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Abstract

Niemann-Pick type C (NPC) disease is an autosomal recessive neurovisceral lipid and storage
disorder characterized by abnormal sequestration of unesterified cholesterol within the late
endosomal/lysosomal compartment of all cells in the body. This disease primarily affects children
and is characterized by hepatic and pulmonary dysfunction, neurodegeneration and death at an
early age. Currently, there is no effective treatment for NPC disease. It was recently discovered
that 2-hydroxypropyl-p-cyclodextrin (2HPBCD), when administered systemically to a murine
model of either NPC1 or NPC2 disease, significantly reduced lysosomal cholesterol accumulation
in almost every organ, delayed the progression of neurodegeneration and significantly prolonged
lifespan by allowing trapped cholesterol within the late endosome/lysosome to be released. When
2HPBCD was administered directly into the CNS of Npc1~/~ mice, neurodegeneration was
completely prevented. This review will explore the pathophysiology of NPC disease and the use of
2HPBCD as a possible therapeutic modality.
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Cholesterol is essential for life. It is critical in the building and maintenance of mammalian
cell membranes and is the precursor of many important organic molecules, such as steroid
hormones and bile acids. Given this importance, the acquisition, transport and metabolism of
cholesterol in biological systems has evolved into a highly coordinated and regulated
process. However, when there is a perturbation in the regulation and/or metabolism of
cholesterol, this can lead to a variety of disease processes, ranging from common entities
such as atherosclerosis to rare genetic disorders such as familial hypercholesterolemia,
sitosterolemia, Smith—-Lemli—Opitz syndrome and Niemann—Pick type C (NPC) disease.
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NPC disease

NPC disease is an autosomal recessive neurovisceral lipid storage and trafficking disorder
characterized by the progressive accumulation of unesterified cholesterol within the late
endosome/lysosome (LE/LY) of all cells. NPC disease belongs to a group of approximately
50 lysosomal storage diseases that arise when there is an inherited mutation inactivating one
or more of the critical enzymes or transporters that function within the LE/LY. NPC disease
primarily affects children and has a prevalence of approximately 1 in 150,000 live births. It
is characterized by neurodegeneration, hepatic and pulmonary disease and, ultimately, death
at a young age [1-10]. This disorder is due to a loss of function mutation in genes encoding
either the NPC1 [11] or NPC2 [12] proteins that are essential for cholesterol transport out of
the LE/LY. This results in a disruption of sterol transport and metabolism. The ensuing
sequestration and buildup of unesterified cholesterol, as well as other lipids, within the
LE/LY, ultimately leads to cell death and organ damage [13-17].

Cellular acquisition of cholesterol

Cellular cholesterol pools are derived from two main sources: uptake of cholesterol carried
on plasma lipoproteins through the clathrin-coated pit pathway and/or de novo cholesterol
synthesis from the precursor, acetyl-CoA. The majority of newly synthesized cholesterol is
incorporated into the plasma membranes, while lipoprotein cholesterol has to be processed
within the LE/LY prior to being utilized by the cell. However, through pulse-chase
experiments, it has been shown that after being incorporated into plasma membranes, newly
synthesized cholesterol is eventually destined to reach the LE/LY [18].

Uptake of cholesterol carried on lipoproteins occurs through two mechanisms: receptor-
mediated and bulk-phase endocytosis (Figure 1). Plasma lipoproteins such as LDL,
chylomicron remnants and VLDL remnants predominantly carrying cholesteryl ester (CE),
diffuse from the vascular space across the endothelial barrier into the pericellular fluid. The
lipoproteins are internalized into the cell through endocytic vesicles via the clathrin-coated
pit pathway by either binding to a LDL receptor on the cell surface (receptor-mediated
endocytosis), or through bulk water uptake (bulk-phase endocytosis) [19]. The lipoprotein-
containing endosome fuses with other vesicular organelles containing acid hydrolases and
eventually gives rise to the LE/LY. The LE/LY becomes acidified which results in the
activation of lysosomal acid lipase. ysosomal acid lipase hydrolyzes the CE within the
lipoprotein particles into unesterified cholesterol. The two lysosomal proteins, NPC1 and
NPC2, then aid in the transport of unesterified cholesterol out of the LE/LY into the putative
metabolically active cholesterol pool within the cytosol [20,21].

The metabolically active cholesterol pool is tightly regulated by sensing mechanisms located
within the cytosol, since an excess or deficiency of cholesterol can result in cellular
dysfunction and death. Two systems are involved in regulating the size of the metabolically
active cholesterol pool. The first system is controlled by SREBP2, located in the
endoplasmic reticulum, which regulates the genes involved in de novo cholesterol synthesis
and LDL receptor activity on the cell surface [22]. The second system is the liver X receptor
(LXR), a nuclear hormone receptor that activates genes involved in cholesterol efflux, such
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as ABCA1 and ABCG5/8, during periods of cholesterol excess [23]. LXR also regulates key
enzymes that control the biosynthetic pathway of bile acids, one of the mechanisms the body
uses to eliminate cholesterol.

When the metabolically active cholesterol pool becomes expanded, feedback inhibition of
SREBP2 occurs, turning off de novo cholesterol synthesis and decreasing LDL receptor
activity on the cell surface [24], thereby minimizing cholesterol uptake. Cholesterol efflux
pathways are also activated through the action of LXR. Excess cholesterol can also be
esterified in the endoplasmic reticulum by ACAT1 and/or 2 and stored as nontoxic lipid
droplets within the cytosol.

The opposite series of events occurs when the metabolically active cholesterol pool
decreases. SREBP2 pathways are activated, turning on cholesterol synthesis and increasing
cell surface LDL receptor activity, cholesterol efflux pathways are downregulated and CE
formation is diminished in order to restore the metabolic cholesterol pool to normal levels.

Function of NPC1 & NPC2 in cholesterol transport

NPCL1 is a 1278-amino acid protein located within the limiting membrane of the LE/LY. It is
encoded by the NPC1 gene on chromosome 18. It spans the limiting membrane 13 times,
has three large luminal loops and contains a sterol-sensing domain [25] that bears sequence
homology to the sterol-sensing domain found in other proteins involved in cholesterol
regulation, such as HMG-CoA reductase [26], the rate-limiting enzyme in cholesterol
synthesis, and Scap [27], which transports SREBP from the endoplasmic reticulum to the
golgi to activate the cholesterol synthesis pathway. It has been demonstrated that NPC1
binds cholesterol and is believed to function as a cholesterol transporter [20,21,28].

NPC2 is a smaller, 130-amino acid, non-membrane-bound, soluble protein located within
the lumen of the LE/LY that has also been shown to bind cholesterol with high affinity
[21,29-32]. It is encoded by the NPC2 gene located on chromosome 14.

NPC1 and NPC2 work in concert to facilitate the transport of unesterified cholesterol across
the limiting membrane and out of the LE/LY. Once lipoprotein-derived CEs are delivered to
the LE/LY and hydrolyzed byysosomal acid lipase, cholesterol is first bound by NPC2 [33]
with the isooctyl side chain of cholesterol buried within the binding pocket and the 3f-
hydroxyl group exposed [21,34]. NPC2 then interacts with the second luminal domain of
NPC1 [33] and hands-off the cholesterol molecule to NPC1, where it is bound in an
orientation opposite to that of NPC2, with the 38-hydroxyl group buried within the binding
pocket and the isooctyl side chain exposed [21,35,36]. NPC1 is then able to transport
cholesterol out of the LE/LY into the cytosolic compartment of the cell. However, the exact
mechanism remains unknown.

When there is a loss-of-function mutation in either NPC1 or NPC2, the transport of
cholesterol out of the LE/LY becomes disrupted, resulting in the accumulation of cholesterol
within the LE/LY, giving rise to NPC disease. Mutations in NPC1 account for 95% of all
cases of NPC, while mutations in NPC2 account for the remaining 5% [2].
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Despite the accumulation of excessive amounts of cholesterol within the LE/LY, NPC
disease cells actually perceive a cholesterol deficiency as a result of the impaired trafficking
of cholesterol out of the LE/LY to the cholesterol-sensing mechanisms located in the
cytosolic compartment [37,38]. NPC disease cells respond to this perceived cholesterol
deficiency by activating SREBP2, which increases the uptake and synthesis of cholesterol,
downregulating LXR-controlled cholesterol efflux genes and decreasing CE formation
[37,39].

Animal models of NPC disease

The pioneering work by Pentchev et al. [40,41] and Morris et al. [42—-44] in the discovery
and initial characterization of the murine model of NPC disease led to two landmark
discoveries in 1997 that greatly advanced the field of NPC research. The first was the
identification of the NPC1 gene by Carstea et al. [11], and second was the discovery of this
gene defect in the murine model of NPC disease by Loftus et al. [45].

The Npc1~/~ mouse model harbors a spontaneous mutation in the Npcl gene, resulting in a
truncated, nonfunctioning NPC1 protein that leads to progressive cholesterol accumulation
within the LE/LY of all cells. This in turn is associated with the infiltration of lipid-laden
macrophages into many organs, leading to parenchymal cell death [19]. As a result, these
mice develop neurodegeneration, liver and lung dysfunction, hepatosplenomegaly and die
prematurely, as is the case in human NPC disease.

The Npc1~/~ mouse sequesters approximately 67 mg/kg bodyweight (bw) of excess
cholesterol daily within the LE/LY of all cells; by contrast to a normal mouse, which has a
constant whole-animal cholesterol pool of 2200 mg/kg bw throughout its entire lifespan, the
cholesterol pool of the Npc1 ™~ mouse more than doubles to 5700 mg/kg bw from birth to 7
weeks of age [46]. This 3500 mg/kg bw of excess cholesterol is composed almost entirely of
unesterified cholesterol. In virtually every organ, despite this large accumulation of
cholesterol within the LE/LY, the perceived cholesterol shortage results in elevated rates of
cholesterol synthesis, suppression of LXR-mediated cholesterol efflux and decreased
formation of esterified cholesterol [47-49].

Unlike the other organs, the cholesterol levels and cholesterol synthesis rates in the whole
brain and CNS of Npc1 ™/~ mice are typically slightly decreased when compared with their
unaffected counterparts, even though there is unequivocal evidence of cholesterol
accumulation within the LE/LY of the individual neurons. This occurs because, as
neurodegeneration progresses, there is a simultaneous loss of myelin cholesterol during
demyelination, which offsets and masks the cellular buildup of cholesterol within the
neurons themselves [50,51]. Also, as neurons die and the population of cells decreases,
cholesterol synthesis rates within the whole brain also decrease.

Since the discovery of the Npc1™/~ mouse model with the naturally occurring null mutation,
other murine models of NPC1 disease have been developed. One such model involved
knock-in mutations that resulted in key amino acid substitutions of the N-terminal domain of
the NPC1 protein, which abolished cholesterol binding and reproduced the phenotype of the
complete NPC1-deficient mouse [52]. Another group introduced a mutation into the mouse
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Npcl gene that was highly similar to a commonly occurring human mutation. This resulted
in slower disease progression compared with the other murine models and could serve as a

good model for the late-onset, more slowly progressing forms of NPC disease that are often
seen in humans [53].

In 2000, Naureckiene et al. discovered the NPC2 gene [54] and in 2004, Sleat et al.
developed the murine model of NPC2 disease [12]. The Npc2~/~ mouse, unlike the Npc1~/~
mouse model which has no NPC1 activity, is a hypomorph that expresses up to 4% residual
NPC2 protein in specific tissues. This mouse model shares many of the perturbations in lipid
metabolism seen in the Npc1 ™/~ mouse; however, the clinical presentation is less severe as
reflected by less hepatoxicity, decreased neurodegeneration and a longer lifespan, which
could be attributed to the residual activity of NPC2 [55] or possibly that mutations in Npc2
are less severe.

In addition to the murine models of NPC disease, there is also a feline model [56]. The cat
model of NPC arises from a naturally occurring missense mutation in the Npc1 gene, which
is different from the common human mutation, that results in the same biochemical
abnormalities in cholesterol metabolism as seen in the other animal models [57]. These cats
demonstrate many of the clinical and neuropathological features seen in the human form of
NPC [57-59].

Attempted treatments of NPC disease

The severity of organ dysfunction in NPC disease is proportional to the amount of
cholesterol that is sequestered in the particular tissue [19,47,60]. Therefore, the majority of
the attempted therapies for NPC disease focus on decreasing the degree of cholesterol
sequestration and accumulation in order to ameliorate or halt disease progression. Currently,
there is no approved, effective therapy for NPC disease. Attempts have been made to try to
relieve cholesterol and lipid accumulation in NPC disease by targeting various steps in the
metabolic and transport pathways of sterols.

One of the first therapeutic interventions attempted was to reduce the amount of cholesterol
being taken into cells through receptor-mediated and bulk-phase endocytosis, thereby
decreasing the amount of cholesterol destined for the LE/LY. This was achieved through the
use of cholesterol-restricted diets, cholesterol-lowering agents and drugs such as ezetemibe
that effectively block intestinal cholesterol absorption [47,61-63]. These modalities showed
some benefit in reducing cholesterol accumulation in organs that utilize lipoprotein-bound
cholesterol, such as the liver and spleen. However, the CNS showed no improvement since,
unlike other organs, plasma lipoproteins are not a cholesterol source for the CNS owing to
the impenetrability of the blood-brain barrier to lipoproteins. Therefore, neurodegeneration
was not prevented and lifespan was not extended in the Npc1~/~ mouse model by
diminishing cellular cholesterol uptake using these methods.

Another strategy involved deleting the LDL receptor in Npc1 ™~ mice to disrupt receptor-

mediated endocytosis; however, the cholesterol content in the organs of these mice did not
improve and in some cases worsened owing to increased uptake of cholesterol through the
bulk-phase endocytic pathway [19,63].
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Npcl1~/~ mice were also treated with a synthetic ligand for the nuclear hormone receptor
LXR to enhance the efflux of cholesterol out of cells. Treatment with a LXR agonist
increased cholesterol excretion from the brains of Npc1 ™/~ mice, which resulted in a
moderate improvement in neuroinflammation; however, the improvement in survival was
only modest [60].

Another therapy that showed some promise was imatinib. Imatinib is an inhibitor of the
proapoptotic gene, c-Abl, which was found to be activated in the Purkinje cells of Npc1~/~
mice and believed to be contributing to neurodegeneration. When Npc1~/~ mice were
treated with imatinib, there was a reduction in Purkinje cell death and improved neurological
symptoms. However, despite the improvements, lifespan was only extended by 12% [64].

The use of curcumin has also been explored in the treatment of NPC disease. Curcumin is
the active ingredient in the spice turmeric. In one report, when curcumin was orally
administered to Npc1™/~ mice at a dose of 150 mg/kg/day starting on the day of weaning,
their lifespan was extended by 35% compared with the untreated group [65]. It is believed
that curcumin exerts its beneficial effects by ameliorating the altered intracellular calcium
homeostasis seen in NPC1 disease cells [65]. Whether curcumin will become an effective
treatment for NPC disease is still under debate, since another group reported only minimal-
to-moderate improvements in lifespan (1.5-18%) with curcumin treatment [66].

Based on the observation that humans and mice with NPC accumulate glycosphingo-lipids,
such as gangliosides, along with cholesterol within cells of the CNS and fibroblasts
[14,16,67], attempts were made to relieve glycosphingolipid accumulation to try to alleviate
the neurodegeneration associated with NPC disease. Mouse models of NPC1 were treated
with the drug miglustat, an inhibitor of a key enzyme involved in the synthetic pathway of
glycosphingolipids, which had originally been developed to treat the glycosphingolipid
lysosomal storage disorder Gaucher’s disease type 1. The treated Npc1 ™~ animals
demonstrated a reduction in glycosphingolipid accumulation within their brains, had delayed
onset of neurological dysfunction, and a 25% increase in lifespan [68]. Given that
glycosphingolipids were found to have no effect on cellular cholesterol pools or metabolism
in Npc1™/~ mice [69], the mechanism by which a reduction in glycosphingolipids imparts a
therapeutic effect on NPC, a disease of abnormal cholesterol storage, is unknown. However,
some believe that a reduction in glycosphingolipids, which is secondary to the abnormal
cholesterol sequestration, can help decrease the congestion within lysosomes of NPC disease
cells and facilitate cholesterol efflux from the lysosome. Based on the results of these animal
studies, human clinical trials in both children and adults were undertaken to test the efficacy
of miglustat in treating NPC disease. In these studies, the neurological improvements in the
treated subjects showed favorability towards miglustat; however, many of the improvements
did not reach statistical significance [70-72].

In 2004, it was reported by Griffin et al. that, due to the cholesterol transport defect,
Npc1~/~ mice had disrupted production of neurosteroids and decreased levels of the
neurosteroid allopregnanolone, which is involved in neuronal growth, survival and
differentiation [73]. They demonstrated that, when a single injection of allopregnanolone
dissolved in the carrier 2-hydroxypropyl-p-cyclodextrin (2HPBCD) was administered to 7-
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day-old Npc1 ™/~ mice, neurodegeneration was significantly delayed and more impressively,
the lifespan of the Npc1 ™/~ mice was nearly doubled from 67 to 124 days [73]. These
compelling results were independently confirmed by other laboratories [74,75]. It was also
shown that administering multiple injections of allopregnanolone dissolved in the carrier
2HPBCD resulted in even greater beneficial effects than the single injection given at 7 days
of age [75]. However, it was later discovered that all the beneficial effects attributed to
allopregnanolone in extending lifespan and delaying neurodegeneration in the Npc1 =/~
mouse were actually all due to the carrier 2HPBCD [48,76]. When allopregnanolone was
administered without 2HPBCD, the beneficial effects were not seen [77]. Up until that point,
2HPBCD was thought to be an inert drug vehicle and not a potential treatment for NPC
disease. This idea was based on an earlier study, in a small number of Npc1~/~ mice, which
reported that, despite improvements in hepatic cholesterol levels, there was minimal to no
improvement in delaying the onset of neurological symptoms in Npc1 ™/~ mice with
2HPBCD treatment [78].

Cyclodextrin

Cyclodextrins are naturally occurring cyclic oligosaccharides derived from the enzymatic
conversion of starch. They are composed of a varying number of linked glucopyranose units
that form a hollow cone-like toroid structure consisting of a hydrophobic cavity and a
hydrophilic exterior (Figure 2). The number of glucopyranose units determines the cavity
size and nomenclature of the cyclodextrin, with the most common consisting of six, seven or
eight glucopyranose units and named a-, - and y-cyclodextrin, respectively. The unique
structure of cyclodextrins allows them to form water-soluble complexes with otherwise
insoluble hydrophobic compounds [79]. This property of cyclodextrins has led to their
application as delivery vehicles to improve solubility, stability and bioavailability of many
drugs [80]. Early toxicity studies with natural cyclodextrins revealed that, when
administered parenterally, they caused nephrotoxicity and hemolysis [81,82]. In order to
improve the safety profile, the parent cyclodextrins were chemically modified to create
synthetic derivatives, such as 2HPBCD, which is one of the most common and least toxic
derivatives [83].

2HPBCD is known to bind cholesterol [84,85] and has been routinely used to modulate the
cellular cholesterol content in cell culture systems. By simply modifying the
cyclodextrin:cholesterol molar ratio, the cellular cholesterol content can be manipulated,
ranging from cholesterol depletion to enrichment [86]. At high concentrations (10-100
mM), 2HPBCD serves as a cholesterol sink and can extract and trap cholesterol. However,
at low concentrations (<1 mM), 2HPBCD can also act as a cholesterol shuttle, transporting
cholesterol between membranes [87,88].

Treatment of NPC disease with 2HPBCD

When Npcl1~~ mice were given a single injection of 2HPBCD (4000 mg/kg) at 7 days of
age, their lifespan was extended by nearly 50%. In addition to increased longevity,
neurodegeneration was delayed but not completely prevented, as shown by a decrease in
Purkinje cell loss within the cerebellum, one of the hallmark findings of NPC disease
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[48,76]. This was an indication that 2HPBCD was able to cross the blood—brain barrier and
reach the brain in these infant mice, possibly due to the incomplete closure of the blood—
brain barrier during this early period of development. 6 weeks after the administration of a
single dose of 2HPBCD, there was a significant reduction in the amount of cholesterol
sequestered within the livers of the treated Npc1 ™~ mice along with an improvement in liver
dysfunction with near normalization of plasma aspartate aminotransferase and alanine
aminotransferase levels. Additionally, the whole-animal cholesterol pool, while still
elevated, was reduced from approximately 5000 to 4100 mg/kg bw in the treated animals
[48].

When 2HPBCD was administered to 7-dayold Npc1 ™~ mice and then repeated serially there
were even greater benefits, such as doubling of lifespan, decreased neuronal cholesterol and
glycosphingolipid storage, normalization of cholesterol content in nearly every organ and a
reduction of whole-animal cholesterol pools to essentially normal levels [52,77,89].
However, despite these improvements, the neurodegeneration, while delayed, was not
completely prevented, probably due to the inability of 2HPBCD to effectively cross the
completely formed blood-brain barrier in these older mice (Figure 3C). Interestingly,
despite the beneficial effects seen in all the other organs, including the brain and liver, the
lungs of the Npc1~/~ mice did not seem to respond to 2HPBCD treatment and showed
progressive macrophage infiltration and worsening pulmonary function [49,89,90]. This lack
of pulmonary response warrants further investigation.

When treatment of Npc1 ™/~ mice with 2HPBCD was initiated after 7 days of age, the
beneficial effects in extending lifespan were diminished [73,77], and were entirely lost when
initiation of treatment was delayed until 49 days of age, despite improvements in cholesterol
burden and hepatic function [49]. These mice succumbed to neurodegeneration that was not
able to be halted, given 2HPBCD'’s inability to traverse the mature blood—brain barrier.

Treatment of the NPC1~/~ feline model with 2HPBCD also resulted in many of the
beneficial effects seen in the mouse model, such as delayed neurodegeneration and
amelioration of liver disease. However, 2HPBCD treatment in both normal and NPC1~/~
cats raised the hearing threshold, suggesting possible damage to the peripheral auditory
pathway [58]. Whether this phenomenon is species specific and only occurs in cats or
extends to other species including mice and humans remains to be answered.

Mechanism of action of 2HPBCD

2HPBCD relieves the cholesterol burden in Npc1 ™~ mice by allowing the abnormally
sequestered cholesterol to be released from the LE/LY into the cytosol, where it is normally
then metabolized. After administration, 2HPBCD is apparently internalized by cells through
bulkphase endocytosis into the LE/LY [91]. Through a mechanism yet unknown, 2HPBCD
then allows the sequestered cholesterol to be released from the LE/LY into the cytosol.
Given the difficulty of directly quantifying cholesterol efflux from the LE/LY into the
metabolically active cholesterol pool within the cytosol, indirect measures of this efflux
were utilized. These included changes in cholesterol synthesis rates, CE formation and
activation of LXR target genes that are responsible for cholesterol transport out of the cell.
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Within 24 h of administration of 2HPBCD to Npc1~/~ mice, cholesterol synthesis in
virtually every organ, except the lung, was suppressed, which corresponded with
downregulation of SREBP2 and its target genes (HMG-CoA reductase, HMG-CoA synthase
and the the LDL receptor). In addition, ACAT-mediated CE formation was increased up to
14-fold, there was a corresponding reduction in unesterified cholesterol and LXR-controlled
cholesterol efflux genes were activated [48]. All of these measures indicated that the cells
were responding to an expansion of the metabolically active cholesterol pool. These changes
were seen in Npc1 ™/~ mice regardless of whether 2HPBCD was administered at 7 or 49 days
of age [48,49]. A portion of the excess cholesterol was also converted into bile acids and
excreted from the body [49]. This ability of 2HPBCD to overcome the cholesterol transport
block and release the trapped cholesterol from the LE/LY into the cytosol, where it is then
esterified, was also demonstrated in cultured human NPCL1 cells [92]. When 2HPBCD was
administered to normal mice, no changes were detected in any of the parameters of
cholesterol metabolism, which indicated that 2HPBCD, by itself, does not alter cholesterol
homeostasis in vivo but requires a large sequestered pool of cholesterol within the LE/LY
[48,49].

Based on the ability of 2HPBCD to extract cholesterol from cells in tissue culture, it has
been argued that 2HPBCD does not relieve the cholesterol accumulation in NPC1 cells by
allowing the sequestered cholesterol to be released from the LE/LY. Instead, it has been
contended that 2HPBCD acts by solubilizing and extracting cholesterol from the plasma
membrane of NPC1 cells, with the resultant 2HPBCD—-cholesterol complex then cleared by
the kidneys through the urine. If this were the mechanism by which 2HPBCD functioned, it
would result in cellular cholesterol depletion and the cells should respond accordingly by
increasing cholesterol synthesis, decreasing CE formation and suppressing LXR-targeted
cholesterol efflux, which is opposite of what was actually seen. In addition, if 2HPBCD was
extracting cholesterol from cell membranes, a change in the parameters of cholesterol
metabolism should also be observed in normal mice, which was not seen. Also, no
significant amount of cholesterol was found in the urine of Npc1 ™/~ mice treated with
2HPBCD [49]. To further disprove this notion, another cyclodextrin derivative, sulfobutyl
ether-7-f-cyclodextrin (SBE7-B-CD), which is able to bind but not solubilize and extract
cholesterol owing to its highly charged nature [93], was administered to Npc1 ™/~ mice and
was shown to be just as effective as 2HPBCD in overcoming the cholesterol transport defect
in the Npc1~/~ animals [55].

In addition to relieving the cholesterol block in mice missing the NPC1 protein, 2HPBCD
was also effective in overcoming the cholesterol transport defect in the NPC2 hypomaorphic
mouse model, as indicated by suppression of cholesterol synthesis 24 h after administration
[55]. Additionally, when Npc2~/~ mice were treated chronically with 2HPBCD, their
lifespan was also significantly prolonged [77]. When 2HPBCD was given to mice missing
both NPC1 and NPC2, which share the same phenotype as the Npc1~/~ mice, 2HPBCD was
equally effective in releasing the trapped cholesterol from the LE/LY [55]. In vitro models
have also demonstrated that 2HPBCD was able to effectively transfer cholesterol between
membranes in the absence of the LE/LY-specific lipid, lysobisphosphatidic acid (LBPA)
[88]. The presence of LBPA in membranes is necessary for NPC2 to effectively transfer
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cholesterol to and from membranes, probably through direct protein—-membrane interactions,
and a NPC phenotype results when cells are treated with antibodies against LBPA. [32,94].
These findings indicate that 2HPBCD is working in a fashion that is independent of the
functions of both the NPC1 and NPC2 proteins and does not require the presence of LBPA.

Pharmacokinetics of 2HPBCD

2HPBCD is cleared by glomerular filtration in the kidneys and excreted unchanged into
urine [95]. When 2HPBCD was administered subcutaneously to adult 49-day-old mice with
fully matured renal function at a dose of 4000 mg/kg, the time it took for the clearance of
half the administered dose of 2HPBCD from the body (t17) was approximately 1.6 h [96].
By 6 h nearly 90% of the administered dose was cleared from the body and by 24 h the
2HPBCD was essentially undetectable [49]. By contrast, when the same dose of 2HPBCD
was given to 7-dayold mice, only 40% of the administered dose was cleared after 6 h, which
is probably due to immature renal function in these very young mice. Given this slower
clearance of 2HPBCD in the 7-day-old mice, the plasma concentration was nearly three-
times higher compared with the 49-day-old mice; 5.12 (3.67 mM) versus 1.87 mg/ml (1.36
mM), and the exposure time of cells in the body to 2HPBCD was six-times greater in the 7-
day-old mice compared with the mature animals. This increase in exposure to 2HPBCD in
the 7-day-old animals may be one of the factors that explain why the beneficial effects seen
with 2HPBCD are greater when treatment is initiated at an earlier age. However, despite the
difference in clearance, the plasma concentrations of 2HPBCD ranged from 1-3 mM, a
concentration range in which 2HPBCD has been shown to function as a shuttle, transporting
cholesterol between cell membranes in in vitro models. The presence or absence of NPC1
did not affect the rates of 2HPBCD clearance from the body [49].

The effective dose (EDsg) of 2HPBCD (given subcutaneously) leading to a 50% suppression
of cholesterol synthesis, the most sensitive indirect measure of the release of the sequestered
cholesterol from the LE/LY,, was found to be approximately 230 mg/kg bw in mature
Npc1~~ mice in all organs except the lungs, kidney and brain. The lungs were totally
unresponsive to 2HPBCD. The kidneys were highly responsive to 2HPBCD with an ED5 of
31 mg/kg bw, probably reflecting the active endocytosis of 2HPBCD in the proximal tubules
and the concentrating of 2HPBCD within the kidneys due to glomerular filtration and renal
clearance. The brain was much less responsive to the systemic administration of 2HPBCD
with an EDsg of 132,000 mg/kg bw, an indication that systemically administered 2HPBCD
was not able to effectively cross the tight junctions of the capillaries that make up the blood—
brain barrier in these older mice [55,78]. The inability of 2HPBCD to effectively reach the
CNS was probably the reason that neurodegeneration continued to progress despite systemic
treatment. Similar ED50 values were observed in the NPC2 mouse [55].

Direct CNS delivery of 2HPBCD

In order to overcome the blood-brain barrier and deliver 2HPBCD directly into the CNS of
Npcl1~/~ mice, intracerebroventricular (ICV) injection of 2HPBCD was carried out. When
2HPBCD was administered directly into the brains of Npc1 ™~ mice, the EDs value
dropped from 132,000 mg/kg bw with systemic administration to 0.5 mg/kg bw,
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demonstrating that the brain was extremely responsive to ICV administration of 2HPBCD.
In addition to the suppression of cholesterol synthesis, 24 h after ICV delivery of 2HPBCD,
a doubling of CE formation in the brain and increased expression of LXR target genes was
observed, indicating that 2HPBCD acutely overcame the block in cholesterol transport from
the LE/LY of cells in the brains of Npc1~/~ mice. Significant improvements in markers of
neuroinflammation were also observed [96].

The brain ED5g value of 0.5 mg/kg bw corresponded to a 2HPBCD concentration of 0.1 mM
within the CNS, which is within the concentration range where 2HPBCD acts as a
cholesterol shuttle [87,88]. When primary cultures of neurons and glial cells from Npc1~/~
mice were treated with 2HPBCD at the same concentration of 0.1 mM, the trapped
cholesterol within the LE/LY was able to be mobilized as indicated by a reduction in filipin
staining, suppression of cholesterol synthesis, and increased CE formation, again
demonstrating 2HPBCD’s ability to overcome the cholesterol transport defect [97], as seen
in the animal models. However, when the cultured brain cells were exposed to 2HPBCD at a
concentration tenfold greater (1.0 mM), instead of releasing the trapped cholesterol from the
LE/LY, cholesterol was actually extracted from the plasma membrane, which resulted in the
elevation of cholesterol synthesis rates and decreased cholesterol esterification.
Neurotoxicity and cell death occurred when the concentration of 2HPBCD was increased to
10 mM [97] as a result of severe cellular cholesterol depletion. Therefore, it appears that the
beneficial effects of 2HPBCD in allowing the release of trapped cholesterol from the LE/LY
occur at concentrations where 2HPBCD acts as a cholesterol shuttle (<1 mM), whereas
higher concentrations can result in cellular cholesterol depletion and toxicity.

2HPBCD is cleared much more slowly from the CNS after ICV administration than it is
from the body after systemic administration. The ty;, of 2HPBCD clearance from the CNS
was approximately 6.5 h by contrast to 1.6 h with systemic administration [96]. However,
despite the slower clearance, given that repeated injections of 2HPBCD directly into the
brains of Npc1~/~ mice would be technically difficult, osmotic pumps were utilized to
deliver a constant infusion of 2HPBCD into the CNS via a canula implanted into the left
ventricle.

When Npc1~/~ mice were treated with a continuous 4-week ICV infusion of 2HPBCD (0.46
mg/day) into the CNS via an osmotic pump implanted at 21 days of age, along with
concurrent weekly systemic injections of 2HPBCD starting at 7 days of age, there was
complete prevention of neurodegeneration with 100% preservation of Purkinje cells at 49
days of age (Figure 3D). The brain histology of the treated Npc1 ™~ mice was
indistinguishable from that of the wild-type controls (Figure 3A). This is in stark contrast to
the untreated Npc1 ™~ mice, which had significant neurodegeneration and only 25% survival
of Purkinje cells (Figure 3B) [89,96]. Whether continuous, long-term ICV infusions of
2HPBCD can fully prevent neurodegeneration and further prolong the lifespan of Npc1~/~
mice has yet to be determined.
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Conclusion

Cyclodextrins represent an exciting possibility in the development of a therapy for
individuals with NPC disease, for which no effective treatment is currently available. Based
upon the data obtained from the animal studies demonstrating the beneficial effects of
2HPBCD, along with the fact that 2HPBCD is relatively nontoxic and has been given to
humans, 2HPBCD may prove to be useful in the treatment of human NPC disease in
ameliorating liver dysfunction, as well as slowing or preventing neurodegeneration. The
treatment of children with NPC disease will probably require both systemic administration
as well as direct delivery into the CNS to bypass the blood—brain barrier. However, before
human clinical trials to test the efficacy of 2HPBCD are initiated, one critical question must
be answered; whether or not 2HPBCD can actually reverse the cholesterol transport defect
when given to humans as it does in the NPC mouse.

Future perspective

The discovery of 2HPBCD for the treatment of NPC disease in animal models has laid the
foundation for its application in the treatment of children with this genetic disorder. The US
FDA has recently approved the use of 2HPBCD for compassionate treatment of a small
number of children with NPC disease. Formalized clinical trials to test the efficacy and
safety of 2HPBCD are currently being designed and should be underway in the near future.

Despite all the advances that have been made, the mechanism through which cyclodextrins
overcome the cholesterol transport block in NPC disease remains unknown. By exploring its
mechanism of action, further insight may be gained into the cellular transport of cholesterol
out of the LE/LY. This could lead to the identification of new proteins and cellular pathways
that may potentially be targets for future therapies of NPC disease, as well as other
lysosomal storage disorders.
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Executive summary
Niemann-Pick type C disease

] Niemann-Pick type C (NPC) disease is an autosomal recessive lysosomal
storage disorder characterized by the abnormal accumulation of cholesterol
within the late endosome/lysosome (LE/LY) of all cells, which results in cell
death and organ dysfunction.

Cellular acquisition of cholesterol

] Cells acquire cholesterol through de novo synthesis and/or uptake of
lipoproteins via receptor-mediated or bulk-phase endocytosis.

] Cellular cholesterol pools are tightly regulated, since an excess or deficiency
of cholesterol can be detrimental to cells.

Functions of NPC1 & NPC2 in cholesterol transport

] NPC1 and NPC2 work in concert to facilitate the transport of cholesterol out
of the LE/LY.

] Mutations in either NPC1 or NPC2 disrupt the normal trafficking of
cholesterol out of the LE/LY leading to the accumulation of cholesterol
within the LE/LY, the hallmark feature of NPC disease.

Animal models of NPC disease

] Murine and feline models of NPC disease share many of the same features as
those seen in the human disorder and have greatly advanced the
understanding of the pathogenesis of NPC disease, which has led to the
development of potential therapies.

Attempted treatments of NPC disease

] Attempted treatments have involved: decreasing cholesterol levels in the
LE/LY, glycosphingolipid reduction, preventing apoptosis and neurosteroid
replacement.

] Most of these therapies had limited success except for neurosteroid
replacement with allopregnanolone dissolved in the carrier 2-hydroxypropyl-
B-cyclodextrin (2HPBCD), which resulted in a dramatic increase in the
lifespan of patients and delayed neurodegeneration, which was later
attributed to the carrier 2HPBCD and not the neurosteroid.

Cyclodextrin

] Cyclodextrin is a natural derivative of starch, composed of linked
glucopyranose units forming a cone-like structure with a hydrophilic exterior
and a hydrophobic interior, which is able to form water-soluble complexes
with hydrophobic molecules.

] Cyclodextrins have been modified to form derivatives such as 2HPBCD that
are relatively nontoxic for use in humans and animals.

Clin Lipidol. Author manuscript; available in PMC 2014 August 20.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Liu

Page 19

] High concentrations of 2HPBCD can extract cholesterol from cell
membranes, while at lower concentrations 2HPBCD can act as a cholesterol
shuttle.

Treatment of NPC disease with 2HPBCD

] A single subcutaneous administration of 2HPBCD to Npc1 ™/~ mice at 7 days
of age results in significant prolongation of lifespan, delayed
neurodegeneration and lowering of whole-body cholesterol.

. Repeated subcutaneous administration of 2HPBCD in Npc1~/~ or Npc2~/~
mice results in further prolongation of life, delayed neurodegeneration and
normalization of cholesterol levels in almost every organ system except for
the lung.

Mechanism of action of 2HPBCD

] 2HPBCD is internalized by cells into the LE/LY through bulk-phase
endocytosis, where it then functions to allow the release of trapped
cholesterol from the LE/LY of NPC disease cells into the cytosol to be
normally metabolized.

] 2HPBCD works in a manner that is independent of the functions of both
NPC1, NPC2 and lysobisphosphatidic acid; however, the exact mechanism
remains unknown.

Pharmacokinetics of 2HPBCD

] 2HPBCD is rapidly cleared by the kidneys and eliminated from the body
within 24 h after administration in both normal and Npc1 =/~ mice.

] Most organs of Npc1 ™~ mice are responsive to systemic administration of
2HPBCD (as indicated by the effective dose), with the exception of the lung,
which does not respond, and the brain, owing to the inability of 2HPBCD to
cross the blood-brain barrier.

Direct CNS delivery of 2HPBCD

] Weekly systemic treatment with 2HPBCD along with continuous infusion of
2HPBCD into the CNS via intracerebroventricular injection, thereby
bypassing the blood-brain barrier, relieves the block in cholesterol transport
within the cells of the brain and completely prevents neurodegeneration in
Npcl~'~ mice.
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Figure 1. Cholesterol acquisition and regulation in a systemic cell
Lipoproteins, such as CMr, LDL and VLDLY, carrying CEs are internalized from the

pericellular fluid into the LE/LY through receptor-mediated and/or bulk-phase endocytosis.
LAL then hydrolyzes the CEs into unesterified C. C is then exported out of the LE/LY by
first binding to NPC2, which then delivers it to NPC1. NPC1 then allows the C to be
transported into the metabolically active C pool located in the cytosol. The metabolically C
pool is maintained at constant levels through the actions of either SREBP2, which activates
the genes responsible for endogenous de novo C synthesis using the precursor acetyl-CoA;
or LXR, a nuclear hormone receptor that regulates the genes involved in C efflux such as
ABCAL and ABCG5/8, and BA synthesis. C can also be esterified into CE and stored as
nontoxic lipid droplets during times of excess C.

BA: Bile acid; C: Cholesterol; CE: Cholesteryl ester; CMr: Chylomicron remnant; LAL:
Lysosomal acid lipase; LE/LY: Late endosome/lysosome; LXR: Liver X receptor; VLDLr:
VLDL remnant.
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Figure 2. Chemical structure of cyclodextrin
(A) Chemical representation of B-cyclodextrin, which is composed of seven glucopyranose

units. (B) 3D representation of the toroid structure of cyclodextrin, which consists of a
hydrophilic exterior and hydrophobic interior.
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Figure 3. Cerebellar histology
Representative histologic sections of the cerebellum stained with calbindin. (A) A 49-day-

old Npc1*/* wild-type mouse. (B) A 49-day-old Npc1 ™~ mouse with no treatment,
demonstrating significant loss of Purkinje cells. (C) A 49-day-old Npc1™~ mouse treated
with weekly injections of 2HPBCD starting at 7 days of age, demonstrating partial
preservation of Purkinje cells. (D) A 49-day-old Npc1~/~ mouse treated with continuous
ICV infusion of 2HPBCD for 4 weeks starting at 21 days of age, with concomitant weekly
injections of 2HPBCD starting at 7 days of age, demonstrating complete preservation of
Purkinje cells.

2HPBCD: 2-hydroxypropyl-B-cyclodextrin; ICV: Intracerebroventricular; sc.:
Subcutaneous.

Clin Lipidol. Author manuscript; available in PMC 2014 August 20.



