deficient and control cells. Thus, an increased autophagosome production,
causing an accumulation of autophagic vacuoles, is unlikely. The authors suggest that
a hampered cholesterol metabolism affects the autophagic flux, which in turn increases
the accumulation of lipids, trapping the cells in a vicious cycle. The cells were rescued by
the induction of autophagy or cholesterol depletion, restoring proper lipid metabolism.
Different autophagy inducers, such as rapamycin (Rap), carbamazepine (CBZ), verapamil
(Ver), trehalose (Tre) and SMER28, were tested as potential drugs. In hepatocyte-like cells,
only CBZ showed a positive effect similar to Rap on the p62 level and the number of
apoptotic cells. Interestingly, in neuronal cells all tested potential drugs could rescue the
two mentioned phenotypes, indicating a cell type specific impact of the compounds.
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Lee and colleagues [35] investigated the effect of an abnormal vascular endothelial
growth factor (VEGF)/Sphingosine kinase (SphK) pathway and sphingosine levels on
autophagy in human iPS-derived NPC1-deficient neurons. They found reduced VEGF
levels and consequently reduced SphK activity, leading to sphingosine accumulation and
reduced sphingosine-1-phosphate (S1P) levels. Treatment with recombinant VEGF led to
a correction of these phenotypes and to a decreased level of unesterified cholesterol. The
authors suggested that VEGF-mediated sphingolipid changes affect autophagic activity.
Indeed, they found increased levels of autophagic markers LC3BII and p62. Treatment with
recombinant VEGF decreased the protein level of these markers and decreased autophago-
some accumulation, suggesting that VEGF elevates autophagosome-lysosome fusion. Thus,
VEGF demonstrates a potential therapeutic intervention strategy for NPC1 disease.

Elevated LC3BII and p62 levels were also described by Soga and colleagues [36].
The authors analyzed neurons and hepatocyte-like cells derived from patient-specific
iPSCs. Treatment with hydroxypropyl-3-cyclodextrin (HP-3-CD) and hydroxypropyl-y-
cyclodextrin (HP-y-CD) resulted in a correction of the cholesterol accumulation, as well as
LC3BII and p62 levels. This could be explained by the fact that the restoration of normal
cholesterol content in the cell could affect the membrane composition of autophagosomes
and lysosomes, leading to normalization of autophagic flux, and thus normalization of
LC3BII and p62 levels. However, the exact mode of action of cyclodextrins (CDs) is not yet
completely understood. Interestingly, the FDA approved drug miglustat showed no effect.

Dai and colleagues [42] used fibroblasts, neural stem cells and iPSC-derived neurons
to analyze the effect of methyl-p-cyclodextrin (M-3-CD) on autophagy and its underlying
mechanism of action. In all three cell types, basal levels of LC3BII and p62 were increased.
Bafilomycin Al treatment led to a further increase in control cells and NPC1-deficient cells,
whereas M-3-CD only elevated the levels in NPC1-deficient cells, pointing at an impaired
fusion of autophagosomes and lysosomes. Time course studies with M-3-CD also revealed
a time dependent decline in cholesterol, correlating with changes in the LC3BII and p62
levels. One can speculate that M-3-CD initially induces autophagosome formation and
later rescues their clearance by the mediation of cholesterol reduction. Evaluation of the
mechanism of M-f3-CD showed an activation of AMP-activated protein kinase (AMPK) by
direct binding to PRKAB1 or PRKAB2 (encoding the AMPK (31 or 32 subunit), resulting in
an inhibition of mechanistic target of rapamycin complex 1 (MTORC1) and an induction of
autophagy [42].

Autophagy appears to be a central element in the pathogenesis of NPC1 and seems to
be linked to many of the pathophysiological signs observed. All studies about autophagy
in NPC1 depicted the accumulation of LC3BII and p62 as a result of an inhibited clearance
of autophagosomes due to an inhibited fusion of autophagosomes and lysosomes, display-
ing a major component of the overall defective autophagy. As the lipid composition of
organelles is important to ensure their proper function, the role of cholesterol in autophagy
is another key aspect and might connect the reduced NPC1 activity to autophagy [33].
In other diseases such as ALS [73], AD [74] and PD [75], an induction of autophagy is
discussed to support the survival of affected cells. Although treatment strategies aiming
at targets downstream of MTORC1 appear to be promising, they might be harmful as
many other cellular pathways can be affected, leading to severe adverse effects [76]. In
addition to defects in autophagy, an accumulation of some kind of storage material is a
pathophysiological phenotype observed in many neurodegenerative diseases. Improving
the clearance of such material by activating the autophagic pathway could represent a
general treatment strategy, and this underlines the importance of autophagy in current
research on neurodegenerative diseases.

3.3. Defective Mitochondrial Homeostasis and Oxidative Stress

Mitochondrial function and oxidative stress (OS) are closely linked, as mitochondria
are not only susceptible to OS, but can in return elevate the level of reactive oxygen species
once their function is hampered. Not surprisingly, mitochondrial function and OS are
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hallmarks of neurodegenerative diseases such as Alzheimer’s disease and Parkinson’s
disease [77], as well as NPC1 [78]. Regarding mitochondrial function and oxidative stress
in NPC1, a series of publications deal with these topics. Although currently only one
publication, by Jiirs and colleagues [45], has analyzed OS in iPSC-derived neuronal cells,
we will briefly summarize the results obtained with other NPC1 model systems, as the
restoration of mitochondrial function and the improvement of OS are discussed as possible
targets for the treatment of neurodegenerative diseases (for review see, e.g., [79,80]).

Ordonez and colleagues [81] suggested that an increase in autophagy with a simul-
taneous disturbance of the autophagic flux is the cause of mitochondrial fragmentation
observed in NPC1-deficient neurons derived from NPC1 knock-down human embryonic
stem cells. They found an accumulation of partially degraded, metabolically inactive
mitochondrial fragments. This fragmentation was shown to be downstream of autophagy
as the phenotype could be rescued by the inhibition of autophagy with 3-methyladenine
(3-MA). Yu and colleagues [82] described an elevated level of cholesterol in the mitochon-
drial membrane of neurons in NPC1-deficient mice. They concluded that the membrane
integrity and membrane potential are hampered by the elevated cholesterol level, causing
a general reduced mitochondrial function, resulting in a decreased ATP synthase activity
and therefore a reduced ATP production. Treatment of the NPC1-deficient mice with
methyl-p-cyclodextrin restored the ATP synthase activity by lowering the cholesterol level
in the mitochondrial membrane [82]. Mari and colleagues [83] evaluated the mitochondrial
phenotype of hepatocytes of NPC1-deficient mice and revealed an 8- to 10-fold higher level
of free cholesterol. In addition, increased cholesterol levels were observed in mitochondria,
suggesting that this could be the cause of reduced mitochondrial glutathione and impaired
antioxidant capacity. Interestingly, the endoplasmic reticulum (ER) shows a reduced choles-
terol content, which indicates an incorrect transport of free cholesterol to the ER. This could
cause ER stress and ultimately trigger the unfolded protein response [83]. As alterations of
the mitochondrial cholesterol level can lead to mitochondrial dysfunction and alterations
of the mitochondrial respiratory chain, an occurrence of reactive oxygen species and ox-
idative stress appears to be obvious [84]. In regards to oxidative stress, Fernandez and
colleagues [85] described an increased susceptibility of mitochondria in NPC1-deficient
mice, as treatment with amyloid 1-42 peptide resulted in elevated levels of reactive oxy-
gen species (ROS). Additionally, an elevation of cytochrome ¢ and Smac/DIABLO levels,
in the supernatant of isolated mitochondria, hints towards the induction of apoptosis [85].

There have been several studies investigating the role of oxidative stress in fibroblasts
derived from NPC1 patients. Zampieri and colleagues [86] described an elevated ROS level
in NPC1 patient-derived fibroblasts, induced by cholesterol accumulation, which could
be mimicked by siRNA mediated knockdown of NPC1. The activity of catalase, a major
component of the cellular anti-oxidative response, was decreased, and an elevated lipid
peroxidation was observed. Moreover, NPC1-deficient fibroblasts appeared to be more
susceptible to apoptosis, induced by treatment with H,O,. Allopregnanolone rescued
the fibroblasts from the described phenotype linked with oxidative stress, but had no
effect on the cholesterol and glycosphingolipid levels, suggesting pleiotropic effects of
allopregnanolone [86].

Fu and colleagues [78] analyzed serum from a cohort of NPC patients and investigated
oxidative stress by determining coenzyme Q10 (CoQ10) and Trolox Equivalent Antioxidant
Capacity (TEAC). The reduced form of CoQ10 is a coenzyme of the mitochondrial protein
complexes I, II and III, which are involved in the antioxidant defense system, while the
TEAC describes the antioxidant capacity of the cell. A lowered amount of reduced CoQ10
and altered TEAC was found in the serum of the NPC patients, but this could not be
influenced by CoQ10 supplementation or miglustat treatment [78].

Cologna and colleagues [87] analyzed the expression of proteins in the cerebellum of
NPC1-deficient mice. Amongst 77 proteins found to be differentially expressed in compar-
ison to control mice were proteins known to be involved in the glutathione metabolism
and the anti-oxidative defense system, such as glutathione S-transferase (GST), glutathione
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S-transferase alpha 4, glutathione S transferase pil and mitochondrial isocitrate dehydro-
genase 2 (NADP?). The cerebrospinal fluid of NPC1 patients was examined regarding the
expression of glutathione S-transferase alpha 4 and superoxide dismutase I (SOD1). GST
alpha 4 levels were reduced, while the levels of SOD1 were increased, indicating that cells
of the central nervous system (CNS) of NPC1 patients suffer from oxidative stress [87].

Regarding studies investigating oxidative stress in iPSC-based model systems, cur-
rently only one study is published. Recently, Jiirs and colleagues [45] analyzed oxidative
stress in an iPSC-based neuronal model system. Here, we detected an elevated ROS level
in NPC1-deficient cells harboring different NPC1 mutations, amongst them the mutation
I1061T. A hampered efficacy of the anti-oxidative defense system was further shown by
an elevated nitration of proteins and reduced superoxide dismutase (SOD) activity. In
addition, a reduction in SOD1 and SOD?2 levels was described, as well as almost a complete
lack of catalase in the NPC1-deficient cells. The authors conclude that this striking lack
of catalase could be the cause of oxidative stress. Although these results, consistent with
results from mouse NPC1 models or fibroblasts derived from NPC1 patients, demonstrate
the value of iPSC-based model systems, further studies are needed to clarify the influence
of oxidative stress on neurodegeneration in NPC1.

3.4. Gliosis

Gliosis is a physiological response in the central nervous system as a result of tissue
damage. Initially, gliosis has been shown in post-mortem studies [14,15] and mice mod-
els [21,88] for NPC1, describing an increased number of reactive astrocytes. According to
these findings, an iPSC-based neuronal cell system confirmed changes in glial activation.
Peter and colleagues [41] used an iPSC-based neuronal cell system to investigate gliosis in
different homozygous and compound heterozygous NPC1 mutated cell lines. We observed
higher amounts of GFAP* /vimentin™ cells, as well as an increased protein amount of both
intermediate filaments. In contrast, cells obtained via the direct conversion of fibroblasts
into neural stem cells [49] showed no differences in the expression of GFAP, but there
were no further studies on gliosis in this work. Peter and colleagues [41] described cells
double positive for GFAP and Ki67 reflecting proliferative reactive astrocytes. In addition,
GFAP and vimentin had been shown to be hypophosphorylated, subsequently leading
to a polymerization of intermediate filament monomers, resulting in a criss-cross-like
appearance of vimentin and GFAP in the cytosol. Regarding vimentin, comparable re-
sults were described for NPC1 patient-derived fibroblasts [89,90]. The authors described
alterations of vimentin based on its hypophosphorylation due to a decreased activity of
protein kinases. Treatment of the NPC1-deficient fibroblasts with Phorbol 12-myristate
13-acetate (PMA), an activator of protein kinase c, ameliorated the hypophosphorylation
of vimentin as well as the hampered assembly of the intermediate filament. As shown
by Peter and colleagues [41], treatment with PMA resulted not only in a correction of the
observed hypophosphorylation of vimentin and GFAP, but it also rescued the iPSC-based
neuronal cell system from gliosis and cholesterol accumulation. The results of these studies
suggest that compounds activating protein kinases display an interesting treatment strategy
and, consequently, such compounds are claimed for the treatment of lysosomal storage
disorders [91].

3.5. Functional Aspects of NPC1-Deficient Neurons

NPC1 patients suffer from various neurological symptoms, such as ataxia [1]. The
ataxia observed in NPC1 patients is based on the selective death of cerebellar Purkinje
cells (cPCs). Investigations on the neurodegenerative processes underlying this cell death
were performed in NPC1-deficient mice, with the mouse strain Npclnih (BALB/cNctr-
NPC1m1N/]J) being the most commonly used [12]. In addition to a reduced lifespan [92,93],
these mice are mainly characterized by pronounced ataxia based on selective Purkinje cell
death, which starts anteriorly in lobe 1 of the cerebellum and spreads posteriorly to lobe 9.
Lobe 10 does not appear to be affected by neurodegenerative processes [94]. A similar selec-
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tive death of cPCs can be observed in the group of hereditary spinocerebellar ataxias [95].
These inherited diseases are characterized by a progressive loss of cPCs, the causes being
various genetic defects, such as mutations in voltage-activated potassium channels. Such
mutations ultimately lead to changes in cPCs at the functional level. cPCs are characterized
by the ability to generate intrinsic action potentials. The formation of these firing patterns is
independent of synaptic input, but it is modulated by them. Changes in the firing patterns
have been described for spinocerebellar ataxias, among others, and probably contribute
to the destruction of the cPCs. To what extent changes in the intrinsically generated fir-
ing patterns of cPCs exist and to what extent they contribute to the pathophysiological
mechanisms of NPC1 are poorly understood. We identified changes in the intrinsically
generated firing patterns in NPC1-deficient adult mice affected by ataxia [19] and changes
in the synaptic modulation of cPCs prior to the onset of ataxia [20,96]. Inhibitory GABA
receptors and excitatory AMPA-receptors appear to be involved. We conclude that changes
in synaptic modulation may contribute to or trigger cell loss, but the exact mechanism
remains to be elucidated.

Regarding the use of iPSC-derived neurons, we have undertaken a functional study
on NPC1-deficient neurons [20]. First of all, this study proved that NPC1 patient-specific
iPSCs can be differentiated into functional neurons, which was shown by the expression of
voltage-activated and ligand-activated ion channels. Furthermore, the cells are able to form
neural networks. Interestingly, the authors found differences in AMPA-receptor (AMPAR)
mediated currents. Both the current responses and the AMPA-induced increases in the
intracellular Ca%*-concentration were lower in NPC1-deficient cells. This was probably
based on a higher amount of Ca?*-impermeable AMPARSs, containing the GluR2-subunit.
The authors were able to show that NPC1-deficient cells had an increased proportion
of membrane-bound GluA2 subunits and, as a consequence, the Ca?* permeability of
AMPARs was reduced. An altered stoichiometry of the subunit composition of AMPARs
was also described in the cell cultures of primary neurons of NPC1-deficient mice [97].
These neurons also showed changes in their neuronal network activity [98], which supports
the hypothesis that such changes may well contribute to the neurodegenerative processes
of NPC1.

This work on iPSC-derived NPC1-deficient neurons, but also studies on iPSC-derived
neurons in the context of other neurodegenerative diseases, shows that iPSCs are a valuable
source for studies on human cell types that are otherwise not available or can only be
obtained infrequently and/or with great difficulty. It is expected that future work with such
iPSC-based models will contribute significantly to the elucidation of pathophysiological
processes, not only in NPC1.

4. Treatment Strategies for NPC1 and the Use of iPSCs for Drug Discovery

Pluripotent stem cells are undoubtedly a powerful tool for disease modeling and
drug discovery because they provide unlimited access to affected cells that are difficult
to obtain from patients, such as those of the nervous system. This holds especially true
for disease modeling and drug discovery in the field of rare diseases, such as lysosomal
storage disorders. However, the limited availability of patient-derived biopsies is pushing
this method to its limits. With regard to NPC1, this is probably reflected in the fact that
the number of studies using iPSCs for drug testing is currently low. As a side note, it is
probably not the lack of patient samples that hinders rare disease research, but the lack of
coordination of sample collection making these samples available for rare disease research
worldwide. However, there are now international initiatives to provide iPSC lines, such as
the European Bank for induced pluripotent Stem Cells (https:/ /ebisc.org/), that could help
to overcome these obstacles. Nonetheless, we provide below an overview of the strategies
currently under discussion as effective therapies to ameliorate the pathophysiological
manifestations of NPC1. We summarize not only studies that involve the use of patient-
derived iPSCs, but also studies that use other NPC1 models, such as patients’ fibroblasts
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or murine models. We focus on the use of miglustat, cyclodextrins, histone deacetylase
inhibitors, and pharmacological chaperones as potential therapeutic approaches for NPC1.

4.1. Administration of Miglustat

To date, miglustat (N-butyl-deoxynojirimycin; Zavesca®), originally developed as a
treatment for Gaucher’s disease [99], is the only drug available for the treatment of NPC1
that has been approved by the European Union [100]. Although miglustat has not yet been
approved by the FDA, it is also used for the off-label treatment of NPC1 in the United States.
Miglustat was designed as a substrate reduction therapy aiming to reduce the synthesis of
material stored in Gaucher’s disease. Miglustat is an iminosugar acting as an inhibitor of
the glycosylceramide synthase, which plays a major role in the synthesis of a large number
of glycosphingolipids [101].

In NPC1-deficient mice, miglustat showed promising effects on the NPC1 pheno-
type, namely slowing down neurological decline and prolonging the survival time of
the animals [102]. An open-label, randomized trial that aimed to evaluate the efficacy,
safety and tolerability of miglustat (International Standard Randomized Controlled Trial
ISRCTN26761144) [103] was initiated as a phase 1/1I clinical trial. The study also included
an additional pediatric cohort of children <12 years. The primary endpoint was horizontal
saccadic eye movement (HSEM) velocity. At 12 months, the HSEM had improved in the
miglustat group compared to the control group. Furthermore, an improvement in swallow-
ing capacity, stable acuity of hearing and a slower deterioration in ambulatory index was
observed [103]. These effects could be confirmed in two extension studies [104,105]. The
most frequent adverse events observed by miglustat are mild gastrointestinal effects, such
as diarrhea, flatulence and abdominal pain as well as weight loss, and tremors [101,106].
Regarding NPC1-deficient iPSCs, two studies analyzed the effect of miglustat. Yu and
colleagues [34] did not observe any beneficial effect after the treatment of iPSC-derived
neurons. The treatment with 30 tM miglustat had no effect on cholesterol accumulation,
analyzed by filipin staining. Soga and colleagues [36] compared the influence of miglustat
and cyclodextrins on cholesterol accumulation, altered autophagy and altered ATP levels
in neural precursor cells and HLCs. The authors also could not observe an influence of
miglustat. Treatment with 50 uM or 500 uM miglustat for 4 days did not impact any of the
parameters analyzed, although they confirmed an inhibition of glycosylceramide synthesis.
In contrast, HP-3-CD and HP-y-CD showed a positive effect on the investigated patho-
physiological parameters, indicating a different mechanism of action of cyclodextrins. We
can only speculate about the discrepancy between the results of the clinical studies and the
studies on iPSCs. The fact that the inhibition of glycosylceramide synthesis was shown, but
no positive effect was observed on iPSC-derived cells, may be evidence that these model
systems represent the pathophysiology of NPC1 only to a certain extent. Even too low
doses chosen for the in vitro studies or insufficient application times could have an impact
on the differences between the clinical studies and the studies with iPSCs. Moreover, effects
such as the first pass effect or the distribution of drugs in the body cannot be reproduced
in such models.

Despite the sobering results obtained with miglustat in human NPC1-deficient iPSC-
derived neurons, one should consider the promising results showing the stabilization
of neurological manifestations in pediatric and adult NPC1 patients. Thus, miglustat
represents the most valuable agent currently available for the treatment of NPC1 and, in a
sense, defines the standard that should be surpassed by new therapeutic approaches.

4.2. Cyclodextrins

Cyclodextrins (CDs) are cyclic oligosaccharides that are made up of (x-1,4)-linked
glucopyranose units [107]. The most common CDs are «,3 and y-CD which consist of six,
seven and eight glucose units, respectively [108]. CDs have a hydrophilic outer surface and
a hydrophobic inner cavity [109], and thus are very well suited to increase the bioavailability
of poorly soluble substances [110].
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Regarding NPC1, HP-3-CD was used to solubilize allopregnalone in a study analyzing
the impact of allopregnalone on NPC1-deficient mice [111]. Treatment of NPC1-deficient
mice resulted in a significantly prolonged lifespan and a slowdown of the progressive
neurodegeneration [111]. Interestingly, a single treatment of NPC1-deficient mice with HP-
3-CD prolonged the life span of the mice, but additional treatment with allopregnanolone
had no beneficial effect [112]. These results suggested a positive effect of the solvent
HP-B-CD itself. Subsequent studies showed that HP-3-CD alone was more efficient
than the suspected drug allopregnalone [93,112,113] in terms of reduced cholesterol and
sphingolipid storage, extended lifespan, improved liver function, and neurodegeneration.
However, an intrathecal administration of CDs appears to be a prerequisite for successful
treatment, as CDs are not able to efficiently cross the blood-brain barrier [114].

Regarding the use of iPSC-derived cells, CDs have been shown to modulate defec-
tive autophagy, observed in NPC1, but the mechanisms underlying the effects of CDs on
autophagy are discussed differently. Maetzel and colleagues [33] demonstrated a concen-
tration dependent effect of HP-3-CD. While low concentrations (0.2%) were sufficient to
induce cholesterol esterification, they did not interfere with autophagy in iPSC-derived
HLCs. Higher doses (1%) did not correct the disturbance in the autophagic flux but blocked
autophagy, as demonstrated by the increase in LC3BII and p62 levels. The combination
of low doses of HP-3-CD and carbamazepine rescued both autophagy and cholesterol
accumulation in iPSC-derived HLCs and neurons [33], thus a combination of cholesterol
reduction by CDs and autophagy stimulation by CBZ might be a promising treatment
strategy for NPC1. Dai and colleagues [42] affirmed a positive effect of M-3-CD on au-
tophagy. They demonstrated that M-f3-CD activates the 3-subunit of the AMP-activated
protein kinase (AMPK), and thereby activates the autophagic flux and reduces cholesterol
content. Further studies also described an effect of CDs in human iPSC-based neuronal
and hepatic cell systems. Ordonez and colleagues [32] observed a reduced LC3BII/I ratio
by Western blot analysis after the treatment with HP-3-CD, suggesting that the mobi-
lization of cholesterol from lysosomes increases the turnover of LC3B. In addition, they
observed reduced p62 punctae and mitochondrial fragmentation. Cyclodextrins have also
been part of the study of Yu and colleagues [115], using a transgene-free reprogramming
method based on Sendai virus. One control and one compound heterozygous fibroblast cell
line were reprogrammed to iPSCs, differentiated into neural stem cells and neurons, and
subsequently used for drug screening. Among nine agents tested, they found HP-3-CD,
M-3-CD and &-tocopherol to effectively reduce cholesterol accumulation. This was shown
by reduced filipin staining and reduced lysotracker staining, indicating a reduction in en-
larged lysosomes. Of note, HP-3-CD was more potent in neurons compared to fibroblasts,
although they were derived from the same patient. These results indicate not only cell type
specific differences, but the necessity of using disease-affected cell types, such as neurons
and hepatocyte-like cells in case of NPC1, for disease modeling and drug discovery.

The most recent study regarding cyclodextrins was performed by Soga and col-
leagues [36]. The authors tested the three most common CDs: «, 3 and y. While HP-«-CD
had no effect, HP-3-CD and HP-y-CD reduced cholesterol in iPSC-derived HLCs to the
same extent and the size of the enlarged NPC1-deficient HLCs was decreased. The differ-
ential effect of these CDs might be explained by the different cavity size of the CDs. While
the hydrophobic inner space of HP-x-CD is comparatively small, the cavity of y and 3-CD
might better incorporate the side chain of cholesterol. While low concentrations (100 uM)
were inefficient, higher concentrations (1 mM) did not only reduce the cholesterol content,
but also recovered lowered ATP levels, and a positive impact on autophagy was shown by
a reduction in elevated LC3BII and p62 levels in HLCs and neural progenitors. HP-y-CD
could rescue the abnormal expression pattern of genes closer to the normal pattern than
HP-3-CD, and therefore appeared to be more effective.

The exact mode of action of CDs is not yet understood, but several mechanisms are
discussed, such as a drain of cholesterol incorporated in cell membranes that subsequently
needs to be replaced by intracellular cholesterol, thus decreasing cholesterol accumula-
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tion. Rosenbaum and colleagues [115] discussed the endocytosis of CDs, specifically by
pinocytosis, and subsequently complexing cholesterol.

The promising results of studies using animal models, as well as iPSC-based models,
initiated clinical trials using two derivates of HP--CD, namely VTS-270 (Vtesse, Inc.,
Gaithersburg, MD, USA) and Trappsol®Cyclo™ (CTD Holdings, Inc., Alachua, FL, USA),
receiving orphan drug designation by the FDA and EMA. The active ingredient of VTS-270
is Kleptose®HPB (Roquette Pharma, Lille, France). The first phase I/1la clinical trial was
started in 2013 (https:/ /clinicaltrials.gov/ct2 /show /NCT01747135). This non-randomized,
open-label, dose-escalation phase I/1la study aimed to evaluate the safety and clinical effi-
cacy of the intrathecally administered HP-3-CD derivative VTS-270 [116]. Doses ranging
from 50-1200 mg were evaluated in 14 NPC1 patients with neurological involvement (age
4-23 years). Patients were treated monthly for 12-18 months. To explore the potential of
a biweekly treatment strategy, three additional participants were treated with HP-3-CD.
Dose was initiated at 50, 200, 300 or 400 mg HP-f3-CD in groups of three participants, and
two were initially dosed at 900 mg. Doses were subsequently escalated on the basis of
tolerance to 600 or 1200 mg. As the primary outcome measure, 24(S)-hydroxycholesterol
(24(S)-HC) concentration was measured in plasma and cerebrospinal fluid. The 24(S)-HC
served as a biomarker for improved cholesterol homeostasis in neurons, as it is derived
almost exclusively from neurons in the CNS. The NPC1 Neurological Severity Scores (NSS)
were used to compare disease progression relative to a comparison cohort of 21 NPC1
participants of similar age range. All major NSS domains showed decreased or stabilized
NSS in 10/17 participants. A decrease in neurological disease progression was observed
in NSS ambulation, cognition and speech subdomains. No serious adverse events were
observed. As an expected adverse event, mid-to high-frequency hearing loss was docu-
mented in 100% of the participants, likely due to outer hair cell loss. This was managed
with hearing aids. Taken together, this clinical phase I/1la trial demonstrated an accept-
able safety profile and slowing of disease progression [116]. Furthermore, cognitive and
adaptive skills did not significantly decline during the trial [117]. In July 2015, a phase
II/11I prospective, randomized, double-blind, Sham-controlled clinical trial (NCT02534844;
https:/ /clinicaltrials.gov/ct2 /show /NCT02534844) was conducted to evaluate the effi-
cacy and safety of HP-3-CD, administered intrathecally, in patients with neurological
manifestation.

A further phase I/II clinical trial with an intravenous administration of VTS-270
was approved in 2018, dealing with infantile liver disease (https://clinicaltrials.gov/ct2
/show /INCT03471143). Two clinical trials administered Trappsol®Cyclo™, a derivative
of HP-3-CD, intravenously: a phase I clinical trial that involved 12 adults > 18 years
(https:/ /clinicaltrials.gov /ct2 /show /NCT02939547) and a phase I/II clinical trial, cur-
rently recruiting participants > 2 years (https://clinicaltrials.gov/ct2 /show /NCT02912793).

In summary, the studies with iPSCs have shown that cyclodextrins are a promising
treatment approach for NPC1. However, the results of the clinical trials must be put
into perspective by studies with NPC1 models, as harmful side effects must be taken
into account, such as ototoxicity, which has been observed in murine NPC1 models [118].
Nevertheless, the studies of CDs with iPSC-based models show their suitability for drug
discovery.

4.3. Histone Deacetylase Inhibitors

The balance of histone acetyl transferases (HATs) and histone deacetylases (HDACs)
defines the acetylation status of histones and thereby plays a key role in gene regulation.
HATs and HDACs perform reversible post-translational modifications. While HATs cause
chromatin relaxation, making DNA promoter regions more accessible for transcription
activators, HDACs cause a compact DNA formation, and subsequently a repression of
genes [119]. An imbalance between histone acetylation and deacetylation has been associ-
ated with cancer [120] and neurodegenerative diseases [121].


https://clinicaltrials.gov/ct2/show/NCT01747135
https://clinicaltrials.gov/ct2/show/NCT02534844
https://clinicaltrials.gov/ct2/show/NCT03471143
https://clinicaltrials.gov/ct2/show/NCT03471143
https://clinicaltrials.gov/ct2/show/NCT02939547
https://clinicaltrials.gov/ct2/show/NCT02912793

Int. J. Mol. Sci. 2021, 22, 710

16 of 28

To date, four histone deacetylase inhibitors (HDACis) are approved by the FDA for
different diseases, including suberoylanilide hydroxamic acid (SAHA; also known as
Vorinostat) and FK-228 (Romidepsin) for the treatment of cutaneous T-cell lymphoma
(CTCL), LBH589 (Panobinostat) for the treatment of CTCL and multiple myeloma, and
PXD101 (Belinostat) for the treatment of peripheral T-cell lymphoma (PTCL).

Regarding NPC1, several studies showed the advantageous effect of HDACis on
the NPC1 phenotype in different cell models. Since most HDACis are able to cross the
blood-brain barrier, they represent a promising strategy with unproblematic administration
for the treatment of the neurological manifestations of NPC1. The treatment of NPC1-
deficient mice with the HDAC] valproic acid [122] improved the cholesterol homeostasis.
Munkacsi and colleagues [123] identified upregulated HDAC genes in NPC1 patient-
derived fibroblasts. The HDACi SAHA was able to reverse the dysregulation of these
genes and decrease lysosomal cholesterol accumulation. Pipalia and colleagues [124]
evaluated the effect of six different HDACis in NPC1 patient derived fibroblasts. SAHA
and LBH598 were not only sufficient to reduce cholesterol accumulation, but also to
restore cholesterol homeostasis, shown by the normal processing of sterol regulatory-
binding protein 2 (SREBP2) and a reduction in LDL receptor expression. The authors did
not observe an effect in NPC2 mutated cell lines, thus concluding that HDACis do not
overtake the function of NPC1 or NPC2 proteins. However, the mechanisms of action of
HDAC:is are poorly understood. Interestingly, the sphingolipid metabolite sphingosine-
1-phosphate (S1P) is an endogenous inhibitor of class I HDAC1 and HDAC2 [125]. The
authors suggested that because of the accumulation of sphingosine in lysosomes, less
sphingosine is available for phosphorylation to S1P, which leads to enhanced activity
of HDAC1 and HDAC2. In 2014, a phase I/1I clinical trial was approved to determine
the safety and tolerability of vorinostat, as well as to determine the biochemical efficacy
to increase the expression of NPC1 protein and normalize lipid and protein biomarkers
(https:/ /clinicaltrials.gov /ct2 /show /NCT02124083). In this non-randomized, open-label
study, 12 participants were involved to test orally administered vorinostat in a 3 days
on/4 days off schedule. For the first three months, participants were dosed with 200 mg
followed by dose escalation to 400 mg for another 3 months.

Using an iPSC-based model, until now, HDACis have been investigated only by Yu
and colleagues [34]. Despite the promising results from fibroblasts and animal models, no
effect on the cholesterol level could be observed on the iPSC-derived neuronal cells after
the treatment with 1 uM SAHA, as shown by an unchanged filipin staining.

Similar to the studies on CDs, the limited number of studies on iPSCs with regard
to the use of HDAC:is is currently insufficient to make a final decision on the usefulness
of iPSC-based models. However, as iPSCs are successfully used for disease modeling in
NPC1, one must be optimistic that future studies will show the usefulness of iPSC-based
models in connection with the use of HDACis as NPC1 therapy.

4.4. Pharmacological Chaperones

To anticipate the bad news: there are no studies that prove the effectiveness of phar-
macological chaperones (PCs) in cell models based on iPSCs. However, we would like to
summarize the data on the efficacy of PCs, obtained with other NPC1 model systems, as
they are very promising and support the use of PCs as a treatment strategy for NPC1.

PCs are small molecules and therefore have the advantageous property of crossing
the blood-brain barrier, making their use in the treatment of neurodegenerative diseases
conceivable [126]. In addition, they show high bioavailability and their high specificity
allows their use in low concentrations compared to more general functional chemical
chaperones [127]. They can be administered orally and therefore have little, if any, impact
on the quality of life of patients. Pharmacological chaperones bind to folding intermediates
of proteins processed in the endoplasmic reticulum, stabilizing them and thus protecting
them from degradation, ultimately enabling correct intracellular localization. With regard
to mutated proteins, they can lead to an increase in the cellular active pool of the actually
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mutated but still active protein. While several compounds are discussed to work as PCs in
several lysosomal storage disorders (LSDs) (for review, refer to [127]), only a few studies are
available for NPC1, although the use of PCs for the treatment of NPC1 appears to be very
attractive, as a significant proportion of NPC1 mutations lead to misfolded proteins. Such
misfolded NPC1 proteins are recognized by the quality control system of the endoplasmic
reticulum and then marked for proteasomal degradation. However, these mutated NPC1
proteins may have a cholesterol transport activity, albeit reduced. The prevalent mutation
11061T, found in a European cohort [128], fulfils the criteria of a misfolded but still active
protein, which was demonstrated by Gelsthorpe and colleagues [129]. The authors showed
that the mutated protein I1061T exhibits reduced stability and thus reduced activity, but
not a complete loss of function. Therefore, the NPC1 mutation 11061T seems to be the best
choice to test the concept of using pharmacological chaperones as a treatment strategy for
NPC1.

Ohgane and colleagues [130] identified different oxysterols, such as 25-hydroxycho-
lesterol (25-HC), and other derivatives to act as pharmacological chaperones. Treatment
with 25-HC resulted in the correction of maturation and localization of the NPC1 protein
and reduced cholesterol accumulation in NPC1-deficient patient fibroblasts harboring the
11061T mutation. The authors showed that these oxysterols bind to a site that is different
from the N-terminal sterol binding site, implicating a second sterol-binding site. In a further
study, the authors aimed to identify other non-steroidal pharmacological chaperones,
expecting a better metabolic stability and a higher selectivity towards NPC1 over other
sterol-binding proteins, and identified non-oxysterols as pharmacological chaperones for
the treatment of NPC1 [131].

Encouraged by these findings, existing compound libraries could be screened for
potential pharmacological chaperones. The ideal chaperone for the treatment of NPC1
has a high affinity to the misfolded protein in the ER to assist folding and, subsequently,
shuttling to the LE/LY, but also displays good dissociation properties from the protein in
the acidic environment of lysosome to prevent inhibition of the cholesterol binding pocket,
enabling a rescue of NPC1 transport function. These prerequisites may be tested by in
silico binding studies, to reduce the number of compounds to be tested in the wet lab.

5. Limitations and Perspectives of iPSCs Used for Disease Modeling and Drug Discovery

The authors of this review are enthusiastic about the approach of using iPSC-based cell
models for disease modeling and drug discovery, especially for the neurovisceral disease
NPC1. However, we are also aware of the limitations of using iPSC-based model systems
and therefore want to address at least some of these issues.

5.1. Limitation of the Applicability of iPSCs and Derived Cells

Since the ground-breaking publications by Yamanaka and colleagues in 2006, describ-
ing the reprogramming of mouse fibroblasts into induced pluripotent stem cells [132], and
of human fibroblasts in 2007 [133,134], a range of methods combining the use of different
donor somatic cells, transcription factors, gene delivery methods and small molecules
have been developed to generate disease specific iPSC lines. To date, the most popular
donor somatic cells are fibroblasts, being used in more than 80% of all reprogramming
experiments published [135]. Additionally, other cell types have been used for reprogram-
ming, such as human primary keratinocytes, peripheral blood mononuclear cells, and
urine-derived renal epithelial cells [136-138]. In general, somatic cells are discussed to
have an “epigenetic fingerprint”, reflected by a pattern of chemical markers on their DNA,
impacting the reprogramming and, later, the differentiation potential of the cells. Further-
more, iPSCs represent cells in an embryonic developmental stage, and, thus, one must keep
in mind some drawbacks related, e.g., to the maturation of iPSC-derived neurons. This is
of particular interest for neurons because the expression of ion channel subunits changes
during embryonic/fetal development. For example, the subunit composition of inhibitory
GABA receptors (GABAAR) and glycine receptors (GlyR) changes during the matura-
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tion of neurons, and thus the functional properties, such as the activation/inactivation
and ion conductance of the ion channels, are altered. Moreover, GABAAR and GlyR
are excitatory rather than inhibitory at early developmental stages. This is due to in-
creased intracellular ClI™-concentration achieved by CI™-transporters expressed during
embryonic development [139]. Our group observed GABA-induced depolarization in the
iPSC-derived neurons used by Rabenstein and colleagues [20], which led to the activa-
tion of voltage-gated Ca?* channels (unpublished data), indicating a fetal developmental
stage of the neurons even after six weeks of differentiation. Therefore, whenever possible,
functional changes in iPSC-derived neurons should be matched with other model systems,
such as primary neuronal cultures, that preferably have a developmental stage relevant to
the disease under investigation.

Regarding the developmental stage of iPSCs, several approaches have been made to
overcome this issue by using stress inducers and proteins pushing forward the ageing of
cells [140]. Trans-differentiation of somatic cells, e.g., fibroblasts, into disease-affected cells,
such as neurons, offer the possibility to bypass a state of pluripotency, which is linked
to the reset of the age of the cells. This aspect is particularly important for diseases with
progressive neurodegeneration. Trans-differentiated cells show no tumorigenicity when
transplanted in vivo, but show similar functionality [141,142]. Still, there are limitations in
the concept of trans-differentiation, as the obtained population of post mitotic cells, such as
neurons, is limited, as such cells do not divide anymore, resulting in a restricted efficiency
and expansion for use in high throughput drug screening [142].

The choice of the transfection system to obtain iPSCs is without any doubt the most
critical step determining the further usability of the iPSCs. While retrovirus was the method
initially used for reprogramming, they only infect dividing cells, whereas lentivirus can
infect both non-dividing and proliferative cells [143]. The major risk of using retrovirus
and lentivirus for reprogramming is the integration of viral vectors into host DNA, and
it goes without saying that such iPSCs cannot be used for applications in humans. Non-
integrative viral delivery includes adenovirus [144] and Sendai virus [145]. Alternatively,
plasmids [146,147], RNA delivery [148] and protein delivery [149] may be used. In addition,
several chemical compounds have been shown to further improve reprogramming [150].

After the crucial first step of generating iPSC lines carrying the molecular defects of
interest, efficient cell-specific differentiation protocols, in the case of NPC1 with neurovis-
ceral clinical presentation, are required to obtain neuronal and hepatic cells. The use of
adequate protocols is challenging, as an almost unmanageable number of differentiation
protocols have been published. In terms of NPC1 disease modeling, most neuronal cell
systems have been created without specification for differentiation into a particular type
of neuron. None of these publications (Table 1) have yet successfully recapitulated, e.g.,
the specific cerebellar neuronal dysfunction and degeneration. Cerebellar Purkinje cells
are particularly susceptible to mutations of the NPC1 protein, and their progressive loss
is one of the hallmarks of neurodegeneration observed in NPC1. Due to their complex
morphology and circuitry, unique firing properties, and long maturation time, it is cer-
tainly challenging to develop appropriate protocols for in vitro differentiation. However,
a significant breakthrough has been achieved recently. Muguruma and colleagues [151]
described the generation of Purkinje cell precursors from mouse embryonic stem cells,
which could be differentiated into neurons showing Purkinje cell-specific characteristics.
Silva and colleagues [152] described the maturation of human iPSC-derived cerebellar
neurons. The authors developed protocols to generate cerebellar cell types such as Purk-
inje cells or granular cells, which have been shown to be electrically active cells. It is
expected that such model systems will help to decipher the processes underlying the high
vulnerability of human Purkinje cerebellar cells, and it is of great interest to what extent
human iPSC-derived cerebellar neurons can reflect the in vivo situation. Although model
systems based on organoids or 3D-culture systems have great potential to reproduce the
in vivo situation in a more complex way than 2D-culture systems, these models also have
disadvantages. They can only represent the interaction between different cell types to a
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certain extent, and the interactions between different organs, affected by a disease, cannot
be studied. This is of particular importance, for example, for pharmacokinetics and the
distribution of a drug in the organism, especially in neurodegenerative diseases, where
potential drugs must be able to cross the blood-brain barrier.

Regarding the differentiation of iPSCs into HLCs, the majority of available protocols
are based on three steps: (1) induction of definitive endoderm, (2) specification into hepatic
progenitor cells and (3) maturation into HLCs [153,154]. Publications using iPSC-based
model systems for NPC1 mostly use one of these strategies, but there are significant
differences between the protocols. This has to be considered critically, as it may lead
to differences in the appearance of pathophysiological features and their attenuation by
potential substances for the treatment of NPC1.

A further important aspect of using iPSCs is the availability of appropriate control
cells. Differences in genetic background between iPSC lines can hamper the interpretation
of experimental results. For genetic disorders, genetic editing is a powerful tool to generate
gene-corrected iPSCs for disease modeling because it produces cells with identical epige-
netic backgrounds. Technologies such as CRISPR/Cas9 can correct or induce a specific
mutation, thus leading to an isogenic control that only differs in the underlying mutation
compared to its control cell line. In NPC1, it is even more difficult to select an appropriate
control, because the pathophysiology of NPC1 is extremely diverse. Selecting mutations to
study is particularly difficult in NPC1 because there is no really strong correlation between
mutations and phenotypic expression in this disease. Patients with the same mutation,
even identical twins affected by NPC1 [155], show strong differences in clinical expression.
This example shows that epigenetic aspects can only be poorly represented in cell culture
models, and it is questionable whether they play a role at all in iPSC-based models, since
the cells undergo an epigenetic reset during reprogramming.

The limitations of iPSCs and their cellular derivatives mentioned above are general
and apply to disease modeling and drug discovery for all types of diseases. The wide
variety of protocols to generate iPSCs and differentiation into desired cell types make it
difficult to compare studies that have used different protocols. On the other hand, iPSC-
derived cells used for disease modeling of NPC1 show comparable pathophysiological
manifestations or pathogenic mechanisms of NPC1, regardless of the protocols used. Thus,
it can be concluded that the observed disease features are due to the NPC1 mutations
and not to the protocol used for reprogramming or differentiation, demonstrating the
applicability of iPSC-derived cells for disease modeling.

5.2. Perspectives of the Applicability of iPSC-Derived Cells

As summarized above, several laboratories showed that iPSC models are a valuable
tool for NPC1 disease modeling, revealing pathophysiological features and, moreover,
elucidating the pathogenic mechanisms of NPC1.

Overall, in the studies reviewed here, all major hallmarks of NPC1 have been observed.
With one exception, iPSC-based NPC1 disease models showed an increased cholesterol
level—the main characteristic feature of NPC1. The same holds true for increased levels
of LC3BII and p62, indicating disturbances of autophagy in NPC1. Autophagy is closely
related to mitochondrial functions, as the degradation of damaged mitochondria by mi-
tophagy is a major process of the autophagic system in the cell. A proper clearance of
damaged mitochondria is essential to maintain cellular homeostasis, especially as different
pathophysiological phenotypes, linked to mitochondria, have been observed in NPC1. To
cut a long story short, the proof of major pathophysiological features of iPSC-based model
systems for NPC1 demonstrates the applicability of such systems. However, the number
of studies involving neurons or glial cells is currently low, although these cell types are,
besides hepatocytes, the most affected cells in NPC1.

NPC1, like other neurodegenerative diseases, is characterized by the selective loss of
neurons. In the case of NPC1, cerebellar Purkinje cells are primarily affected. Of course,
there are technical hurdles to obtain such cells from iPSCs in vitro, but it is surprising that



Int. J. Mol. Sci. 2021, 22, 710

20 of 28

hardly any research directly addresses the loss of neurons, at least for NPC1. For example,
it is currently poorly understood which pathogenic mechanisms underlie the degeneration
of Purkinje cells. In addition to apoptosis as the main cause of cell death, necroptosis might
have a major influence on the loss of neuronal cells in NPC1. Cougnoux and colleagues [38]
evaluated this possibility in NPC1-deficient fibroblasts, iPSC-derived neuronal precursor
cells, and in the cerebellum of NPC1-deficient mice. They found a decreased cell viability
and an increase in the receptor interacting protein kinase 1 and 3 (RIP1, RIP3) in all cell
types analyzed. Both kinases are components of a protein complex, the so called necrosome,
which is known to initiate necroptosis. The inhibition of RIP1 and 3 with Necrostatin-1
led to an increase in the cell viability of fibroblasts and prevented the loss of Purkinje cells
in NPC1-deficient mice, prolonging their lifespan. These results suggest necroptosis as a
potential target for pharmacological intervention. Sung and colleagues [49] did not analyze
cell death directly, but described the defective neuronal differentiation of cells generated
by the direct conversion of fibroblasts. The extent to which this may contribute to the
neuropathology of NPC1 needs further clarification. However, one can be optimistic that
further work will make use of iPSC models and will further contribute to the elucidation of
the pathophysiological aspects of NPC1.

Studies of the pathogenic mechanisms of neurodegenerative diseases using iPSC-
based models have revealed similarities in the pathology of various neurodegenerative
disorders. In terms of NPC1, with an incidence of 1/120,000 live births, such similarities
are described with Alzheimer’s disease, with a prevalence of 30 million people worldwide.
In this regard, NPC1 and AD certainly represent an unequal pair for comparative studies,
but in terms of pathogenic mechanisms there are some remarkable similarities, such as
abnormal cholesterol metabolism, amyloid-f (Af3) and tau pathology [156]. Interestingly,
neurofibrillary tangles, the predominant pathophysiological feature of AD, can be observed
in NPC1, and patients also show an accumulation of A3 peptides. However, no amyloid
plaques were observed, which could be explained by the fact that the vast majority of NPC1
patients die before the manifestation of amyloid plaques. It is discussed that cholesterol
influences the processing of amyloid precursor protein (APP), leading to amyloid plaques
by altering the endocytotic trade of APP due to a change in lipid composition in the
membrane. Conversely, Alzheimer’s disease shows features of disturbed cholesterol
metabolism with lipid deposits, which are the hallmark of NPC1. Interestingly, a variant of
ApoE, which is the main carrier of cholesterol in the brain (apolipoprotein type 4 allele,
ApoE-¢€4), is one of the main risk factors for late-onset AD.

The examples of NPC1 and AD impressively demonstrate the potential of iPSC-
based disease models. It is likely that without iPSC technology it would be much more
difficult to compare and elucidate pathogenic mechanisms in disease affected cell types.
Certainly, comparative studies with post-mortem preparations are possible in this regard,
but no insights into early phases, without clear signs of neurodegenerative processes,
can be obtained from these, and, of course, longitudinal studies are not possible. It
remains extremely exciting to see how future studies using iPSC-based model systems will
contribute to the understanding of neurodegenerative diseases, and one may be optimistic
that these findings will advance the development of new therapeutic approaches for NPC1
and neurodegenerative diseases in general.
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AMPAR
AMPK
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APP
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CNS
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M-B3-CD
NDCs
NPC
NPC1
NPC2
NSS
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PC
PD
PMA
PSCs
Rap
RIP1/3
ROS
S1P
SAHA
SOD
SphK
SRT
TALEN
Tre
VEGF
Ver
VSGP

24(S)-hydroxycholesterol
25-hydroxycholesterol
3-Methyladenine

Alzheimer’s disease

Amyotrophic lateral sclerosis

AMPA -receptor

AMP-activated protein kinase
Apolipoprotein E

Amyloid precursor protein
CRISPR-associated gene
Carbamazepine

Cyclodextrin

Central nervous system

Coenzyme Q10

Cerebellar Purkinje cells

Clustered regularly interspaced short palindromic repeats
Endoplasmic reticulum

GABA 4 receptor

Gaucher’s Disease

Glial fibrillary acidic protein

Glycine receptor

Histone acetyl transferase

Histone deacetylase inhibitor
Human embryonic stem cell
Hexosaminidase A

Hepatocyte-like cell

Human skin multipotent adult stem cells
Hydroxypropyl-alpha-cyclodextrin
Hydroxypropyl-beta-cyclodextrin
Hydroxypropyl-gamma-cyclodextrin
Horizontal saccadic eye movement
Induced pluripotent stem cell

Knock down

Microtubule-associated protein a light chain 3B
Late endosome/lysosome

Lysosomal storage disorder
Methyl-beta-cyclodextrin

Neuronal differentiated cells

Neural progenitor cell
Niemann-Pick type C1
Niemann-Pick type C2

Neurological Severity Scores
Oxidative stress

Pharmacological chaperone
Parkinson’s disease

Phorbol 12-myristate 13-acetate
Pluripotent stem cells

Rapamycin

Receptor interacting protein kinase 1/3
Reactive oxygen species
Sphingosine-1-phosphate
Suberanilohydroxamic acid
Superoxide-Dismutase

Sphingosine kinase

Substrate reduction therapy
Transcription activator-like effector nuclease
Trehalose

Vascular endothelial growth factor
Verapamil

Vertical supranuclear gaze palsy
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