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Abstract Introduction: Niemann-Pick type C disease is a
rare disorder caused by impaired intracellular lipid transport
due to mutations in either the NPC!I or the NPC2 gene.
Ninety-five % of NPC patients show mutations in the
NPC] gene. A much smaller number of patients suffer from
NPC2 disease and present respiratory failure as one of the
most frequent symptoms. Several plasma oxysterols are
highly elevated in NPC1 and can be used as a biomarker in
the diagnosis of NPC1.

Methods: Plasma cholestane-3f,50,6B-triol was eval-
uated as biomarker for NPC2 by GC/MS and LC-MS/MS
analysis. The diagnosis was confirmed by Sanger sequenc-
ing and filipin staining.

Results: We report three NPC2 patients with typical
respiratory problems and a detailed description of the nature
of the lung disease in one of them. All patients had elevated
levels of plasma cholestane-3[,50,6p-triol. In two of these
patients, the positive oxysterol result led to a rapid
diagnosis of NPC2 by genetic analysis. The phenotype of
the third patient has been described previously. In this
patient a cholestane-33,50,,6B-triol concentration markedly
above the reference range was found.

Conclusions: Measurement of plasma cholestane-
3B,50,6B-triol enables to discriminate between controls
and NPC1 and NPC2 patients, making it a valuable
biomarker for the rapid diagnosis not only for NPC1 but
also for NPC2 disease.

The measurement of oxysterols should be well kept in
mind in the differential diagnosis of lysosomal diseases, as
the elevation of oxysterols in plasma may speed up the
diagnosis of NPC1 and NPC2.
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Introduction

Niemann-Pick type C disease (NPC; OMIM 257220; OMIM
607625) is a rare autosomal recessive lysosomal storage
disorder affecting the intracellular trafficking of unesterified
cholesterol and other lipids (for review, see Mengel et al.
2013). Two disease-causing genes have been identified,
NPCI (MIM#607623) and NPC2 (MIM#601015), encoding
two proteins, that are involved in the transport of cholesterol
and other lipids out of late endosomes and lysosomes. As a
consequence, unesterified cholesterol accumulates within
these compartments. NPC1 is a large membrane spanning
glycoprotein mainly located in the late endosomes (Carstea
et al. 1997; Higgins et al. 1999). NPC2 is a small soluble
protein, binding nonesterified cholesterol with high affinity
(Okamura et al. 1999; Storch and Xu 2009).

The majority of NPC patients have a defect in NPCI
(95%), while only 5% of the NPC cases are due to
mutations in NPC2. To date, more than 300 mutations
have been described in the NPC1I gene; about 20 mutations
have been reported in the NPC2 gene. Most NPC2
mutations lead to a severe phenotype, frequently presenting
with pronounced pulmonary involvement (Millat et al.
2001; Verot et al. 2007).

The onset of symptoms may vary from early infancy to
late adulthood, and clinical manifestations are extremely
heterogeneous. Systemic symptoms include isolated spleno-
or hepatosplenomegaly in infancy or childhood and precede
the onset of neurological signs. Characteristic neurological
manifestations include saccadic eye movement abnormal-
ities, cerebellar signs (ataxia, dystonia/dysmetria, dysar-
thria), gelastic cataplexy, and epileptic seizures. Pulmonary
infiltration with foam cells is usually restricted to patients
with early onset disease and is more frequent in patients
with severe NPC2 mutations.

The current diagnostic screening methods for NPC
include biochemical testing, such as filipin staining in
fibroblasts, and measuring the plasma chitotriosidase activity
followed by a mutation analysis of the NPC/ and NPC2
genes. No specific biomarker was available for NPC until
Porter et al. (2010) demonstrated the usefulness of
cholesterol oxidation products in human plasma as new
biomarker for NPC1. In NPC1 cells, cholesterol accumu-
lation is associated with oxidative stress (Reddy et al. 2006;
Zampieri et al. 2009), resulting in increased non enzymatic
oxidation of cholesterol in different tissues (Porter et al.
2010). Therefore, a small fraction of the cholesterol is
oxidized to so-called oxysterols, which can be measured in
EDTA plasma and serum by GC/MS and LC-MS/MS. In
plasma of NPCI1 patients, cholesterol oxidation products
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such as 7-ketocholesterol and cholestane-33,50,63-triol are
significantly elevated (Porter et al. 2010). In fact, the
plasmatic levels of these oxysterols allow distinguishing
between NPC1 patients and controls. Only one NPC2
patient has been detected after oxysterol analysis so far
(Boenzi et al. 2014).

We report three NPC2 patients with elevated plasma
cholestane-33,50,6-triol levels; in two of them a genetic
analysis was initiated after positive oxysterol results,
leading to a rapid diagnosis of NPC2. The clinical
phenotype of the first patient gives new insights into the
physiology of the lung disease in NPC2. The third NPC2
patient has already been described by Griese et al. (2010).
We show that this patient also had an elevated cholestane-
3B,5a,6B-triol plasma concentration.

Materials and Methods
LC-MS/MS

The concentration of cholestane-33,5a,6B-triol was deter-
mined in 50 pl plasma. Cholestane-3B,50,6B-triol D7
(TRC) was used as internal standard. The analytes were
derivatized into dimethylglycine esters based on the method
of Jiang et al. (2011). The chromatographic separation was
performed on a column Symmetry C18 (2.1 x 50 mm
3.5 um) using a linear gradient of water and acetonitrile
(pH 3; 1 mM ammonium formate). The mass spectrometer
Waters Xevo TQ MS was used as detector, and quantifi-
cation was based on an 8-point calibration curve. The cutoff
value for the LC-MS/MS method was 30 ng/ml.

GC/MS

10 ng of d7-cholestane-33,50,6fB-triol (Santa Cruz) as an
internal standard (IS) was added to 100 pL of plasma or
serum. Alkaline saponification and lipid extraction were
performed using the method of Klansek et al. (1995) with
some modifications: plasma or serum was subjected to
alkaline saponification with potassium hydroxide/isopropa-
nol followed by extraction of the free triol with carbon
tetrachloride and derivatization with N-Methyl-N-(trime-
thylsilyl)trifluoroacetamide/1-methylimidazole (19:1 v/v).
1 pL was analyzed isothermal at 280°C by gas chromatog-
raphy-mass spectrometry (GC/MS) using a Shimadzu
QP2010Plus with an Rtx-200MS-column (Restek, 30 m,
0.25 mm, 0.5 pm). For quantification, the triols were
monitored with ions m/z 403 and m/z 410 in EI-SIM-mode.
Concentrations were calculated from the linear response
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range of standard curve established for cholestane-
3B,5a,6B-triol/IS (Porter et al. 2010). The cutoff value for
the GC/MS method was 50 ng/ml.

Mutation Analysis

All exons of NPC1 (NM_000271) and NPC2 (NM_006432)
and their flanking intronic sequences were amplified by PCR
and analyzed by Sanger sequencing. Primer sequences and
PCR conditions are available upon request. Putative muta-
tions were confirmed by sequencing duplicate PCR products
and by the DNA analysis from parents.

Filipin Staining

Intracellular accumulation of unesterified cholesterol was
analyzed in cultured fibroblasts by filipin staining as
previously described (Blanchette-Mackie et al. 1988).

Chitotriosidase Activity

The chitotriosidase activity was measured as described
earlier (Hollak et al. 1994). Plasma samples were diluted
1:10, 1:20, 1:40, and 1:80 with demineralized water before
incubation. The reaction was stopped with 2 ml ethylenedi-
amine (Fluka 03550) after 15 min. The product of the
enzymatic reaction, fluorescent 4-methylumbelliferone, was
measured using a spectral fluorophotometer at 360 and
450 nm. The enzyme activity was expressed in nmol/h/ml
(normal 100 nmol/h/ml).

Results
Case Reports
Patient 1

The first patient was born at term (38 + 4 gestational weeks)
with a weight of 3,360 g, a length of 51 cm, and a head
circumference of 35 cm. Pregnancy and postpartum adapt-
ation were uneventful. There was no history of neonatal
cholestasis. The girl was the second child of healthy parents,
both of German origin. The family history was unremark-
able; the older brother of the patient is healthy.

The patient was first admitted to a hospital at 10 weeks of
age for further workup for failure to thrive and respiratory
difficulties. Furthermore, the patient was found to have mild
hepatosplenomegaly. There was a rapid progression of
respiratory insufficiency with recurrent atelectasis. From
the age of 4 months on, continuous artificial ventilation was
required. Repeated bronchoalveolar lavage did not improve

the respiratory situation. At 5 months of age, lateral
thoracotomy with biopsy and partial resection of segments
5 and 9 of the right lung was performed. However, the
respiratory situation did not improve. At 7 months of age,
the patient was transferred to a specialized hospital for
further workup. CT scans revealed ground glass-shading of
both lungs in CT scan (Fig. 1a), and pathological surfactant
protein composition (protein C deficiency) similar to
alveolar proteinosis was found in bronchoalveolar lavage
fluid (Fig. lc). Alveolae were filled with fine granular
material and foam cells (Fig. 1b, d). Abdominal ultrasound
confirmed mild hepatosplenomegaly (liver in anterior
axillary line 9.2 cm, spleen 7 cm), both with normal
parenchyma. There were no signs of cholestasis.

Due to the combination of severe respiratory disease
with hepatosplenomegaly, metabolic workup was initiated
showing elevated plasma oxysterols (150 ng/ml, measured
by GC/MS) and chitotriosidase activity (415 nmol/h/ml),
suspicious for Niemann-Pick type C disease. The diagnosis
of Niemann-Pick type C-2 was confirmed by a genetic
analysis of the NPC2 gene revealing the homozygous
mutation ¢.352G>T (p.E118X). This mutation leads to a
premature stop codon and has been associated with a severe
phenotype of Niemann-Pick type C-2 before (Millat et al.
2001; Schofer et al. 1998).

Considering bone marrow transplant as therapeutic option
(Breen et al. 2013), extensive neurological workup was
performed after diagnosis at 8 months of age. High-
resolution 3T MRI of the brain revealed hypomyelinization
and global brain atrophy with enlarged inner and outer
cerebrospinal fluid space (Fig. 2a—c). Electroencephalo-
graphy detected multiregional epileptiform discharges
regardless of high dosages of benzodiazepines reflecting
increased cortical excitability (Fig. 2d). Evaluation of
development revealed general psychomotor retardation with
muscular hypotonia (as far as possible to judge due to
sedatives). Gross motor movement was unfocused without
active grasping for objects, hand-knee contact, or changing
of objects between hands. Major developmental milestones
as sitting were not reached. Spontaneous ocular fixation and
eye contact were possible though without appropriate
endurance. Mild horizontal saccades, end-position nystag-
mus, and intermittent irregular myocloni were present.
Considering these results, decision was made together with
the parents for palliative care management. The patient
died at 11 months of age after rapid respiratory deterioration.

Patient 2
The second patient was born as the third child from

Tunisian consanguineous parents (first cousins). The boy
was born at term with a weight of 3,320 g; Apgar scores
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Fig. 1 Patient 1 at the age of 7 months: (a) Upper left: CT scan
showing crazy-paving pattern with pronounced inter- and intralobar
septi, particular on the right side; left side after therapeutic lavage. (b)
Upper right and (d) lower right: Lung biopsy (hematoxylin and eosin
stain, 40-fold) showing alveolar filling with fine granular material.
PAS-positive material (100 fold) mainly foamy macrophages and
some extracellular surfactant material. (¢) Lower left: Western blotting
of bronchoalveolar lavage for surfactant protein B (SP-B) and SP-C.
5 pg of total protein of lavage fluid per lane was added and the
respective standards (STD). After SDS-PAGE and transfer, the

were § and 9 at 5 and 10 min. At the fourth day of life, the
neonate presented with hyperbilirubinemia: total bilirubin
135 pmol/L (nv 1.7-17 pmol/L), conjugated bilirubin
89 umol/L (nv 0-3.4 umol/L), impaired liver function
(albumin 2.8%, INR 1.47), and severe splenomegaly. Initial
chest X-ray and neurological examination were normal.
Also blood and urine metabolic screenings were normal.
After 20 days, he showed persistent hyperbilirubinemia,
total bilirubin 104.7 pumol/L (nv 1.7-17 pmol/L), conju-
gated bilirubin 72 pmol/L (nv 0-3.4 umol/L), and
splenomegaly. Lysosomal investigations including urinary
mucopolysaccharides and oligosaccharides were normal.
Due to the persistent hyperbilirubinemia, oxysterol analysis
was performed in EDTA plasma, showing abnormal values
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membranes were probed with antibodies against SP-B and SP-C.
Molecular weights (kDa) are indicated on the left side. All bands were
analyzed under nonreducing conditions. SP-B was detected as dimers
(typical bands at 16 kDa; compare to standard STD of 10 ng applied
to lane 1) and some higher molecular forms (bands at 24 kDa); such
forms are of interest, as often seen in patients with alveolar
proteinosis. No monomers or degradation products were detected.
SP-C was absent at molecular weight of about 4 kDa (usually SP-C is
present in amounts at least about 50% of SP-B)

(515 ng/ml, measured by LC-MS/MS). The test led to the
suspicion of Niemann-Pick type C. Since pulmonary
involvement is a common feature of NPC2 patients,
molecular analysis of the NPC2 gene was performed, and
the previously described mutation ¢.436C>T (p.Q146X)
was found in a homozygous state (Millat et al. 2005).

Filipin staining of cultured fibroblasts showed a massive
intracellular accumulation of unesterified cholesterol
(Fig. 3a). The chitotriosidase activity was elevated to
169.3 nmol/h/ml. A therapy with miglustat was started at
the dose of 50 mg once a day at 4 weeks of life.

A few days after discharge, the patient developed
bronchiolitis. The chest X-ray showed bilateral micro-
nodular infiltrates in both lungs, more pronounced in the
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Fig. 2 (a—c) Axial sagittal and coronal T1-weighted cranial MRI showing multiregional epileptiform discharges temporal left (black
slices of patient 1, showing delayed myelinization sparing the frontal arrow), right (gray arrow), parietal left (lined arrow), and right (bare
and posterior subcortical white matter and global brain atrophy; (d) arrow). In addition, excessive beta-activity reflecting benzodiazepine
EEG performed with current application of high doses of midazolam effect is evident
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patient2

healthy
control

Fig. 3 (a) Filipin staining of cultured fibroblasts in patient 2, showing
a massive intracellular accumulation of unesterified cholesterol. (b, ¢)
Chest X-ray and high-resolution CT of patient 2, showing diffuse

right field. Due to a mean poor weight gain, miglustat was
stopped at 2 and a half months of age and never
recommenced. Ophthalmologic evaluation showed a regu-
lar fundus. The baby presented generalized hypotonia, with
reduced spontaneous motility and poor visual contact. The
baby was discharged with antibiotics and salbutamol
aerosol.

He was readmitted about 1 month later with respiratory
distress that needed high oxygen supply. Chest X-ray
images were dramatically altered with diffuse hypo-diapha-
neity and air bronchogram in the whole right pulmonary
field and in the left inferior field. High-resolution CT
showed smooth septal thickening and ground glass opac-
ities in intermixed pattern (Fig. 3b, c). Cholestatic disease
was stable. Although intensive respiratory therapy was
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hypo-diaphaneity with air bronchogram in the whole right pulmonary
field and in the left inferior field (b) and smooth septal thickening and
ground glass opacities in intermixed pattern (c)

initiated, the patient gradually deteriorated and died 1
month after admission, at the age of four months and a half.

Patient 3

The third patient was already described in detail by Griese
et al. (2010). The baby girl was born at term after an
uneventful pregnancy as the second child. She presented
with progressive tachypnea, failure to thrive, and poor
feeding since the second month of life. The X-ray showed
bilateral micronodular infiltrates especially in the lower left
lung and apical right lobe. Hepatosplenomegaly was present
with the liver enlarged to 4 cm and the spleen enlarged to
5 cm below the costal margin. Neurological development
and blood and urine metabolic screening were normal. The
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suspicion for NPC was confirmed by a genetic analysis
which revealed a homozygous deletion (c.408_409delAA) in
NPC2, leading to a frame shift and an elongated protein with
additional 80 amino acids (Griese et al. 2010). Treatment of
the pulmonary alveolar proteinosis with GM-CSF and half
lung lavages did not improve the patient’s general condition.
She died after the fifth lavage after developing a pneumo-
thorax (Griese et al. 2010). The oxysterol amount in a
preserved serum sample of this patient was highly elevated
to 226 ng/ml.

Discussion

The heterogeneous phenotype and the variable progression
of Niemann-Pick type C disease often lead to a delay of
diagnosis. Available screening methods are limited to filipin
staining of unesterified cholesterol in cultured fibroblasts,
measurement of chitotriosidase activity, and genetic analy-
sis of the NPC/ and NPC2 genes. Filipin staining of
fibroblasts is currently the most specific diagnostic method
for NPC (Wraith et al. 2009; Patterson et al. 2012), showing
the classical storage pattern, characterized by massive
accumulation of unesterified cholesterol in 85% of NPC
patients. However, 15% of patients present the so-called
variant biochemical phenotype, characterized by mild to
moderate intracellular cholesterol accumulation. In these
cases the diagnosis of NPC might still be uncertain (Vanier
et al. 1991; Wraith et al. 2009; Patterson et al. 2012). Since
filipin staining requires living cells, a skin biopsy is needed,
and the procedure is time-consuming. Chitotriosidase
activity may be a useful indication for NPC, but is not
sensitive or specific for NPC (Ries et al. 2006) and often
normal in adults. In order to speed up the diagnosis, Porter
et al. (2010) published a sensitive and specific biomarker
by measuring plasma oxysterols in NPC1 patients. The
elevation of several oxysterols in plasma of NPC patients
was used to distinguish NPC1 patients from controls.

Our data show that the oxidized cholesterol derivate
cholestane-33,5a,6B-triol may also be used as appropriate
biomarker for identification of NPC2 patients (Fig. 4).
Patients 1 and 2 presented with an elevated plasma
cholestane-33,50,63-triol concentration. The diagnosis of
NPC2 was then confirmed by a genetic analysis. The third
patient was already diagnosed with NPC2 but also showed
elevated amounts of cholestane-3f,50,6p-triol. The choles-
tane-3f3,50,6B-triol levels in plasma of the NPC2 patients
show a clear discrimination from 50 plasma samples that
have been in normal range. In contrast, the NPC2 patients
could not be discriminated from 20 genetically confirmed
NPCI patients by measuring plasma cholestane-3f3,5a,6p3-
triol (see Fig. 4). These data demonstrate the eligibility of
cholestane-33,50,6-triol as biomarker not only for NPC1
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Fig. 4 Cholestane-3f3,50,6-triol levels in plasma of patients with
genetically confirmed NPC2 (n = 3) showing a clear discrimination
from 50 plasma samples in normal range. The patients with confirmed
NPC2 mutations show similar cholestane-33,50,6B-triol levels as
NPCI1 (n = 20) patients. The dotted line indicates the cutoff value for
the GC/MS method (50 ng/ml)

but also for NPC2. The specificity of oxysterols as
biomarker for other lysosomal diseases with a similar
clinical phenotype has already been investigated by Porter
et al. (2010) and Lin et al. (2014). Porter et al. (2010)
showed that cholestane-3B,50,6p-triol and 7-ketocholes-
terol can be used to distinguish between patients suffering
from NPC and patients suffering from other lysosomal
diseases (infantile neuronal ceroid lipofuscinosis (INCL),
GM-1 gangliosidosis, GM-2 gangliosidosis, and Gaucher
disease (GD)), where the plasma oxysterols showed normal
levels.

Lin et al. (2014) additionally demonstrated that 7-
ketocholesterol was not elevated in glycogen storage
disorder type II (GSDII), Krabbe disease (KD), metachro-
matic leukodystrophy (MLD), and mucopolysaccharidosis
type II (MPSII). A limitation in specificity of oxysterols as
biomarkers for NPC becomes evident in the elevation of 7-
ketocholesterol in the plasma of patients with a defect in the
acid sphingomyelinase (Niemann-Pick A/B). This might
also apply for plasma cholestane-3[3,50,6B-triol. It has been
shown for at least one NPB patient (SSIEM 2014 Annual
Symposium: Abstracts suppl: S150, 2014). In their publi-
cation, Lin et al. (2014) stated that cholestane-3f3,50,60-
triol was not detectable by ESI-MS due to the relatively low
ionization efficiency.

NPC2 patients usually present with early pulmonary
involvement and progression to severe respiratory disease.
Although minimizing diagnostic delay is an important factor
for all NPC patients, it is particularly critical for NPC2
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patients with severe lung problems, in whom immediate
causative treatment is of great importance. Indeed, in one
NPC2 patient, early bone marrow transplantation improved
the respiratory illness and the general developmental
outcome (Bonney et al. 2010; Breen et al. 2013).

In patient 1, metabolic workup was already done at 3
month of age, showing mildly elevated chitotriosidase
activity up to 117 nmol/ml/h (normal <100 nmol/ml/h)
suggesting a lysosomal storage disease. A subsequent
investigation for lysosomal diseases, such as Gaucher and
Niemann-Pick A/B, was done by enzymatic analyses,
showing negative results. Further testing for NPC was not
performed. If the oxysterols would have been tested at the
initial clinic suspicion, the diagnosis would have been
confirmed earlier, and further diagnostics would have been
spared (multiple genetic analysis, whole exome sequencing,
lung biopsy).

In patient 2 the prolonged neonatal cholestatic jaundice
together with a splenomegaly suggested an early neonatal
lysosomal disease. In the metabolic investigation protocol,
oxysterol analysis was recently included as it allows a rapid
screening of NPC. The diagnosis in patient 2 was puzzling
for the lack of inflammatory lung disease. Nevertheless,
oxysterol analysis established the correct diagnosis.

Other patients with the same mutation as patients 1 and
2 have been described before. One patient carrying the
homozygous p.E118X mutation also came from Germany
and showed a similar clinical phenotype (Schofer et al.
1998; Millat et al. 2001). An Algerian patient described by
Verot et al. (2007) with the same mutation as patient 2 did
not show a pronounced pulmonary involvement.

In all three patients, NPC2 mutations were deleterious,
leading to death in the first year of life, mainly due to
respiratory manifestations. Usually, NPC2 patients present
with a broad spectrum of clinical severity including
progressive neurological dysfunction (Millat et al. 2001;
Verot et al. 2007; Alavi et al. 2013; Kliinemann 2002).
However, in these cases, initial neurological symptoms
were unspecific and did not lead to NPC diagnosis. Since
systemic symptoms precede neurological signs, it is likely
that these patients did not live long enough to develop
characteristic neurological symptoms. These findings were
also mentioned by Millat et al. (2001), who described six
NPC2 patients having a short lifespan, 4 of those did not
show any neurological symptoms and died of respiratory
failure in the first year of life. Two other patients were
described who survived until 19 month and 4 years,
respectively. These two patients developed neurological
disease (Millat et al. 2001).

In conclusion, the measurement of oxysterols should be
well kept in mind in the differential diagnosis of
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lysosomal diseases. Our data confirm that the elevation of
oxysterols in plasma presents a valuable tool and may
speed up the diagnosis of NPC1 and NPC2. Early detection
of the NPC2 diagnosis is a significant step toward slowing
of disease progression and allows genetic counseling for the
family.
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