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Abstract

Niemann-Pick disease type C (NPC) is a neurodegenerative disease in which mutation of NPCZI or
NPCZ2 gene leads to lysosomal accumulation of unesterified cholesterol and sphingolipids.
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Diagnosis of NPC disease is challenging due to non-specific early symptoms. Biomarker and
genetic tests are used as first-line diagnostic tests for NPC. In this study, we developed a plasma
test based on N-(3p,5a,6p-trihydroxy-cholan-24-oyl)glycine (TCG) that was markedly increased
in the plasma of human NPCL1 subjects. The test showed sensitivity of 0.9945 and specificity of
0.9982 to differentiate individuals with NPC1 from NPC1 carriers and controls. Compared to other
commonly used biomarkers, cholestane-3p,5a.,6p-triol (C-triol) and N-palmitoyl-O-
phosphocholine (PPCS, also referred to as lysoSM-509), TCG was equally sensitive for
identifying NPC1 but more specific. Unlike C-triol and PPCS, TCG showed excellent stability and
no spurious generation of marker in the sample preparation or aging of samples. TCG was also
elevated in lysosomal acid lipase deficiency (LALD) and acid sphingomyelinase deficiency
(ASMD). Plasma TCG was significantly reduced after intravenous (1V) 2-hydroxypropyl-p-
cyclodextrin (HPBCD) treatment. These results demonstrate that plasma TCG was superior to C-
triol and PPCS as NPC1 diagnostic biomarker and was able to evaluate the peripheral treatment
efficacy of IV HPBCD treatment.

Keywords

Bile acid; N-(3p,5a,6p-trihydroxy-cholan-24-oyl)glycine; Niemann-Pick disease type C;
diagnosis; 2-hydroxypropyl-p-cyclodextrin; treatment assessment

INTRODUCTION

Niemann-Pick disease type C (NPC) is a rare neurovisceral lysosomal storage disorder
caused by defects in the cholesterol trafficking NPC1 (95% cases) (1) or NPC2 (5% cases)
(2) proteins, resulting in lysosomal accumulation of unesterified cholesterol and
sphingolipids (3). The varying onset and early non-specific symptoms of NPC disease
contribute to the difficulty in diagnosis of the disorder (4). The current diagnostic approach
includes both biomarker profiling and genetic analysis (5, 6). Filipin staining, the historical
gold standard assay for NPC diagnosis, is used to confirm a diagnosis in patients for whom
inconclusive genetic testing and blood biomarker results are obtained (6).

The most well validated NPC plasma diagnostic biomarkers include oxysterols (5, 7-22), N-
palmitoyl-O-phosphocholine (PPCS, also referred to as lysoSM-509) (21, 23-29), and bile
acids (30, 31). Clinically, oxysterols are the most widely used biomarkers for NPC
diagnostics (7, 8). The oxysterol biomarkers include cholestane-3p,5a,6p-triol (C-triol),
which has been shown by numerous major clinical laboratories to be a robust and sensitive
biomarker for NPC (5, 7, 9-15, 17-20, 22). PPCS was first reported by Rolfs group (23) and
used for NPC diagnosis even though its molecular identity was unknown (20, 21, 23-28).
Recently, the structure of this novel lipid was identified (32) and a clinical grade assay using
authentic standard compound was developed (29). Diagnostics based on (3p,5a.,6p-
trihydroxy-cholan-24-oyl)glycine (TCG), the most specific bile acid biomarker, has been in
the clinic for more than 3 years and a TCG-based newborn screening assay for NPC1 is
currently being piloted (30, 33). Here, we report the plasma TCG test for NPC1 diagnosis
and compare its sensitivity and specificity with C-triol and PPCS. We also utilized TCG to
assess treatment efficacy following interventions with miglustat or intrathecal (IT) (34-37)
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and intravenous (1V) (38, 39) 2-hydroxypropyl-p-cyclodextrin (HPBCD) administration to
treat central nervous system and visceral manifestations of the disease, respectively.

MATERIALS AND METHODS

Chemicals and reagents

The 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS) was obtained
from VWR (West Chester, PA). The sodium dodecyl sulfate (SDS), sodium hydroxide,
diethylamine, and hexafluoro-2-propanol were purchased from Sigma (St. Louis, MO). The
high performance liquid chromatography (HPLC) grade methanol and acetonitrile were
purchased from EMD Chemicals (Gibbstown, NJ). Milli-Q ultrapure water was prepared in-
house with a Milli-Q Integral Water Purification System (Billerica, MA). Pooled human
plasma was purchased from Biochemed (Winchester, VA).

Clinical studies

Human studies adhered to the principles of the Declaration of Helsinki, as well as to Title
45, US Code of Federal Regulations, Part 46, Protection of Human Subjects. Informed
consent was obtained from the participants or their guardians. Assent was obtained when
applicable. The clinical protocols were approved by the Institutional Review Boards of
NICHD/NIH, Rush University Medical Center (RUMC), Universitatsklinikum Minster,
Hospital de Clinicas de Porto Alegre, Centro Universitario Estacio de Ribeirdo Preto,
Washington University School of Medicine, Asante Pediatric Hematology and Oncology —
Medford, and Children’s Hospital of Orange County. All the clinical samples were de-
identified, and the analysis of de-identified human samples was approved by the Human
Studies Committee at Washington University.

Collection of plasma samples for diagnostic assay development

All plasma samples were collected in ethylenediamine tetraacetic acid dipotassium salt
containing tubes. The NPC1 and NPCL1 carrier plasma samples were collected from affected
and obligate heterozygote study participants, respectively, at NICHD/NIH, RUMC,
Universitatsklinikum Minster, and Centro Universitario Estécio de Ribeirdo Preto. The
longitudinal natural history study of NPC disease was conducted at NIH. NIH also provided
plasma samples from study participants with familial hypercholesterolemia (FH, mutations
in LDLR, APOB, and PCSK9genes), and Batten disease resulting from mutations in CLN3.
Hospital de Clinicas de Porto Alegre collected plasma samples from patients affected with
mucopolysaccharidosis (MPS) type | (mutations in /DUA gene), Il (mutations in /DS gene),
IHIA (mutations in SGSH gene), I1IB (mutations in MAGLU gene), 111C (mutations in
HGSNAT gene), IVA (mutations in GALNS gene), VI (mutations in ARSB gene), VII
(mutations in GUSB gene), GM1 gangliosidosis (GM1, mutations in GLBI gene), GM2
gangliosidosis (GM2) including Tay-Sachs (mutations in HEXA gene) and Sandhoff
(mutations in HEXB gene), Batten disease resulting from mutations in CLNZ and CLNZ2
genes, mucolipidosis (ML) type 1I/111 (mutations in GNPTAB gene), Fabry (mutations in
GLA gene), Krabbe (mutations in GALC gene), and Gaucher diseases (mutations in GBA
gene). Centro Universitario Estacio de Ribeirdo Preto also provided plasma samples from
individuals affected with acid-sphingomyelinase deficiency (ASMD, mutations in SMPD1
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gene), Wolman (mutations in L/PA gene), Tay-Sachs, cerebrotendinous xanthomathosis
(CTX, mutations in CYP27A1 gene), Fabry, and spastic paraplegia type 5 (SPG5, mutations
in CYP7B1 gene). Universitatsklinikum Minster collected plasma samples from individuals
affected with ASMD and cholesteryl ester storage disease (CESD, mutations in L/PA gene),
and ASMD carriers. Residual de-identified plasma samples were obtained from the
Washington University Metabolomics Core. Age appropriate control plasma samples were
obtained from anonymized residual samples at St. Louis Children’s Hospital.

Collection of plasma samples from IT HPBCD treatment of NPC disease

The Phase 1/2a open-label, dose-escalation study of monthly intrathecal doses of 50 - 1200
mg of HPBCD was performed at NIH and open-label expanded access protocol with every
two weekly intrathecal doses of 200-1200 mg HPBCD was performed at RUMC, and the
detailed protocols were described in recent papers (35, 37). The patients CDA101 - 114 have
received 11 - 29 infusions at monthly visits to NIH, and the patients Rush001 - 004 have
received 5 - 39 infusions at biweekly visits to RUMC. The dosing diagram is given in the
Figure 1. The plasma samples were collected from prior to the timed doses. The samples
collected at baseline visit were pre-treatment samples.

Collection of plasma samples from IV HPBCD treatment of NPC disease

Under FDA-approved individual patient investigational new drug applications, two female
NPC1 patients (patients 1 and 2) and a male NPC1 patient started IV HPBCD at 21 months,
10 years, and 13 years old, respectively. The doses for patients 1, 2, and 3 were 500, 2000,
and 2000 mg/kg/week, respectively. The plasma samples were collected before
administration of HPBCD from patient 1 at Children’s Hospital of Orange County, and from
patients 2 and 3 at Asante Pediatric Hematology and Oncology - Medford.

Stock solution preparation

All the stock solutions (1 mg/mL) were prepared in acetonitrile-water (1:1). The internal
standard working solution for human plasma (20 ng/mL of [13C,, 1°N]-TCG) was prepared
in water containing SDS (1%) and sodium hydroxide (1M).

Standard curves

Because of the presence of endogenous TCG in plasma, 2% CHAPS aqueous solution was
used to prepare the calibration standards. Calibration curves were prepared by spiking TCG
stock solution into 2% CHAPS solution, and preparing serial dilutions that yielded eight-
point calibration standards for human plasma (1 - 1000 ng/mL of TCG). 2% CHAPS
solution served as blank. The same calibration standards in human plasma were also
prepared and used to assess responsiveness in different matrixes, which was evaluated by
parallelism between standard curves prepared in biological matrix (human plasma) and
surrogate matrix (2% CHAPS solution).

Quality control samples

The quality control (QC) samples were prepared by spiking TCG into pooled control human
plasma, of which the mean concentration (n = 12) of endogenous TCG was determined by
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the LC-MS/MS method. The pooled control human plasma was served as lower limit QC
(LLQC), as endogenous TCG level (1.67 ng/mL) was close to lower limit of quantification
(LLOQ, 1 ng/mL). The low (LQC, endogenous level + 10 ng/mL), middle (MQC,
endogenous level + 400 ng/mL), high (HQC, endogenous level + 800 ng/mL), dilution
(DQC, endogenous level + 1600 ng/mL) quality control samples were prepared for human
plasma. The LLOQ samples for plasma (1 ng/mL) was prepared in 2% CHAPS solution.
TCG concentrations in DQC samplers were higher than the upper limit of quantification
(ULOQ: 1000 ng/mL). DQC samples were diluted 1:4 with 2% CHAPS solution, prior to
extraction.

Effect of hemolysis

To evaluate the effect of hemolysis, the hemolyzed plasma with hemoglobin concentrations
(0, 200, 400, 600, 800 mg/dL) was prepared by mixing a second lot of control plasma with
lysed human red blood cells. The hemolyzed LQC (H-LQC, endogenous level + 1 ng/mL)
and HQC (H-HQC, endogenous level + 80 ng/mL) samples were prepared in hemolyzed
plasma.

Sample preparation

Standards, QCs, blank, and study samples (50 pL) were aliquoted into 96-well (1 mL/well)
plate (Analytical Sales and Services, Flanders, NJ). Internal standard working solution (50
uL) was added except that aqueous 1% SDS (1%) and sodium hydroxide (1M) (50 uL)
solution was used for a blank, followed by addition of acetonitrile (300 pL). The samples
were vortexed for approximately 3 minutes and then centrifuged at 3,750 rpm for 10
minutes. Supernatants (300 uL) were transferred to a new 96-well (1 mL/well) plate, dried
with nitrogen flow at 50 °C, and reconstituted in water (150 pL).

LC-MS/MS analysis

LC-MS/MS analysis was conducted on a Shimadzu (Columbia, MD) Prominence HPLC
system coupled with an Applied Biosystems/MDS Sciex (Ontario, Canada) 4000QTRAP
mass spectrometer using positive multiple reaction monitoring (MRM). The ESI source
temperature was 550 °C; the ESI needle was —4500 V; the declustering potential was - 140
V; the entrance potential and the collision cell exit potential were =10 and -11 V,
respectively. The collision and curtain gas were set at medium and 20, respectively. The
desolvation gas and nebulizing gas were set at 60 and 30, respectively. For MRM, the
collision energies for mass transitions of both 7/2464.3 to 74 (TCG) and m/z467.3 to 77
([*3C,, 15N]-TCG) was —72 eV. The dwell time was set at 200 and 50 ms for TCG and
[13C,, 15N]-TCG), respectively.

The HPLC system consists of Prominence HPLC system with a CBM-20A system
controller, 2 LC-20AD pumps, a SIL-20ACHT autosampler, and a DGU-20A5R degasser.
The chromatography was performed at ambient temperature using ACE Excel 3 Super C18
(4.6 x 100 mm, 3 um, MAC-MOD Analytical, Chadds Ford, PA) protected with a Gemini
C18 Securityguard™ column (4 x 3.0 mm, Phenomenex, Torrance, CA). The compartment
of the autosampler was set at 4 °C. The mobile phases A (2.9 mM diethylamine and 20 mM
hexafluoro-2-propanol in water) and B (acetonitrile-methanol (1:4)) were used in the
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gradient elution. The gradient elution at a flow rate of 1 ml/min was started at 45% B,
linearly increased from 45% to 55% in 3.5 min, and then increased from 55% to 100% in 0.1
min, where it was held for 1.4 min. The gradient was then returned to initial conditions in
0.1 min, where it was held for 1.9 min before the next injection, for a total run time of 7 min.
The LC flow was diverted to waste except for 3.5 —4.5 min to mass spectrometer. Injection
volume was 20 pL. Data were acquired and analyzed by Analyst software (version 1.5.2).
Calibration curves were constructed by plotting the corresponding peak area ratios of
analyte/intemal standard versus the corresponding analyte concentrations using weighted
(1/x2) least squares regression analysis.

Validation of linearity, precision and accuracy

The linearity, precision and accuracy of assay were evaluated over three analytical runs (40).
In the validation analytical run, a set of samples that were analyzed in one batch, including
calibration standards in duplicate, a blank, a blank with internal standard, and QC samples.
This set of samples were prepared and analyzed in three different batches. The replication
was the repeated preparation and analysis of the same sample. The linearity response of
TCG was assessed over 1 - 1000 ng/mL. The precision and accuracy of the assay were
determined for TCG in plasma at LLOQ, LLQC, LQC, MQC and HQC levels. For each QC
concentration, analysis was performed in six replicates on each day except for DQCs for
which three replicates were prepared in the first batch. H-LQC and H-HQC samples were
analyzed in three replicates. Accuracy and precision were denoted by percent relative error
(%RE) and percent coefficient of variance (%CV), respectively. The accuracy and precision
were required to be within + 15% RE of the nominal concentration and <15% CV,
respectively, for LLQC, LQC, MQC, HQC, DQC, H-LQC, and H-HQC samples. The
accuracy and precision were required to be within = 20% RE of the nominal concentration
and <20% CV for LLOQ samples in the intra-batch and inter-batch assays.

Sample stability

The long-term storage, freeze/thaw stabilities, and stabilities on the bench-top and in the
autosampler were determined at the LQC and HQC concentration levels (n = 3). Long-term
storage stability of TCG in plasma was tested up to 448 days upon storage at —80 °C. Bench-
top stability was evaluated from plasma that was kept on lab bench at room temperature for
24 hours before sample extraction. Freeze/thaw stability was tested by freezing the plasma
samples at —80 °C overnight, followed by thawing to room temperature the next day. This
process was repeated five times. In the autosampler, stability at 4 °C was tested over 4 days
by injecting the first batch of the validation samples. The whole blood stability was tested by
analysis of a whole blood from a control subject after storage at 4 °C and room temperature
for 18 hours. Stock solution stability was established by quantification of samples from
dilution of two stock solutions that were stored at =20 °C for 448 days and at room
temperature on the bench for 24 hours, respectively, to the final solution (1000 ng/mL in
acetonitrile-water (1:1)). A fresh standard curve was established each time.

Analysis of human plasma samples

Samples consisted of calibration standards in duplicate, a blank, a blank with internal
standard, QC samples (LQC, MQC and HQC), and unknown clinical samples were
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analyzed. The standard curve covered the expected unknown sample concentration range,
and samples that exceeded the highest standard were diluted and re-assayed. In the dilution
sample re-assay, a diluted QC in triplicate would be also included in the analytical run. The
results of the QC samples provided the basis of accepting or rejecting the run according to
FDA guidelines (40). The endogenous TCG levels below the LLOQ (1 ng/mL) were
reported as “< 1 ng/mL”.

For group comparisons, and the statistical significance of differences in mean values was
determined by a two-tailed Student’s t test and one-way ANOVA test with Dunnett test as
follow-up test. The correlations were performed using Pearson and Spearman correlations as
appropriate. A p value of 0.05 or less was considered significant.

LC-MS/MS method development

The second-tier LC-MS/MS method developed in NPC newborn screening was used for
plasma TCG diagnostic assay, in which all the interferences in plasma to TCG can be
baseline separated (30). Similar to NPC newborn screening assay, the protein precipitation
with acetonitrile under basic condition was used to extract TCG from plasma. TCG was
stable under basic condition.

Although umbilical cord blood plasma from many normal donors contain undetectable TCG
and can serve as an ideal matrix for standard curve, we used inexpensive 2% CHAPS
solution as surrogate matrix for standard curve. A surrogate matrix should be free of TCG
and interferences, and the TCG should be stable in surrogate matrix. More importantly,
responsiveness of TCG in surrogate matrix should be same as in plasma, which was
demonstrated by parallelism of standard curves prepared in surrogate matrix and plasma
(vide infra). The 2% CHAPS met above requirements and was chosen as surrogate matrix.

LC-MS/MS method validation

The bioanalytical method validation was conducted according to general procedures and
criteria (40), and the following parameters were evaluated: recovery, matrix effect,
parallelism of standard curves prepared in surrogate and authentic matrices, selectivity,
sensitivity, accuracy, precision, linearity of the calibration curve, reproducibility of intra- and
inter-assay, dilution integrity, stability at various conditions, and effect of hemolysis.

Extraction efficiency and matrix effects—To evaluate the recoveries of TCG from
human plasma and surrogate standard curve matrix (2% CHAPS), signals of [13C,, 15N]-
TCG from pre-extraction spiked samples were compared to those of post-extraction spiked
samples. The [13C,, 15N]-TCG is a stable isotope-labeled analog of TCG. Both [13C,, 15N]-
TCG and TCG have same physicochemical properties including extraction recovery. The
recoveries of TCG from human plasma and 2% CHAPS were 109% and 101%, respectively.
The matrix factors (41) for TCG were assessed by comparing the peak response of the [13C,,
15N]-TCG from post-extraction spiked samples to equivalent pure compound solutions in
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acetonitrile-water (1:1). Matrix factors were 1.02 in both human plasma and 2% CHAPS,
suggesting that there are no significant matrix effects for TCG in these matrices.

Parallelism of standard curves in surrogate and authentic matrices—To apply
standard curve in surrogate matrix, it is essential to establish parallelism between surrogate
and authentic matrix standard curves. The standard curve prepared in human plasma were
parallel to that prepared in 2% CHAPS solution, and the differences in slopes of the standard
curves in surrogate and authentic matrices was less than 5%. The result suggested that the
same responsiveness of TCG in different matrices was observed, and calibration curve
prepared in 2% CHAPS was suitable for analysis of plasma samples.

To ascertain the method selectivity, blank (2% CHAPS solution) with and without internal
standard and human plasma samples from six subjects including control and NPC subjects
were analyzed. As shown in Figure 2A, no interfering peaks to analyte and internal standard
from blanks were observed. There are no interfering peaks to analyte from blank with
internal standard (Figure 2B). In the highest calibrator (ULOQ, 1000 ng/mL) without
internal standards, there are no interfering peaks to internal standard (data not shown).
Plasma without internal standard used in the validation showed no interference peaks at the
retention time of internal standard (Figure 2C). Control plasma contained low level of TCG
(Figure 2D), whereas in NPC1 plasma very high level of TCG was present (Figure 2E).

The LLOQ for TCG was prepared in 2% CHAPS solution at 1 ng/mL. The LLOQ samples
were processed and analyzed with a calibration curve and QC samples (Table 1). The intra-
run accuracy and precision were —5.0 — —2.8% RE and 5.7 — 7.7% CV, respectively. The
inter-run accuracy and precision were —3.7% RE and 6.4% CV, respectively. A typical MRM
chromatogram at the LLOQ concentration is shown in Figure 2F.

Accuracy and precision

Stability

The accuracy and precision of the method were assessed by analyzing QC samples along
with a calibration curve on three different days. In each run, for the calibration standards
ranging from 1 to 1000 ng/mL, the deviations of the back-calculated concentrations from
their nominal values were within £15.0%. The intra-assay %CV, based on five levels of
analytical QCs (LLQC, LQC, MQC, HQC, and DQC), was within 5.7%; the inter-assay
precision (%CV) was within 5.0%, and the intra- and inter-assay accuracy were within
+5.2%RE and +3.6%RE, respectively (Table 1).

Stability of the TCG in the human plasma was evaluated under a variety of conditions to
establish length of storage and sample processing conditions. The bench-top stability study
showed that the TCG was stable in human plasma for 5 days at room temperature and 37 °C.
The stability of TCG was determined to be acceptable in human plasma following five
freeze-thaw cycles. For processed samples (autosampler stability), the TCG were stable for 3
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days at 4 °C. The TCG was determined to be stable for 448 days at —80 °C in human
plasma. The TCG in whole blood was stable at 4 °C and room temperature for 18 hours.

The TCG in standard curve matrix was stable for 24 hours at room temperature and for 448
days at —80 °C. In stock solution, TCG was stable for 24 hours at room temperature and for
90 days at —20 °C.

Carryover and run size evaluation

To evaluate carryover, a blank sample was immediately injected following the highest
standard (1000 ng/mL TCG). No carryover was observed in the regions of interest. The
assay was validated to successfully analyze batch size of 226 samples and all the QC
samples met accuracy and precision requirements.

Effect of hemolysis

The hemolyzed plasma with hemoglobin up to 800 mg/dL did not have negative effect on
accuracy.

Establishment of cut-off value for diagnosis

We used the validated plasma TCG assay to establish the cut-off value for NPC1 diagnosis.
Plasma samples from 183 previously diagnosed NPC1 subjects, 52 obligate NPC1 carriers,
and 130 non-NPC1 control subjects were analyzed. The reference ranges for NPC1, NPC1
carrier, and control subjects were 10.1 - 897 ng/mL, <1-43.3 ng/,and <1 - 6.8 ng/mL,
respectively (Figure 3A). Receiver-operator curve (ROC) analysis demonstrated that the area
under the curve for TCG is 0.9999. The assay with cutoff value of 18.5 ng/mL has
sensitivity of 0.9945 and specificity of 0.9982 (Figure 3B). Only one neurologically
asymptomatic adult who is a presumptive NPC1 subject that carries a high frequency variant
(c.665A>C, p.N222S) (42) showed TCG level below the cutoff.

To assess specificity of the assay, we examined patient samples from other genetic disorders,
including Fabry, FH, Gaucher, Krabbe, CTX, GM1, GM2, SPG5, MPS |, 11, 1A, I1IB, HIC,
IVA, VI, VII, Batten, ML 11I/111, lysosomal acid lipase deficiency (LALD) including CESD
and Wolman, ASMD, and ASMD carriers. TCG in ASMD, CESD and Wolman disease was
above the cutoff (18.5 ng/mL) for NPC1 disease (Figure 3C and D). In the NPC1 natural
history study, longitudinal samples were collected from 11 participants over 9 - 48 months
of study period. The TCG levels in 91% of participants during study were quite steady
(%CV < 33%) (Figure 3E). The mean plasma TCG level for female NPC1 subjects was 31%
lower than male subjects (P< 0.01) (Figure 3F), similar to dried blood spot TCG level (30).
The plasma TCG levels were not significantly correlated with NPC neurological disease
severity scores (43) (r = 0.1474, p = 0.9216) (Figure 3G) or NPC neurological annual
severity increment scores (44) (r =0.0701, p = 0.8414) (Figure 3H).

Comparison of TCG with C-triol and PPCS in diagnosis of NPC1 disease

We have developed diagnostic tests for NPC1 disease based on plasma C-triol (7), PPCS
(29), and TCG, and used these tests in clinical diagnosis. There were significant correlations
between the bile acid and C-triol (r = 0.64, p < 0.0001) (Figure 4A) and between the bile
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acid and PPCS (r = 0.55, p < 0.0001) (Figure 4B). Here we compare their performances in
diagnosis of 301 consecutive, unknown patients for samples submitted to the Washington
University Metabolomics Core from 2016 to 2020. All the NPC1 patients were successfully
identified by these biomarkers. C-triol (Figure 4C), PPCS (Figure 4D), TCG (Figure 4D)
misdiagnosed 11, 4, and 1 non-NPC1 subjects, respectively, in which diagnosis of NPC was
excluded by genetic testing in 8 subjects. These results indicated that these three biomarkers
were equally sensitive in detection of NPC1 patients, but that TCG was more specific.

Application of TCG to assessment of treatment with miglustat in NPC1 disease

Miglustat, an inhibitor of glycosylceramide syhthesis, is used off-label to treat patients with
NPC. Pre- and post-miglustat treatment plasma samples were collected from 9 NPC1
participants who were followed in the NPC history study, thus providing an opportunity to
examine the effect of miglustat on the plasma TCG levels. The participants were treated with
200 mg miglustat three times a day adjusted for body surface area in children [(body surface
area/1.8) x 600] (45). No significant differences were found in plasma TCG between pre-
and post-treatment (Figure 5A), and the plasma TCG levels are 9-fold above the NPC1
cutoff (Figure 5B).

Application of TCG to assessment of treatment with HPBCD in NPC1 disease

Systemic and intrathecal (I1T) administrations of HPBCD to NPC1 mouse (46-48) and cat
(49) models, respectively, ameliorated neurological symptoms and prolonged life, leading to
expanded access use in NPC1 patients. IT HPBCD treatment in NPC1 subjects slowed the
neurological disease progression (34, 35, 37), and IV treatment improved the liver disease
(38, 39). We evaluated the responses of plasma TCG to IT and IV HPBCD treatment in
NPC1 patients. The plasma TCG levels in 18 NPC1 participants showed large variations
during the Phase 1/2a trial of IT HPBCD (Figure 6A - C), and an average of 15% decrease of
TCG was observed at the end of trial (P < 0.05) (Figure 6D), though TCG levels in all the
participants were still at least 2.3-fold above the NPC1 cutoff at the last visit (Figure 6E). IV
HPBCD treatment led to more than 60% reduction of plasma TCG in patients 1 and 2 whose
levels were within normal range, and 56% reduction in patient 3 (Figure 6F). These results
suggest that plasma TCG primarily reflects peripheral disease and is a suitable
pharmacodynamic/response biomarker for IV HPBCD treatment.

DISCUSSION

Diagnosis of NPC is challenging because of the non-specific early symptoms and wide
range of age of onset of clinical disease (3). Both biomarker profiling and gene testing are
included as first-line diagnostic tests to identify NPC (4, 22, 50). A variety of biomarkers
with diagnostic potential have been reported (4, 51), including plasma C-triol (5, 7, 9-15,
17-20), 7-ketocholesterol (7, 8, 16), PPCS (20, 21, 23-29), lysosphingomyelin (25, 26, 52),
dried blood spot TCG (30, 31), urine di-22:6-bis(monoacylglycerol)phosphate (53), and
urine 3p-sulfooxy-7p-hydroxy-5-cholenoic acid (28, 54, 55). Among these, plasma C-triol
(7, 13, 14), 7-ketocholesterol (7, 14), PPCS (23, 29), and dried blood spot TCG (30) were
studied extensively and showed high sensitivity and varying specificity to differentiate NPC1
from NPC1 carriers and controls. In this study, we developed a plasma TCG diagnostic
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assay that also showed high sensitivity to discriminate NPC1 from NPCL1 carriers and
controls. C-triol and 7-ketocholesterol are the first NPC diagnostic biomarkers that have
been most widely used. C-triol is superior to 7-ketocholesterol due to higher specificity (9,
11, 22) and has been recommended as first line NPC diagnostic biomarker (4, 22, 50). C-
triol was found to be elevated in other genetic disorders including ASMD, CTX, and LALD
(10, 11, 14, 22); TCG is elevated in ASMD and LALD; and PPCS is only increased in
ASMD (25, 26, 29). Study of TCG, C-triol, and PPCS for diagnosis of NPC1 from unknown
patients showed that they were equally sensitive, and TCG was the most specific. This is in
agreement with their specificity of 0.9982, 0.8857 (14, 23), and 0.9663 (29) to distinguish
NPC1 from NPC1 carriers and controls, respectively. Compared to C-triol and PPCS, TCG
showed remarkable stability in plasma. C-triol was elevated due to autooxidation of
cholesterol when the plasma sample was stored at room temperature for more than 24 hours
(7, 13), and PPCS was artifictually produced when plasma was dried on hewborn screening
card (29). TCG was stable in plasma at room temperature and even 37 °C for 5 days,
suggesting that the shipment of plasma sample for TCG assay with dry ice during mild
weather is not necessary. Derivatization of C-triol was required to achieve enough
sensitivity, and we found that C-triol was artifictually generated during the derivatization
when cholesterol and 5,6-epoxycholesterol were not completely removed. The TCG assay is
easier to set up than C-triol assay in a clinical lab, as TCG can be easily detected without
derivatization. These technical advantages of TCG allowed us to measure TCG more
accurate than C-triol, which is important to diagnose patients with marker marginally close
to cutoff. Based on these results, we expect that TCG will replace C-triol as first line NPC
diagnostic biomarker in the future. C-triol is generated from oxidation of cholesterol due to
oxidative stress in NPC disease (8), which is further metabolized to TCG (30). C-triol was
able to identify NPC2 patients (15) (18), suggesting TCG may also be able to diagnose
NPC2, though this was not explored in the current study. PPCS represents a novel class of
lipids that are generated through an unknown metabolic pathway. Application of TCG and
PPCS should provide complementary results to enhance the NPC diagnosis.

The deficiency of NPC1 protein results in accumulation of unesterified cholesterol in
lysosomes leading to progressive neurodegeneration and liver disease in early life. Although
the cholestatic liver disease in many NPC infants resolves without intervention, the sub-
clinical liver disease such as hepatomegaly often remains for a variable period of time (3),
and the liver disease of NPC can develop into hepatocellular carcinoma (56-58). Cholesterol
is markedly elevated in livers of NPC animal models (49, 59, 60) and patients (61). The
oxidative stress (62-64) in NPC disease leads to oxidization of trapped cholesterol to 5,6-
epoxycholesterol that is further hydrolyzed under acidic condition in lysosomes (65) to C-
triol (17), which is further metabolized to TCG in liver (30). These biomarkers are
principally generated in the liver and can serve as biomarkers to monitor oxidizable pools of
cholesterol in that tissue. Systemic administration of HPBPD to NPC1 mice (46-48, 66) and
cat (49) models has been shown to mobilize trapped cholesterol from lysosomes and
normalize cholesterol levels in the liver. The administration of IV HPBCD showed benefits
such as improved hepatomegaly and transaminase levels in NPC1 patients (38, 39). In line
with treatment benefits, we observed significant reduction of plasma C-triol (67) and TCG
levels in NPCL1 participants after IV HPBCD treatment. A limitation of current study is that
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no liver disease data were collected. An IV HPBCD clinical trial showed that reduction of
TCG was correlated with reductions of alanine transaminase and aspartate aminotransferase
levels, direct bilirubin, and total bilirubin, and the results were submitted for publication in a
separated paper. By contrast, the low doses (50 — 200 mg) of HPBCD used in IT treatment
(35, 37), compared to IV doses (500 - 2000 mg/kg), did not reach sufficient blood
concentrations to effectively reduce cholesterol levels in the liver in most of the participants,
leading to modest responses of TCG to treatment. Miglustat, an inhibitor of
glycosphingolipid biosysnthesis, neither reduces lysosomal accumulation of cholesterol (68)
nor ameliorates oxidative stress (64), and treatment with this drug had no significant effect
on the plasma TCG.

In summary, we developed a LC-MS/MS diagnostic assay based on plasma TCG with
sensitivity of 0.9945 and specificity of 0.9982 to differentiate NPC1 from NPC1 carriers and
controls. Compared to other commonly used NPC1 biomarkers, C-triol and PPCS, TCG was
equally sensitive but more specific. We expect that TCG will replace C-triol as the first line
diagnostic biomarker for NPC disease. TCG may also be used to identify LALD and
ASMD. We further found that TCG also can be used to monitor reduction of cholesterol
storage in liver lysosomes following administration of 1V HPBCD.
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ASMD acid-sphingomyelinase deficiency

CESD cholesteryl ester storage disease

CHAPS 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate
C-triol cholestane-3,5a,63-triol

CTX cerebrotendineous xanthomathosis

%CV percent coefficient of variance

DQC dilution quality control

FH familial hypercholesterolemia
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GM1
GM2
H-HQC
HILIC
H-LQC
HPBCD

HPLC

LALD
LC-MS/MS
LLOQ
LLQC
LQC

ML

MPS
MQC
MRM
NPC
PPCS

QC

%RE
ROC
RUMC
SD

SDS
SPG5

TCG

GM1 gangliosidosis

GM2 gangliosidosis

hemolyzed high quality control
hydrophilic interaction chromatography
hemolyzed low quality control
2-hydroxypropyl-p-cyclodextrin

high performance liquid chromatography
high quality control

intrathecal

intravenous

lysosomal acid lipase deficiency

liquid chromatography-tandem mass spectrometry
lower limit of quantification

lower limit quality control

low quality control

mucolipidosis

mucopolysaccharidosis

middle quality control

multiple reaction monitoring
Niemann-Pick type C
N-palmitoyl-O-phosphocholineserine
quality control

percent relative error

receiver-operator characteristic

Rush University Medical Center
standard deviation

sodium dodecyl sulfate

spastic paraplegia type 5

(3B,5a,6p-trihydroxy-cholan-24-oyl)glycine
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ULOQ upper limit of quantification
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Figure 1.
HPBCD dosing for participants visited NIH and RUMC. The participants CDA101 — 114

received monthly doses at NIH, and the participants Rush001 — 004 received biweekly doses
at RUMC. The treatment visits with missed doses are shown in the blank cells, and no
plasma samples were drawn.
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Figure 2.

LC-MS/MS chromatograms for TCG. Chromatograms of TCG and internal standard in
blank (A), internal standard in blank (B), TCG in control plasma without internal standard
(C), TCG in control plasma with internal standard (D), TCG in NPC1 plasma with internal
standard (E), and TCG in LLOQ (F). TCG (m/z 464—74) are shown in blue and internal
standards (m/z 467—77) in red, and their retention times are 4.0 min.
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Figure 3.
Plasma TCG in patients affected with genetic diseases. (A) TCG in plasma samples from

NPC1 affected (n = 183), NPC1 heterozygous (n = 53), and control (n = 130) subjects. Data
are presented as mean + standard deviation (SD). P < 0.0001 for NPC1 versus for
heterozygotes and controls. (B) ROC curve demonstrates 0.9999 area under the curve for
TCG. A cut-off value of 18.5 ng/mL yields a sensitivity of 0.9945 and specificity of 0.9982
to discriminate NPC1 affected individuals from controls and NPC1 heterozygotes. (C) TCG
in plasma samples from patients with Fabry (n = 12), FH (n = 4), Gaucher (n = 2), Krabbe (n
=2),CTX (n=2), GM1 (n = 1), GM2 including Tay-Sachs (black, n = 3) and Sandhoff (red,
n = 2) diseases, and SPG5 (n = 1). Data are presented as mean + SD. (D) TCG in plasma
samples from patients with MPS | (black, n = 2), Il (brown, n = 2), Il1lA (orange, n = 2), l1IB
(red, n=2), IHIC (green, n = 2), IVA (pink, n = 2), VI (purple, n =2), VII (blue, n =2), Batten
(CLNZ, red, n=1; CLN2, pink, n = 1; CNL3, black, n = 20), MLII/lll (h =2), CESD (n =
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1), Wolman (n = 1), ASMD (n = 11) diseases, and ASMD carriers (n = 3). Data are
presented as mean + SD. (E) TCG in the plasmas collected from the NPC1 natural history
study. The plasma samples were collected during 9 — 53 months study period. Data are
presented as mean + SD for each subject over the length of time in the natural history study.
The age at enrollment (years) and number of samples collected during the study are given in
parentheses. (F) Comparison of plasma TCG levels in male (n = 69) and female (n = 66)
NPC1 patients. Data are presented as mean + SD. P < 0.05 for male versus female. (G)
Correlation of plasma TCG levels with NPC neurological disease severity scores. (H)
Correlation of plasma TCG levels with NPC annual severity increment scores.
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Figure 4.
Application of TCG and other NPC1 biomarkers to diagnose NPC1. (A) Correlation of

plasma TCG levels with C-triol levels. (B) Correlation of plasma TCG levels with PPCS
levels. (C) Comparison of diagnosis of NPC1 from unknown patients with TCG and C-triol.
(D) Comparison of diagnosis of NPC1 from unknown patients with TCG and PPCS. The
patient population are same in (C) and (D) except for the patient that was misdiagnosed by
TCG, and this patient was diagnosed with PPCS and TCG only. TCG/C-triol (C) and TCG/
PPCS levels (D) of each patient are plotted, and the patient was diagnosed as NPC1 when
the biomarker was above the cutoff. The true NPC1, misdiagnosed non-NPC1, non-NPC1
are shown in red, blue, and green, respectively.
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Figure 5.
Response of plasma TCG levels to miglustat treatment in NPC1 study participants. (A) Data

are presented as percentage change of plasma TCG levels in post-treatment versus pre-
treatment. P > 0.05 no significant. (B) TCG concentration in plasma samples collected from
NPC1 study participants at pre- and post-treatments.
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Last visit

Time (months)

Response of plasma TCG levels to HPBCD treatment in NPC1 study participants. (A - C)
Percentage change of plasma TCG in NPCL1 study participants receiving IT HPBCD
treatment at each treatment visit versus baseline visit. The samples from Rush002 were not
collected at visits 24 - 34. (D) Percentage change of plasma TCG in NPC1 study participants
receiving IT HPBCD treatment at the last visit versus baseline visit. P < 0.05 for average of
15% decrease of TCG. (E) Plasma TCG concentrations in NPC1 study participants at the
baseline and last visits of IT HPBCD treatment. (F) Response of plasma TCG concentration
to weekly 1V HPBCD treatment. The pre-treatment, treatment, and post-treatment time

points are shown at negative, 0, and positive months, respectively.
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Table 1.

Accuracy and precision statistics for TCG in human plasma

QC Level LLOQ | LLQC LQC MQC HQC DQC
Run 16 Cor’:‘c‘;’;‘tir”;'i on 1 165 | 117 402 802 1600
Intra-run mean 0.97 1.64 12.22 405.67 786.33 | 1590.00
Intra-run SD 0.0640 | 0.0735 | 0.6432 | 10.0731 | 12.6912 | 43.5890
1 Intra-run %CV 6.59 4.48 5.26 2.48 1.61 2.74
Intra-run %RE -2.82 -0.61 4.42 0.91 -1.95 -0.63
n 6 6 6 6 6 3
Intra-run mean 0.95 1.72 12.02 397.67 783.33
Intra-run SD 0.0541 | 0.0485 | 0.2137 8.5479 13.4263
2 Intra-run %CV 5.69 2.83 1.78 2.15 171
Intra-run %RE -4.98 3.94 2.71 -1.08 -2.33
n 6 6 6 6 6
Intra-run mean 0.97 1.74 12.12 397.00 781.33
Intra-run SD 0.0747 | 0.0983 | 0.3869 | 7.0143 | 13.0792
3 Intra-run %CV 7.72 5.67 3.19 177 1.67
Intra-run %RE -3.23 5.15 3.56 -1.24 -2.58
n 6 6 6 6 6
Inter-run mean 0.96 1.68 12.12 400.11 783.67
Inter-run SD 0.0616 | 0.0845 | 0.4315 | 9.0676 | 12.4570
Inter-run %CV 6.40 5.02 3.56 2.27 1.59
Inter-run %RE -3.68 1.97 3.56 -0.47 -2.29
n 18 18 18 18 18
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