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Glossary of Terms

Term

Amyloid precursor protein

Ascites
Ataxia
Atonia
Autophagy
Cataplexy

Dysarthria

Dysphagia

Dystonia

Ectopic dendritogenesis
Endoplasmic reticulum

Filipin

Foam cell

Gelastic [cataplexy]
Glycoprotein
Glycosphingolipid
Hypocretins (orexins)
Hypotonia
Lipoprotein
Lysosome

Meganeurite

Miglustat

Neurofibrillary tangles
NPC (or NPA or NPB)
NPC1 and NPC2
Sphingomyelinases

Saccades (saccadic)

Definition

APP; protein from which beta-amyloid (the main component of neuritic
plaques in Alzheimer's disease) is derived by proteolysis

Abnormal accumulation of serous fluid between tissues and organs
Inability to coordinate voluntary muscular movements

Lack of physiological (muscular) tone

Digestion of cellular constituents by enzymes of the same cell

Sudden loss of muscle control/tone while conscious, following emotional
stimulus

Difficulty in articulating words

Difficulty in swallowing

Abnormal tonicity of muscle with involuntary sustained muscle contractions
Formation/outgrowth of new, malformed (ectopic) dendrites from neurones
Membranous/vesicular network involved in intracellular transport of materials

Antifungal agent used in fluorescent diagnostic staining of cultured NPC
fibroblasts

A swollen reticuloendothelial cell filled with lipid-laden vacuoles

Cataplexy associated with mirthless laughter due to strong emotional stimulus
Conjugated protein in which the non-protein group is a carbohydrate
Carbohydrate-attached lipids (glycolipids) containing sphingosine

Excitatory neuropeptide hormones involved in sleep regulation

A state involving general orlocalised low muscle tone

Conjugated protein with lipid portion; transports ingested lipids from food
Sac-like intracellular organelle that contains various hydrolytic enzymes

Swollen, distended portion of a neurone occurring in neuropathological
conditions

NB-DNJ, N-butyldeoxynojirimycin, 0GT918; a small iminosugar molecule that
inhibits glycosphingolipid synthesis

Pathological protein aggregates found in neurones in neurological disease
Niemann-Pick disease type C (orAor B)

Genes in which mutations give rise to NPC

Group of enzymes that catalyse the hydrolysis of sphingomyelin

Small, rapid movements of the eye as it jumps from one fixation point to
another




Niemann-Pick Disease Type C: A Scientist’s Perspective

Niemann-Pick type C disease (NPC) is a devastating and very rare genetic lysosomal storage disorder character-
ised by a wide range of clinical manifestations. Itis inherited in an autosomal recessive manner, with an estimated
prevalence of approximately 1: 150,000. However, this may be an underestimate as signs and symptoms as

well as biochemical findings are not always disease specific. Cases have been identified post mortem following
stillbirth due to foetal ascites and liver disease at one end, and in the sixth decade of life with relatively few, but
severe symptoms at the other extreme. Cases can present at all levels and across all disciplines of medicine

including hepatology, paediatrics, haematology, adult neurology and psychiatry.

So far there are over 250 mutations known to cause NPC, which leads to challenges in counselling the families
of affected individuals. Education and increased awareness of this devastating disease is vital at all levels of
healthcare, in order to diagnose cases quickly and to ensure proper counselling and provision of appropriate
symptom control therapies. Ideally, those affected by NPC should be managed at a specialist centre forinborn
errors of metabolism, where multidisciplinary care can be offered.

The social and healthcare impact of NPC cannot be overestimated, and patient associations and family support
groups play a vital role. With continued efforts, it is to be hoped that the future will lead to a cure for NPC. Mean-
while international research is in progress toward the development of further therapies that could play a huge role
in the fight against this disease.
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A Call to Action: The Patient Association View

When a child orindividual is diagnosed with NPC it adversely affects the whole family. Their hopes and dreams for
the future are destroyed: they suddenly have to face the fact that their child or family member will die prematurely,
but no one can tell them when or how. The path to this diagnosis is often a difficult one, due to the rarity of the
condition and the fact that most people, including medical professionals, know little about it. This can lead to
additional problems such as conflicting advice and a lack of clear information. Health and social care services can
vary around the country, leaving families feeling bewildered and isolated.

For many families, a diagnosis of NPC does not happen instantly, but is the point from which they begin to contem-
plate their future. In order to understand the nature of the disease, families need accurate, clear information that
they can relate to. During this period of adjustment, families face a neverending series of appointments with the
long list of professionals who will now be involved in caring for their loved one. As the condition is so rare, they will
invariably have to tell their story time and time again. This in itself can beextremely difficult: families often find
they know more about the condition than the professional.

As the disease progresses, those affected by NPC develop complex needs that can change rapidly. Families
struggle to cope with the range of emotional and financial implications, which can severely affect the quality of
family life.

We aim to make a difference to those affected by NPC through the provision of care, support and accurate
information. Our associations give practical help as well as emotional support, and have developed a strong family
support network in efforts to reduce feelings of isolation and despair.

Working in collaboration with Patient Groups across the world, we also aim to raise awareness of the disease, its
clinical manifestations and its impact. Niemann-Pick Patient Associations share information and resources to
maintain up-to-date, useful data for professionals. We encourage local, national and supranational authorities to
improve patients’ quality of life, keeping attention alive on the impact of this very rare disease on affected families
and on society.

The promotion of research that will improve understanding of NPC and aid in the development of new therapies is
crucial. Research is currently taking place, both into the causes of the disease and into potential treatments. We
would like to ensure that in the future, families affected by NPC may be given the hope of a treatment - oreven a
cure - for this life-limiting condition.
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Niemann-Pick Disease in Summary

NPC is an extremely rare genetic disorder arising from neuronal accumulation of glycosphingolipids, due to
abnormal lipid trafficking.! Cholesterol that enters cells from the circu lation through the low-density lipoprotein
(LDL) receptor is not processed in a timely, normal mannerin parenchymal organs and the central nervous system
(CNS). Lipids accumulate in toxic quantities as unesterified cholesterol, sphingomyelin, phospholipids and
glycolipids, causing structural and functional damage in cells and tissues, !

Niemann-Pick type C disease (NPC) is pan-ethnic and arises sporadically across populations, regardless of race,
although genetic isolates have been identified in Nova Scotia, Colorado, and New Mexico.! Based on published
estimates,” itis believed that NPC arises in 1:150,000 live births. However, it is considered very likely that this is
an underestimate due to a mixture of factors - chiefly, failure to recognise the clinical phenotypes and a lack of
definitive diagnostic tests.

Fatal in most cases, NPC has an extremely heterogeneous clinical presentation, but is characterised by a range of
progressive neurological problems that become severe and limiting at late stages of the disease.! It can present,
either with or without associated hepatosplenomegaly in infants, children or adults,"* and is characterised by

eye movement abnormalities, dysphagia and dysarthria, ataxia and progressive cognitive dysfunction leading

to dementia. The plight of patients with NPC is perhaps best represented by the patient journey in the ‘classical’
phenotype of NPC.

Classical NPC: the patient journey

The products of normal pregnancies, children affected with ‘classical NPC' often show transient neonatal
jaundice. Development in early childhood is usually unremarkable, although the child may be labelled as
ill-behaved at kindergarten or school. It may be years before the child begins to show signs of progressive
dementia, by which time they can often become known as clumsy, suffering frequent falls before overt ataxia

is recognised. Eye blinking or head thrusting on attempted vertical gaze then become apparent, and gelastic
cataplexy (limited or generalised atonia accompanied by mirthless laughter) may be seen, with manifestations
ranging from head nodding to atonic collapse.

Dysarthria, dysphagia and drooling can contribute to educational and relational problems by impairing
communication. Dystonia then appears, initially with posturing of a hand or foot during walking or running,
and gradually becomes generalised. Seizures can also arise during childhood or later. Enlargement of the
liver or spleen is often first detected in early childhood and progresses over time in some cases. However,
hepatosplenomegaly remains undetected in at least 10% of cases.

The child then begins to suffer increasing physical and intellectual disability through late childhood and
adolescence, eventually becoming chair-bound and incapable of continuing at normal school due to cognitive
deterioration. Psychiatric disturbances including psychosis may occur around puberty.

Severe dysphagia now begins to endanger the child’s nutritional status, and the upper airway becomes vulner-
able to frequent aspiration. In many cases spasticity or rigidity (or both) add to the burden of nursing care.
Eventually many patients die in the teenage years or early adulthood. Death is frequently due to pulmonary
complications such as aspiration pneumonia.

Major advances in diagnostics, a greater awareness of common and variant clinical manifestations, and the
possible arrival of the first specific therapies for NPC now offer new hope for the improved recognition and
management of this tragic disease.!s



History: Niemann-Pick Disease Types and Nomenclature

In 1914, German paediatrician Albert Niemann (1880-1921) described a young child with brain and nervous
system impairment and hepatosplenomegaly.® Later, in the 1920s, Ludwig Pick (1868-1944) studied tissues
after the death of such children and provided evidence of a new disorder, distinct from lipid storage disorders

described previously.

In 1958, Crocker and Farber published a case series on patients with varied presentations of Niemann-Pick
disease, according to diagnoses based on the presence of ‘foam cells’ (lipid-laden macrophages) and increased
tissue sphingomyelin.” Because their patients included children with characteristic neurological symptoms as well
as children showing little or no neurological symptoms, Crocker later classified Niemann-Pick disease into four
separate categories based on biochemical and clinical criteria.’

Group A (Niemann-Pick disease type A [NPA]) included patients with classic neurodegenerative disease leading to
death in early infancy, Group B (NPB) included those showing organomegaly without nervous system involvement,
Group C (NPC) patients showed slowly progressive neurologic illness.® Group D (previously known as NPD) closely
resembled Group C except thatit was restricted toa genetic isolate from Nova Scotia.? Importantly, it was noted
that non-neural tissues in NPC and NPD patients had relatively less sphingomyelin and more cholesterol storage
compared with NPA and NPB. More recent research has shown that this was a highly relevant observation, as it
reflects substantial differences in the underlying biochemical defect and pathophysiology of NPC compared with
NPA and NPB (see Pathophysiology, p. 12).

In 1966, Kanfer et al. demonstrated that the primary biochemical defect in NPA and NPB (but not NPC) was
severe generalised sphingomyelinase deficiency.® This early finding, coﬁupled with the observed accumulation of
multiple complex glycosphingolipids in NPC (i.e., notonly sphingomyelin), indicated that NPC may be considered
as a separate entity from NPA and NPB. In 1982 an expert consensus decision was taken in Prague to formally
separate NPC from types A and B."

Niemann-Pick diseases are still classified today according to Crocker,? although significant advances in knowl-
edge on the genetic causes and underlying pathophysiological mechanisms have been achieved. In particular,
characterisation of the genes responsible for each subtype have established that NPC is distinct at the molecular
and biochemical levels from NPA and NPB, in line with differences seen clinically (Table 1; see Pathophysiology,
p. 12).

Table 1. Niemann-Pick disease types***

Niemann-Pick Distinguishing feature Primary pathophysiology  Genetic cause

disease type

Type A Infant disease with very poor Acid sphingomyelinase SMPD1 gene mutation
prognosis deficiency

Type B Juvenile form with lung involvement Acid sphingomyelinase SMPD1 gene mutation

deficiency

Type C Pan-ethnic subtype with non Defect in cellular cholesterol NPC1or NPC2 gene
age-related occurrence and brain trafficking mutation
complications

Type D* Same as Type C butwith Defect in cellular cholesterol NPC1 gene mutation
Nova Scotian ancestry trafficking

*Type D should no longer be regarded as a separate subtype; it is biochemically and clinically indistinguishable from NPC.

Based on molecular genetic testing, NPC is now divided into two subtypes - NPC1 and NPC2 - as each is caused
by a different gene mutation (see Genetics of NPC, p. 9). These names are currently preferred, as they relate back
to the mutated genes responsible for the clinical phenotype. Niemann-Pick disease type D (NPD), which is still
sometimes used to describe the genetic isolate from Nova Scotia, should no longer be considered as a separate



condition as itis biochemically and clinically indistinguishable from NPC, and is now known to result from muta-
tions inthe NPC1 gene.»**

In 1984, Pentchev et al. reported defective cellular esterification of exogenous cholesterol in a BALB/c mouse
model of NPC.2 This was a seminal study as an identical defect was later shown in human NPC, and it led to the
elucidation of unique abnormalities in the intracellular trafficking of LDL-derived cholesterol, with sequestration
of unesterified cholesterol in cell lysosomes in various tissues (see Pathophysiology, p. 12).11*15 Diagnostic
strategies for the identification of cholesterol trafficking deficits soon followed, allowing earlier identification of
NPC patients.'® Researchers were also able to map the gene now known to be responsible for the majority of cases
OfNPC.H‘IS

The following sections of this book focus on NPC, its genetic, biochemical and clinical profile, its impact on
patients, caregivers and healthcare, and its clinical management. However, NPA and NPB are mentioned briefly,
where relevant, for completeness and context.

Genetics of NPC

In 1997, researchers identified the location of the NPC1 gene on chromosome 18 (Table 2).¥ Complementation
studies, linkage analysis and mutation scanning studies have established that alterations or mutations in this
gene cause the vast majority (90-95%) of cases of NPC.7*-2! Notably, genetic linkage studies by Greer et a/.2°
established that the gene mutation responsible for so-called NPD was in fact an allelic variant of NPC1.

In a second, much smaller, group of patients with NPC, mutations in NPC1 do not cause the disease. A second
gene - NPC2 - is responsible for the NPC phenotype in these patients. HE1, mapped to chromosome 14, was
recently identified as the gene underlying the NPC2 phenotype (Table 2).22%

Table 2. Molecular genetics of NPC (adapted from Patterson?)

Gene symbol Chromosomal locus Frequency/mutations Protein name

NPC1 18q11-q12 90% of cases (sequence Niemann-Pick C1 protein
alterations)

NPC2 14q24.3 4% of cases (sequence altera- Epididymal secretory
tions) protein E1

Sources: Gene symbol from HUGO gene nomenclature committee; chromosomal locus, locus name, critical region and
complementation group from Online Mendelian Inheritance in Man database (OMIM); protein name from Swiss-Prot protein
knowledgebase.’

Although there is currently no direct evidence indicating other gene loci for NPC, some patients exhibiting the
typical clinical and biochemical NPC phenotype have been shown not to possess mutations in either NPC1 or
NPC2, and this has led researchers to suggest that other NPC gene loci may exist.



Mutations

NPC1

The NPC1 gene, mapped to chromosome 18 (18q11-q12) contains 25 coding regions (exons), varying in size from
74 to 788 bp and spread over 47 kb.2* More than 50 exonic polymorphisms have been described that do not give
rise to any pathologic effect - they are simply non-adverse genetic variants.” However, approximately 200 allelic
variants have been identified for NPC1 that are suspected to have pathological effects.?s?’

Most affected individuals with NPC1 mutations are compound heterozygotes (i.e., possess two different abnormal
alleles, one on each of a chromosome pair) with single-base (point) mutations producing mis-sense mRNA
transcripts that are unique to their family.”® Nonsense mutations, base-pair deletions and splice-site mutations
have also been reported. One study in 143 unrelated patients with NPC demonstrated an overall mutation detec-
tion rate of 88%.%! Cases negative for NPC1 mutations showed a high proportion of inconclusive results in genetic
complementation studies, which could be due to: a) a third genetic subgroup for NPC or, b) non-specificity of NPC
biochemical testing.

NPC1 mutations commonly seen within distinct patient groups include G992W, a point mutation almost uniformly
seen in Acadian patients from Nova Scotia who have previously been described as having NPD,?® and 11061T,
amutation that accounts for 15-20% of mutated alleles in Western Europe and the US.?*11061T s followed

in prevalence by the mutation, P1007A.% In general, correlations between mutant NPC1 genotypes and NPC
clinical phenotypes are difficult to pinpoint because of their compound heterozygous nature, although some
distinct phenotypes have been suggested. In particular, I1061T appears to be associated with non-infantile forms
of NPC,2° while A1054T, Q775P and C177Y mutant alleles were associated with early-onset disease with either
biochemical or severe neurologic symptoms.?’3¢

NPC2

The NPC2 gene, which has been mapped to chromosome 14 (14g24.3), has five exons and produces a single
mRNA transcript of 0.9 kb in all tissues where itis expressed.” NPC2 mutations are a little more varied than those
in NPC1, with affected individuals expressing pathologic alleles in either homozygous or heterozygous fashion.”
One study conducted in eight families with NPC2 mutations found five mutations amongst sixteen mutant alleles,
all except one of which were homozygous.?* A more recent study has reported a current total of 13 disease-causing
mutations in NPC2.*

Genotype-phenotype correlations have also been identified for NPC2 mutations. Of the five mutations identified
by Millat et al.,2* all but one were associated with a severe phenotype characterised by pulmonary infiltrates,
respiratory failure, and death by age 4 years. Q45X, C47X and C99R mutations have also been associated with
neonatal orinfantile onset NPC, with death occurring in early childhood.*? However, adult-onset disease or survival
into middle adult life has been described in association with V39M and S67P mutations in NPC2.32%



Pathophysiology

NPC defects in lipid trafficking

The central biochemical defect in NPC is severely impaired intracellular trafficking of lipids, and is very distinct
from acid lysosomal sphingomyelinase deficiencies that characterise NPA and NPB.'** At the cellular level, the
unique cholesterol trafficking defect in NPC occurs when endocytosed LDL-cholesterol becomes sequestered

in lysosomes around the cell nucleus.! Transport from these perinuclear lysosomes to the cell membrane and
endoplasmic reticulum is retarded in some, as yet, unknown way. As a result, unesterified cholesterol accumulates
in great excess, which can be visualised by filipin staining of cultured NPC fibroblast cells (Figure 1).1337 |t

has been suggested that, in turn, this may lead to a deficiency in cell membrane cholesterol with subsequent
membrane dysfunction and/or a triggering of cell death (apoptosis).353638

Figure 1. Fluorescent filipin staining of (A) normal and (B) NPC fibroblasts showing characteristic peri-nuclear
accumulation of LDL-derived cholesterol (images provided by J. Imrie)

are first cultured in conditions of cholesterol deprivation to create a baseline level of cholesterol and maximal expression

of the NPC phenotype. Cells are then incubated in fresh medium with LDL, followed by washing, fixing and staining for

cholesterol with filipin.**

The definitive biochemical diagnosis of NPC is currently based on the demonstration of abnormal intracellular
cholesterol homeostasis in cultures of fibroblasts taken from the patient; cholesterol esterification assays
(Figure 2) and filipin staining (Figure 1) are employed in tandem™ (see Diagnostic strategies, p. 21). The large
majority (approximately 85%) of NPC1 mutations that have been identified have been associated with the ‘classic
biochemical phenotype’ of severely impaired cellular cholesterol trafficking.** However, some patients display
relatively mild alterations of intracellular cholesterol transport that do not show any strict correlation with their
clinical NPC symptomatology. Such patients are termed as having the ‘variant biochemical phenotype’.!?



Patterns of inheritance

NPC is inherited in an autosomal recessive manner, i.e., two copies of a gene mutation at a particular locus on
one of the 22 pairs of autosomes (non-sex chromosomes) must be present for the disease phenotype to manifest.
The phenotype of a particularinherited mutation (i.e., age of onset and profile/severity of symptoms) usually runs
consistently within families* (see Mutations, p. 10).

In each pregnancy of a carrier couple, there is a 25% chance that they will both pass their non-functional mutant
NPC genes to a child, who would then be affected. There is a 50% chance that only one of them would pass a
non-functional gene, making the child a heterozygote carrier like the parents. There is a 25% chance that both
functional genes would be passed and the child would neither be a carrier nor affected. Overall, unaffected
children have a two in three risk of carrying one abnormal NPC1 or NPC2 allele. Further, each sibling of an affected
individual's parents is at a 50% risk of being a carrier.

Carrier detection and genetic counselling

Biochemical testing cannot be relied upon to identify individuals who are heterozygous for NPC gene mutations
(carriers), because test results for such individuals are similar to those seen in controls. Molecular analysis of
the NPC1or NPC2 genes can be used to identify NPC carriers if NPC1 or NPC2 mutations have been found in an
identified, affected family member (see Diagnostic strategies, p. Zp.

Genetic counselling provides individuals and families affected by NPC with information on the nature, inheritance,
and implications of this genetic disorder in order to help them make informed medical and personal decisions.
Itis particularly relevant with regard to family planning. The optimal time to determine genetic risk, clarify carrier
status and discuss the availability of prenatal testing is before pregnancy.

Prenatal testing is provided to pregnant women where there is a 25% risk of NPC in the foetus. Itis performed in
either of two ways:*?

1 Biochemical testing performed on foetal cells obtained by amniocentesis at 15-18 weeks of gestation, or by
chorionic villus sampling (CVS) at 10-12 weeks’ gestation. This is only applicable if the affected individual from
whom a family history has been ascertained (the proband) has a ‘classic’ biochemical phenotype, and is of no
use when the proband has the ‘variant biochemical phenotype’ (see Pathophysiology, p. 12).

2 Genetic testing performed on DNA extracted from foetal cells obtained by amniocentesis at 15- 18 weeks
of gestation, or by CVS at 10- 12 weeks’ gestation. Molecular genetic analysis is only applicable if disease-
causing mutations in NPC1 or NPC2 have been identified in the ;ﬁroband, orif a family study has indicated
linked genetic markers.



Figure 2. Cholesterol trafficking defect in cultured NPC fibroblasts (with permission from Pentchev et al.*')
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Fibrablasts were cultured in lipoprotein-deficient serum to activate the LDL receptor pathway, and then LDL was added to
measure their ability to respond to the endocytic uptake and accumulation of lipoprotein-derived cholesterol.*!

NPC results in a complex pattern of intracellular lipid storage, with the profile of abnormal lipid levels varying
between tissues. In the liver and spleen of NPC patients, unesterified cholesterol, sphingomyelin, phospholipids
and glycosphingolipids are stored in excess, with no particular lipid moiety predominating.’ Lipids accumulate
to a greater extent in the spleen than in the liver, where alteration can be mild.>® However, it has been shown that
glucosylceramide accumulates in the foetal NPC liver to an even greater level than that seen in Gaucher disease.!

Itis well established that there is no overt increase in cellular cholesterol or sphingomyelin levels in the brain in
NPC.* However, studies have demonstrated a many-fold increase in levels of glucosylceramide (again, up to levels
seen in Gaucher disease) and lactosylceramide. 24 G,,,and G, , gangliosides are also significantly elevated in
NPC brain.3*#

Atthe histopathologic level, all clinical forms of NPC are associated with two key pathologic features: foamy
storage cells in the visceral organs and accumulation of storage materials in neurones and glial cells. Foamy cells
(lipid-laden macrophages) and sea-blue histiocytes can be seen in the spleen, liver, lung, lymph nodes and bone
marrow preparations.’ Only subtle pathologic involvement of skin, skeletal muscle and the eyes is seen during
routine histopathologic assessment.



Neuropathology

At the gross level, the brain often shows signs of atrophy, with severe changes seen in patients with slowly
progressive forms of NPC. Neuropathologic changes associated with glyco‘pphingulipid accumulation range from
distortion of neurone shape (meganeurite formation) to extensive growth of new, ectopic dendrites, possibly
linked to ganglioside sequestration (Figure 3).**** Such changes can affect the larger basal ganglia and thalamic

neurones.’

Neurofibrillary tangles (NFTs), possibly linked to dysregulation of cholesterol metabolism, are consistent findings

inthe CNS of patients with a prolonged clinical course. These NFTs are sim
ease, but are distributed throughout different regions of the CNS. Whilst A
in certain regions of the cerebral cortex, NFTs in NPC brain are more numet
brain stem and spinal cord (Figure 4)." %

ilarto those seen in Alzheimer's dis-
zheimer brain shows NFTs concentrated
ous in the basal ganglia, hypothalamus,

Neuroaxonal dystrophy has also been observed, and as the disease progresses, neurodegeneration can become
apparent in some brain regions, particularly in Purkinje fibres in the cerebellum . The cerebral white matteris
usually unaffected.! The basis of selective neuronal vulnerability is not yet known.

Figure 3. Ectopic dendritogenesis in NPC (reproduced with permission from Walkley and Suzuki®®)
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Figure 4. Neurofibrillary tangles in NPC (Reproduced with permission from Suzuki et al.*s)

NFT distribution in parallel swollen storage neurons. Characteristic paired helical filaments are found in the s wollen perikarya
and inmeganeurites, as well as in neurones without swollen perikarya.

Visceral pathology

In line with the heterogeneity of clinical symptoms, the severity and extent of visceral pathologic manifestations
shows considerable variability. Splenomegaly with or without associated hepatomegaly is the most notable gross
pathologic feature. Hepatic involvement may be prominent in early life, but hepatomegaly or lymphadenopathy are
not generally seen in most juvenile and adult patients. Severe pulmonary involvement leading to death by respira-
tory failure has been seen in some infantile cases.

Roles of NPC gene products in pathogenesis

Research is ongoing to establish how NPC1 and NPC2 gene products are involved in the pathogenesis of lipid
trafficking defects.” The NPC1 gene product is a 1278 amino-acid protein (molecular weight 142 kDa) with
13 transmembrane domains.“¢ It resides in the late-endosomal compartment, and is shuttled between this
late-endosomal compartment and the plasma membrane, as well as other intracellular sites (Figure 5).3548
Its function is not yet clear, but it clearly plays an important role in the intracellular ‘sorting’ of cholesterol and
glycosphingolipids (Figure 5).7-5

The NPC2 protein is a soluble 132-amino acid glycoprotein that is expressed in all tissues, with the highest
concentrations being found in epididymal fluid. NPC2 protein binds cholesterol in the luminal space of the
late-endosome/lysosome and transports it to the delimiting membrane. 33235



Figure 5. Alternative models for the role of NPC1 protein in cholesterol tra
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A number of researchers have suggested that NPC1 and NPC2 proteins may act co-operatively within the scheme

of cellular lipid trafficking, for instance in intracellular sterol homeostasi

5.52°5 However, it is currently not clear

how the activities of these two proteins are co-ordinated, or how their activity is regulated in relation to the pres-

ence and concentration of cellular lipids.*

Other possible pathogenetic mechanisms
Further to the Alzheimer-like neuropathologic features seen in NPC*** (g

;ee Figure 4), links between pathogenetic

mechanisms in NPC and Alzheimer’s disease have been suggested by studies at the molecular-genetic

level.*655-58 | yitro data indicate that endosomal abnormalities related t

contribute to abnormal processing of amyloid precursor protein (APP) an
fragments (e.g., beta-amyloid) in certain areas of the brain .55

o impaired lipid trafficking in NPC may
d aggregation of amyloidogenic protein




Analyses of genome-wide expression patterns have identified a number of changes in the expression of genes
from NPC1 mutant fibroblasts that are also seen in Alzheimer's disease.*® Many genes involved in the trafficking
and processing of APP and the microtubule-associated protein, tau, were more highly expressed in NPC1 cells, as
were a number of genes involved in membrane trafficking, intracellular regulation of calcium and metal ion levels
and antioxidant capacity. While there seems to be a link between late-endosomal cholesterol accumulation and
amyloid protein aggregation,™ the precise details of this interaction are notyet known. Nevertheless, Alzheimer-
associated protein aggregation is considered a likely contributor to neurodegeneration in NPC.

Most recently, in vitro studies have shown that cellular autophagy is increased in NPC.5°%! Autophagy in NPC1
mutant cells has been linked to increased expression of beclin-1 which, in turn, is related to impaired cholesterol
trafficking. Interestingly, similar findings have been shown in NPC2 mutant cells as well as cells from Sandhoff
disease mice. Together, these findings suggest that autophagy may also be a relevant neurodegenerative process
in NPC, 5061

Epidemiology

Incidence and prevalence

The prevalence of NPC has undoubtedly been underestimated in the past due to a mixture of factors including
confusing terminology, prior lack of specific biochemical or genetic tests, varied pathology, and the many variant
clinical manifestations of the disease. Epidemiologic data on NPC are very sparse, although prevalence has been
estimated at 1:150,000 live births in Western Europe based on the number of cases identified over a 15-year
period in France, Germany and the UK.! In particular, the prevalence of NPC in early life is probably underesti-
mated, owing to its non-specific presentation and high fatality among infants.

Unlike NPA and NPB, which occur most commonly in people of Ashkenazi Jewish ancestry, NPC is considered to

be pan-ethnic as it appears to occur with similar frequency across all populations, regardless of ethnic ancestry.
Nevertheless, three genetic isolates have been identified that show a higher than average incidence: people of
French Acadian descent in Nova Scotia, people of Hispanic descent in parts of Colorado and New Mexico, and a
Bedouin group in Israel all show a degree of ‘founder effect’, i.e., a mutation traceable back to a single ancestor or
small number of ancestors**2 (see Mutations, p. 10).

The importance of disease registries

National disease registries are important tools in the proper development of regional health policy/infrastructure
and allocation of funding. Large collaborative registries collect vital data on the epidemiology (prevalence),
symptomatology, and disease management of rare disorders such as NPC. An international NPC registry project
is currently ongoing. It aims to enhance the understanding of the natural history of NPC by collecting data from
patients irrespective of their treatment.

Arecent survey of patients registered on the US National Niemann-Pick C1 database incorporated the largest
population of NPC patients studied to date.® Data on clinical features and patient health problems in NPC1 were
obtained from 87 respondents over a 1-year period. A similar patient review, covering a total of 94 patients (58
still alive) has also been conducted in the UK.** Database surveys such as these provide an overview of important
clinical variables as well as the natural history of NPC (see Clinical manifestations, p. 18).



Clinical Manifestations

Signs and symptoms

In line with the high degree of genetic heterogeneity of NPC, cli nical signs and symptoms of the disease are extremely
varied, but can be broadly grouped into categories based on presenting symptoms and patients’ age at onset (Table 3).

Table 3. Clinical presentation of NPC at different ages of onset (adapted from Patterson etal.)

Age of onset Presentation

Perinatal period Foetal ascites with persistence after birth ‘
Neonatal jaundice (benign, self-limiting or rapidly fatal)
Hepatosplenomegaly

VSGP usually absent

Early infantile period Hypotonia
Delayed developmental motor milestones
Hepatosplenomegaly
VSGP usually absent

Late infantile period ‘Clumsy’, frequent falls (ataxia)
Isolated organomegaly
VSGP may be present

Juvenile (classical) School failure (impaired intellect and movement)
Behavioural problems
Ataxia, dysarthria, dystonia
Seizures (partial and/ or generalised)
Gelastic cataplexy
VSGP usually present

Adolescent and adult Dementia
Psychosis
Progressive neurologic deterioration
VSGP may be present

VSGP vertical supranuclear gaze palsy, increased latency in initiation of vertical $accades with gradual slowing and eventual
loss of saccadic velocity.

Neonatal and infantile presentations
The presentation of NPC in early life is non-specific and may go unrecognised by inexperienced clinicians. Severely
affected babies may have ascites in uterothat is detectable using ultras:::lnography.“ with most found to have

severe liver disease with hepatosplenomegaly, jaundice, and persistence of ascites after birth.* Although enlarged
liver or spleen may be present in children presenting with symptomatic liver disease, many NPC cases never exhibit

organomegaly. However, the absence of organomegaly does not elimina| e a diagnosis of NPC.*

Extensive pulmonary infiltration with foam cells can occuras a presenting feature in NPC2, and is often fatal early
on due to pulmonary failure secondary to impaired diffusion. Some children have early hypotonia and delayed
psychomotor development with minimal or absent hepatic or pulmonary! dysfunction, and usually do not exhibit
vertical supranuclear gaze palsy (VSGP; impaired control of vertical gazé due to degeneration of supranuclear

|
oculomotor pathways in the brainstem) at onset. However, VSGP often occurs eventually in such patients.

Childhood presentation
The classic form of NPC manifests in middle-to-late childhood with apparent clumsiness and gait disturbance that
evolves into overt ataxia. Impairment of vertical gaze (up or down) is a frequent initial neurologic finding. Gelastic

cataplexy, varying from head nods to complete collapse provoked by humorous stimuli, is characteristic of classic



NPC and has been estimated to occur in 20-50% of cases.***% Partial and/or generalised seizures also develop
in 33-54% of patients,® and can be difficult to control. Disturbed sleep, possibly related to reduced cerebrospi-
nal fluid hypocretin levels in NPC, suggests effects on hypocretin-secreting cells of the hypothalamus.7

As the disease progresses, most children develop dystonia, typically beginning as action dystonia in one limb,
and gradually spreading to involve all of the limbs and axial muscles. Progressive dysphagia and dysarthria also

arise, with gradual disruption of speech and swallowing until eventually, oral feeding becomes impossible due to
frequent aspiration on food (see Classical NPC: the patient journey, p. 7).

Adolescent and adult presentations

Late-onset presentations with partial phenotypes are now being recognised more often.*5? Adolescents and
adults may present with subtle physical findings associated with various forms of apparent psychiatricillness (e.g.,
psychosis, depression, schizophreniform pathology).5® 7 Patients may present with neurologic deficits similarto
those seen in childhood-onset NPC, but tend to show a much slower rate of progression and are often overshad-
owed by psychiatric problems.>? In particular, the presence of vertical gaze palsy is an important clinical clue and
can be useful in diagnosis.®® There is frequently a lack of visceral symptoms in adult-onset patients.*

Overall symptom occurrence

Data from the recent large-scale US survey of NPC1 are possibly the best current source of information on what
physicians can expect to encounterin the majority of cases. Common medical and developmental problems
reported in this survey are listed in Figure 6.

Figure 6. Common* medical and developmental problems in NPC1 (large-scale survey data from Garveret al.®)

Hearing problems 15%
Psychiatric disorders 28%
Sleeping problems 42%
Epilepsy 52%
Respiratory dysfunction 52%
Gelastic cataplexy 52%
Dysarthria 70%
Dysphagia 80%
Vertical gaze palsy 81%
Ataxia 83%
Learning difficulties 87%

Clumsiness 87%

0% 20% 40% 60% 80% 100%
Percent of patients

*Problems seen in > 10% of respondents.



Prognosis

The variability of NPC presentations provides a wide range of life expectancy. In general, early-onset patients
tend to die during childhood or early adolescence, while patients with later-onset disease who appear to be less
drastically affected can live into late adulthood. To establish a rough prognosis, physicians must take into account
the age at onset, duration of disease (at presentation), risk of complications, probable outcomes, general death
rates, and other outcome possibilities. Naturally, such forecasts can be un predictable in NPC.

National patient databases such as that recently published by Garver et al.% are useful in this respect, as they
provide a broad view of patient survival (Figure 7). Amongst the 87 respondents in the US database survey, the
average age at diagnosis was 10.4 years, while the average age of death was 16.2 years; more than half of patients
died before the age of 12.5 years.

Figure 7. Age of NPC1 patients (A) at diagnosis, (B) at death: data from a US national NPC1 database (adapted
with permission from Garver et al.*)
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Diagnostic Strategies

Accurate diagnosis of NPC requires awareness of many clinical phenotypes, narrowing of differential diagnosis

by ancillary testing and final confirmation by biochemical testing - the current mainstay of primary diagnosis in
NPC. In some cases, supportive information can be gained by assessments of histopathology and ultrastructural
changes in skin or rectal biopsies. Molecular genetic testing is used generally to confirm the diagnosis in individu-
als with variant biochemical findings.*

When to suspect

Diagnostic procedures for NPC should be considered in individuals presenting with the features listed in Table 4.

Table 4. Clinical features indicating a possible diagnosis of NPC*

# Foetal ascites or neonatal liver disease, particularly when the latter is accompanied by prolonged jaundice and/or
pulmonary infiltrates

o Infantile hypotonia without evidence of progression for months to years, followed by features outlined below:

o Vertical supranuclear gaze palsy, progressive ataxia, dysarthria, dystonia, and in some cases, seizures and gelastic
cataplexy

o Onset of these symptoms in middle childhood, with progression over a course of years; in rare cases such
presentations begin laterin childhood orin adult life

e Psychiatric presentations mimicking depression or schizophrenia, with few or subtle neurologic signs, starting during
adolescence or adulthood

e Enlargement of the liver or spleen, particularly in early childhood

Diagnostic testing

Biochemical

Routine laboratory profiles including standard blood biochemistry, plasma lipids, urinalysis and cerebrospinal
fluid metabolites are generally normal in NPC except in patients with hypersplenism or cholestatic jaundice. A
definitive diagnosis of NPC requires demonstration of abnormal intracellular cholesterol homeostasis in cultures
of fibroblasts taken from the patient.’* In NPC-positive cultures, these cells show a reduced ability to esterify
cholesterol after loading with exogenously derived LDL-cholesterol. Only certain specialist laboratories perform
specific biochemical testing for NPC. These can be located/contacted through various NPC resources via special-
ist care centres.*



Filipin staining is employed to identify any fluorescence concentrated around the nucleus, which indicates the
accumulation of unesterified cholesterol in perinuclear lysosomes. Most patients with a ‘classic biochemical
phenotype’ of NPC have zero or very low esterification levels with a classic, ihtense dotted filipin staining pattern.
However, approximately 15% of individuals display the ‘variant biochemical phenotype’, showing intermediate
levels of cholesterol esterification.*® Filipin staining is more sensitive in detecting such patients, although the
variant phenotype is also associated with a less distinctive fibroblast staining pattern.! Alternative methods exist
to characterise such patients more precisely,” but are not yet routinely available.

Studies suggest that measurements of plasma chitotriosidase activities could be useful as a marker for lysosomal
storage diseases including Gaucher disease and Niemann-Pick disease.” " Plasma chitotriosidase is markedly
elevated in Gaucher disease, has consistently been shown to decrease with therapy,’” and is recommended as a
screening procedure in children in some countries.” Laboratory studies suggest that the same might also apply in
NPC,7¢ although patients typically show more biochemical variability in this disease.™

Histologic

Prior to the recognition of the primary biochemical defectin NPC** and the development of direct biochemical
testing for abnormal intracellular cholesterol homeostasis, histopathologic analysis of tissue biopsies and/
ortissue lipid analysis was essential to confirm a diagnosis of NPC. However, such invasive tests are now only
required in rare cases.

Histologic analyses include examination of bone marrow, spleen and liverfci)r the presence and extent of foam cells
(lipid-laden macrophages) as well as the presence of sea-blue histiocytes, which may be seen in bone marrow.
However, these features are considered non-specific, as failure to detect them does not rule out a diagnosis of
NPC.! Electron microscopic analyses of skin, rectal neurones, liver or brain can also be employed, and can show
polymorphous cytoplasmic bodies.**°

Genetic

Molecular diagnosis is not considered a suitable tool for primary diagnosis.* butis of use in prenatal diagnosis and
the identification of heterozygotes in probands’ families - especially as reghrds family planning (see Patterns of
inheritance, p. 11), and in the confirmation of diagnosis in individuals with a variant biochemical phenotype. The
majority of individuals with NPC harbour mutations in the NPC1 gene while, it is assumed, the remaining individu-
als with NPC have mutations in the NPC2 gene (see Carrier detection and genetic counselling, p. 11).

Imaging

Magnetic resonance imaging (MRI) or computed tomography (CT) scans of the brain are usually normal until the
late stages of NPC, and imaging is considered non-specific.' However, cerebral atrophy and in particular, marked
atrophy of the superior/anterior cerebellar vermis may be seen, usually in patients with slowly progressive disease.
Other abnormalities can include thinning of the corpus callosum and increased signal in the periatrial white
matter, reflecting secondary demyelination. Proton magnetic resonance spectroscopy (H-MRSI) may be a more
sensitive imaging technique in NPC than standard MRI.*
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Evaluations following initial diagnosis

Patients should be monitored during clinic visits at least every 6 months. Initial evaluations should include
assessment of the affected individual’s ability to walk and transfer and to communicate, including assessments of
language, speech and hearing.

General evaluations, with special attention to pulmonary function, swallowing, bowel habit and mood (for occult
depression) should be performed in juvenile and adult patients. Electroencephalograms may be indicated if the
patient history suggests seizures. Sleep disturbances are common in NP C, and patient sleep hygiene should be

ascertained at each clinic visit.

Patients presenting with hepatosplenomegaly should have a complete blood count and tests of hepatic function to
identify any risk of organ failure.

Misdiagnosis

NPC is an extremely rare and highly heterogeneous disease that affects multiple body systems and has variable
onsetand progression over a course of years. It is perhaps not surprising that in past decades it has frequently
been misdiagnosed or even undetected at presentation in primary care. This was especially true before the
characterisation of the primary molecular and genetic defects, when diag:osis relied on non-standardised
histopathologic analysis, and has contributed to very varied terminology used to describe patients who are now
known to have NPC: juvenile dystonic idiocy: juvenile dystonic lipidosis; neurovisceral lipidosis with vertical
supranuclear gaze palsy, Neville-Lake disease, sea-blue histiocytosis, lactosylceramidosis; downgaze paralysis,
ataxia and foam-cells syndrome (DAF).

Even now that direct biochemical and genetic tests are available, diagnosLis can be challenging. This highlights
the need for increased awareness of this disease, and for effective referral to specialist care for patients with
suspected NPC. The following case history, adapted from the 2005 UK Department of Health report on the
management of inherited metabolic diseases,* highlights some of the problems associated with non-specialist
centres advising parents without reference to up-to-date information on NPC.

Child 1 - case history

Child 1 was a newbom baby girl who presented with severe neonatal jaundice and organomegaly. Initially

it was thought that she had a severe infection and she was treated with antibiotics. However, there was no
resolution and the liver disease persisted over the next few weeks, when itwas thought that she had biliary
atresia. Her parents were told that the liver disease was so severe she would die. A scan, followed by surgery,
showed that this was not the case, and over the next 6 months she had a further four liver biopsies. Eventually,
storage cells were found in the biopsies and a full metabolic work-up was performed, which eventually showed
that she had NPC.

At this point, the parents were informed that Child 1 would not develop normally, would neverwalk or talk, and

would die before the age of 2 years. By the time she was referred to the specialist team, the parents had already
been referred to the local palliative care team. The first task for the specialist nurse was therefore to ‘pick up
the pieces’, as the parents were in extreme despair.

The nurse informed the parents that the natural history of the disease is very variable, and they were introduced
in the clinic to parents of children up to the age of 5 years who had no neurological problems, so that they could
see that the outlook may not be as bad as they had originally been told. They were also informed about possible
genetic counselling and the options available to them if they wished to have more children,

When Child 1 was seen in clinic, at age 9 months, she was still very jaundiced. However, the last report on her
atage 17 months was that she was developing well, had leamed to walk and was speaking 18 recognisable
words.*




Where to Refer: Specialist Care Centres

Given the varied range of neurologic, hepatic and psychiatric symptoms, patients with NPC typically presentto a
wide range of health professionals including perinatologists, paediatricians, family practitioners, haematologists,
gastroenterologists, neurologists, internists and psychiatrists. Both children and adults are usually already under
specialist care when diagnosis is confirmed. However, patients with NPC should be referred to regional or national
care centres that are specialised in the management of NPC specifically, orinherited metabolic disorders gener-
ally, for long-term management (see Referral to specialist care centres, p. 27).

The Impact of NPC

Effects on schooling and work

Children affected by NPC typically experience progressive intellectual, movement and behavioural problems

that can severely limit their performance at school. Annual psychometric testing may be helpful in arranging
appropriate school placement. Teenagers and adults with motor or sensory impairments who are driving should
be monitored at 6-12 month intervals to ensure that neither they nor other road users are at risk. The progressive
dementia and/or psychiatric symptoms that often feature in adult-onset NPC can place severe limits on patients’
abilities to work effectively. Some of the schooling problems experienced in NPC are illustrated in the case history
of ‘Child 2', below.

Child 2 - case history

Child 2 was diagnosed as a neonate when intrauterine hepatosplenomegaly was detected. Her liver disease
resolved and her development progress was relatively normal until puberty, at which point she deteriorated
markedly with increasing ataxia, learning difficulties and slowing of speech. She was assessed and transferred
to a residential special school with on-site health care facilities. She settled very well and progressed well

at her own speed. At the age of 16 seizures became a major problem but did improve with medication. This
happened to coincide with a long break from school, so the local children’s’ hospice was approached for
respite care, although sadly room was not available. A meeting was arranged at her school soon after this, to

discuss transitional arrangements for when Child 2 was too old for her current placement. This involved all
members of the team, including the school head, her class teacher, the school nurse, the NPC nurse specialist,
the physiotherapist, the speech therapist and her social worker, as well as representatives from the education
authority and the family.

Normally children progress on to college at the same residential campus as her school. In Child 2's case
however, it was felt that there would be safety risks because the college is not as confined as the school. She

is very happy and settled where she is, and because she finds change very distressing, it was agreed that she
should stay at the school until the age of nineteen; Child 2 is not upset by being in a class with children younger
than her.

Impact on family members

Parents of children with NPC, as well as the patients themselves, face some of the biggest possible challenges
related to a severe and chronic disease. Parents or other family caregivers learn to provide complex treatment
regimes; they recognise and deal with acute crises that can occur at any time. Parents have to deal with a lot of



medical specialists, as their child has complications and problems affecting various organ systems. They may also
need to understand and take difficult decisions over the familial aspects of the condition such as finance, time
management and geographical location. Many parents experience financial problems or difficulties with getting
financial support. On top of all this, their energies may be almost totally consumed in coping with the severe
disability their child has in terms of everyday living, education and work opportunities.

In addition, while positive effects can occur in some non-affected siblings of children with NPC such as strengthen-
ing of parent-child and child-child relationships, negative outcomes can also arise. These can include excessive
sibling worry about the ill child’s condition, jealousy of the attention paid to the ill child, and restriction of family
events. Chronic iliness can be disruptive and stressful for non-affected siblings, and in some cases can interact
with other factors to create an increased risk of psychological/emotional disturbance.® Devising ways of improv-
ing mothers’ awareness and helping them to feel confident in managing their child's iliness is important to aid in
the optimal development of their ill child as well as any non-affected siblings.?* %5

Impact on healthcare

Increased awareness of NPC across the medical community and within families of affected individuals, as well as
improved diagnosis, have led to more patients being identified. However, healthcare for a rare genetic disorder
such as NPC can be hampered by poor understanding of the disease by Iocrul heath services, social services

and education. There is an increasing demand for specialist resources to enable the systematic management of
patients and referral to specialist centres (see Referral to specialist care cénrres, p. 27). Looking ahead, advances
in the detection and management of NPC may in future lead to more patients surviving into adolescence and
adulthood. While most geographical regions have some provision for paediatric care, resources forolder patients
with NPC are currently not so common. The patient history below highlights the kind of co-ordinated, team-based
support necessary in an adolescent case.

Child 3 - case history

Child 3 was diagnosed with NPC at the age of 16 following increasing diffjculties in keeping up with peers at
school. He had impaired speech, was ataxic and had problems looking down. In retrospect it was apparent that
he had suffered with problems since the age of 4. However, his deterioration was very slow in the intervening
time, and he had received good support from local social services to ensure that his problems were addressed.
Atage 18 he was having greater problems with swallowing, and the speech and language team and a dietician
became involved. Child 3 also received physiotherapy because dystonia was affecting his limb positioning and
walking, but 6 months later he was in a wheelchair at all times. '

When Child 3 was just over 19 his mother contacted the nurse specialist as things seemed to be falling apart.
An emergency home visit concluded that his problems were now very complex, but he was no longer covered

by paediatric services and had not been allocated another consultant. He was attending a day care centre with
in-patient facilities during the day, but his mother felt that he was not receiving enough stimulation as he just
satall day. With no consultant to contact, the nurse specialist spoke with both the social worker and day centre
staff, and the first of many meetings was set up to co-ordinate the team that were in contact with Child 3 and
his mother. His feeding was assessed and he was fed via a gastrostomy on bad days but allowed to eat if he
wished. He was provided with facilities in the home for hoisting, as well as a special bed. A member of staff at
the day centre acted as ‘key worker’ to ensure that his needs were all addiessed and that everyone was aware
of any changes. .

Forthe last year of his life, Child 3 lived in his own flat with 24-hour carers:, in line with his wishes at the time.
There are times when his mother found it difficult to talk directly to the team, and in these situations the nurse
specialist often liaised on the family's behalf. |




Healthcare Support

The role of patient associations

NPCis a devastating condition that impacts upon the entire family. Medical therapy aside, support of both the
patient and family throughout the course of NPC in terms of advice and education is vital. If possible, counselling
services should be made available to the whole family. Patient-centred umbrella organisations offer information
atthe international level, while national patient associations now offer information and counselling within many

countries. Patient associations provide information about specialist services to professionals, patients with NPC
and the public, and most provide at least basic educational material. Many patient associations also actively
participate in fund-raising, for the support of medical therapy and research in NPC. A list of support organisations
is provided in the Resources section, p. 31.

Referral to specialist care centres

Specialist care centres can provide comprehensive, integrated, multidisciplinary care for patients, as well as
information and support for family members, as they aim to incorporate networks of all relevant medical disci-
plines within the core team. They have effective links with national networks of testing laboratories and other care
centres at the national and international level, and have important roles in disease auditing and the maintenance
of geographical coverage. Metabolic nurses play vital roles in the day-to-day running of clinics, and deal with
many of the familial aspects of work with patients and family members. Physical therapists, speech therapists,
occupational therapists and disease counsellors should also all be involved in supportive care for patients.

A prime concern amongst voluntary, patient-focused organisations is the need for increased awareness among
general health practitioners regarding the symptoms, diagnosis and management of NPC. In some cases, initial
health services can do “more harm than good” if there is a lack of any specialist knowledge or expertise (see
Misdiagnosis, p. 24). It has been estimated that less than half of patients with an inherited metabolic disease are
currently being looked after through specialist care centres,* partially due to a general reluctance to refer, but
also through a lack of local resources.

Medical research foundations

Private research foundations have been founded by a number of concerned individuals and family members of
NPC patients, often with substantial funding donated by industry. Examples and contact details are provided in
the ‘Resources’section, p. 31.



Treatment Strategies in NPC

|
There is no definitive therapy for NPC, and there is no cure. The majority oftheraples are palliative, although recent

progress in the characterisation and understanding of the disease has identified possible targets for specific
therapies.

Symptomatic therapies

Current, non-specific treatments for NPC focus mainly on supportive care, aimed toward managing the symptoms
of the disease. As such, these treatments have no effect on disease progression or long-term outcomes. Common
problems and relevant supportive treatments are listed in Table 5.

Table 5. General symptomatic therapies provided in supportive care

Symptom Treatment

Feeding problems Most children with NPC eventually require gastrosto%yfeeding, with monitoring in case of
aspiration or nutritional compromise

Cataplexy Tricyclic antidepressants or CNS stimulants can be effective in controlling cataplexy

Dystonia and tremor Some patients respond to anti-cholinergic drugs

Movement restriction Physical therapy is indicated to maintain mobility as long as possible

Seizures Anti-epileptic drugs can control or diminish the freqluency of seizures

Sleep disorders Melatonin or a nocturnal sedative may be indicated, In complex cases, formal evaluation by a

sleep specialist should be considered
Constipation Patients should have a regular bowel program to prevent severe constipation

Lung involvement Chest physical therapy with aggressive bronchodllatmn appears beneficial. Antibiotic therapy
should be provided in case of intercurrent pulmnnary infection

Specific therapies

Specific therapies for the intended treatment of NPC are based on targeting known pathophysiological and/or
biochemical defects involved in the pathogenesis of the disease. While earlier attempts proved largely ineffective,
more recent efforts indicate possible hope for the future.

Bone marrow and liver transplantation
A number of studies have established that bone marrow transplantation or.combined bone marrow and liver
transplantation are ineffective in treating the neurological symptoms of NF|’01.1-*-95‘3? In theory, bone marrow
transplantation (BMT) may benefit patients with NPC2 gene mutations as the NPC2 proteinis a lysosomal glyco-
protein and BMT has been used successfully in other lysosomal enzyme deficiency disorders. Liver transplantation
in humans corrects hepatic dysfunction, but does not ameliorate the neuralogic disease.

Replacement or repair of gene or gene product
The most common NPC gene product, NPC1 protein, is not suitable for transduction therapies, and NPC1 gene
replacement or repair is not yet practicable.

Cholesterol depletion
A trial with different combinations of cholesterol-lowering agents (cholestyramine, lovastatin, nicotinic acid and
dimethyl sulfoxide [DMSO0]) was performed in 25 patients to assess the efiects of reducing tissue and plasma
levels of free cholesterol in NPC.®8 Although all treatment regimens except DMSO reduced hepatic and plasma
cholesterol levels, no effect on the neurologic symptom progression was identified. s




Cell-signalling targets
Studies have demonstrated that direct or indirect over-expression of the GTPase enzyme, Rab 9, can reverse the
NPC phenotype (i.e., restore lipid trafficking) in tissue culture.®**° Although not yet tested in human trials, this

suggests mobilisation of endosomal cargoes as a potential target for small-molecule therapies.

Laboratory studies of cellular and mouse NPC models have suggested interruption of apoptosis and related
routes of cell death and dysfunction as a possible therapeutic target in NPC.%* A putative compound (NP-27) has
been identified that partially corrects the NPC biochemical phenotype in cell culture by stimulating cholesterol
transport pathways and restoring LDL stimulation of cholesterol esterification in cultured cells from NPC mice.®
Future plans for this compound are not known.

Neurosteroids

Neurosteroids are steroids synthesised in the brain that affect neuronal growth and differentiation during develop-
ment, and which modulate a variety of neurotransmitter receptors. NPC1 mutant mice exhibit a normal capacity to
synthesise neurosteroids during embryonic/foetal development, but lose this ability in the early neonatal period,
prior to onset of neurological symptoms.*** This suggests a possible role for neurosteroid replacement as a
therapyin NPC.

Preliminary studies of neurosteroid replacement with allopregnanolone, given as a single injection or repetitively
in mouse models of NPC, have indicated delayed demyelination and symptom onset, reduced lipid accumulation,
and improvements in survival provided that treatment is initiated early in post-natal life.?*-°” The mechanisms

by which these effects take place are not fully known, although GABA, receptors are believed to play some role,
possibly in conjunction with pregnane X receptors.®*

Glycosphingolipid synthesis inhibition

The use of inhibitors of glycosphingolipid synthesis is showing promise as a possible treatment for NPC, offering a
means of breaking the lipid trafficking gridlock.*® Inhibition of glycosphingolipid synthesis by miglustat has been
shown to delay symptom onset and prolong survival in both murine and feline models of NPC.%°

Arecent case study of one year of miglustat therapy in two children with NPC (aged 9 and 14 years) reported
improvements in CNS symptoms and stabilisation of systemic disease.” Improvements were seen in assessments
of movement, swallowing ability and aspects of cognition.

A 24-month, randomised, controlled clinical trial of miglustat in 29 patients with juvenile/adult NPC (with a
sub-study in 12 paediatric patients) has recently been completed. Preliminary data from the first 12 months

on treatment indicate that miglustatimproved or stabilised several clinically relevant markers of the disease;
saccadic eye movements, cognition, auditory acuity and ambulation.® This is the first treatment studied in NPC for
which there are clinical data supporting a disease-modifying benefit.®

Miglustat s still under investigation for the treatment of patients with NPC, and is currently approved in the
European Union, the United States, Australia, Canada, Switzerland, Brazil and Israel for the treatment of patients
with mild-to-moderate type 1 Gaucher disease who are unsuitable for enzyme replacement therapy.

Evaluating clinical treatment effects

Patients with NPC usually undergo long series of diagnostic tests and monitoring procedures throughout the
course of disease (see Diagnostic strategies, p. 21, and Evaluations following initial diagnosis, p. 24. However,
with the possibility of new methods of treatment comes the requirement for a rational evaluation of outcomes,
allowing full assessments of treatment efficacy and safety. Therapeutic outcomes can be either qualitative or
quantitative, based on their derivation and on how directly they reflect disease progression. Table 6 lists possible
key parameters for determining treatment effectiveness in past and future NPC trials.



Table 6. Key parameters for establishing treatment outcomes in NPC

Quantitative measures Detail '

Saccade eye movementvelocity ~ Aspecialised ophthalmic assessment based fin video-recorded eye movement and
subsequent computerised measurements of p!eak velocity, amplitude and duration of
vertical and / or horizontal saccadic eye move_lnertts.‘”” In particular, peak velocity has
been shown to be far lower in patients with NPC compared with controls'®

Kinematic analysis Motoric control / impairment can be assessecl using a variety of electrophysiologic
parameters: accelerometry allows the measu rlement of tremor amplitude and
frequency, and surface electromyography (SEMG) can monitor forabnormal patterns

consistent with various movement disorders'®?

Ambulatory index Evaluations of ambulation and gait can be performed using quantitative, categorical
scales. A recent study evaluated patients acro'ss arange of scores from zero
(asymptomatic or fully active) through 4 (requwes unilateral support such as a cane or
single crutch to walk > 80% of the time and walks 25 feetin 20 seconds) to 9 (restriction
to wheelchair and unable to transfer independently)

Coghnitive testing Multiple cognitive deficits, often categorised collectively as dementia, occuras
NPC progresses. The mini mental-status exarﬁination (MMSE) - a generic measure
quantifying cognition across a wide range of dlomains including orientation, recall,
verbal and written comments, writing and drawing - has been established as an

appropriate measure for use in children and may therefore be particularly useful in

NPClGB.lm ‘

Qualitative measures

Quality of life (QoL) QoL is an important measure of therapeutic o:utcume in NPC, where there is invariably a
substantial impact on quality of life for the whiule family. There are no specific measures
for QoL related to NPC, buta numberofwldely used and well validated generic measures
are available, including the Short-Form 36-item QoL questionnaire (SF-36)**

Swallowing Radiological videofluoroscopic (VFS) analysis of liquid barium swallowing can be

used effectively to monitor treatment effects on swallowing ability and progression of
dysphagia. Systematic evaluations can be achieved by sequential analyses using a
sensitive and specific scoring system to assess all phases of the swallowing motion™1%8

|
NPC is a rare but devastating inherited disorder arising from impaired cellular lipid trafficking. While the classical

clinical phenotype is seen in infants and children - featuring chronic progressmn and death usually by the early
teens - the disease can be detected much later with some patients survwmg into early adulthood and, in extremely
rare cases, well into middle age.

The extreme disabilities suffered by individuals affected by NPC, particulalrly during later disease stages, have a
vast impact on the whole family and require highly specialised healthcare }vithin amultidisciplinary, managed-

care setting. Ideally this should be provided by specialist centres, requmng referral, as it is important that patients
as well as family members receive adequate support in terms of counsellmg advice and access to necessary



supportive treatments. It is therefore vital to raise awareness of the disease across the board in the healthcare
setting.

Although there is currently no cure for NPC, knowledge on its pathogenesis has increased several-fold since the
characterisation of the NPC1 and NPC2 genes. While the key cellular (and diagnostic) hallmark of NPC is con-
sidered to be impaired processing and utilisation of exogenous cholesterol, the disease process is now believed
to involve a more general dysfunction in lipid trafficking. Profiles of lipid accumulation vary among tissues, with
minimal cholesterol accumulation in neurones (in contrast to liver and spleen), but marked accumulation of
several glycosphingolipids including gangliosides G,, and G, and glucosylceramide. Increased knowledge on the
natural history of NPC will help in the further development of much-needed treatments for this tragic disease.

Resources

Niemann-Pick Association (Italy)

Associazione Italiana Niemann Pick e Malattie Affini
Via Cafasse, 28

10074 LANZOT.SE

TO

Italy

Phone: +39 (0) 123 289 95

Fax: +39 (0) 123 320 149

E-mail: info@niemannpick.org

Website: www.niemannpick.org/

Niemann-Pick Self-help Group (Germany)

Niemann-Pick Selbsthilfegruppe e.V.
Hindenburgstrasse 25/2

71106 Magstadt

Germany

Phone: +49 (0) 6897 726 72

Fax: +49 (0) 6897 726 72

E-mail: info@Niemann-Pick.de
Website: www.Niemann-Pick.de/

Niemann-Pick Disease Group (UK)

11 Greenwood Close

Fatfield Washington

Tyne and Wear

NE38 8LR

United Kingdom

Phone: +44 0191 415 0693

E-mail: Niemann-Pick@zetnet.co.uk
Website: www.niemannpick.org.uk
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National Niemann-Pick Disease Foundation, Inc.

roviding Family Services to the U.S. and Canada)

Nadine M. Hill, Executive Director
P.O. Box 49; 401 Madison Avenue, Suite B
Fort Atkinson, WI 53538
Toll Free: 1-877-287-3672
Tele: (920) 563-0930; Fax: (920) 563-0931
Email: nnpdf@idcnet.com Web Site: www.nnpdf.org

Niemann-Pick Disease Type C (NPC)

tional Institute of Child Health & Human Development

National Institutes of Health

Dr. Forbes “Denny” Porter, M.D., Ph.D.
enior Investigator, Sect. on Molecular Dysmorphology
Tele: (301) 435-4432
Email: fdporter@mail.nih.gov

Nicole Farhat, C.R.N.P.
Developmental Endocrinology & Genetics
Tele: (301) 594-1765
Email: nicole.farhat@nih.gov

Lee Ann Keener
Clinical Research Nurse
(301)-594-2005
Email: leeann.keener@nih.gov

Mailing Address for Dr. Porter, Nicole Farhat
& Lee Ann Keener
National Institutes of Health
9000 Rockville Pike
Building 10, Room 1-3330
Bethesda, MD 20892

Mayo Clinic, Department of Neurology
Dr. Marc C. Patterson, M.D.
Chair, Div. of Child & Adolescent Neurology
200 First Street SW
Rochester, MN 55905
Tele: (507) 284-3351; Fax: (507) 284-0727
Email: patterson.marc@mayo.edu

Washington University School of Medicine
Dr. Daniel Ory, M.D.

Co-Dir., Diabetic Cardiovascular Disease Ctr.
Professor of Medicine, Cell Biology & Physiology
600 South Euclid Ave., Box 8086
St. Louis, MO 63110
Tele: 314-362-8737
Email: dory@dom.wustl.edu

Niemann-Pick Disease Types A & B/ASMD
(Acid Sphingomyelinase Deficiency)

Dr. Andrew Lieberman, MD PhD
Abrams Collegiate Professor of Pathology
Director of Neuropathology

Co-Director, Michigan Protein Folding Disease Initiative

University of Michigan Medical School
3510 MSRB 1, 1150 W. Medical Center Dr.
Ann Arbor, Michigan 48109-0605
Phone: 734-647-4624
Email: liebermn@med.umich.edu

Mount Sinai International Center for
Types A and B Niemann-Pick Disease
Web site: www.mssm.edu/niemann-pick/

Dr. Edward H. Schuchman, Ph.D.
Director, Intl. Ctr. for Types A & B NPD
Mount Sinai School of Medicine
1425 Madison Ave., Rm. 14-20A
New York, NY 10029
Tele: (212) 659-6711; Fax: (212) 849-2447
Email: edward.schuchman@mssm.edu

Melissa Wasserstein, M.D.
Medical Director, Intl. Ctr. for Types A & B NPD
Mount Sinai School of Medicine
One Gustave L. Levy Place, Box 1497
New York, NY 10029
Tele: (212) 241-2478; Fax: (212) 860-3316
Email: melissa.wasserstein@mssm.edu

Canada — ASMD (Types A & B) and NPC

Hospital for Sick Children (SickKids Hospital)

Julian Raiman, M.B., B.S., M.Sc., M.R.C.P.
Staff Physician
Div. of Clinical & Metabolic Genetics
Tele: 416-813-5753

Margaret Mackrell, R.N., B.H.Sc.N.
Research Nurse Coordinator
Div. of Clinical & Metabolic Genetics
Tele: 416-813-8367
Email: margaret.mackrell@sickkids.ca

Mailing Address for Dr. Raiman & Ms. Mackrel
Division of Clinical & Metabolic Genetics
Hospital for Sick Children
555 University Avenue
Toronto, Ontario M5G 1X8
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