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Niemann–Pick type C (NPC) disease is a rare progressive lysosomal lipid
storage disorder that manifests with a heterogeneous spectrum of clinical
syndromes, including visceral, neurological and psychiatric symptoms. This
monogenetic autosomal recessive disease is largely caused by mutations
in the NPC1 gene, which controls intracellular lipid homeostasis. Vesicle-
mediated endo-lysosomal lipid trafficking and non-vesicular lipid exchange
via inter-organelle membrane contact sites are both regulated by the NPC1
protein. Loss of NPC1 function therefore triggers intracellular accumulation of
diverse lipid species, including cholesterol, glycosphingolipids, sphingomyelin
and sphingosine. The NPC1-mediated dysfunction of lipid transport has severe
consequences for all brain cells, leading to neurodegeneration. Besides the cell-
autonomous contribution of neuronal NPC1, aberrant NPC1 signalling in other
brain cells is critical for the pathology. We discuss here the importance of endo-
lysosomal dysfunction anda tight crosstalk betweenneurons, oligodendrocytes,
astrocytes and microglia in NPC pathology. We strongly believe that a cell-
specific rescue may not be sufficient to counteract the severity of the NPC
pathology, but targeting common mechanisms, such as endo-lysosomal and
lipid trafficking dysfunction, may ameliorate NPC pathology.

This article is part of a discussion meeting issue ‘Understanding the
endo-lysosomal network in neurodegeneration’.
1. Niemann–Pick type C disease: a neurovisceral genetic
disorder with multisystemic clinical manifestations

Niemann-Pick type C (NPC) disease is a rare lysosomal lipid storage disorder
that manifests with a heterogeneous spectrum of clinical phenotypes, ranging
from visceral, to neurological to psychiatric symptoms. Some of the common
clinical manifestations of this neurovisceral disorder include hepatosplenome-
galy, dystonia, ataxia, epileptic seizures and cognitive decline [1–8] (figure 1).
Although first symptoms can be revealed at any age from the neonatal
period to the sixth decade of life, the most common manifestation is at child-
hood age, which often leads to premature death. Notably, the age at
neurological onset is largely predictive of disease severity [1,7,11].

Aetiologyof thismonogeneticdisorder is in approximately 95%of the cases attrib-
uted to autosomal recessive mutations in the NPC1 gene, and the remaining 5% of
NPC patients carry mutations in the NPC2 gene [7,12,13]. NPC1 encodes a large
protein of late endosomes/lysosomes (LE/lys) with 13 transmembrane domains
that interacts with the small soluble protein encoded by NPC2 [12,14]. The hydro-
phobic handoff model hypothesizes that NPC2 transfers cholesterol to the N-
terminal domain of NPC1 (figure 1) [9,10]. Their cooperative action ensures that
cholesterol and other lipids are exported from the LE/lys, regulating thereby cellular
lipid homeostasis [15,16]. The crystal structure of a large fragment of human NPC1
suggests that the ‘sterol-sensing-domain’ shapes a two-way cavity open to both the
endosomal lumen and the luminal leaflet of the lipid bilayer [17]. As the structure
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Figure 1. Endo-lysosomal dysfunction causes severe clinical manifestations in Niemann–Pick type C disease. NPC1 (transmembrane protein) and NPC2 (luminal protein)
regulate intracellular lipid transport. The hydrophobic handoff model hypothesizes that NPC2 transfers cholesterol to the N-terminal domain of NPC1 [9,10]. Lack of NPC1
or NPC2 impairs the cholesterol egress from the late endo-lysosomal compartment, leading to aberrant lipid storage within the organelles. NPC patients manifest with
heterogeneous clinical presentations and disease severity. Dependent on the age of disease manifestation, several forms are acknowledged: early infantile (2 months to <
2 years); late infantile (2 to 6 years); juvenile (6 to 15 years) and adult (>15 years). ER: endoplasmic reticulum; MCS: membrane contact sites; LE: late endosome; MVB:
multivesicular body; lys: lysosome; NTD: N-terminal domain; CTD: C-terminal domain; NPC1: Niemann-Pick type C intracellular cholesterol transporter 1; NPC2: Niemann-
Pick type C intracellular cholesterol transporter 2. Based on reported clinical presentations [3,7]. Created with BioRender.com.
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and size of the cavity may hold a cholesterol molecule, a function
of NPC1 in cholesterol sensing and transport has been postulated.
In linewith these findings, cellular studies showed that mutations
in theNPC1sterol-sensing-domainassociatewith accumulationof
unesterified cholesterol [18]. In addition to the proposed function
asa lipid transporter,NPC1regulates contact sites, facilitating lipid
exchange between the organelles [19,20].
2. Niemann-Pick type C disease is well
recapitulated in rodent models

Mouse models of NPC disease are widely used, recapitula-
ting both the visceral (e.g. hepatosplenomegaly) and
neurodegenerative phenotypes [21]. Npc1−/− mice with a
spontaneous NPC1 mutation (deletion of 11 out of its 13 trans-
membrane domains) mimic well the human pathology with
early disease onset [22–24]. Npc1−/− mice initially display a
pre-symptomatic phase, followed by mild cerebellar ataxia
and tremor at the age of six weeks, which become more promi-
nent at eight weeks of age [21,25]. Severe ataxia, difficulties in
food and water uptake, weight loss and premature lethality
occur at 10–12 weeks of age. Similar to observations in NPC
patients, in mouse models prominent neurodegeneration
occurs in cerebellar Purkinje cells and neurons of the thalamus
while the cortex and hippocampus appear less affected
[8,26,27]. Npc1spm mice, which carry another spontaneous
NPC1 mutation, recapitulate similar hallmarks of aggressive
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NPC pathology [28]. In addition to fast-progressing disease
models, NPC pathology is also studied in transgenic mice car-
rying patient NPC1 mutations such as I1061T, which leads to a
partial loss of NPC1 function [29]. This mouse model displays
a less aggressive phenotype compared with Npc1−/− mice,
with the lethality at the age of 15 weeks. Similarly, the
Npc1nmf164 mouse model, which includes the patient
D1005G mutation, recapitulates a more slowly progressing
NPC pathology [30].
/journal/rstb
Phil.Trans.R.Soc.B

379:20220388
3. A neurovisceral expression of NPC1
NPC1 is expressed throughout the body with high expression
in visceral organs, such as adrenal gland, liver, spleen and
lungs, as well as in the nervous system (https://www.brainr-
naseq.org/). In the nervous system, NPC1 expression is
highest in oligodendrocyte precursor cells and myelinating
oligodendrocytes, followed by microglia, astrocytes, neurons
and endothelial cells (https://www.brainrnaseq.org/).
Although the rescue of Npc1 in visceral organs does restore
liver and spleen function, it fails to prevent neurodegenera-
tion and lethality of Npc1−/− mice, underscoring the
functional importance of NPC1 in the nervous system [31].
In agreement with this, the expression of NPC1 in neurons
under the control of the enolase 2 promoter significantly
extended the lifespan and ameliorated motor coordination
defects [31]. Moreover, the broad expression of NPC1 in
the central nervous system, driven by the prion promoter,
was sufficient to rescue neurodegeneration and early
lethality [32]. Considering the key function of NPC1 in the
nervous system and its widespread expression pattern,
this review article will assess the cell-autonomous contri-
bution of NPC1 loss in neurons, oligodendrocytes,
astrocytes and microglia and discuss the underlying patho-
molecular mechanisms mediated by neuronal–glial crosstalk
in NPC.
4. Impaired lipid trafficking and degradation are
key hallmarks of Niemann-Pick type C disease

At the cellular level, defects in NPC1 and NPC2 lead to the
accumulation of unesterified cholesterol in LE/lys, and
reduced cholesterol levels at the plasma membrane [33,34].
Besides cholesterol, glycosphingolipids, sphingomyelin and
sphingosine accumulate in NPC disease, suggesting a broader
defect in the homeostasis of diverse lipid species [35–38]. Intri-
guingly, alterations of the key cellular signalling lipids, namely
phosphoinositides, were recently associated with NPC pathol-
ogy [39]. Differential distribution of phosphoinositide species
within the endo-lysosomal pathway is maintained by strict
spatio-temporal distribution of their metabolizing enzymes.
The resulting phosphoinositide signature of endo-lysosomal
compartments is critical for intracellular vesicular trafficking
and non-vesicular lipid exchange via membrane contact sites
[40]. NPC1 dysfunction leads to alterations in localization
of phosphatidylinositol 4-phosphate (PtdIns4P) metabolizing
enzymes and, consequently, aberrations in the cellular
PtdIns4P gradient. Increased accumulation of PtdIns4P at
Golgi and lysosomal membranes causes enhanced anterograde
trafficking to the plasma membrane and mechanistic target of
rapamycin complex 1 (mTORC1) recruitment to lysosomes,
respectively. By controlling the PtdIns4P gradient, NPC1
orchestrates the localization of PtdIns4P-binding proteins
shaping the endoplasmic reticulum (ER)–trans-Golgi network
and ER–lysosome membrane contact sites [39]. This further
supports the key regulatory role of NPC1 in intracellular traf-
ficking and mTORC1 signalling. Notably, NPC1 has been
identified as a factor that regulates mTORC1 recruitment and
activation in mammalian cell culture systems [41,42]. In turn,
active mTORC1 suppresses the initiation of autophagy,
connecting mechanistically NPC1 function and autophagy.
Previous studies have demonstrated an accumulation of
autophagosomes in NPC1-deficient cells [43]. The accumu-
lation of autophagic vesicles can be triggered by a defect in
the completion of autophagy and/or enhanced autophagic
flux [43–45]. Along these lines, mitophagy—a specific form
of autophagy that regulates mitochondrial homeostasis—is
aberrant in NPC, contributing to defects in energy supply
and metabolism [46,47]. Lysosomal dysfunction and defective
mitochondrial turnover are common pathologies observed in
lysosomal storage diseases, suggesting a functional relationship
between lysosomes and mitochondria [48].

In addition to defective autophagy, impairments along the
endo-lysosomal trafficking route were observed upon NPC1
dysfunction, including aberrations in early/recycling endo-
somes and retromer function [49,50] and accumulation of
LE/multivesicular bodies (MVBs) [51,52]. Cholesterol accumu-
lation in MVBs and aberrant delivery to lysosomes in
microglia of Npc1−/− mice precluded cholesterol export, ester-
ification at the ER and incorporation into lipid droplets [51].
Lack of cholesterol ester-containing lipid droplets in NPC
may in turn contribute to metabolic defects and aberrant con-
tact sites as lipid droplets—in addition to their protection
against lipotoxicity—represent relevant signalling hubs and
organelles for contact site regulation [53]. This is in line with
the described role of NPC1 at contact sites that facilitate lipid
egress from endocytic organelles to the ER [19]. Taken
together, NPC1 is a master regulator of lipid metabolism and
endo-lysosomal trafficking, providing rationale for the hetero-
geneity of cellular phenotypes observed upon its loss.
5. The role of NPC1 in brain cholesterol
homeostasis

Although 23% of the body cholesterol is found in the brain
[54], the entry of cholesterol-rich lipoproteins is prevented by
the blood–brain barrier (BBB) [55]. Thus, to maintain the
cholesterol homeostasis and membrane integrity in the brain,
most of the cholesterol is locally synthesized [56]. Brain cells
are particularly vulnerable to impairments in cholesterol hand-
ling in NPC, but also in other neurodegenerative diseases [57],
supporting the need to better understand how brain cells
synthesize and metabolize cholesterol. In vitro experiments
suggested that the blood–cerebrospinal fluid barrier may
serve as a source of brain cholesterol [58]. It has been hypoth-
esized that the apolipoprotein A1-containing high-density
lipoprotein (HDL) particles transfer cholesterol from blood
capillaries through the choroid plexus epithelium into the cer-
ebrospinal fluid [58–60].

The role of NPC1 in orchestrating cellular cholesterol is
well established. However, little is known about the impact
of NPC1 loss on cholesterol exchange between neuronal
and glial cells. Within the brain parenchyma, the highest

https://www.brainrnaseq.org/
https://www.brainrnaseq.org/
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proportion of the cholesterol pool is de novo synthesized and
provided by astrocytes [55,61,62]. In addition, oligodendro-
cytes, owing to their especially high demand of cholesterol
for myelination in brain development, are capable of synthe-
sizing cholesterol de novo [63]. To the contrary, neurons and
microglia rather rely on the uptake of cholesterol [64,65]. For
uptake, cholesterol is delivered by the lipoprotein shuttle
apolipoprotein E (ApoE) [57,66]. ApoE-containing HDL-like
particles—loaded with cholesterol and phospholipids—are
secreted by glial cells and the ependymal layer cells [57,67]
and endocytosed by the membrane proteins of the low-
density lipoprotein receptor (LDLR) gene family [57,66].
Following internalization, LDLRs are recycled to the cell sur-
face and cholesterol cargo is transported to lysosomes and
hydrolysed. This unesterified cholesterol is further exported
from the lysosome to the ER, where esterification takes
place and thereby generated cholesterol esters are stored in
lipid droplets. Owing to the major impairment in cholesterol
export in NPC, unesterified cholesterol excessively accumu-
lates in LE/MVBs, interrupting thereby the essential lipid
uptake and turnover route, with severe consequences for
brain cell function [51]. However, it remains to be investi-
gated how neurons or glial cells deal with cholesterol
overload in NPC. Excess of cholesterol—especially in neur-
ons—is toxic and tightly regulated under physiological
conditions. An important pathway for cholesterol removal
is its hydrolysis into the membrane-permeable derivate,
24(S)-hydroxycholesterol (24-OHC), executed by the neuron-
ally expressed monooxygenase CYP46A1 [57,68]. 24-OHC is
actively exported from the neurons by the ATP-binding cas-
sette transporter A1 (ABCA1) [69] and it is postulated that
it crosses the BBB by diffusion [70–72], reaching the circula-
tion, to be catabolized in the liver. Disturbances in levels of
24-OHC were detected in NPC mice and human patients,
bringing forward the idea of exploring 24-OHC as a bio-
marker in NPC clinical trials [73]. As brain glial cells
synthesize minor amounts of 24-OHC, it is suggested that
the major cholesterol turnover takes place in neurons [74].
To regulate cholesterol homeostasis, 24-OHC also serves as
a ligand of the cholesterol sensor liver X receptors (LXRs)
[75]. LXRs act corporately as a heterodimer with retinoid X
receptor and chromatin remodelling factors, steering the tran-
scriptional programme of trafficking proteins and
transporters such as ApoE, ABCA1, ABCG1 [75–77] and
likely NPC1 [78]. Additionally, LXRs maintain cholesterol
homeostasis by controlling the transcription of the E3 ubiqui-
tin ligase inducible degrader of the LDLR [79], resulting in
reduced LDLR levels and, consequently, reduced cellular
uptake of cholesterol. An independent pathway for sterol bio-
synthesis is mediated by the sterol regulatory element
binding protein (SREBP). Lack of intracellular cholesterol
induces the proteolytic cleavage of SREBP protein and its
mature form translocates to the nucleus to regulate the tran-
scription of genes involved in lipid metabolism. Since the
NPC1 gene itself is controlled by the SREBP protein, a feed-
back inhibition of the SREBP pathway and the LE/lys
cholesterol transport by NPC1 may exist [80]. Given the
widespread NPC1 expression and aberrations in cholesterol
homeostasis observed in different brain cells upon NPC1
dysfunction, we hypothesize that cell-type-specific pathomo-
lecular alterations contribute to NPC disease. Below we
discuss our current understanding of brain-cell-specific con-
tributions in NPC by integrating experimental analysis of
cell-type restricted depletion of NPC1 and the efficiency of
the cell-type-specific rescue of NPC pathology.
6. NPC1 function in astrocytes
Astrocytes are an important source of cholesterol for the
brain, and astrogliosis is a common hallmark of NPC pathol-
ogy [81,82]. Depletion of NPC1 in glial fibrillary acidic
protein (GFAP)-positive astrocytes, starting at the age of six
weeks, was not sufficient to trigger NPC pathology [83].
Along these lines, expression of NPC1 in GFAP-positive
astrocytes provided no major benefits to NPC pathology (a
trend in increased lifespan and weight gain, no rescue of Pur-
kinje cell neurodegeneration) [31]. By contrast, another study
of astrocyte-specific NPC1 rescue using the GFAP promoter
reported multiple beneficial effects, including enhanced sur-
vival, decreased neuronal cholesterol storage, reduced
accumulation of axonal spheroids and lower numbers of
degenerated neurons and reactive astrocytes [84]. These dis-
crepancies may be explained by different expression
systems that were applied, as Zhang et al. [84] used a GFAP
promoter fragment and Lopez et al. [31] a bi-transgenic/Tet
system, which may differentially affect spatial-temporal
transgene expression. Intriguingly, NPC1 expression in astro-
cytes (GFAP promoter) was able to rescue the sterility of
Npc1−/− mice, but the mechanistic basis of this rescue is
still unclear [85]. Direct comparison of the neuronal and
astrocytic rescue of NPC pathology revealed an increased
survival upon expression of NPC1 in neurons compared
with astrocytes, but combining NPC1 expression in astrocytes
and neurons had additive effects in prolonging the survival
of Npc1−/− mice (until the age of 10 months), improving
weight loss and delaying ataxia and tremor phenotypes
[86]. Taken together, the contribution of astrocytic NPC1 to
cholesterol homeostasis in the brain and specific conse-
quences of NPC1 loss in astrocytes for disease pathology
need to be further investigated.
7. NPC1 function in neuronal cells
Purkinje cell-specific depletion of NPC1 was sufficient to
trigger neurodegeneration and motor defects [87]. The
cell-autonomous impact of NPC1 loss on Purkinje neurons
was demonstrated in chimeric mice, where NPC1-lacking
cells degenerated although surrounded by a wild-type
environment. The degenerating cells showed an accumu-
lation of autophagic vesicles and MVBs, reflecting defects in
intracellular trafficking [88]. However, the specific loss of
NPC1 from Purkinje neurons did not induce the weight
loss and premature lethality [87] that were observed upon a
more global (synapsin 1 promoter) deletion of NPC1 from
neurons [83]. Accordingly, Purkinje neuron-specific rescue
prevented their degeneration and ameliorated ataxia, but
did not prevent the premature lethality of Npc1−/− mice
[31]. In contrast to beneficial effects observed upon Purkinje
neuron-specific rescue, no major improvements were observed
upon rescue of NPC1 expression in the forebrain, suggesting
differential contribution of various brain regions to the NPC
pathology [89]. Besides cell-autonomous phenotypes, neuronal
NPC1 also contributes to myelination defects by regulating oli-
godendrocyte differentiation and maturation [89,90]. The tight
interplay between neurons and oligodendrocytes is vital to
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achieve proper myelination [91], suggesting that multiple cell
types are responsible forNPCpathology. Thus, the understand-
ing of the underlyingneuronal–glial signalling crosstalk inNPC
is of high relevance for designing successful therapies for this
complex disease.
publishing.org/journal/rstb
Phil.Trans.R.Soc.B

379:20220388
8. NPC1 function in oligodendrocytes
Cell-specific NPC1 deletion in oligodendrocytes (CNP pro-
moter) revealed a critical role of NPC1 in myelination [89].
Delayed myelination during postnatal development and
loss of myelin at later stages were detected upon depletion
of NPC1 in oligodendrocytes [89]. It has been hypothesized
that the lack of NPC1 protein might be responsible for the
diminished expression of the myelin gene regulatory factor,
a transcriptional factor essential for oligodendrocyte matu-
ration [92]. This is in agreement with oligodendrocyte
maturation defects and transcriptional changes in oligoden-
drocyte lineage observed upon NPC1 depletion [93,94]. In
addition to postulated transcriptional regulation of oligoden-
drocyte maturation by NPC1, the sequestration of cholesterol
in LE/lys is likely to affect myelination [95]. Thus, we postu-
late that endo-lysosomal dysfunction and autophagy defects
in oligodendrocytes are underlying culprits for aberrant
myelination in NPC. Phenotypically, loss of NPC1 in oligo-
dendrocytes contributes to motor deficits and ataxia, and
even triggers the loss of Purkinje neurons [89]. In this
model, Purkinje neurons did not accumulate cholesterol,
suggesting that loss of NPC1 function in oligodendrocytes
results in non-cell-autonomous degeneration of this vulner-
able neuronal population. This example nicely illustrates the
complexity of cell-to-cell crosstalk upon endo-lysosomal
dysfunction caused by the loss of NPC1. Importantly, demye-
lination has been reported in a patient presenting with late
infantile onset of NPC [96]. As the degree of myelin
damage might be connected to the progression of the disease,
NPC patients may benefit from monitoring and therapeutic
targeting of myelin pathology. However, although oligo-
dendrocyte contribution to aberrant myelination in NPC is
well supported, signals provided by neurons and microglia
also contribute to myelin pathology in NPC [93] and the
mechanistic underpinning of this interaction should be
further investigated.
9. NPC1 function in microglia
Inflammation and altered innate immune responses are
common pathological hallmarks of NPC [25]. NPC1 is
highly expressed in microglia [97] and influences their lipid
homeostasis and function. Transcriptomic signatures of micro-
glia isolated from symptomatic Npc1−/− mice [98] revealed
increased disease-associated microglia (DAM) population—
defined by Keren-Shaul et al. [99]—including upregulation of
endo-lysosomal markers, and reduced homeostatic microglial
signatures. Transcriptomic changes in symptomatic mice are
well aligned with elucidated proteomic signatures of microglia
in Npc1−/− mice [51] and other neurodegenerative disease
models [100]. However, microglial activation is an early patho-
logical manifestation detected in Npc1−/− mice, which occurs
prior to neurodegeneration and behavioural symptoms
[81,82]. Microglia act in concert with neurons to regulate
myelin formation by supporting the recruitment of
oligodendrocyte progenitor cells (chemoattraction and
migration), promoting their proliferation, differentiation/
maturation, and clearance of myelin debris [101]. This regulat-
ory role of microglia during early brain development suggests
that aberrations in microglial function may have profound con-
sequences for the homeostasis of other brain cells and places
microglia in the spotlight of NPC pathology. Noteworthy,
loss of NPC1 increases phagocytic activity already during
early postnatal stages [51,102] when microglia are involved
in shaping of neuronal connectivity. To address early molecu-
lar changes in microglia isolated from Npc1−/− mice, we
analysed their proteomic signatures at postnatal day 7 and
found pronounced alterations in endo-lysosomal and autop-
hagy pathways, strongly suggesting early functional
engagement of microglia in NPC pathology [51]. At this
stage, we also detected impaired lipid homeostasis and lipid
droplet formation, caused by accumulation of cholesterol
in the LE/MVB compartment. This phenotype, as well as aber-
rant microglial molecular signatures, was partially rescued by
extracting cholesterol from the LE/MVB compartment (using
methyl-β-cyclodextrin), connecting mechanistically cholesterol
overload and microglial NPC pathology and supporting the
idea that excessive lipid storage contributes to microglial dys-
function [51,103]. However, a bona fide cell-autonomous role
of NPC1 in microglia was shown by a myeloid-cell-specific
depletion of NPC1 (Cx3cr1 promoter) [51]. In contrast to neur-
onal depletion of NPC1, myeloid depletion did not trigger
early lethality. However, depletion of NPC1 in microglia was
sufficient to trigger cholesterol accumulation and aberrant
endo-lysosomal and autophagy signatures, supporting the rel-
evance of NPC1 signalling for microglial homeostasis [51].
Further analysis of this mouse model is needed as it offers a
useful tool to study whether lipid dysfunction in microglia
has functional consequences for astrocytes, oligodendrocytes
and neurons, and recapitulates NPC pathology.
10. Neuronal–glial crosstalk in NPC
Although multiple findings support the idea of a cell-
autonomous neurodegeneration, contributions of non-cell
autonomous mechanisms to NPC pathology are increasingly
recognized. We postulate that understanding of a tight inter-
play between neurons, oligodendrocytes, astrocytes and
microglia is a key to elucidate the pathological complexity
of NPC (figure 2). Mechanistic characterization of neuronal–
glial interactions has to be better investigated in both
rodent and human models of NPC. We believe that a holistic
approach to NPC pathology is needed as cell-specific rescue
may not be sufficient to stop the aggressive disease pathol-
ogy. This opinion is supported by above-discussed cell-
type-specific rescue experiments. Along these lines, beneficial
effects on NPC pathology were observed by combinatorial
therapy including lipid reducing and neuroinflammatory
strategies [104]. Exploring the neuronal–glial interaction
may provide a new perspective for NPC treatment strategies
as it may delineate key cellular features that are pre-requisite
for the rescue of NPC pathology. We showed that targeting
intracellular trafficking to rescue a block of LE/MVB trans-
port to lysosomes may help to reduce lipid burden and
microglial pathology. By targeting such core pathological
mechanisms, we hopefully can modify NPC pathology
across different disease-relevant cells.
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11. A new perspective to model NPC1-related
pathology: from mouse to human cells

Animal models have provided useful mechanistic under-
standing of the NPC disorder. To translate findings from
mouse to humans, human induced pluripotent stem cells
(iPSCs)-based technologies are being explored to model the
disease. NPC disease is of advantage for iPSC modelling as
it is both genetic and developmental, increasing the likeli-
hood to be able to recapitulate disease phenotypes in a
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dish. As NPC patients present with multiple mutations that
mostly occur in combination (compound heterozygous),
iPSC-derived models provide valuable tools to study patient
NPC mutations and their disease phenotypes such as lipid
storage and defects in autophagy [105,106]. It was shown
that reprogramming of human fibroblasts isolated from a
patient with an early infantile disease onset (compound
heterozygous NPC1 mutations c.1628delC/G612D) and
differentiated into iPSC-derived neurons recapitulated choles-
terol accumulation—the key hallmark of NPC pathology
[107]. Cholesterol accumulation was also observed in iPSC-
derived neuronal cells of a patient carrying I1061T/P237S
NPC1 mutations [108], supporting the robustness of iPSC-
derived models in reproducing NPC phenotypes. iPSC-
derived cells from a patient with late onset disease, carrying
a compound heterozygous NPC1 mutation (p.V1023Sfs*15/
p.G992R), were recently characterized [109]. Intriguingly,
iPSC-derived neuronal progenitor cells displayed lower
levels of NPC1 protein compared with iPSC-derived
hepatocyte-like cells or fibroblasts. Although cholesterol
accumulation was detected in all three cellular models, iPSC-
derived hepatocyte-like cells showed highest cholesterol
accumulation, supporting cell-specific differences in choles-
terol storage and a role of NPC1 in visceral tissue [109].
Thus, by integrating available patient clinical data and iPSC-
derived cellular phenotypes, we can advance the understand-
ing of heterogeneous genetic and biochemical phenotypes in
NPC disease [12,110]. The ultimate goal is to understand the
pathology of individual NPC mutation carriers [12,13] and
develop patient-tailored therapeutic opportunities.

In addition to patient-derived cells, iPSCs were employed
to study NPC disease by introducing CRISPR-Cas9-mediated
patient mutations. An iPSC-derived neuronal model of NPC
revealed accumulation of cholesterol and gangliosides,
together with increased lysosomal acidification, mitochon-
drial defects, and impairments of axonal anterograde and
retrograde transport [111]. Characterization by electron
microscopy showed multilamellar inclusion bodies, which
are often observed in NPC models and illustrate intracellular
trafficking defects. Notably, hydroxypropyl-β-cyclodextrin
could rescue cholesterol storage, mitochondrial defects and
axonal transport [111], supporting the value of iPSC systems
for future disease modelling and testing of therapeutic
interventions.

Although the above-mentioned models represent an
advantageous tool to investigate biochemical phenotypes of
NPC, they are not suitable for studies of the intercellular
crosstalk. To overcome this obstacle, the intrinsic property
of stem cells to spontaneously self-organize in three-dimen-
sional structures offers an advantage. Brain-like regions
along the rostro-caudal and dorso-ventral pathways can
give rise to so-called cerebral organoids that mimic some
aspects of the in vivo brain tissue [112]. NPC organoids gen-
erated from patient-derived fibroblasts showed reduced
proliferation and neuronal differentiation and increased cell
death, which were likely contributing to their overall smaller
size compared with the wild-type control. Additional patho-
logical changes included cholesterol storage and impaired
autophagy [113]. Owing to the inaccessibility of brain tissues
from human NPC patients and the efficiency of NPC
organoids to recapitulate some of the disease hallmarks,
this model system may support studies of NPC pathology
and provide a screening tool for therapeutic interventions.
However, the lack of microglia or myelinating oligodendro-
cytes in the organoid model is of disadvantage. The in vivo
complexity can be mimicked by co-culturing of iPSCs
differentiated into neurons, oligodendrocytes, microglia and
astrocytes. Individual iPSC cultures need first to be character-
ized for their pathological hallmarks, by analysing endo-
lysosomal trafficking, autophagy, lipid droplet formation,
proliferation, cell death, mitochondrial function, lysosomal
catalytic activity or lipid storage. Subsequently, cell-type-
specific functions, such as axonal and dendritic trafficking,
synaptic pruning, metabolic defects, immune function or
cholesterol metabolism can be examined in co-culture exper-
iments. Cell-type-specific proteomic profiles or the cellular
secretome [114] may elucidate the direct molecular contri-
bution of each cell type to NPC pathology as well as
facilitate our understanding of their complex pathological
interplay. We believe that mechanistic studies of the neur-
onal–glial signalling crosstalk in NPC will provide a
missing link for designing successful therapies for children
suffering from this devastating and incurable disease.
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