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Abstract Lysosomal function is impaired in
Niemann-Pick disease type Cl (NPCl), a rare and
inherited neurodegenerative disorder, resulting in
late endosomal/lysosomal accumulation of unesteri-
fied cholesterol. The precise pathogenic mechanism
of NPCIl remains incompletely understood. In this
study, we employed metabolomics to uncover sec-
ondary accumulated substances in NPCIl. Our find-
ings unveiled a substantial elevation in the levels of
three alkyl-lysophosphatidylcholine [alkyl-LPC, also
known as lyso-platelet activating factor (PAF)] species
in NPCI1 compared to controls across various tissues,
including brain tissue from individuals with NPCl,
liver, spleen, cerebrum, cerebellum, and brain stem
from NPCIl mice, as well as in both brain and liver
tissue from NPCI cats. The three elevated alkyl-LPC
species were as follows: LPC O-16:0, LPC O-18:1, and
LPC O-18:0. However, the levels of PAF 16:0, PAF 18:1,
and PAF 18:0 were not altered in NPCIL. In the NPCl
feline model, the brain and liver alkyl-LPC levels
were reduced following 2-hydroxypropyl-f-cyclo-
dextrin (HPPCD) treatment, suggesting that alkyl-
LPCs are secondary storage metabolites in NPCl dis-
ease. Unexpectedly, cerebrospinal fluid (CSF) levels
of LPC O-16:0 and LPC O-18:1 were decreased in in-
dividuals with NPCl compared to age-appropriate
comparison samples, and their levels were increased
in 80% of participants 2 years after intrathecal HPRCD
treatment. The fold increases in CSF LPC O-16:0 and
LPC O-18:1 levels were more pronounced in re-
sponders compared to nonresponders. Bl This study
identified alkyl-LPC species as secondary storage
metabolites in NPCI and indicates that LPC O-16:0 and
LPC O-181, in particular, could serve as potential
biomarkers for tracking treatment response in NPCl
patients.
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Niemann-Pick disease type C (NPC) is a rare and
inherited metabolic disorder characterized by progres-
sive neurodegeneration (1). More than 95% of cases are
caused by pathological variants in the NPCI, which en-
codes the NPCI1 protein that plays a key role in egress of
cholesterol from the lysosome (2). Individuals affected
with NPCI disease have impaired lysosomal function.
Unesterified cholesterol accumulates within late endo-
somes/lysosomes and is accompanied by secondary
storage of other lipids (3, 4), principally within liver,
spleen and brain tissues (5). This lipid storage results
in disease of variable onset, including hep-
atosplenomegaly, prolonged neonatal cholestatic jaun-
dice, and progressive neurological symptoms such as
difficulty in coordinating movements, seizures, and
cognitive decline (6, 7). In liver and spleen tissues, in
addition to unesterified cholesterol (8, 9), there is
accumulation of sphingomyelin (8-10), bis(monoacyl-
glycerol) phosphate (8), glucosylceramide (8-10), lacto-
sylceramide (8-11), gangliosides GM2 and GM3 (8-11),
sphingosine (9-12), and sphinganine. The triacylglycerol
level was found to increase in liver tissues (13). In brain
tissue, cholesterol similarly accumulates in the late
endosomal/lysosomal compartment of NPCI neuronal
cells, though its overall level is not increased (4). There
are, however, significant secondary increases in glyco-
sphingolipids, including gangliosides GM2 and GM3 (4,
9-11), lactosylceramide (4, 9-11), and glucosylceramide
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(4, 9, 10). Sphingoid bases such as sphingosine (9-11) and
sphinganine (9, 10) also show moderate elevations. In
both liver and brain, there is a significant increase in
N-palmitoyl-O-phosphocholineserine, which is the most
abundant species among a class of lipids known as
N-acyl-O-phosphocholineserines (14).

Three drugs that target different aspects of NPCI dis-
ease pathology have completed phase 3 clinical trials (15).
Miglustat, an inhibitor of glycosphingolipid synthesis,
demonstrated efficacy in slowing neurological progres-
sion in NPCI patients and received approval for use
outside the United States (16-18). 2-Hydroxypropyl-
p-cyclodextrin (HPBCD, adrabetadex) that releases
cholesterol from lysosomes has shown significant thera-
peutic potential in NPC1 mouse and cat models (19). Ari-
moclomol is an inducer of HSP70 that prevents protein
misfolding and has also been reported to have efficacy in
the NPCI mouse model (20). Both HPBCD (21) and ari-
moclomol (22) have shown reduction in disease progres-
sion and disease stabilization in clinical trials. However,
neither has yet been approved for treatment of NPC1 by
the US Food and Drug Administration despite very pro-
tracted development timelines. A major limitation for
studying therapeutics in a rare, slowly progressive, highly
heterogenous neurodegenerative disease, in which clin-
ical outcomes are challenging to definitively prove over
short time frames, is the lack of validated CNS bio-
markers to monitor treatment efficacy (23).

Discovery of new secondary accumulation metabo-
lites in NPC1 may identify novel treatment biomarkers,
as well as offer new insights into the complex mecha-
nisms involved in NPCI1 pathology and open up po-
tential therapeutic opportunities. In the present study,
we used metabolomic profiling to discover such me-
tabolites from the individuals with NPCl as well as
mouse and the feline models. The NpcI™~ mouse
model, which arose from a spontaneous mutation, is
widely accepted as a model for severe infantile cases
(24). The cat model, characterized by a missense muta-
tion in the NPCl gene, exhibits clinical, neuropatho-
logical, and biochemical abnormalities akin to those
observed in juvenile-onset patients (24). Utilizing sam-
ples from both patients and these two distinct animal
models can help identify robust biomarkers for NPCIL
Our findings reveal a significant elevation of alkyl-
lysophosphatidylcholine [alkyl-LPC, also known as
lyso-platelet activating activator (PAF)] species in brain
tissue of individuals with NPCI, as well as in the liver,
spleen, cerebrum, cerebellum, and brain stem of NPC1
mice, alongside elevated levels observed in both brain
and liver tissue of NPCI cats, in comparison to controls.
Furthermore, in the feline model, the brain and liver
alkyl-LPC levels were reduced following HPBCD inter-
vention. These results implicate alkyl-LPC as a second-
ary storage metabolite that could prove useful as a
therapeutic response biomarker. Further investigation
into the role of alkyl-LPC in NPCI disease pathology
may also reveal novel therapeutic targets.
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MATERIALS AND METHODS

Chemicals and reagents

Formic acid and CHAPS were obtained from VWR (West
Chester, PA). All HPLC solvents (methanol, isopropanol, and
acetonitrile) were HPLC grade and were purchased
from EMD Chemicals (Gibbstown, NJ). Diisopropyl fluo-
rophosphate (DIFP), ammonium acetate, d6-acetic anhydride,
4-dimethylaminopyridine, hydrochloride, and sodium hy-
droxide were from Sigma-Aldrich (St. Louis, MO). LPC O-16:0,
LPC O-181, LPC 0O-18:0, d4-LPC O-16:0, d4-LPC O-180, PAF
16:0, PAF 181, PAF 18:0, d4-PAF 16:0, and d4-PAF 18:0 were
provided by Cayman Chemical (Ann Arbor, MI). Milli-Q ul-
trapure water was prepared in-house with a Milli-Q Integral
Water Purification System (Billerica, MA).

Ethics

Human studies adhered to the principles of the Declaration
of Helsinki, as well as to Title 45, US Code of Federal Regu-
lations, Part 46, Protection of Human Subjects. Informed
consent was obtained from the participants or their guardians.
Approval for clinical protocols was granted by the Institu-
tional Review Boards of NICHD/ National Institutes of
Health (NIH), Rush University Medical Center, and St. Louis
Children’s Hospital. All the clinical samples were deidentified,
and the analysis of deidentified human samples was approved
by the Human Studies Committee at Washington University.
NPCI cats were raised in the animal colony of the School of
Veterinary Medicine at the University of Pennsylvania under
NIH and US Department of Agriculture guidelines for the
care and use of animals in research. Mice were maintained in
a breeding colony at NIH. Experimental procedures were
approved by the University of Pennsylvania and NIH Animal
Studies Committees and were conducted in accordance with
the US Department of Agriculture Animal Welfare Act and
the Public Health Service Policy for the Humane Care and
Use of Laboratory Animals.

Human brain, plasma, and cerebrospinal fluid
samples

Human brain samples were obtained from the NIH Neu-
roBioBank, Rockville, MD. The postmortem brain tissues
including cerebellum, dorsolateral prefrontal cortex, and
hippocampus were collected from three individuals with NPC1
and three healthy subjects who died from accidents. All plasma
samples were collected in ethylenediamine tetraacetic acid
dipotassium (K9EDTA) containing tubes. The NPCI plasma
samples were collected from a natural history study of NPC
disease conducted at the NIH Clinical Center. Normal plasma
samples were obtained from anonymized residual samples at
St. Louis Children’s Hospital. The Phase two-thirds sham-
controlled trial of biweekly intrathecal (IT) doses of 900 mg of
HPBCD followed by an open-label extension with 400-900 mg
and an expanded access program using biweekly IT doses of
200-1200 mg of HPBCD were performed at Rush University
Medical Center and the NIH Clinical Center. The detailed
protocol was described in recent papers (25, 26). Cerebrospinal
fluid (CSF) (1 ml) from treated NPCI study participants was
collected via lumbar puncture into polypropylene tubes pre-
loaded with 20 mg of CHAPS. Age-appropriate CSF samples
were collected into polypropylene tubes from pediatric pa-
tients with other clinical indications at St. Louis Children’s
Hospital, and the final CHAPS concentration was 2% (w/v).
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The demographic characteristics of participants are listed in
Table 1.

Mouse tissue samples

Heterozygous NpcI™~ mice (BALB/c Nectr-NpeI™N/]
strain) were intercrossed to obtain control (NpcI*’*) and
mutant (NpeI~/7) littermates. For tissue collection, NpcI~/~ and
NpeI™* mice were euthanized at 7 weeks of age using a rising
concentration of carbon dioxide. The blood was collected in
KoEDTA tube with DIFP and centrifuged at 4°C and 1500 g
for 10 min, and K9EDTA plasma with DIFP (1 mM) was
transferred into a separated tube. The liver, spleen, cerebrum,
cerebellum, and brain stem were collected, flash frozen, and
stored at —80°C until use.

Cat tissue samples

NPCI cats received intracisternal (IC) HPBCD (120 mg total)
every 14 days or combination of 1000 mg/kg subcutaneous
(SC) HPBCD every 7 days and 120 mg IC HPBCD every 14 days
beginning at 3 weeks of age, and brain and liver tissues were
collected as described previously (11).

Nomenclature of alkyl-LPC and PAF species

The alkyl-LPC and PAF were described as LPC O-x:y and
PAF xy, respectively, where x and y are the number of car-
bon atoms and the total number of double bonds of alkyl
group, respectively (27).

Metabolomic profiling of brain samples from NPC1
patients and control subjects for biomarker
discovery

The preparation of brain homogenates, extraction of
metabolites, and liquid chromatography-high resolution
mass spectrometry (LC-HRMS) methods for biomarker dis-
covery and confirmation are described in Supplementary
Information.

Structural identification of alkyl-LPC

The LC-high resolution tandem mass spectrometry
(HRMS2) methods for [M+H]" and [M+CH3COs] ions of LPC
0-16:0, LPC O-18:1, and LPC O-18:0, hydrogen/deuterium (H/
D) exchange experiment, treatment with acid and base, and
acetylation with dg-acetic anhydride are described in
Supplementary Information.

Analysis of alkyl-LPC in biomarker verification

Analysis of alkyl-LPC in human brain, human plasma, hu-
man CSF, mouse plasma, mouse liver, mouse spleen, mouse

cerebrum, mouse cerebellum, mouse brain stem, cat brain,
and cat liver for biomarker verification is described in
Supplementary Information.

Analysis of PAF

Analysis of PAF is described

Information.

in Supplementary

STATISTICS

The data normality was checked with Shapiro-Wilk
test. Normally distributed data were analyzed using ¢
test or ANOVA. Nonnormally distributed data were
analyzed using Wilcoxon signed-rank test or Mann-
Whitney test or Kruskal-Wallis test.

RESULTS

Discovery of NPCI central nervous system
biomarkers

We obtained dorsolateral prefrontal cortex, hippo-
campus, and cerebellum from NPCI patients and age-
and sex-matched controls. To assess the differences in
metabolomic profiling between NPCI and control tis-
sues, we performed an untargeted metabolomics anal-
ysis using LC-HRMS on an Exploris-120 orbitrap mass
spectrometer. Full mass scans in both positive and
negative ion modes were employed to detect metabo-
lites, and metabolites were separated under both acidic
and neutral mobile phase conditions of reversed phase
liquid chromatography and hydrophilic interaction
liquid chromatography (total 8 LC-HRMS runs). We
found that the sensitivities of low abundant metabolites
detected with mass range of 100-2000 were signifi-
cantly lower than those with narrow mass range,
because automatic gain control was used to prevent the
overfilling of C-trap and Orbitrap core cell, and the
detection of low abundant ions is adversely affected by
the total number of trapped ions (28). To enhance the
detection sensitivity, the mass range of 100-2000 was
divided into 19 segments with segment width of 100 and
1 m/z small overlaps in adjacent segments so that the
total trapped ions were reduced. The narrower mass
segment increased the detectable ions but at the
expense of increase of LC-HRMS runs to 19 per LC
condition or ion mode. Pooling extracts of individual
NPCI and control samples to give two samples were

TABLE 1. Demographic characteristics of human subjects

Cohort Sample Type

Patient Type

NPC1 Control

Biomarker discovery with Brain Age (range, median; mean + SD) 2-17,183;10 £ 75 2-17,11;107 + 7.7
metabolomics Male/Female (n/n) 2/1 2/1
Biomarker evaluation Plasma Age (range, median; mean + SD) 1-17,8;8 +63 1-18,7,87 +74
Male/Female (n/n) 4/3 4/3
CSF Age when trial started (range, 6 - 31, 28; 202 + 13 6-21,16.5; 16 + 4.5

median; mean + SD)
Male/Female (n/n) 4/1 7/3

CSF, cerebrospinal fluid; NPC], Niemann-Pick disease type CL.
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employed to improve throughput in discovery bio-
analysis by reducing the number of samples analyzed.
A total of 152 LC-HRMS runs were utilized to analyze
two pooled samples in triplicate in the discovery step.
We selected for study only metabolites that showed
large difference between NPCIl and control; features
with at least 5-fold difference were chosen and rean-
alyzed in individual brain samples to confirm the
variation in NPCl. Our workflow strategy is shown in
Fig. 1. Potential biomarkers were submitted for struc-
tural identification.

Three unknown features with m/z 482, 508, and 510
detected in positive ion mode, and all the LC conditions
were elevated >5-fold in all three regions of NPCl
brains, and they appeared as m/z 540, 566, and 568 ions
in negative ion mode and neutral LC conditions in
which ammonium acetate was used as buffer. The data

NPC1 human brain 1
NPC1 human brain 2

NPC1 human brain n Control human brain n

Extraction and
pooling extracts

Pooled NPC1

Control human brain 1
Control human brain 2

Pooled control

human brain human brain
extract extract
Acidic RPLC
Neutral RPLC
Acidic HILIC

/ Neutral HILIC \

Positive HRMS Negative HRMS
m/z 100 - 200 m/z 100 - 200
m/z 200 - 300 m/z 200 - 300
m/z 300 - 400 m/z 300 - 400

m/z 1900 - 2000 m/z 1900 - 2000

'

Features with > 5-fold difference
between NPC1 and control

'

Analysis of identified features in individual
NPC1 and control samples and confirmation
of differences between NPC1 and control

'

Structural identification of biomarkers
1. HRMS2

2. H/D exchange experiemnt

3. Chemical derivatization

4. Database search

Fig. 1. Strategy of biomarker discovery with untargeted

metabolomics. HILIC, hydrophilic interaction liquid chroma-
tography; RPLC, reversed phase liquid chromatography.
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from neutral reversed phase liquid chromatography in
positive and negative ion modes are presented in
supplemental Fig. SI. Experimentally determined ac-
curate masses, retention times, and predicted formulas
are given in Table 2.

Identification of structures of potential NPC1
biomarkers as alkyl-LPCs

From the predicted formulas, we deduced that m/z
482/540, m/z 508/566, and m/z bl0/568 ions were
[M+H]"/[M+CH3COs] ions of three metabolites. The
degrees of unsaturation of both m/z 482 and 510 fea-
tures are 0, indicating that they contain no double bond
or ring. The m/z 508 feature contains a double bond.

To gain insight into the structures of three metabo-
lites, we optimized the LC conditions to separate them
from interferences with same nominal mass and ob-
tained clean HRMS2 spectra. In addition to product ions
resulting from loss of water (1), fragmentation of m/z
482, 508, and 510 features also generated protonated
trimethylamine (2), vinyltrimethylammonium (3), coline
(4), protonated ethylene phosphate (5), and protonated
phosphocholine (6), indicating that they contain a
phosphocholine group (Table 3). The higher-energy
collisional dissociation spectra of m/z 540, 566, 568 fea-
tures show product ions [M+CH3COo-CH3COoCHs] (7),
[M-phosphocholine] (8), [M-phosphocholine-HsOT (9), 2-
(dimethylamino)ethyl (oxiran-2-ylmethyl) phosphate
(10), [phosphocholine-CHs] (11), phosphate (12), meta-
phosphate (13), and acetate (14), confirming that phos-
phocholine group presents in these metabolites
(Table 4).

The H/D exchange experiment detected only one
exchangeable hydrogen atoms in m/z 482, 508, and 510
features (supplemental Fig. S2), suggesting that these
features contain a single hydroxyl group. The presence
of the hydroxyl group was confirmed by formation of
dg-acetates after treatment with dg-acetic anhydride
(supplemental Fig. S3). Jones oxidation of m/z 482, 508,
and 510 features produced only ketone derivatives
detected as [M+H]" at m/z 480.3450 (calculated mass:
480.3449), 506.3605 (calculated mass: 506.3605), and
508.3761 (calculated mass: 508.3762) (supplemental
Fig. S4), respectively, indicating the presence of sec-
ondary hydroxyl groups in these metabolites. The m/z
482, 508, and 510 features were not decomposed under
acidic and basic condition, suggesting that they did not
contain acidic and basic liable groups, such as vinyl
ether, epoxide, and carboxylic esters.

Exclusive of the phosphocholine and secondary hy-
droxyl group, the remaining moieties of m/z 482, 508,
and 510 features are CygHsgO, CoiH40O, and CoHyo0,
respectively. These moieties consist of two alkyl groups
connected by an ether bond. As no further structural
information was available, we utilized the molecular
formulas to search the Scifinder database (https://
scifinder-n.cas.org) for compounds with phosphocho-
line, secondary hydroxyl group, and two alkyl groups
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TABLE 2. Ion mode, LC conditions, accurate masses of pseudo-molecular ions, and retention times of LPC O-16:0, LPC O-181, and LPC
O-18:0 in the biomarker discovery

Pseudo-molecular Ion,

Metabolite LC Condition Ion Mode  Detected m/z Formula, Theoretical m/z Deviation (ppm)  Retention Time (min)
LPC O-16:0  Acidic RPLC Positive 482.3613 [M+H]* 1.66 94
Neutral RPLC 482.3606 Co4H5sNOgP m/z 482.3605 0.21 94
Acidic HILIC 482.3614 1.87 85
Neutral HILIC 482.3606 0.21 8.3
LPC O-181  Acidic RPLC 508.3772 [M+H]* 197 9.6
Neutral RPLC 508.3756 CosHssNOGP m/z 508.3762 -118 9.5
Acidic HILIC 508.3776 2.75 85
Neutral HILIC 508.3765 0.59 8.3
LPC O-180  Acidic RPLC 510.393 [M+H]* 2.35 10
Neutral RPLC 510.3912 CosHs7NOgP m/z 510.3918 —118 9.9
Acidic HILIC 510.3932 274 85
Neutral HILIC 510.3919 0.20 83
LPC O-16:0 Neutral RPLC  Negative 540.368 [M+CH3CO3s] CosH55NOgP m/z 540.3665 278 94
Neutral HILIC 540.3688 4.26 8.3
LPC O-181  Neutral RPLC 566.3843 [M+CH5CO32] CosH57NOgP m/z 566.3822 37 9.5
Neutral HILIC 566.3844 3.88 8.3
LPC O-180 Neutral RPLC 568.3999 [M+CHsCO32] CosH5gNOgP m/z 568.3984 3.69 9.9
Neutral HILIC 568.3996 3.17 8.3

HILIC, hydrophilic interaction liquid chromatography; LG, liquid chromatography; LPC, lysophosphatidylcholine; RPLC, reversed phase

liquid chromatography.

connected by an ether bond. Consequently, we identi-
fied the following matches: LPC O-16:0 for m/z 482, LPC
O-181 for m/z 508, and LPC O-18:0 for m/z 510. Com-
parison of LC-HRMS2 spectra of synthetic and endog-
enous compounds confirmed the structural
identification (Fig. 2 and supplemental Fig. Sb).

Alkyl-LPCs are NPCl biomarkers

After identifying the structures of alkyl-LPCs, we
used commercial standard compounds and deuterated
internal standards to develop a highly sensitive and
reproducible liquid chromatography-tandem mass
spectrometry (LC-MS/MS) method for alkyl-LPCs on a

6500 QTRAP + mass spectrometer and confirmed the
elevation of alkyl-LPCs in NPCI patient brains on this
different analytical platform (Fig. 3). Next, we tested if
the alkyl-LPC markers were present in NPCl mouse
and cat models. LPC O-16:0, LPC O-181, and LPC O-18:0
levels exhibited significant elevation in the liver,
spleen, cerebrum, cerebellum, and brain stem of NPC1
mice (Fig. 4A-C), as well as in the brain and liver of
untreated NPCI cats (Fig. 5A, B), in comparison to
those in normal animals. Unexpectedly, these alkyl-
LPCs were significantly reduced in NPCl mouse
plasma, though the fold changes were less than 2.2-
fold.

TABLE 3. Product ions from fragmentation of features m/z 482, 508, and 510 in positive mode

Feature m/z 482
Formula
Detected Mass (Calculated Mass)

Product Ton Deviation (ppm)

Feature m/z 508
Formula
Detected Mass (Calculated Mass)
Deviation (ppm)

Feature m/z 510
Formula
Detected Mass (Calculated Mass)
Deviation (ppm)

[M+H-HyOl* (1) CosH5 NOsP* CosHssNOsP+ CogHssNOsP*
464.3504 (464.3499) 490.3659 (490.3656) 492.3820 (492.3812)
1.08 0.61 1.62
| C3H10N+ C3H10N+ C3H10N+
HNT @ 60.0808 (60.0808) 60.0808 (60.0808) 60.0808 (60.0808)
~ 0 0 0
| 3) CsHoN* CsHoN* CsHoN*
+ 86.0965 (86.0964) 86.0964 (86.0964) 86.0965 (86.0964)
XN 116 0 116
| CsH 4 NO™ CsH 4, NO* CsH,NO*
Nt (@) 1041071 (104.1070) 104.1070 (104.1070) 104.1071 (104.1070)
HO™ "'~ 0.96 0 0.96
H O O H* C2H604P+ CQHGO4P+ C2H604P+
‘P/ (5) 124.9999 (124.9998) 124.9999 (124.9999) 124.9999 (124.9998)
o’/ \O 0.8 0 0.8
O. OH | CsHisNOP* CsHi;sNOP* CsH;sNO,P*
Spr N+ (6) 184.0734 (184.0733) 184.0734 (184.0733) 184.0735 (184.0753)
HO™ SO~ "'~ 0.54 0.54 109
~ASBMB Accumulation of alkyl-LPC in NPC1 disease 5



TABLE 4. Product ions from fragmentation of features m/z 540, 566, and 568 in negative mode

Product Ion

Feature m/z 540
Formula

Detected Mass (Calculated mass)

Deviation (ppm)

Feature m/z 566
Formula

Detected Mass (Calculated mass)

Deviation (ppm)

Feature m/z 568 Formula

Detected Mass (Calculated mass)

Deviation (ppm)

[M+CH3CO.-CH3COoCH3] (7)
[M-phosphocholine] (8)

[M-phosphocholine-HyOT (9)

‘0._.0 |
O

H,PO, (12)
PO (13)

CH;COy (14)

Ca3HygNOgP”
466.3316 (466 3303)
2.79
Ci9H40O06P”
395.2580 (395.2568)
3.04
Ci9H3s05P"
377,475 (377.2462)
3.45

C7H15NO5P-
994.0696 (224.0693)
1.34

C4HuNOLP”
168.0431 (168.0435)
—2.38

HoPO,
96.9695 (96.9696)
-1.08

PO
789590 (78.9591)
-127
CH;COy
59.0140 (59.0140)
0

CosH5NOgP CosH53NOgP”
492.3471 (492.3460) 494.3631 (494.3616)
223 3.03

Co1H4oNOgP” CotHy4NOgP
421.2737 (421.2725) 423.2897 (423.2881)
2.85 3.78
CotH4oNOsP Co1H4oNO5P
403.2631 (403.2619) 4059791 (405.2775)
3.31 3.95
CoH ;sNOP" CoH sNOSP
994.0695 (224.0693) 994.0697 (224.0603)
0.89 179
C4H1NOLP C4HiINOLP
168.0431 (168.0435) 168.0432 (168.0435)
—-2.38 -1.79
H.PO, H.PO,
96.9695 (96.9696) 96.9696 (96.9696)

-1.03 0
POs POs
78.9590 (78.9591) 78.9590 (78.9591)
-1.27 -1.27
CH4COy CH,COy
59.0140 (59.0140) 59.0139 (59.0140)
0 0

Alkyl-LPCs respond to 2-hydroxypropyl-
p-cyclodextrin treatment

In cats receiving IC HPPCD (100 mg/kg) every 14 days
beginning at 3 weeks of age, the LPC O-16:0, LPC O-1811,
and LPC O-18:0 were reduced by 47%, 54%, and 53%,
respectively. Similarly, the LPC O-16:0, LPC O-181, and
LPC O-18:0 were reduced by 56%, 66%, and 54% in the
cats receiving combination of 1000 mg/kg SC HPPCD
every 7 days and 120 mg IC HPBCD every 14 days
beginning at 3 weeks of age, respectively (Fig. 5A). Due
to small sample size, the change of LPC O-181 in the
brains of cats treated with IC HPBCD versus untreated
cats did not reach statistical significance (P = 0.0513).
The LPC O-16:0, LPC O-181, and LPC O-18:0 were also
significantly elevated in livers of untreated NPCI cats.
In the livers from IC HPBCD-treated cats, LPC O-16:0,
LPC O-181, and LPC O-18:0 levels were increased by
25%, 31%, 23%, respectively, compared to untreated cats.
A 53%, 58%, and 43% reduction of liver LPC O-16:0,
LPC O-181, and LPC O-18:0, respectively, was seen in
NPCI cats receiving SC and IC HPBCD treatment
(Fig. 5B). These results suggest that IC HPPCD dose was
insufficient to reduce the alkyl-LPCs in liver, which
agrees with unchanged storage of cholesterol and
sphingomyelin in IC HPBCD-treated cat livers (11).

Alkyl-LPCs in human plasma and CSF

To explore the potential of application of alkyl-LPCs to
serve as biomarkers for clinical use, we measured these
metabolites in plasma and CSF samples from NPCI and
control individuals. The NPCl plasma samples were
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collected from a natural history study. The CSF samples
were collected from 10 control subjects and five NPCI
patients enrolled in an IT HPBCD treatment protocol at
visit 2 after a single dose of HPBCD, and at years1,2,and 3
of treatment. None of the alkyl-LPCs was significantly
changed in plasmas from untreated NPCIl patients in
natural history study compared to controls (Fig. 6A-C).
Among the NPCI subjects, there were two responders
(NPC-11 and NPC-38) and three nonresponders (NPC-04,
NPC-10, and NPC-15) to HPBCD treatment, who showed <
05/year and > 0.5/year increases on the total NPC
neurological disease severity score, respectively. These
samples provided an opportunity to investigate the long-
term effect of HPBCD treatment on alkyl-LPCs. Similar to
NPCI mouse plasma, the LPC O-16:0 and LPC O-18:1levels
in NPCI CSF collected at visit 2 were significantly lower
than controls, while LPC O-18:0 showed no significant
difference between NPC1 and control. LPC O-16:0 and
LPC O-181in CSF collected at visit 2 did not differentiate
responders from nonresponders. After 2 years of IT
cyclodextrin treatment, most of patients show increase of
CSF LPC 0O-16:0 (Fig. 6D) and LPC O-181 (Fig. 6E) except
for NPC-04 compared to visit 2, and the responders show
a larger fold increase than nonresponders (Fig. 6G, H).
The CSF LPC O-180 was also increased after 2 years
cyclodextrin treatment, although the fold change did not
provide a clear separation of responders from non-
responder (Fig. 6I). Data so far are limited to a small
number of treated patients, but CSF LPC O-16:0 and LPC
O-181 may have potential as predictive biomarkers to
differentiate responders from nonresponders.
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Fig. 2. Comparison of endogenous and synthetic alkyl-LPC. The LC-HRMS2 of [M+H]" ions of endogenous LPC O-16:0
(A), endogenous LPC O-181 (B), and endogenous LPC O-18:0 (C), synthetic LPC O-16:0 (D), synthetic LPC O-18:1 (E), and synthetic LPC

0O-18:0 (F). Proposed

structures of product ions are given.

PAFs are unchanged in NPC1

As alkyl-LPCs are precursors and metabolites of
PAFs, we also analyzed PAFs in human brain, plasma,
and CSF, as well as in cat brain and liver, and in mouse

liver, spleen, cerebrum, cerebellum, and brain stem.

Quantification of PAF

16:0 was challenging due to their

low abundances and the presence of large isomeric LPC
18:0, which produced same product ions from [M+H]*
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lateral prefrontal cortex (red), hippocampus (blue), cerebellum
(green) from NPCI patients (square) and control subjects (cir-
cle). The data are presented as mean + standard deviation.
Comparison of NPC1 and control was performed with ¢ test with
Welch’s correction. P-values < 0.05 are given above brackets.

and [M+CH3COs] precursor ions. PAF is rapidly con-
verted to alkyl-LPC by PAF acetylhydrolase (29-31),
with a reported half-life of 4-14 min in human serum
(29). To address this, we developed a LC-MS/MS
method in which PAF and LPC were separated at
baseline. The tissue homogenates were prepared in
methanol-water (7:3) with PAF acetylhydrolase inhibi-
tor DIFP (1 mM) and citric acid (20 mM), pH 5, to pre-
vent PAF degradation (30). PAFs were undetectable in
all the archived human brain, plasma, and CSF samples,
as well as cat tissues used in this study. Freshly collected
mouse plasma and tissues were employed for PAF
analysis, and KoEDTA mouse plasma was supplemented
with DIFP (1 mM). Surprisingly, PAF level remained
unchanged in NPCI disease (supplemental Fig. S6A-C).

DISCUSSION

NPCl is a rare lipid storage disorder characterized by,
in addition to endolysosomal unesterified cholesterol
accumulation, alterations in lysosomal calcium homeo-
stasis and signaling pathways, mitochondrial dysfunc-
tion, increased inflammation, oxidative stress, and
decreased autophagy flux, ultimately leading to
neuronal degeneration (32, 33). Advances in our un-
derstanding of the molecular pathogenesis of NPCl
disease have led to development of stabilizing treat-
ment approaches that aim to reduce the accumulation
of gangliosides in the brain through the use of miglu-
stat and to decrease lysosomal cholesterol level by
employing HPBCD (15, 34). Despite this progress, there
are no FDA-approved disease-modulating therapies for
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ebellum, and brain stem collected from NPCI mice (n = 9) and
wild-type mice (n = 6). Three NPCl plasma samples were
excluded from the analysis due to severe hemolysis of the
blood. Data are presented as mean * standard error of the
mean. Data comparison for alkyl-LPCs was performed with
¢ test. P-values < 0.05 are given above brackets.

NPCI disease. A major limitation has been the lack of
established biomarkers to monitor response to treat-
ment. In the present study, we addressed this unmet
need through use of metabolomic profiling of patient
samples, a strategy that previously led to discovery of
oxysterols, bile acids, and N-palmitoyl-O-phosphocho-
lineserine—metabolites that have transformed NPCI
diagnostics (35) and have raised the potential for
newborn screening (36).
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Fig. 5. Alkyl-LPCs in cat brain and liver. (A) LPC O-16:0, LPC O-18:1, and LPC O-18:0 in brains of untreated NPCI cats (n = 6), NPCl
cats treated with IC 120 mg HPBCD (n = 3), NPCl cats treated with IC 120 mg HPBCD and SC 1000 mg/kg HPBCD (n = 7), and normal
cats (n = 10). Data are presented as mean + standard error of the mean. Data comparison for LPC O-16:0 and LPC O-18:0 was
performed with Brown-Forsythe and Welch ANOVA test with Dunnett's T3 multiple comparisons test as post hoc test. Data com-
parison for LPC O-18:1 was performed with Kruskal-Wallis test with Dunn’s multiple comparisons test as post hoc test. P-values < 0.05
are given above brackets. (B) LPC O-16:0, LPC O-181, and LPC O-180 in livers of untreated NPCI cats (n = 5), NPCI cats treated with
IC 120 mg HPBCD (n = 3), NPCI cats treated with IC 120 mg HPBCD and SC 1000 mg/kg HPBCD (n = 6), and normal cats (n = 9). Data
are normalized to mean of untreated NPCI cats and presented as mean + standard error of the mean. Data comparison for LPC O-
16:0, LPC O-18:1, and LPC O-18:0 was performed with Brown-Forsythe and Welch ANOVA test with Dunnett's T3 multiple com-
parisons test as post hoc test. P-values < 0.05 are given above brackets.

In the present study, untargeted metabolomic
profiling identified LPC O-16:0, LPC O-181, and LPC
O-180 as secondary storage metabolites in NPC1 tis-
sues. The structures of these metabolites were deter-
mined using HRMS2, H/D exchange experiment, and
chemical derivatizations; further confirmation was
obtained through LC-MS/MS comparison with stan-
dard compounds. Significantly higher levels of alkyl-
LPCs were observed in the brains of NPCI patients,
as well as in the brains and livers of NPCI cats, and
liver, spleen, cerebrum, cerebellum, and brain stem of
NPCI mice. Treatment with IC and SC HPBCD reduced
alkyl-LPCs in the NPCI cat brain and liver, respec-
tively, suggesting that the clearance of alkyl-LPCs was
a result of restoration of lysosomal homeostasis by
HPBCD.

SASBMB

The exact mechanism underlying the elevation of
alkyl-LPCs in NPCI remains unknown. Alkyl-LPC syn-
thesis involves phospholipase A2 hydrolysis of mem-
brane alkyl-phosphatidylcholine, followed by acetylation
to generate PAF (37). Increase of amyloid-p42 was found
in NPCI (38-41), and amyloid-$42 was reported to acti-
vate cytosolic phospholipase A2 and cause accumulation
of alkyl-LPCs and PAF in Alzheimer disease (42, 43).
PAF is a proinflammatory messenger and a mediator of
neurotoxicity implicated in neurodegeneration (44, 45).
However, the PAFs in liver, spleen, cerebrum, cere-
bellum, and brain stem of NPCl mice remained
unchanged.

The potential of alkyl-LPCs in human plasma and CSF
as a biomarker to monitor treatment efficacy was also
explored in the study. Although the alkyl-LPC levels

Accumulation of alkyl-LPC in NPC1 disease 9
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Fig. 6. Alkyl-LPCs in human plasma and CSF. LPC O-16:0 (A), LPC O-181 (B), and LPC O-18:0 (C) in plasma from NPCI patients
(n = 7) and control subjects (n = 7). Data are presented as mean + standard deviation. ¢ test with Welch’s correction was used to
compare NPC1 and controls. LPC O-16:0 (D), LPC O-18:1 (E), and LPC O-18:0 (F) in CSF from NPCI patients (n = 5) and control subjects
(n = 10). Data are presented as median + interquartile. Data comparison was performed with Kruskal-Wallis test with Dunn’s
multiple comparisons test as post hoc test. P-values < 0.05 are given above brackets. Fold change of LPC O-16:0 (G), LPC O-181 (H),
and LPC O-18:0 (I) at year 2 compared to visit 2. Data are presented as median + interquartile. Statistical analysis was not performed
for the fold change of LPC O-16:0 and LPC O-181 due to small sample size.

remained unchanged in NPCl plasma, there were
notable alterations observed in NPC1 CSF. Specifically,
both LPC O-16:0 and LPC O-181 levels were significantly
reduced in the CSF of individuals with NPCI. Interest-
ingly, the alkyl-LPCs were observed to accumulate in
NPCl mouse peripheral tissues but to decrease in
plasma. The reason for accumulation of LPC O-16:0 and
LPC O-181 in brain but reduction in CSF from in-
dividuals with NPCI is unclear, although may suggest
cellular accumulation is associated with a block of
normal release from CNS cells. Intriguingly, these me-
tabolites were increased in 80% of participants 2 years
post IT HPBCD treatment. The fold increases in CSF
LPC O-160 and LPC O-181 levels were more pro-
nounced in responders compared to nonresponders,
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indicating that LPC O-16:0 and LPC O-181 may serve as
potential pharmacodynamic biomarkers for monitoring
treatment response in the CNS of NPCI patients who
show positive responses to this therapeutic intervention.
The responsiveness of alkyl-LPC levels in the CSF may
also be indicative of a favorable treatment outcome,
showing that the treatment is effectively targeting the
underlying disease mechanisms in the CNS. Further
research utilizing more samples and validation studies
are warranted to harness the full potential of alkyl-LPC
as a clinical tool for monitoring treatment response in
this challenging disorder.

In conclusion, we used metabolomics to identify
alkyl-LPCs as secondary storage metabolite in NPCI
disease. Alkyl-LPC species may serve as potential
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markers for NPCI1 pathogenesis, a target for therapeu-
tic intervention and for treatment-response moni-
toring. Our findings underscore the complexity of
NPCl and the need for further research to fully
explore the potential of alkyl-LPCs as a clinical tool in
managing this challenging disorder.
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