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Abstract

Niemann-Pick type C (NPC) disease is a rare and fatal inherited metabolic disorder that results in intracellular accumulation of cholesterol and
glycolipids within the endosomal/lysosomal system. Central nervous system (CNS) involvement is especially prominent as evidenced by ataxia
and progressive decline of motor skills and intellectual function. Defects in either the NPC1 or NPC2 protein, both of which are thought to be involved
in the egress of cholesterol and other lipids out of the endosomal/lysosomal system, leads to NPC disease. The pathogenic cascade is not well
understood, and currently there is no corrective therapy for NPC patients. However, some compounds tested in animal models of NPC disease have
shown promise in slowing disease onset and progression, and administration of these drugs in combination has provided evidence of synergy and
enhanced clinical benefit. This favorable outcome indicates that combinatorial therapies using small molecules likely represent the best therapeutic

option available to NPC patients at this time.
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Lysosomal diseases are rare metabolic disorders that result
from inherited defects in the endosomal/lysosomal system and often
lead to severe clinical disease and premature death. The endosomal/
lysosomal system is a vital recycling center that plays a critical role in
intracellular signaling and homeostatic events, including a primary
role in the breakdown and salvage of most cellular components.
Endosomal/lysosomal dysfunction leads to a complex disease
cascade, with the most recognizable feature being the intracellular
accumulation of unmetabolized products. Since the precise role of
the lysosomal system is not the same in cells with different metabolic
signatures, the overall pathologic features typically vary by both
disease and cell type. In approximately two-thirds of lysosomal
diseases there is significant central nervous system (CNS)
involvement. Niemann-Pick Type C (NPC) disease is one such
lysosomal disorder and is characterized by prominent intracellular
accumulation  of  unesterified cholesterol and  several
glycosphingolipids (GSLs)."> While many cell types are affected in NPC
disease, the storage of unmetabolized products is especially severe
in cells of the CNS and leads to a variety of pathologic changes and to
neuronal dysfunction. Intraneuronal storage is accompanied by many
other well-known pathologic changes, including the formation of
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meganeurites, the growth of ectopic dendrites, and the widespread
occurrence of neuroaxonal dystrophy.® Patients with NPC disease
typically present with vertical supranuclear gaze palsy (VSGP) and
learning difficulties, followed by ataxia, seizures, dystonia, respiratory
dysfunction, and progressive mental decline."** Most patients
succumb to NPC disease in adolescence, although disease onset is
variable and adult-onset cases of NPC disease have been reported.’

Niemann-Pick Type C Disease—A Brief History

The discovery of Niemann-Pick disease is attributed to Albert
Niemann, a German pediatrician, and Ludwig Pick, a German
pathologist. In 1914, Niemann provided a report of a child with CNS
impairment and enlarged liver and spleen (hepatosplenomegaly).®
Several years later in the 1920s, Pick analyzed tissues from children
with these clinical signs and established this as a new, distinct
disease. Niemann-Pick disease was subsequently separated into four
different types (A, B, C, and D) by Crocker in the late 1950s based on
varying clinical and biochemical data.” Subsequently, it was shown
that Niemann-Pick types A and B (NPA and NPB) are caused by
mutations in the SMPD1 gene, which codes for acid sphingomyelinase
and, when deficient, leads to intracellular accumulation of
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sphingomyelin.™ NPA and NPB are classically defined based on the
onset and severity of disease. Type A typically presents in infants and
is characterized by severe neurologic involvement, while type B
presents later (juvenile) and has little to no neurologic involvement.™"
In reality, many patients lie somewhere along a continuous spectrum
of the two disease types.” While both NPA and NPB are pan-ethnic
and have an incidence of approximately 0.5-1:100,000, NPA is
known to occur more frequently among individuals of Ashkenazi
Jewish decent.”

Niemann-Pick types C and D (NPC and NPD) have recently been
determined to be genetically equivalent (now collectively known as
NPC disease) and distinct from types A and B. NPC disease is also
pan-ethnic, with an incidence of approximately 1:150,000, and is the
result of mutations in one of two genes, NPC1 or NPC2." Approximately
95% of cases of NPC disease can be attributed to genetic defects in
NPC1, while the remaining 5% of patients have defects in NPC2."
Although mutations in either of these two genes cause NPC disease,
the resulting phenotypes are clinically indistinguishable.¢ NPC1 codes
for a 13 transmembrane domain protein localized to late endosomes
and lysosomes. While the NPC1 protein has homology to proteins
involved in cholesterol homeostasis and is thought to possess
a cholesterol-binding site,”" evidence of direct involvement in
cholesterol/lipid transport has yet to be shown in vivo. The NPC2 gene
codes for a small, soluble, cholesterol-binding protein that is also found
in late endosomal/lysosomal compartments.”* The exact functions of
NPC1 and NPC2 are not certain, although there are data supporting the
concept that these two proteins act co-operatively within late
endosomes and lysosomes to traffic cholesterol and other lipids
from these organelles to cellular locations such as the endoplasmic
reticulum and plasma membrane. Co-operativity was first suggested by
the generation of double knock-out mice lacking both proteins. These
mice exhibited a clinical phenotype and cellular pathology similar to
that of the most severe of the single mutants, NPC1, consistent with
both NPC7 and NPC2 functioning in the same metabolic pathway.” A
second line of evidence for co-ordinated interaction comes from
biochemical studies by Infante et al., in which the NPC2 protein was
shown to facilitate the transfer of cholesterol between NPC1 and
liposomes in vitro.”

Pathogenic Cascades

The pathophysiology of NPC disease is complex and the disease
cascade not fully understood. On a cellular level, NPC disease results in
improper trafficking and accumulation of unesterified cholesterol along
with gangliosides and other glycolipids." While the significance of this
storage (for NPC and other lysosomal diseases) was originally thought to
be its massive overabundance and thus burden on the cell, more recent
studies suggest that cells may actually be deficient in specific
metabolites normally derived from these storage compounds. This
potential deficit may in turn lead to an increase in de novo synthesis in
the affected metabolic pathways, thus ultimately exacerbating storage.
For example, cholesterol synthesis is increased in the liver in NPC
disease, apparently in response to lack of cholesterol egress from the
late endosomal/lysosomal system.? For brain, studies have shown that
the overall cholesterol content in the brain remains unchanged in NPC
disease compared with normal brain,” although the cellular localization
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of cholesterol is different in diseased versus normal cells.?* Filipin
labeling, a histochemical method commonly employed to visualize
unesterified cholesterol, reveals conspicuous intracellular accumulation
principally within the endosomal/lysosomal system of NPC neurons.®
Additionally, immunohistochemical (IHC) labeling of GM2 and GM3
gangliosides yields a neuronal staining pattern similar to that seen with
unesterified cholesterol. Cellular accumulation of these unmetabolized
products is manifested as polymembranous cytoplasmic bodies, a
common hallmark of NPC disease.®

Several other morphologic changes are present in many neurons of
NPC patients, although the pathogenic cascades leading to these
alterations are unclear. For example, the formation of meganeurites,
or swellings at the axon hillock, is commonly seen in NPC disease as
well as other lysosomal diseases.® Meganeurites often exhibit the
growth of abnormal dendritic spines and neurites, a phenomenon
known as ectopic dendritogenesis that is unique to lysosomal
disease.® Axonal spheroids, or focal swellings along axons, are
another abnormality frequently observed in NPC disease.® The impact
of axonal spheroids on the normal function of neurons is not well
understood, but it is likely that these focal swellings interfere with
both transport of materials between the cell body and axon terminals
and with propagation of action potentials.?® Neurofibrillary tangles
(NFTs), which consist of paired helical filaments and are a hallmark of
Alzheimer's disease (AD) and other tauopathies, are also routinely
observed in NPC disease.’ In a few patients, even the presence of
Lewy bodies has been documented.® Lewy bodies are protein
aggregates of a-synuclein and are a pathologic hallmark of
Parkinson’s disease (PD) and Lewy body dementias.” Since there is
evidence indicating that disruption of the ubiquitin-proteasome
system (UPS) may be involved in altered protein degradation leading
to NFTs and Lewy body formation,”? the presence of these two
pathologies suggests that compromise of UPS function, in addition to
the well-known endosomal/lysosomal abnormalities, may be
occurring in NPC disease.

Besides the above abnormalities in cell morphology, there are many
other cellular consequences of the NPC defect, some of which are well
known and others that are just being discovered. For instance, NPC
disease is known to have a prominent neuro-inflammatory
component, similar to many other neurodegenerative diseases.* NPC1
mice have also been shown to be deficient in the production of
neurosteroids, specifically allopregnanolone, presumably as a result of
altered cholesterol egress from lysosomes.*" Recently, work on NPC
disease and alpha-tocopherol (vitamin E) has revealed an
accumulation of vitamin E in cultured hepatocytes and fibroblasts with
a loss of NPC1 or 2 function, as well as altered levels in the liver and
some CNS regions of NPC mice (Manor D, Ulatowski L, personal
communication). These observations suggest the NPC proteins play a
role in the transport of vitamin E that may be similar to that of
cholesterol. Another recent study has reported intracellular
accumulation of copper present in hepatoma cells with an induced
NPC phenotype, suggesting a link between copper metabolism and
the NPC1 defect.® Additionally, copper is known to play an important
role in brain function, principally as a cofactor of metabolic enzymes,
and copper-transporting ATPases are present in Purkinje cells (PCs)
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and Bergmann glia of the cerebellum.® Alterations in copper
metabolism may disrupt cellular homeostasis, potentially by leading to
mitochondrial dysfunction, impaired neurotransmitter biosynthesis,
and other detrimental changes* within PCs and other neurons found
to exhibit copper accumulation.

Although many neurons are able to survive the above myriad
morphological changes and cellular insults for years, neurodegeneration
does occur in NPC disease, the most notable example being the
patterned cell death of PCs in the cerebellum.® As PCs represent the sole
output of the cerebellar cortex, PC dysfunction and death likely plays a
key role in ataxia and other motor impairments present in NPC patients.
Why PCs exhibit this selective vulnerability to neurodegeneration is
unknown, but it has recently been hypothesized that the early and
prominent development of neuroaxonal dystrophy affecting these
neurons may be responsible by depriving them of essential growth
factors for survival.”

Clinical Manifestations

Clinical signs and progression of NPC disease vary from patient to
patient. It has generally been considered that disease progression in
NPC and other lysosomal diseases correlates to age of onset, with
earlier clinical onset normally leading to a more rapid progression
and earlier death.” However, one group of researchers recently
designed a clinical severity scale to analyze disease progression in
NPC patients and reported a linear clinical progression regardless of
age at onset.*

The hallmark clinical signs of NPC disease are considered to be VSGP
and ataxia, although not all patients present with these two
abnormalities. In fact, patient phenotypes can be loosely categorized
based on age at disease onset." Peri-natal-onset patients usually
present with fetal ascites, neonatal jaundice, and hepatosplenomegaly.
Early infantile patients may also exhibit hepatosplenomegaly in addition
to hypotonia and a general delay in development of normal motor
function. Late-infantile-onset generally presents with clumsiness and
ataxia and occasionally organomegaly and VSGP. Juvenile patients most
commonly experience behavioral problems, learning difficulties, and
ataxia, as well as VSGP, dysarthria, dystonia, seizures, and cataplexy.
Finally, adolescent- and adult-onset disease is characterized by ataxia,
dementia, psychosis, and a general progressive neurologic decline.
VSGP may or may not be present in older patients. Sleeping problems
and/or narcolepsy as well as respiratory distress are other issues
commonly encountered in NPC patients and pulmonary complications
are commonly the cause of death.

Animal Models

Animal models have been and continue to be an invaluable resource
in the quest to understand the NPC defect and resulting pathogenic
cascades, as well as to test the efficacy and safety of possible
treatments. There is an established feline colony of NPC1 disease, as
well as three murine (BALB/CNctr-Npc1mIN/J, C57BLKS/J-Npc1sPm/j,
and Npc27/-) models of NPC disease. With the exception of the NPC2
murine model, which was generated by targeted disruption of NPC2
and resulted in a severe hypomorph,” all models arose from
spontaneous mutations in the Npc1 gene.** These animal models
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replicate many of the human pathologies, including the presence of
polymembranous cytoplasmic bodies and prominent intraneuronal
storage, axonal spheroids, meganeurites, ectopic dendritogenesis
(less severe in the murine models), and PC degeneration. They also
exhibit some of the classic clinical features seen in NPC patients,
such as ataxia and loss of motor co-ordination. The NPC genes have
also been identified in non-mammalian model systems, such as Danio
rerio, Drosophila melanogaster, Caenorhabditis elegans, and
Saccharomyces cervisiae, indicating evolutionary conservation of the
NPC proteins and providing simple systems for analysis of NPC
protein function.

Therapeutic Options

A treatment for NPC disease remains elusive and the search for
successful therapies has been difficult for several reasons. In most
cases, NPC patients appear to be healthy at birth and undergo a
seemingly normal early childhood development. For many patients, it
is only years after birth that the first clinical signs are observed and
diagnosis is made. This delay in clinical onset provides a window of
opportunity during which therapeutic intervention prior to disease
manifestation is likely to be most successful in preventing and/or
delaying clinical disease. The fact that diagnosis is most often made
after the onset of clinical signs means that a successful therapy
needs to not only prevent further pathological changes but, ideally,
reverse those changes already present. A second obstacle lies in the
fact that, while cells of the CNS are most severely affected, they are
also the most difficult to reach due to the protective blood-brain
barrier (BBB). Therapeutic agents must bypass or cross the BBB while
exerting minimal toxic effects on the patient. Finally, the exact
functions of the NPC1 and NPC2 proteins remain uncertain, making it
difficult to rectify a problem that is not completely understood.

Over the course of the last two decades, much time and effort was
invested in the development of therapies that reach beyond simple
supportive care to better the lives of NPC patients. Of these treatment
strategies, some have proved ineffective or have not yet been fully
developed, while others have been shown to beneficially impact NPC
disease progression (see Table 1). One of the first therapies tested in
NPC patients was the administration of cholesterol-lowering drugs and
implementation of reduced cholesterol diets. This approach was
expected to be beneficial as NPC disease was thought of as a storage
disorder with an overabundance of cholesterol, suggesting that
reduction of cholesterol intake or inhibition of cholesterol synthesis via
administration of statins would provide some relief. While clinical
studies did show that cholesterol-lowering agents reduced hepatic and
plasma cholesterol levels, they did not appear to affect storage in the
CNS or disease progression in either NPC patients or the NPC1 mouse
model.®* This earlier notion that NPC disease leads to cellular levels of
cholesterol in excess of normal levels is contrary to more recent views
in which intracellular storage is suggested to deprive cells of
lysosomally-derived metabolites, such as cholesterol and simple GSLs.
Based on this latter theory, statins and cholesterol-lowering diets would
not be expected to benefit NPC patients.

Enzyme replacement therapy (ERT), or intravenous administration
of functional enzyme to patients, is currently used to treat
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Table 1: Therapeutic Options for Niemann-Pick Type C Disease

Therapy Pathological Target Major Benefits Models Tested References
HPBCD (SRT) Cholesterol and ganglioside e ~3-week delay in onset of NPC1 and NPC2 66
storage clinical signs murine models

~125% (~14.5-week) increase in lifespan

e Reduced cholesterol and GSL storage

Increased PC survival

~37% increase in lifespan* NPC1 murine model 67
Improved liver function

Increased PC survival

Miglustat (SRT) Ganglioside storage e Delay in onset of clinical signs NPC1 murine model, NPC1 60
~25% (~3.1-week) increase in feline model

lifespan (murine model)

Qualitative reduction of

GSL storage
e Increased PC survival
o Stabilization or improvement NPC patients 63, 64
of clinically relevant markers of disease
Curcumin Altered calcium homeostasis e Reduced tremors, increased activity NPC1 murine model 58

~35% (~3.5-week) increase in lifespan

Reduced GSL storage

Imatinib Neurodegeneration e ~1-week delay in onset of NPC1 murine model 57

clinical signs

~12% increase in lifespan

Increased PC survival

Ibuprofen (NSAIDs) Neuroinflammation e Delayed onset of clinical signs NPC1 murine model 52
e ~1.7-week increase in lifespan
e Reduced neuroinflammation in

the cerebellum

Tamoxifen (antioxidant Oxidative damage e Modest improvement on NPC1 murine model 53
properties) vitamin E rota-rod
(antioxidant) e ~1-week increase in lifespan
(sex- and treatment-dependent)
Vitamin C (antioxidant) Oxidative damage ¢ No benefit seen NPC1 murine model 52
Overexpression of Rab9 Defective vesicle trafficking e Reduced GSL storage NPC1 murine model 51
e ~22% increase in lifespan
LXR agonist T0901317 Defective sterol metabolism e Modest improvement on rota-rod NPC1 murine model 49
o ~11% (~1.4-week) increase
in lifespan
e Increased PC survival
e Reduced neuroinflammation in
the cerebellum
BMT Defective NPC1 protein e Improved liver, spleen, bone NPC1 patient 44
marrow, and lung function
e No benefit seen in CNS
Combination of lovastatin, Cholesterol storage e Reduced plasma and hepatic NPC patients 40
cholestyramine, and nicotinic levels of cholesterol
acid (statins) ¢ No benefit seen in CNS
Probucol (lowers cholesterol in  Cholesterol storage e Reduced plasma and NPC1 murine model 41
bloodstream by increasing rate hepatic levels of cholesterol
of LDL catabolism; may inhibit e Very slight delay in onset
cholesterol synthesis) of clinical signs
Nifedipine (calcium-channel e No benefit seen in CNS or
blocker proposed to have a on longevity

downstream effect of
increasing excretion of
cholesterol from cells)

*Estimate of percent increase calculated from graphical data provided in article. BMT= bone marrow transplantation;, CNS = central nervous system; GSL = glycosphingolipid;
HPBCD = 2-hydroxypropyl-beta-cylcodextrin; LDL = low-density lipoprotein; LXR = liver X receptor, NPC1 = Niemann-Pick type C1 protein, NPC2 = Niemann-Pick type C2 protein,
NSAIDs = non-steroidal anti-inflammatory drugs; PC = Purkinje cell; SRT = substrate-reduction therapy.
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several lysosomal diseases with enzymatic deficiencies such as
mucopolysaccharidosis | and Il and Pompe, Gaucher, and Fabry
diseases.” This therapy makes use of purified or recombinantly
produced functional enzymes to replace those deficient in cells and
allow the catabolism of stored metabolites to take place. As lysosomal
hydrolases are subject to degradation and turnover themselves,
patients on ERT require repeated administration of the enzyme over
their lifetime. Successful ERT requires that the enzyme is targeted to
specific organs and cells and then endocytosed and trafficked to the
late endosomes/lysosomes, meanwhile eliciting no significant immune
response. Since approximately 95% of NPC cases are due to defects in
the non-soluble, transmembrane protein NPC1, patients are unlikely to
benefit from a protein replacement therapy similar to ERT. While the
NPC2 protein is secreted, it has no enzyme activity; therefore,
ascertaining the functionality of a recombinantly produced NPC2
protein is more difficult than a simple enzyme assay. For these reasons,
an ERT-like therapy involving protein replacement is not likely to
represent a successful treatment for NPC disease.

Besides ERT, bone marrow transplantation (BMT) or stem cell therapy also
offers potential cell-mediated correction of some lysosomal diseases.”
The therapeutic efficacy of BMT relies heavily on cross-correction of
diseased cells by donor cells. Again, it is unlikely that NPC1 disease would
be corrected since this therapy requires protein secretion and uptake.
BMT was performed in a NPC1 patient who was 2.5 years of age, resulting
in full engraftment that led to reduced pathology in the liver, spleen, and
lung* (likely a reflection of a normalization of macrophages). However,
there were no improvements in neurologic function, consistent with
the view that BMT is unlikely to correct the NPC1 defect.* While BMT
studies in the mouse model of NPC2 disease are ongoing (Dobrenis K,
personal communication), this approach must confront the difficulties
of achieving efficient cross-correction and directly affect the CNS in order
to be successful.

Another potential approach to treating NPC disease is gene therapy. Like
ERT and BMT, successful gene therapy requires that the gene reach
targeted areas in addition to producing a sufficient quantity of gene
product to impact the disease, often via cross-correction, while minimizing
immune response to vector and protein product. In theory, gene therapy
has the potential to correct many different lysosomal diseases, namely
those deficient in soluble proteins and lysosomal enzymes.* Designing
and implementing successful gene therapy for NPC1 is difficult as the
gene must be incorporated into every cell for efficient correction
of the defective membrane-bound protein to take place. On the other
hand, NPC2 may be more amenable to gene therapy because as a
soluble protein it may benefit from cross-correction. Studies are
currently under way investigating gene therapy in NPC1 disease, with
emphasis being placed on successful penetration of the BBB as well
as targeting of neuronal cell populations (Dobrenis K and Lippell R,
personal communication).

A different strategy, chaperone-mediated therapy, relies on the
assistance of small molecules or upregulation of endogenous
chaperones and related molecules to properly fold, stabilize, and/or
traffic partially functioning or misfolded proteins.** Although there
are no harmacologic chaperones currently used for the treatment of
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NPC disease, there is evidence that some mutated NPC proteins are
targeted for endoplasmic reticulum-associated degradation (ERAD)
due to protein misfolding.* This suggests that potent small-molecule
chaperones may be of benefit to patients harboring specific
mutations in which the NPC protein is misfolded. Alternately, small-
molecule therapy designed to correct defective metabolic pathways
may also be a viable therapeutic option for NPC disease. For example,
administration of the synthetic ligand 70901317, which was shown to
increase liver X receptor-p (LXR-B) activity in the brain of NPC1 mice,
was reported to provide modest slowing of neurodegeneration and to
prolong life.® This small molecule was suggested to enhance net
sterol excretion from the brain, as LXR-B is a ligand-activated
transcription factor involved in regulation of sterol metabolism.”
In other studies, upregulation of Rab9, a small GTPase protein
involved in vesicle trafficking, demonstrated a reduction in
intracellular cholesterol storage in NPC2 patient fibroblasts as well as
NPC1 murine neurons.®® In vivo overexpression of Rab9 in a
transgenic murine model of NPC1 affected disease progression by
modestly reducing ganglioside accumulation and increasing lifespan
by up to 22%.”

While the potential therapies outlined above either require further
scientific and/or technological advances or, in one case has proven
ineffective, several newer drugs targeted at specific pathologic
consequences have shown promise in animal models by delaying the
progression of NPC disease. For instance, neuroinflammation is known
to occur in NPC disease and treatment with ibuprofen, a non-steroidal
anti-inflammatory drug (NSAID), has prolonged lifespan and slowed
onset of clinical signs in a mouse model of NPC1.* Additionally, the
treatment of NPC1 mice with compounds possessing antioxidant
properties (tamoxifen or vitamin E) showed limited benefit in one study,
suggesting that oxidative damage may play a role in NPC pathology.*
Although a later study in NPC1 mice concluded no benefit from the
administration of vitamin C,* the potential role of oxidative stress has
been further supported by additional recent findings. In two studies,
both comparing NPC patient fibroblasts with normal fibroblasts,
researchers showed differences in gene-expression profiles indicative
of oxidative stress* as well as increases in reactive oxygen species and
lipid peroxidation.® Furthermore, administration of another antioxidant,
N-acetyl cysteine (NAC), to NPC1 mice has generated data indicating a
delay in the onset of clinical disease and a modest increase in longevity
(Ory D, personal communication). Encouraging findings with the use of
antioxidants have led to a clinical trial designed to test the efficacy and
safety of NAC in NPC patients.®

Neurodegeneration is another potential target for treatment of NPC
disease. In an effort to prevent neuronal cell death in NPC1 mice,
researchers administered imatinib, a c-Abl-specific inhibitor that
reduces apoptosis. Treated NPC1 mice were reported to show
improved neurological symptoms, moderately increased lifespan, and
rescue of PCs in the cerebellum.” In other work, sphingosine, one of
several lipids believed to accumulate in NPC disease, has been
suggested to cause abnormally low calcium levels in the acidic
compartments of NPC1 cells. Treatment of NPC1 mice with curcumin,
a drug thought to be capable of elevating cytosolic calcium levels and
purportedly overcoming late endosomal/lysosomal transport defects,
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showed benefits in terms of reduced tremors and increased activity, as
well as a modest increase in lifespan.®

As NPC disease is characterized by the storage of unmetabolized
cellular components, reducing or preventing the accumulation of these
offending metabolites offers a means by which cellular metabolic
burden can be decreased. This method of treatment is known as
substrate reduction therapy (SRT).* In theory, this goal can be achieved
by partially inhibiting the biosynthesis of selected cellular compounds
so that the rate of synthesis is more closely matched to the rate
of degradation.

The most notable example of SRT to date is N-butyldeoxynojirimycin, or
miglustat, a small amino sugar that partially inhibits the synthesis of
GSLs, a known storage product in NPC and other lysosomal disorders
such as Gaucher disease.®¢' In both murine and feline studies,
administration of miglustat has led to a delay in the onset of clinical
signs and to an increase in lifespan.® Qualitative studies examining GM2
and GM3 gangliosides also suggested a reduction in storage of these
GSLs in brain with treatment of miglustat. Likewise, human clinical trials
with miglustat have shown stabilization or improvement of several
clinical markers of NPC disease in both pediatric®®* and juvenile/adult*
patients. The European Medicines Agency (EMEA) recently approved
miglustat for the treatment of NPC disease and it is currently prescribed
off-label in the US and is under consideration for approval by the US
Food and Drug Administration (FDA).

Byproduct replacement therapy is another potential treatment for
lysosomal diseases, the objective being to replace cellular products
found to be deficient in particular diseases.* This concept was based on
the finding that allopregnanolone was deficient in NPC1 mice and
administration of this neurosteroid in early development was thought
to delay onset of clinical symptoms and significantly increase
lifespan.®’ Subsequent studies showed that the agent responsible for
the beneficial effect seen in NPC1 mice was actually the vehicle
2-hydroxypropyl-beta-cyclodextrin - (HPBCD).*¢” While byproduct
replacement therapy has yet to be validated as a treatment for NPC
disease, it did lead to the discovery of HPBCD as a therapeutic agent.

Cyclodextrins are cyclic sugar molecules commonly utilized as delivery
agents for poorly soluble drugs.® The inner hydrophobic pocket can
form a guest:host complex with drugs or other compounds of interest
that are then easily solubilized due to the hydrophilic outer ring of the
cyclodextrin molecule. HPBCD is also known to bind cholesterol and is
frequently used to add or extract cholesterol in cultured cells.®¢ When
administered to either NPC1 or NPC2 mice at early ages, significant
benefits are seen in terms of the delayed onset of clinical signs, reduced
storage of both cholesterol and GSLs, and increased lifespan.®
Additionally, single injections of HPBCD at post-natal day seven or 49
have been shown to significantly improve liver function and increase
lifespan.¢” The mechanism of action of HPBCD is unknown and studies
have yet to confirm whether it actually crosses the BBB to exert its
effect. However, it is well established that intraneuronal accumulation
of both cholesterol and gangliosides is diminished with HPBCD
treatment and that lifespan is increased beyond that seen with any
other current monotherapy.«¢

US NEUROLOGY

Figure 1: Pathologic Targets for Treatment of
Niemann-Pick Type C Disease

Drugs that alter
vesicular trafficking

2. Alter trafficking to
bypass blockage

Anti-oxidants
Anti-apoptotic agents
Anti-inflammatory agents

HPBCD
miglustat

1. Reduce cholesterol resistance to disease
or glycosphingolipids

\ (9% S o

Cholesterol ~ ‘
Endosomes/,
a Lysosomes
Gangliosides —)

3-5. Enhance cell's

Nucleus

9. Alter | | ‘ ‘ ‘ o .
. Alter lysosoma N

homeos’glasis to 0 0 ‘ PrgAin @ Viicchonaria
improve function neRe \

6. Boost residual NPC

/
7-8. Correct primary

1 protein function
gene/protein defects

Chaperone therapy
Gene therapy
Bone marrow transplant

Lack of Niemann-Pick type C1 protein (NPC1) or NPC2 protein is thought to lead to a block in
the egress of cholesterol and glycosphingolipds from the endosomal/lysosomal system, as well
as many other downstream effects altering normal cellular homeostasis. Currently, therapies
are targeted at treating one or more pathologic features of NPC disease, and combinations of
these small-molecule drugs have shown enhanced clinical benefit. Individual treatments aim
to: (1) reduce the accumulation of offending metabolites, (2) bypass defective metabolic
pathways, (3-5) enhance a cell’s resistance to disease, (6) increase/rescue function of existing
NPC proteins, (7-8) correct the primary metabolic defects, or (9) improve lysosomal function.
HPBCD = 2-hydroxypropyl-beta-cylcodextrin. See text for details

Several of the therapies discussed above provide limited benefit to NPC
patients or animal models of NPC disease when administered alone.
However, they are by no means a cure and each therapy tends to
address only one or a few elements in the pathogenic cascade
(see Figure 1). As such, a logical approach to treatment of NPC disease,
as well as many other diseases, is that of combination therapy.
By providing two or more therapies to target different pathogenic
features, greater benefit can be obtained. This is precisely the case
with combinatorial therapies tested in the NPC mouse model. NPC1
mice administered miglustat in conjunction with either HPBCD or
NSAIDs resulted in even greater delays in clinical onset, reduction of
stored metabolites, and increases in lifespan beyond that of any
monotherapy alone.”*

conclusion

NPC is a devastating disease with a complex and poorly understood
pathogenic cascade. The biochemical changes caused by defective
NPC1 or NPC2 proteins lead to massive intracellular accumulation of
cholesterol and GSLs, adversely affecting many cells of the body.
The CNS is especially vulnerable to pathologic changes, resulting in
severe phenotypic and behavioral changes, such as ataxia, motor
inco-ordination, and progressive mental decline. Although great
advances have been made in determining the genetic defects
responsible for NPC disease, the putative functions of the mutated
proteins and possible approaches for slowing disease progression, still
more progress is required to significantly improve both the quality of life
and the lifespan of NPC patients. While the greatest amelioration of NPC
disease would be expected to come only from successful correction of
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the primary gene or protein defects, neither of these therapies is
currently available for this disorder.

The use of available pharmacological therapies such as HPBCD,
believed to act on cholesterol,”” or miglustat for GSL reduction,®
currently holds the greatest promise as treatment for NPC disease.
However, much more needs to be done. It is likely simplistic to believe
that modulating the accumulation of these two storage compounds
alone will lead to complete normalization of a disease cascade caused
by lack of the NPC1 protein. An important caveat is that while many of
the pathologic features of NPC disease have been characterized and
provide known targets for therapeutic intervention, there are likely
other abnormalities that have yet to be discovered or are just now
coming to light. For instance, the putative accumulation of copper in
cells with an induced NPC1 phenotype® may prove to be another
pathologic feature present in NPC patients and animal models,
representing yet another necessary target for drug therapy. The better
our understanding of disease pathogenesis, the more likely it is that an
effective combination therapy will be developed, ultimately leading to

greater clinical benefit for NPC patients. B
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