
R E V I E W Open Access

This is a U.S. Government work and not under copyright protection in the US; foreign copyright protection may apply 2024. Open Access  This 
article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and 
reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative 
Commons licence, and indicate if changes were made. The images or other third party material in this article are included in the article’s Creative 
Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence 
and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain 
Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise 
stated in a credit line to the data.

Stern et al. Orphanet Journal of Rare Diseases          (2024) 19:280 
https://doi.org/10.1186/s13023-024-03233-7

from a rapidly fatal antenatal condition to an adult-onset, 
chronic, neurodegenerative disease. NPC is estimated to 
occur at a rate of 1 in 120,000 live births [2]. The sever-
ity of clinical presentation, primary manifestation, and 
rate of progression depend on the age of onset and the 
extent of neurological involvement (e.g., loss of swal-
lowing, speech, and motor function) [3, 4]. The clinical 
presentation can be categorized by onset into: perinatal 
(onset < 3 months), visceral-neurodegenerative (early-
infantile, onset 3 months to < 2 years), neurodegenerative 
(late-infantile, onset 2 to < 6 years old), juvenile (onset 
at 6–15 years old), or psychiatric-neurodegenerative 
(late-onset, > 15 years old) [5, 6]. Generally, individuals 
with infantile-onset neurological symptoms have a more 

Disease background
Niemann-Pick disease type C (NPC) is a genetic, rare, 
highly heterogeneous, and progressive lysosomal disor-
der characterized by the dysfunction of NPC1 or NPC2 
proteins, which leads to the accumulation of multiple 
lipid species [1, 2]. The broad clinical spectrum ranges 
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Abstract
Niemann-Pick disease type C (NPC) is an autosomal recessive, progressive disorder resulting from variants in NPC1 
or NPC2 that leads to the accumulation of cholesterol and other lipids in late endosomes and lysosomes. The 
clinical manifestations of the disease vary by age of onset, and severity is often characterized by neurological 
involvement. To date, no disease-modifying therapy has been approved by the United States Food and Drug 
Administration (FDA) and treatment is typically supportive. The lack of robust biomarkers contributes to challenges 
associated with disease monitoring and quantifying treatment response. In recent years, advancements in 
detection methods have facilitated the identification of biomarkers in plasma and cerebral spinal fluid from 
patients with NPC, namely calbindin D, neurofilament light chain, 24(S)hydroxycholesterol, cholestane-triol, 
trihydroxycholanic acid glycinate, amyloid-β, total and phosphorylated tau, and N-palmitoyl-O-phosphocholine-
serine. These biomarkers have been used to support several clinical trials as pharmacodynamic endpoints. Despite 
the significant advancements in laboratory techniques, translation of those advancements has lagged, and it 
remains unclear which biomarkers correlate with disease severity and progression, or which biomarkers could 
inform treatment response. In this review, we assess the landscape of biomarkers currently proposed to guide 
disease monitoring or indicate treatment response in patients with NPC.
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aggressive disease course than individuals with juvenile 
or late-onset disease.

NPC is a cholesterol lipidosis, irrespective of whether 
it is caused by a genetic variant in NPC1 or NPC2 [2]. 
Approximately 95% of patients with NPC have variations 
in NPC1 and the majority (∼80%) are missense, resulting 
in a misfolded or prematurely degraded protein [7–9]. In 
comparison, other less common (∼20%) variations such 
as frameshift, splicing, and premature stop variants col-
lectively result in a truncated or deficient NPC1 protein 
and are associated with a severe disease course [5, 10]. 
In healthy cells, cholesterol is trafficked to the lysosome 
as low-density lipoprotein cholesterol, hydrolyzed to an 
unesterified species, and then transported outside of the 
lysosome. However, variants of the NPC1 or NPC2 gene 
lead to impaired processing and trafficking and result 
in accumulation of cholesterol and other lipids in extra-
neural and neural tissues [11]. While glycolipids are the 
major accumulating lipids in the brains of patients with 
NPC, it is unclear how NPC1 and NPC2 cooperate to 
transport cholesterol within the brain and the precise 
mechanism underlying the manifestation of NPC is not 
yet fully understood.

Currently, no therapies have been approved in the 
United States (US) for treatment of NPC. Management 
focuses on supportive and palliative treatment with mul-
tidisciplinary care. Miglustat is an iminosugar that inhib-
its glucosylceramide synthase which is responsible for 
the production of sphingolipids. Miglustat is approved 
by the US Food and Drug Administration (FDA) for 
Gaucher disease Type 1. Miglustat has been approved 
for the treatment of NPC in countries outside of the US 
[12]. However, in 2010, the company received a complete 
response letter from the FDA for miglustat for the indi-
cation of NPC [13, 14]. Currently, several therapeutic 
options are under investigation [15–19].

Considering the varied clinical manifestations and 
lengthy trials needed to detect changes in clinical out-
comes, endpoint selection is often a challenge in trial 
design. Clinical outcome assessment can be challeng-
ing in a nonlinear heterogeneous condition. No clinical 
outcome measurement has been established as a valid 
and reliable clinical trial endpoint in NPC. However, the 
NPC disease severity score is a widely used tool in clini-
cal practice to assess disease severity which calculates a 
composite score based on neurological impairment mea-
sured by domains such as cognitive, speech, memory, fine 
motor, and swallowing [5]. Currently, no biomarkers are 
used to inform disease severity or progression in clinical 
care. Identification and validation of biomarkers that can 
be used to assess treatment response for drug develop-
ment and to guide patient care is a critical need for NPC.

Current pharmacodynamic biomarkers to inform 
treatment response
Biomarkers may inform diagnosis, prognosis, response 
to a treatment or intervention, and other aspects of 
drug response, which make them valuable tools in both 
patient care and drug development settings. Due to the 
importance of early intervention to prevent further 
neurological involvement, increasing attention is being 
paid to identifying and validating biomarkers that may 
serve as indicators of response to an exposure or inter-
vention during drug development for NPC, particularly 
biomarkers that reflect changes in neurodegeneration 
[20]. In drug development, biomarkers may be used to 
identify pathological processes amenable to treatment, 
as pharmacodynamic measurements, or as a surrogate 
for clinical response, possibly filling a critical need in 
the development and evaluation of therapies for NPC. 
Using techniques such as chromatography and mass 
spectrometry, many biomarkers have been identified 
and evaluated for different contexts of use within NPC. 
Despite advancements in detection methods, the valida-
tion of pharmacodynamic biomarkers for NPC has been 
hampered by the heterogeneous clinical presentation, 
variability in progression, lack of predictive clinical mea-
surements, and unclear pathophysiology, particularly 
regarding neurological involvement.

This review summarizes the available literature on bio-
markers for NPC that may have the potential to inform 
treatment response and monitor or assess disease sever-
ity. While the majority of data are focused on biomarkers 
in patients with NPC1, it is unlikely that these biomark-
ers would differ in patients with NPC2 due to the lack of 
biomarker specificity and similar pathophysiology. We 
focused our search to biomarkers associated with neuro-
degeneration in patients with NPC using publicly avail-
able information (Fig.  1). We subsequently prioritized 
biomarkers used in clinical trials for NPC based on their 
relationship to disease pathology and those that may be 
useful assessments of disease progression and clinical 
outcomes (Table 1). For each biomarker, we provide rel-
evant background, describe results from studies (includ-
ing trials in humans and animal models), and conclude 
with an overall assessment to highlight potential areas of 
future research.

Calbindin D
A hallmark characteristic of NPC is the intracellular 
accumulation of cholesterol, however, the exact mecha-
nism responsible for cerebellar Purkinje cell death and 
cerebellar dysfunction remains unclear [21]. Calcium-
binding protein calbindin D-28 K (calbindin D), a major 
calcium-binding protein that acts as a cytosolic calcium 
buffer, is present in high concentrations in the cerebel-
lum. Reductions in calbindin D immunoreactivity have 
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been observed in cerebral spinal fluid (CSF) of spinocer-
ebellar ataxia-1 transgenic mice prior to the loss of neu-
ronal cells and the onset of ataxia, potentially indicating 
nonspecific neurological disease progression [22, 23]. 
Decreased calbindin D immunoreactivity in cerebel-
lar Purkinje cells and cell loss have also been observed 
in feline and murine NPC models [24]. Additionally, an 
increase in the CSF concentration of calbindin D has 
been described as a marker of neurological diseases 
such as NPC, particularly those involving the cerebellum 
[25–27]. Given its high expression in cerebellar Purkinje 
neurons and association with cerebellar ataxia, a notable 
symptom of NPC, calbindin D is a biomarker of particu-
lar interest [27, 28].

CSF calbindin D was evaluated as a potential bio-
marker for disease progression and treatment response 
to HPβCD in pre- and post-symptomatic conditions in 
a feline model [29]. CSF calbindin D concentrations of 
untreated NPC1 cats were significantly higher than nor-
mal age-matched cats. Elevated concentrations were 
found prior to neurological manifestations at 3-weeks of 
age and were 10-fold higher at end-stage disease com-
pared to normal cats [29]. After intracisternal treat-
ment with HPβCD  120 mg (4000  mg/kg brain weight) 

administered every other week in NPC1 cats, the calbi-
ndin D concentration was reduced to a concentration 
similar to normal cats. The reduction of calbindin D 
concentration was delayed in cats that received HPβCD 
after symptoms were present compared to cats treated 
pre-symptomatically. This study further compared CSF 
calbindin concentration in patients with NPC1 to con-
trols. In patients with NPC1, CSF calbindin D concentra-
tions were significantly elevated (p < 0.0001, 4.78 vs. 0.76 
ng/mL) compared to healthy controls. Paired samples of 
pre- and post-miglustat therapy (200  mg TID adjusted 
by body surface area) for the subset of patients with CSF 
samples available showed a significant reduction in calbi-
ndin D concentrations (p = 0.011), despite no significant 
difference in calbindin D concentration when compar-
ing untreated NPC patients to miglustat-treated patients 
[29]. This difference in treatment effect observed within 
subjects and across subjects may be attributable to clini-
cal severity.

Campbell et al. investigated the CSF proteome to 
identify potential biomarkers for NPC. Among altered 
protein expression in the CSF of patients with NPC com-
pared to controls, the concentration of calbindin D was 
1.7-fold higher in non-miglustat treated patients (adj 

Fig. 1  Potential plasma and CSF biomarkers for neurodegeneration in Niemann-Pick disease type C (NPC). (A) This figure depicts a schematic of healthy 
and NPC affected brain where neurofilament light chain (NfL), calbindin D, c-triol (cholestane-3β, 5a, 6β-triol), and amyloid-β (Aβ) are elevated in the ce-
rebral spinal fluid (CSF) and 24(S)-hydroxycholesterol is reduced in the CSF. Similar trends in biomarkers are seen in plasma. (B) In NPC, neurons may have 
neurofibrillary tangles of total and phosphorylated tau in the cell body of the neuron and are shown in dark red and purple. In the extracellular space, 
soluble and insoluble amyloid-β (Aβ) aggregates near the dendrites. Upon axonal injury, the highly expressed NfL in myelinated axons is leaked out into 
the interstitial fluid of the brain and in the CSF. Due to abberant cholesterol trafficking, conversion to 24(s)hydroxycholesterol is reduced due to a low 
supply of cholesterol as a substrate. Lastly, calbindin D may become elevated in the soma and intitial dendritic segments of the neuron potentially due 
to loss of cell loss. Created with BioRender.com
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Biomarker Studies and Trials* Findings References
Calbindin D Ory et al. (2017):

HPβCD in dose ranges from 50-1200 mg administered intrathecally 
monthly for 12 to 18 months in 14 patients with NPC and every 2 
weeks for 18 months in 2 patients with NPC

Reduction in CSF concentrations 
at 12 or 18 months (statistically 
significant)

 [19]

NCT00344331:
Miglustat 200 mg TID (adjusted for body surface area in children) 
administered orally in patients with NPC

No change in CSF concentration 
between groups
Reduction in CSF concentration 
at 6–15 months between pre- 
and post-treatment (statistically 
significant)

 [29]

Bradbury et al. (2016): (feline model)
HPβCD 120 mg administered intrathecally every 2 weeks and were com-
pared to untreated cats

Reduction in CSF concentration 
(statistically significant)

 [29]

NfL Agrawal et al. (2023):
HPβCD at 200, 300, 400, and 900 mg administered intrathecally 
(NCT01747135) and HPβCD at 900–1800 mg administered intrathe-
cally every 2 weeks or a sham control (NCT02534844), or patients on 
miglustat (expanded access program part of IND119856)

Reduction in CSF concentra-
tions with miglustat (statistically 
significant)
No change in CSF concentrations 
with HPβCD

 [43]

24(S)-hydroxycholesterol NCT01747135:
HPβCD 50 mg was administered into the lateral intraventricular 
space via Ommaya reservoir over 5 min and serial blood samples 
were collected pre-dose and 15, 30, 60 min and 3, 6, 24-, 36-, 48-, and 
72-hours post-dose in an open-label trial

Increase in plasma concentration 
(statistically significant)

 [56]

Ory et al. (2017):
HPβCD in dose ranges from 50-1200 mg administered intrathecally 
monthly for 12 to 18 months in 14 patients with NPC and every 2 
weeks for 18 months in 2 patients with NPC

Increase in the plasma con-
centration 72 h after 900 and 
1200 mg (statistically significant)
Increase in CSF concentration 
72 h after 600–900 mg (statisti-
cally significant)

 [19]

NCT02939547:
HPβCD 1500 mg/kg or 2500 mg/kg body weight administered 
intravenously every 2 weeks for 14 weeks (7 total infusions) in adult 
patients with NPC in a randomized, double-blind, parallel group 
design

Increase in serum concentration 
at Week 1, Day 2, and Week 12, 
Day 3 (no statistics)

 [88]

Tortelli et al. (2014): (feline model)
HPβCD 3 mg, 30 mg, and 120 mg or saline administered intrathecally to 
NPC1 cats aged 3 weeks to 11 weeks old

Increase in plasma concentration 
at Day 3 (statistically significant) 
but not at other administrations 
Increase in CSF concentration at 
Day 3 (statistically significant)
Inconsistent CSF concentrations at 
other subsequent doses

 [56]

Tortelli et al. (2014): (mouse model)
HPβCD 6 mg/kg or saline was administered intracerebrovascularly fol-
lowed by repeat administration 2 weeks later with 6 mg/kg or saline in 
Npc-/- mice

Inconsistent results in plasma and 
CSF concentrations

 [56]

Table 1  Current NPC biomarkers and in vivo/clinical studies
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Biomarker Studies and Trials* Findings References
C-triol NCT02612129:

Arimoclomol 93 to 372 mg/day TID or placebo administered orally for 
12 months in patients with NPC aged 2 to 18 years (randomized 2:1)

Reduction in serum concentra-
tion at 12 months (not statisti-
cally significant)

 [16]

Hammerschmidt et al. (2023):
Miglustat 200 mg TID for 6 to 12 months

Reduction in plasma concentra-
tion at 12 months (statistically 
significant)

 [65]

NCT01747135:
HPβCD 50 mg was administered into the lateral intraventricular 
space via Ommaya reservoir over 5 min and serial blood samples 
were collected pre-dose and 15, 30, 60 min and 3, 6, 24-, 36-, 48-, and 
72-hours post-dose in an open-label trial

Reduction in plasma concentra-
tions by in two subjects after 
25 and 24 months (statistically 
significant)

 [56]

Tortelli et al. (2014): (feline model) HPβCD 3 mg, 30 mg, and 120 mg or sa-
line administered intrathecally to NPC1 cats aged 3 weeks to 11 weeks old

Increase in plasma concentrations 
increased at 120 mg but not 3 or 
30 mg (statistically significant)

 [56]

Tortelli et al. (2014): (mouse model)
HPβCD 6 mg/kg or saline was administered intracerebrovascularly fol-
lowed by repeat administration 2 weeks later with 6 mg/kg or saline in 
Npc-/- mice

Reduction in plasma concentra-
tions after the first administra-
tion of and saline as the second 
(statistically significant)
Reduction in CSF concentrations 
after HPβCD as either the first or 
second administration and not 
repeat (statistically significant)

 [56]

TCG NCT01747135: HPβCD 50-1200 mg was administered intrathecally 
every other week

Reduction in plasma concentra-
tions after end of study (statisti-
cally significant)

 [63]

NCT02939547: three patients received HPβCD 500 or 2000 mg/kg 
administered intravenously every week

Reduction in plasma TCG con-
centrations (no statistics)

 [63]

NCT00344331: nine patients received 200 mg three times daily 
miglustat adjusted by body surface area

No change in plasma TCG  [29, 63]

Amyloid-β Mattsson et al. (2012):
HPβCD 100 mg/kg and increased every dose until reaching 
2,500 mg/kg administered intravenously in two patients with NPC 
and HPβCD 175 mg every 2 weeks administered intrathecally in 
addition to 2,500 mg/kg every 2 weeks administered intravenously in 
combination with oral miglustat

Reduction in CSF concentrations 
receiving miglustat and HPβCD 
(statistically significant)

 [79]

Mattsson et al. (2012): (feline model) HPβCD 1000 mg/kg body weight, 
4000 mg/kg body weight or 8,000 mg/kg body weight administered 
subcutaneously weekly, or 4000 mg/kg brain weight administered intra-
thecally every other week to NPC cats compared to untreated cats

Reduction in CSF concentration of 
Aβ37, Aβ38, and Aβ39 following 
HPβCD; Increase in CSF concen-
tration of Aβ1–16 and Aβ28 (no 
statistics)

 [79]

Total and phosphorylated tau NCT02939547:
HPβCD 1500 mg/kg or 2500 mg/kg body weight administered 
intravenously every 2 weeks for 14 weeks (7 total infusions) in adult 
patients with NPC in a randomized, double-blind, parallel group 
design

Reduction in CSF concentrations 
(not statistically significant)

 [88]

Mattsson et al. (2012):
HPβCD 100 mg/kg and increased every dose until reaching 
2,500 mg/kg administered intravenously in two patients with NPC 
and HPβCD 175 mg every 2 weeks administered intrathecally in 
addition to 2,500 mg/kg every 2 weeks administered intravenously in 
combination with oral miglustat

Reduction in CSF concentrations 
(statistically significant)

 [79]

Table 1  (continued) 



Page 6 of 16Stern et al. Orphanet Journal of Rare Diseases          (2024) 19:280 

p = 0.0162). In the combined group of patients with NPC, 
regardless of treatment status, calbindin D concentration 
was elevated by 1.6-fold compared to controls (adjusted 
p = 0.000052) [27]. Although calbindin D was not one of 
the top 50 proteins with increased expression, the expres-
sion of calretinin and secretagogin, which are two other 
proteins in the hexa-EF-hand family, were 3.4-fold and 
2-fold higher in patients with NPC, respectively. Taken 
together, calbindin D, calretinin, and secretagogin appear 
to have increased CSF concentrations in patients with 
NPC [27].

Calbindin D was evaluated in a phase 1/2a clinical 
trial [19]. This non-randomized open-label dose escala-
tion study investigated the safety, pharmacodynamics, 
and efficacy of intrathecal HPβCD (ranging from 50 to 
1200  mg) administered every other week or monthly in 
patients with NPC aged 2–25 years. Patients with NPC 
had significantly higher CSF calbindin concentrations 
at baseline compared to healthy control values derived 
from literature (532 ng/mL vs. 0.76 ng/mL). Calbindin 
D concentrations at the last treatment (13 or 18 doses) 
compared to baseline showed a decrease in nine sub-
jects, increase in one subject, and no difference in four 
patients; collectively, a significant decrease in concentra-
tions (-385 ng/mL, p = 0.004) was found [19].

Although few studies have evaluated calbindin D as a 
biomarker for NPC, studies have demonstrated a con-
sistent increased directionality of CSF concentrations 
in patients with NPC compared to a control group and 
trends towards decreased concentrations with treatment 
of two different drugs with two different mechanisms of 
action. Findings of increased concentrations in NPC align 
with the understanding of disease progression, specifi-
cally the notable cerebellar Purkinje cell death; therefore, 
calbindin D may represent a potential pharmacodynamic 
biomarker. However, mechanistic underpinnings of the 
observed delay in calbindin D reduction in symptom-
atic felines and differing trajectories following treatment 
remain uncertain. It is also unclear how CSF calbindin D 

concentrations correlate with the NPC disease severity 
score and other scales used in clinic.

Neurofilament light chain
Neurofilaments are cytoskeletal proteins composed 
of four subunits, a heavy (190–210  kDa), medium 
(150  kDa), light (68  kDa), and α-internexin. Neurofila-
ment light chain (NfL) is the most abundant and soluble 
subunit that can be quantified [30]. Neurofilaments are 
involved in axonal radial growth and larger myelinated 
axons express more neurofilaments [31]. NfL and other 
neurofilaments are likely released into the CSF dur-
ing neuroaxonal damage in an age-dependent manner, 
as they play a role in axonal stability, radial growth, and 
communication with other proteins and cellular organ-
elles [32, 33]. In neurodegenerative diseases such as amy-
otrophic lateral sclerosis (ALS) and Alzheimer disease, 
NfL has been assessed in plasma and CSF as an indica-
tor of disease progression and the conversion from pre-
symptomatic to symptomatic stages [34–39]. The degree 
of damage is speculated to be proportional to the NfL 
concentration released into the blood and CSF, suggest-
ing that NfL is a prognostic and response biomarker for 
certain neurological diseases [40].

Although NfL concentrations are approximately 
50-fold lower in plasma than in CSF, elevations in both 
CSF and plasma NfL concentrations have been observed 
in patients with NPC [40–42]. Cross-sectional and lon-
gitudinal CSF samples from 116 patients with NPC and 
age-matched non-NPC controls showed that the median 
baseline CSF NfL concentration was 6.9-fold higher in 
patients compared to controls (1152 [680–1840] vs. 167 
[82–372] pg/mL) [43].

Using pooled results from a National Institute of 
Health (NIH) natural history study, a Phase 1/2 and 2/3 
clinical trial for intrathecal HPβCD, and an expanded 
access program, Agrawal et al. reported that patients 
with NPC had substantially elevated CSF NfL concentra-
tions compared with non-NPC controls of similar ages 
[43]. Interestingly, between patients with and without 

Biomarker Studies and Trials* Findings References
PPCS NCT02612129:

Arimoclomol 93 to 372 mg/day TID or placebo administered orally for 
12 months in patients with NPC aged 2 to 18 years (randomized 2:1)

Reduction in plasma concen-
trations at 6- and 12-months 
following treatment (statistically 
significant)

 [16]

NCT02939547:
HPβCD 1500 mg/kg or 2500 mg/kg body weight administered 
intravenously every 2 weeks for 14 weeks (7 total infusions) in adult 
patients with NPC in a randomized, double-blind, parallel group 
design

Reduction in plasma concentra-
tions at Week 14 (no statistics)

 [88]

Aβ, amyloid β; C-triol, cholestane 3β, 5α, 6β-triol; CSF, cerebral spinal fluid; HPβCD, 2-hydroxypropyl-β-cyclodextrin; IV, intravenous; PPCS, N-palmitoyl-O-
phosphocholine-serine; NfL, neurofilament light chain; NPC, Niemann-Pick disease type C; TCG, trihydroxycholanic acid glycinate; TID, three times a day

*Findings as reported in literature, animal studies are italicized

Table 1  (continued) 
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neurological involvement, no differences in CSF NfL 
concentrations were detected. However, the group of 
samples from patients without neurological symptoms 
was small (n = 6). Baseline CSF NfL concentrations were 
significantly correlated with the severity of NPC presen-
tation, as characterized by a 17-domain (rs= 0.33, 95% 
CI = 0.16–0.49) and 5-domain NPC Neurological Sever-
ity Score (NPC-NSS) (rs=0.34, 95% CI = 0.17–0.49) [43]. 
Odds ratios (ORs) were calculated as the risk of more 
severe disease associated with elevated NfL concentra-
tions. Higher CSF NfL concentrations were associated 
with increased disease severity across several outcomes 
including the 17- and 5-domain NPC-NSS, although 
not the cognitive domain in the latter when this domain 
was analyzed separately. For patients who received 
HPβCD, there were no changes in CSF NfL concentra-
tions at the last visit (OR = 1.25, 95% CI = 0.99–1.58) and 
CSF NfL concentrations were found to increase over 
time after adjusting for miglustat use (OR = 1.35, 95% 
CI = 1.09–1.67) [43]. For patients who received miglustat, 
a reduction in CSF NfL concentrations (OR = 0.77, 95% 
CI = 0.62–0.96) was observed over the follow-up period 
(up to 13.5 years) [43].

During investigations of plasma NfL concentrations 
in 75 healthy volunteers compared to 26 patients with 
NPC, patients with NPC had significantly elevated 
plasma NfL concentrations compared to controls even 
after patients were age-matched by < 18 years of age and 
≥ 18 years of age [44]. Ten of the 24 adults and nine of 
the 15 pediatric samples obtained from patients with 
NPC were asymptomatic at the time of sampling and, 
consequently, both groups were further stratified by the 
presence and absence of neurological involvement [44]. 
It was shown that plasma NfL concentrations were sig-
nificantly elevated in patients with NPC with neurologi-
cal involvement compared to those without neurological 
involvement in both pediatric and adult groups. For adult 
patients with NPC without neurological involvement 
compared to age-matched healthy volunteers, plasma 
NfL concentrations were similar. For pediatric patients 
with NPC without neurological symptoms compared 
to age-matched healthy volunteers, NfL concentrations 
were similar between groups in all but two patients. 
Despite the small cohort of patients in this study, these 
data suggest that plasma NfL concentrations may be a 
potential biomarker to detect severity of disease particu-
larly for those with neurological involvement.

Data on NfL as a treatment response biomarker is lim-
ited, although recent work has shown a potential corre-
lation between NfL concentrations and disease severity 
scores. Despite this effort, current limitations of NfL as 
a response biomarker include the need to control for 
NfL concentration with increasing age, unclear relation-
ships with disease pathology and neurological outcomes, 

the need for replicated studies that correlate outcomes 
with biomarker changes, and limited data demonstrat-
ing an association between CSF and plasma NfL con-
centrations. It is unclear to what degree plasma elevation 
reflects peripheral versus central nervous system (CNS) 
disease and whether incremental differences in CSF or 
plasma concentrations can inform prognosis or treat-
ment response. A key challenge in obtaining adequate 
data to support the use of NfL as a biomarker to inform 
treatment response is the generalizability of results from 
healthy adult studies to children due to the effect of age 
on NfL concentrations.

24(S)-hydroxycholesterol
Lysosomal cholesterol accumulation is a major character-
istic of NPC pathophysiology, however, there is limited 
information on whether a change in sterol flux across 
the blood-brain barrier might contribute to neurodegen-
eration. 24(S)-hydroxycholesterol is a dominant oxysterol 
that maintains cholesterol homeostasis. Cytochrome 
P450 46A1 (CYP46A1) converts cholesterol to 24(S)
hydroxycholesterol, is predominantly expressed in neu-
rons, and is responsible for approximately 40% of brain 
cholesterol metabolism [45, 46]. Brain concentrations of 
24(S)-hydroxycholesterol directly correlate with systemic 
cholesterol concentrations, and the concentration gradi-
ent is a major driver of 24(S)-hydroxycholesterol diffusion 
across the blood-brain barrier [47, 48]. It is speculated 
that 24(S)-hydroxycholesterol may favor membrane cho-
lesterol accessibility and, therefore, indirectly alter the 
membrane structure and increase the extent of choles-
terol transport within the endoplasmic reticulum mem-
brane [49]. Additionally, 24(S)-hydroxycholesterol is a 
ligand of nuclear receptors liver X receptor (LXR) α and 
β, which suppresses brain cholesterol biosynthesis. In 
turn, this reduces the synthesis of cholesterol mediated 
by LXR activation and enhances the expression and syn-
thesis of cholesterol facilitators and transporters, ApoE 
and ABCA1/ABCG1, in astrocytes [50–53].

An analysis of plasma from ten patients with NPC 
enrolled in a natural history study demonstrated that 
24(S)-hydroxycholesterol was significantly lower com-
pared to age-matched healthy controls [54]. Plasma 
24(S)-hydroxycholesterol concentrations were similar 
to other lysosomal storage diseases such as GM1 and 
GM2 gangliosidosis, infantile neuronal ceroid lipofusci-
nosis, and Gaucher disease, consistent with the cortical 
involvement of these neurodegenerative diseases. Nota-
bly, 24(S)-hydroxycholesterol could not be detected in 
the CSF of NPC or control subjects, potentially reflecting 
the reduced 24(S)-hydroxycholesterol synthesis or a limi-
tation in detection techniques [54]. While significantly 
lower mean plasma 24(S)-hydroxycholesterol concentra-
tions were found (97.7 [34.8-234.1] ng/mL in controls vs. 
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75.1 [19.3-209.3] ng/mL in patients with NPC), consider-
able overlap in concentrations demonstrates that 24(S)-
hydroxycholesterol may not be sufficient to distinguish 
unaffected individuals from patients with NPC.

In a study using 9-week Npc1 knockout mice, 24(S)-
hydroxycholesterol concentrations were 35% lower in 
whole brain tissue and 2.8-fold higher in the liver com-
pared to control mice [54], demonstrating that elevated 
steady-state levels are potential manifestations of hepato-
cellular injury or increased clearance of plasma oxyster-
ols [54, 55]. Furthermore, Npc1−/− mice stereotactically 
administered 6  mg/kg HPβCD into the left lateral ven-
tricle demonstrated a dose dependent increase in plasma 
24(S)-hydroxycholesterol concentrations compared to 
control mice administered artificial CSF over 7 days [56]. 
This change was associated with a significant reduction 
in the cholesteryl ester content in the brains of Npc1−/− 
mice. In 4-to 5-week-old Npc1−/− mice treated with 
6  mg/kg HPβCD intracerebroventricularly every other 
week (2 doses), significant elevations in brain and plasma 
24(S)-hydroxycholesterol concentrations were found. 
24(S)-hydroxycholesterol concentrations returned to 
baseline within 17 days, however, lysosomal cholesterol 
in the brain did not reaccumulate during that period [56]. 
Similar elevations in plasma and CSF 24(S)-hydroxycho-
lesterol concentrations were demonstrated during intra-
thecal administration of HPβCD in 2-week-old NPC1 
cats treated every other week until 11 weeks of age with 
increasing concentrations of HPβCD (3, 30, or 120 mg) 
[56].

In a case study of a single 12-year-old patient, plasma 
and CSF 24(S)-hydroxycholesterol concentrations were 
increased and improvements in hearing and vertical 
gaze were observed after the first 5 intrathecal adminis-
trations of 200  mg HPβCD every other week [57]. Sub-
sequently, a Phase 1 study evaluating 50  mg of HPβCD 
administered intracerebroventricularly to patients with 
NPC1 found that the maximum concentration of CSF 
24(S)-hydroxycholesterol was 21- to 50-fold higher than 
baseline at 0.25–0.5 h post-dose and the area under the 
concentration-time curve (AUC) increased from 0 to 
72 h post-dose from 1.6- to 2.9-fold compared to saline 
[58]. Plasma concentrations of 24(S)-hydroxycholesterol 
also increased from 1.43- to 1.75-fold baseline values 
at 3–8  h post-administration of HPβCD and the AUC 
increased 6–16% in plasma compared to saline.

In an 18-month, open-label Phase 1/2a study of escalat-
ing (50-1200 mg) intrathecal HPβCD doses administered 
to 14 patients with NPC, plasma and CSF 24(S)-hydroxy-
cholesterol concentrations were the primary pharma-
codynamic markers measured pre-dose, at 8-, 24-, 30-, 
48-, and 72-h post-dose [19]. The plasma 24(S)-hydroxy-
cholesterol concentrations were variable, with a major-
ity of participants having concentrations above those of 

individuals who received the saline control. Despite the 
variability, higher plasma 24(S)-hydroxycholesterol con-
centrations were detected at higher doses and a signifi-
cant dose dependent effect was observed at 900 mg and 
1200  mg. CSF 24(S)-hydroxycholesterol concentrations 
demonstrated robust elevation and three participants 
had a > 2-fold increase in concentrations 72  h after the 
administration of 600–900 mg of HPβCD [19].

The dominant oxysterol in the brain is 24(S)-hydroxy-
cholesterol, which is an attractive marker for neuronal 
function and cholesterol accessibility by favoring choles-
terol efflux [49]. The majority of 24(S)-hydroxycholesterol 
produced in the brain enters systemic circulation and 
is delivered to the liver for hepatic metabolism, thereby 
enabling 24(S)-hydroxycholesterol to be indicative of 
cholesterol homeostasis in the brain. However, 24(S)-
hydroxycholesterol concentrations are subject to sig-
nificant variability based on age, comorbidities, leakage 
of the blood-brain barrier, or differences in metabolism, 
potentially undermining the use of 24(S)-hydroxycho-
lesterol as a pharmacodynamic biomarker. Additionally, 
increased plasma and/or CSF 24(S)-hydroxycholesterol 
concentrations in response to treatment with HPβCD 
have been observed across murine models, feline models, 
and in humans. Data demonstrating changes in 24(S)-
hydroxycholesterol concentration are not available for 
other potential therapies and the relationship with dis-
ease severity scores or clinical assessment has not been 
investigated.

Cholestane-triol
An excess of intracellular cholesterol along with height-
ened oxidative stress in NPC promotes the nonenzymatic 
formation of oxysterols [54]. An oxysterol, cholestane-3β, 
5a, 6β-triol (c-triol), has largely been investigated as a 
potential biomarker for non-invasive screening and diag-
nosis of NPC [59]. Reported screening strategies with 
c-triol include a combination approach with other bio-
markers and methodologies [5, 60], such as the previous 
use of chitotriosidase activity [61], filipin staining [61, 
62], 7-ketocholesterol, and a composite of c-triol, trihy-
droxycholanic acid glycinate (TCG), and N-palmitoyl-O-
phosphocohlineserine (PPCS) [61–64] These screening 
strategies have been applied in infants, adolescents, and 
adults with upper bounds of the c-triol reference range 
varying from 32 to 60 ng/mL across studies [61, 62, 65, 
66].

Studies have demonstrated elevated c-triol concentra-
tions in patients with NPC [54, 62]. Porter et al. studied 
c-triol concentrations in a murine model, feline model, 
and in humans [54]. Plasma, liver, and brain c-triol con-
centrations were elevated in an NPC murine model, 
with age-dependent increases noted in the cerebellum. 
In a feline NPC model, serum c-triol concentrations 
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significantly decreased following HPβCD treatment. In 
ten patients with NPC in an NIH-natural history study, 
elevated plasma c-triol concentrations were found. In a 
separate cohort of patients with NPC (n = 25) compared 
to 1:1 age-matched controls, the findings were replicated 
with a relative 10-fold increase in plasma c-triol concen-
trations in patients with NPC. Significant elevations in 
CSF c-triol concentrations were also observed in patients 
with NPC compared to pediatric controls [54]. In addi-
tion, an approximate 2-fold increase in plasma c-triol 
concentrations was reported in NPC1 heterozygotes 
compared to non-carriers. Plasma c-triol concentrations 
varied by age (r= -0.40, p < 0.05) and were significantly 
correlated with disease severity (r = 0.39, p < 0.05) [54].

Cooper et al. found that patients with NPC who were 
diagnosed at less than two years of age had higher mean 
plasma c-triol concentrations compared to older patients 
(449.0 ng/mL [n = 9] vs. 83.9 ng/mL [n = 10]) [62]. These 
results may be reflective of a more severe phenotype that 
is associated with younger age of onset. To further relate 
c-triol concentrations to disease severity, Stampfer et al. 
developed the NPC clinical database score to quantify 
disease severity and found a positive correlation between 
scores and plasma oxysterol concentrations, including 
c-triol (R2 = 0.274) [3].

Reduction in c-triol concentrations has been investi-
gated as a biomarker in response to therapy. Decreases in 
plasma and brain c-triol concentrations were observed in 
Npc1−/− mice at 17 days post-HPβCD which suggests that 
c-triol may be indicative of chronic cellular cholesterol 
storage [56]. Similarly, in two patients with NPC receiv-
ing intravenous HPβCD, plasma triol concentrations sig-
nificantly decreased by 46% at 25 months and 70% after 
24 months of treatment [56]. In a Phase 2/3 trial of pedi-
atric patients with NPC receiving arimoclomol, serum 
c-triol concentrations trended downward for patients on 
the treatment versus placebo arm at 12 months (mean 
[SE] treatment difference of -5.50 [4.46] ng/mL); how-
ever, the differences were not statistically significant [16]. 
Another study reported average plasma c-triol concen-
trations below the reference value (58.58 ng/mL with ref-
erence value of < 60 ng/mL) in miglustat-treated patients 
(n = 5); however, concentrations were significantly higher 
than healthy controls (n = 52; p < 0.01) [65].

Oxysterols like c-triol are well-established for the diag-
nosis of NPC and remain elevated throughout the course 
of NPC [54]. These findings are consistent with the cho-
lesterol accumulation and oxidative stress associated 
with NPC. In contrast to identification of patients with 
NPC, few studies have investigated c-triol concentrations 
in relation to treatment response. Although there was a 
reduction in c-triol concentrations in response to three 
different therapies, the extent of reduction varied, one of 
three studies lacked statistical significance, and results 

remain to be replicated. However, few studies have cor-
related c-triol concentrations with disease severity. It is 
unclear how changes in c-triol concentrations during 
treatment correspond to clinical assessments.

Trihydroxycholanic acid glycinate
C-triol enters circulation and is hepatically metabolized 
to a byproduct, trihydroxycholanic acid, and a glycinated 
derivative, trihydroxycholanic acid glycinate (TCG) [60]. 
Elevated c-triol concentrations correspond with eleva-
tion in TCG which has been found in patients with NPC 
[64, 67]. The development of a non-invasive blood diag-
nostic panel that detects TCG has accelerated diagnosis 
through dried blood spot detection and newborn screen-
ings [60, 67].

Beyond the detection of disease, plasma TCG has been 
assessed in samples from clinical trials to evaluate effects 
of treatments on concentrations. Plasma TCG concen-
trations collected from a Phase 1/2 trial and open-label 
expanded access protocol for every other week of intra-
thecal HPβCD (200–1200  mg) as well as single patient 
INDs for intravenous HPβCD (500–2000  mg/kg/week) 
found that all patients with NPC1 were above a plasma 
TCG diagnostic threshold of 18.5 ng/mL except for a sin-
gle patient without neurological involvement [63]. Addi-
tionally, plasma TCG concentrations were influenced by 
sex, as female patients with NPC1 had 31% lower con-
centrations than male patients. Despite the sex differ-
ences in TCG concentrations, patients with NPC1 had an 
average 15% lower plasma TCG concentrations following 
intrathecal HPβCD administration at the last study vis-
its [63]. However, plasma TCG concentrations were not 
significantly correlated with NPC neurological disease 
severity scores, or annual severity increment scores and, 
therefore, the relationship with clinical benefit is unclear. 
Miglustat treatment (200 mg TID adjusted for body sur-
face area) did not lead to significant differences in plasma 
TCG concentrations and concentrations remained above 
the diagnostic threshold [63].

Plasma TCG concentrations had variable trends 
in response to treatments, with reductions follow-
ing HPβCD and no change following miglustat [63]. 
Although TCG and c-triol have primarily been used 
in the context of diagnostics, they potentially provide a 
marker for peripheral tissue involvement [5]. A future 
challenge is demonstrating that this biomarker, along 
with other metabolites, reflects the impact on the CNS 
compared to peripheral tissue given the metabolite con-
centration is significantly lower in the brain than in the 
liver [60].

Amyloid-β
Amyloid-β (Aβ) is a small protein (37–49 amino acids) 
that is cleaved from a β-amyloid precursor protein by 
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β- and γ-secretases and is widely associated with a patho-
physiological role in Alzheimer disease [68, 69]. Differ-
ent Aβ isoforms (e.g., Aβ38, Aβ40, Aβ42) are denoted 
based on N- and C-terminal truncation by a variety of 
secretases, where Aβ38, Aβ40, and Aβ42 are the most 
prominently known C-terminally truncated peptides in 
CSF with varying peptide length and solubility [70]. Pep-
tide solubility has been associated with disease severity 
in neurodegenerative diseases, such as Alzheimer disease 
[71, 72]. Accumulating evidence suggests that there is an 
association between Aβ and cholesterol homeostasis. For 
instance, increased dietary cholesterol led to a decrease 
in secretion of Aβ in various neuroblastoma cells and pri-
mary neuronal cells. Since the late 1990s, there has been 
a growing body of evidence demonstrating the associa-
tion between Aβ and cholesterol metabolism, reflected 
in both NPC and Alzheimer disease. A positive correla-
tion has been shown between Aβ concentrations and 
cholesterol concentrations in vitro and in vivo [73, 74]. 
Additionally, Aβ directly interacts with cholesterol in 
vitro, but the interaction sites have not been identified 
[75]. Consistent with in vitro models, the brains of Npc 
-/- mice exhibit Aβ aggregation, particularly in late endo-
somes [76]. While a bidirectional link has been specu-
lated, the mechanism underlying this interaction remains 
unclear.

In patients with NPC, it has been shown that Aβ con-
centrations in CSF are significantly elevated, shifting 
towards the Aβ42 isoform, an insoluble peptide, com-
pared to individuals without NPC [77]. While Aβ42 was 
the most elevated isoform, other isoforms such as Aβ38 
and Aβ40 were elevated compared to the control sam-
ples. Several patients with NPC had concentrations of 
Aβ that overlapped with the control individuals. Matts-
son et al. assigned scores according to disease severity 
demonstrating that individuals with high disease burden 
had higher Aβ concentrations. Patients with NPC treated 
with miglustat had lower Aβ42 concentrations compared 
to untreated patients with NPC. However, all other iso-
forms of Aβ remained consistent, despite miglustat treat-
ment [77].

In contrast, analysis of the brains of patients with NPC 
indicated that other forms of amyloid protein precursors 
accumulated in cerebellar Purkinje cells and early endo-
somes, while Aβ42 did not [78]. In late endosomes and 
hippocampal pyramidal neurons, Aβ42 was the major 
accumulating species of amyloid. Thus, the location of 
abnormal lipid trafficking in NPC may contribute to the 
presentation.

Using a congenital NPC model in cats compared to 
human CSF samples, Mattsson et al. evaluated the altered 
distribution of CSF Aβ deposition in NPC, findings of 
which may highlight species differences [79]. The authors 
noted the relative concentrations of Aβ37, Aβ38, and 

Aβ39 were numerically lower in NPC cats compared to 
controls. In NPC cats treated with HPβCD, CSF Aβ con-
centrations decreased over time including Aβ42, Aβ38, 
and Aβ40, while Aβ16 increased compared to untreated 
NPC cats [79]. However, interpretation of these findings 
is difficult given the small sample size (n = 3 NPC cats) 
and overlapping concentrations. In twin patients with 
NPC, CSF samples were evaluated to determine the Aβ 
concentrations before and after HPβCD and miglustat 
co-treatment. The patients initially received 100  mg/kg 
HPβCD intravenously and the dose was titrated up to 
2,500  mg/kg. Patients also received intrathecal HPβCD 
(175 mg or 375 mg) administered in addition to the intra-
venous dosing every 2 weeks. The CSF concentrations 
of isoforms Aβ1–42, Aβ38, Aβ40, Aβ42, and amyloid 
precursor protein decreased in a time-dependent man-
ner for both patients despite the pattern of distribution 
remaining unchanged.

CSF Aβ concentrations, specifically Aβ42, may 
decrease in response to treatment, but the magnitude 
of that reduction and meaningfulness related to clini-
cal assessment is uncertain. The underlying mechanism 
of action associated with the relationship between NPC 
and Aβ deposition remains unclear, reducing its utility as 
a pharmacodynamic biomarker. Furthermore, it remains 
unclear whether the association is related to cholesterol 
efflux or synthesis, and thus conclusions are difficult to 
draw. Despite the fact that Aβ processing appears altered 
in NPC, dense core Aβ plaques are not observed in 
individuals with NPC [80]. The location and trafficking 
of lipids and location of deposition of Aβ may contrib-
ute to the phenotype. More investigations are necessary 
to uncover the unique degradation pathway of Aβ in 
patients with NPC.

Total and Phosphorylated Tau
Loss of NPC1 and NPC2 function modifies the neuronal 
storage of lipids and alters morphology, preceding axo-
nal and neuronal damage [21]. Purkinje cells in the cer-
ebellum, basal ganglia, and thalamus are often the first 
affected and are the most susceptible neurons to NPC-
induced lipid accumulation and neuronal injury [81, 82]. 
Thus, to further investigate biomarkers for neurodegen-
eration that may be potentially useful for clinical tri-
als, CSF total tau concentration has been suggested as a 
marker for neurodegeneration while phosphorylated tau 
may be specific as a marker for neurofibrillary tangles, 
correlated with cognitive decline [83, 84].

The relationship between NPC severity and total 
tau has been investigated using tau-imaging. Multiple 
patients with NPC have shown elevated tau burden with 
the distribution of tau varying between the mesial tem-
poral, temporoparietal, and rest of the neocortex [85]. 
A significant correlation was demonstrated between tau 
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burden in the mesial temporal region and age, age of 
onset, and between tau burden in the rest of the neocor-
tex and duration of symptoms. However, not all patients 
with NPC demonstrated an increased tau burden despite 
severe cognitive impairment and long duration of neuro-
logical symptoms, potentially an artifact of age.

In a case study of a 5-year-old patient and an 11-year-
old patient with advanced stage and moderately advanced 
stage NPC, respectively, CSF biomarkers such as total tau 
and phosphorylated tau, NfL, and 24(S)-hydroxycholes-
terol were assessed [86]. Baseline total tau and phosphor-
ylated tau concentrations were all substantially elevated. 
Both patients were treated with miglustat orally and 
HPβCD intravenously and intrathecally. Improvements 
in visceral disease were associated with a decline in total 
tau and phosphorylated tau concentrations, particularly 
in the 11-year-old patient [86]. Other biomarkers investi-
gated remained unchanged.

In an observational study of 16 patients with NPC 
treated with and without miglustat (five patients 
untreated at baseline and treated at follow-up, six 
patients treated at baseline and at follow-up, and five 
patients untreated at baseline and follow-up), CSF total 
tau and phosphorylated tau concentrations were evalu-
ated [87]. The untreated group had later onset of neu-
rological symptoms, older age at CSF collection, longer 
disease duration, and higher baseline disease score com-
pared to the other two groups. Patients untreated at base-
line had the highest baseline CSF total tau concentrations 
compared to other groups. There was a significant reduc-
tion in CSF total tau concentrations at follow-up for 
patients treated with miglustat therapy [87]. Patients with 
NPC on prior miglustat therapy and continuing treat-
ment had the lowest baseline CSF total tau concentra-
tions at the collection time compared to patients without 
miglustat treatment. The decrease in total tau concentra-
tion was associated with initiation of miglustat therapy, 
as demonstrated by stable total tau concentrations in the 
untreated patients [87]. However, out of all 16 patients, 
there was no significant difference in total tau concentra-
tions between untreated and treated patients at the time 
of follow-up, potentially demonstrating that miglustat 
does not fully prevent neurodegeneration or disease pro-
gression. Phosphorylated tau concentration did not differ 
significantly over time or between treated and untreated 
patients [87].

A Phase 1, randomized, double-blind, parallel-arm 
14-week study enrolled adult patients with NPC1 and 
evidence of systemic involvement of disease who received 
1500 mg/kg or 2500 mg/kg HPβCD administered intra-
venously every 2 weeks [88]. Plasma and CSF sampling 
were performed after the first and seventh infusion 
to assess biomarkers. In 60% of patients who received 
7 HPβCD doses of either 1500  mg/kg or 2500  mg/kg 

(6/10), there was a post-treatment reduction in CSF total 
tau concentrations with the mean concentration increas-
ing after the first infusion and decreasing after the 7th 
infusion. 82% (9/11) of patients who had available data 
demonstrated an increase in CSF total tau concentrations 
after the first infusion. Hastings et al. suggested that the 
increase in total tau concentrations after the first infusion 
may be due to the release of a tau bolus from neurons 
with a downward trend in total tau concentrations after 
the last infusion suggesting the potential for HPβCD to 
reduce the rate of degeneration in neurons [88]. Total 
tau concentrations did not show a consistent decline in 
all subjects following the last infusion and rapid changes 
in the concentrations may make capturing the impact 
challenging.

Overall, CSF total tau has been shown to be a poten-
tial biomarker for neuronal apoptosis, degeneration, and 
loss [89]. Despite its role in neurological diseases such as 
Alzheimer disease, the variable response among individ-
uals with NPC represents unique challenges with inter-
preting its use as a biomarker.

N-palmitoyl-O-phosphocholine-serine
Screening and diagnosis of NPC incorporate a novel lipid 
known as N-palmitoyl-O-phosphocholine-serine (PPCS) 
[5, 60, 90]. Initially coined as lysosphingomyelin-509, 
upon further structural analysis, PPCS was elucidated as 
the most likely and abundant structure. Throughout this 
manuscript, we will refer to PPCS instead of lysosphingo-
myelin-509 to reflect the most accurate lipid species. Ele-
vations in PPCS plasma concentrations in patients with 
NPC have been observed, revealing a potentially undis-
covered metabolic pathway [91, 92]. PPCS has emerged 
as a novel biomarker that is utilized first-line for NPC 
screening (along with other various lysosphingolipids in 
a multiplex assay) and has potential to assess treatment 
response in NPC [5].

In a Phase 1, double-blind, parallel group study, 
patients with NPC received 1500  mg/kg or 2500  mg/
kg HPβCD intravenously every 2 weeks for a total of 14 
weeks (7 total doses) [88]. Pharmacodynamic markers, 
including plasma PPCS, were assessed at Baseline, and 
Week 2, 4, 8, 12, and 14. Findings suggest that subjects 
had a significant reduction in plasma PPCS concentra-
tions, with a 46.8% reduction at Week 12, which was not 
dose dependent [88].

In a phase 2/3, 12-month, randomized, double-blind, 
placebo-controlled trial of patients with NPC aged 2 to 
18 years, patients were randomized to receive arimo-
clomol in a 2:1 ratio [16]. At baseline, all subjects had 
elevated plasma PPCS concentrations compared to 
healthy volunteers (666 ng/mL vs. 10 pg/mL), which was 
inversely correlated with age of neurological onset and 
associated with serum c-triol concentrations at baseline 
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and differences at Month 12. Patients treated with ari-
moclomol had a significant reduction in plasma PPCS 
concentrations compared to those receiving placebo at 
Months 6 and 12.

In addition to its use as a diagnostic marker, PPCS 
holds promise to inform and guide treatment response 
[93]. Elevated concentrations in patients with NPC at 
baseline were decreased in response to miglustat and 
HPβCD, as described. Research is warranted to untangle 
the relationship between PPCS elevation and disease 
severity and provide evidence that it may be used to mea-
sure disease progression and treatment response.

Discussion
Drug development for NPC is challenging due to the 
heterogeneous presentation, nonspecific early symp-
toms, progressive nature, complex pathophysiology, and 
unclear relationship between biomarkers and diagnosis, 
prognosis, and clinical benefits of drug treatment. A vari-
ety of biomarkers have potential as pharmacodynamic 
biomarkers to inform treatment response and moni-
tor or assess disease severity such as calbindin D, 24(S)-
hydroxycholesterol, c-triol, TCG, NfL, PPCS, amyloids, 
total and phosphorylated tau, which have been reported 
throughout this review (Fig.  1). Additional novel bio-
markers have been recently identified, such as ubiquitin 
C-terminal hydrolase-L1 [94]. In this review, we outlined 
the available nonclinical and clinical data supporting the 
potential use of candidate biomarkers for drug develop-
ment and treatment monitoring purposes. While several 
promising biomarkers have been identified, additional 
data are necessary to support their routine use.

In the context of drug development, disease-related 
or treatment-related biomarkers and a drug’s mecha-
nisms of action should share the same biological path-
way, enabling insight into the potential impact on disease 
outcomes [95]. NPC pathophysiology is not fully under-
stood, and the biomarkers discussed within this review 
are not specific to NPC; thus, there are challenges with 
understanding their role and impact on this disease.

Given that the clinical course of NPC is a result of 
aberrant cholesterol trafficking, cholesterol-associated 
biomarkers (e.g., 24(S)-hydroxycholesterol) appear 
closely linked to NPC pathophysiology, which strength-
ens their potential as pharmacodynamic biomarkers. 
24(S)-hydroxycholesterol maintains cholesterol homeo-
stasis in the brain, while c-triol and TCG are derivatives 
of excess cholesterol and oxidative stress in the liver. 
Overall, c-triol and TCG are several steps removed from 
cholesterol accumulation and induce changes in autoph-
agy-lysosome function which potentially contribute to 
neurodegeneration in NPC [96]. These biomarkers are 
not specific to NPC and have shown baseline elevation 
in other diseases such as pediatric onset of cholestasis, 

other biliary atresia, and acid sphingomyelinase defi-
ciency [64, 97, 98]. Despite the lack of specificity, they are 
accessible and can be readily measured, and in combina-
tion with other biomarkers may shed light on a drug’s 
clinical pharmacology and be useful indicators of treat-
ment effects. Elucidation of their potential use as phar-
macodynamic biomarkers would benefit from evaluation 
in natural history studies to understand their relationship 
with clinical outcomes.

Preliminary evidence suggests that protein biomark-
ers may have a role in monitoring CNS treatment effec-
tiveness compared to metabolic biomarkers despite not 
being specific to NPC. Examples discussed include NfL 
and calbindin D, both of which were found to be elevated 
at baseline and decreased in response to treatment in 
patients with NPC [19, 29, 42, 43]. While CSF is ideal 
for measuring CNS involvement, it may be infeasible. It 
remains unclear how plasma concentrations of these bio-
markers reflect peripheral versus CNS involvement and 
more data is warranted demonstrating a direct associa-
tion between CSF and plasma concentrations.

A recent study revealed that there may be a correlation 
between ventricular volume and CSF protein produc-
tion, thus potentially confounding the observed relation-
ships and limiting the use of many of these biomarkers 
[99]. For instance, frontal lobe atrophy has been noted in 
some patients with NPC [100]. This is consistent with the 
findings from Ott et al. for 288 subjects, which showed 
a negative association between ventricular volume and 
CSF amyloid proteins and tau in controls and patients 
with Alzheimer disease [101]. Along with confounding 
neurodegenerative variables and age-dependent eleva-
tions, plasma and CSF proteins can be distinct, and their 
expression may differ by an order of magnitude between 
plasma compared to CSF.

Collection of CSF via lumbar puncture has ethical and 
feasibility considerations, particularly for pediatric popu-
lations. Albert et al. found that, out of 59 patients with 
NPC treated with 2935 infusions, 55.9% of patients had 
no adverse events following a lumbar puncture, 44.1% 
had an adverse effect reported at some point, and adverse 
events occurred after 3.3% of lumbar puncture proce-
dures [102]. Although lumbar punctures are a drug deliv-
ery method used in the development of drugs for NPC 
and are frequently used to obtain CSF, mild complica-
tions are possible in both adult and pediatric populations 
with additional considerations and complications possi-
bly due to sedation [103]. Postdural puncture headaches 
are often the most commonly reported adverse event 
reported after lumbar puncture procedures [104].

Further efforts to understand the biomarkers’ rela-
tion to the natural history of the disease supported by 
a mechanistic understanding of how the biomarker is 
involved in the disease pathway is necessary to accelerate 
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advancements in treatments. The adequacy of the assay 
in terms of its analytical performance may impact the 
ability to discern treatment response leading to inac-
curate conclusions. An overarching challenge yet-to-
be-addressed is whether these biomarkers are clinically 
sensitive enough to detect a treatment response, or dif-
ferentiate effects of different drug dosages. Additionally, 
without a clear relationship with clinical outcomes, even 
if such biomarker measures are objective, it is important 
to evaluate drug effectiveness with an active comparator 
in studies. Furthermore, the ability to investigate these 
biomarkers and anchor them to clinical outcomes is chal-
lenged by the lack of validated clinical assessment tools.

A pharmacodynamic biomarker may be specific to 
a drug or drug class, particularly if it is proximal to the 
drug target. In contrast, a pharmacodynamic biomarker 
that is further downstream from the drug target may not 
be sensitive to the drug effect or change in dose. It is our 
opinion that more comprehensive panels of biomark-
ers, rather than a single biomarker for all contexts of use 
and all drugs under investigation, are needed to robustly 
characterize patient response and optimize the treatment 
regimen. Combining biomarkers that reflect pathophysi-
ological cholesterol trafficking and oxidative stress with 
lipid biomarkers may provide insight for drug devel-
opment. For instance, results from a Phase 1/2a study 
of escalating (50-1200  mg) intrathecal HPβCD doses 
administered to patients with NPC demonstrate a treat-
ment effect supported by a reduction in CSF calbindin D 
concentrations and increases in CSF and plasma 24(S)-
hydroxycholesterol concentrations, potentially strength-
ening the support of a treatment effect [19]. Additional 
considerations which may provide a path forward to 
bridge the gap in knowledge about the impact of these 
biomarkers in the disease pathophysiology and the util-
ity of these biomarkers to assess drug activity, include (1) 
collection and banking of specimens in natural history 
studies to measure relevant biomarkers using validated 
assays, (2) combining data from available clinical studies 
to reduce noise and better understand natural changes 
in these biomarkers during the course of disease, and (3) 
consistent evaluation of promising PD biomarkers in tri-
als of therapeutic interventions [105].
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