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Abstract

Purpose Niemann-Pick type C (NPC) is a cholesterol storage disease characterized by disruption in the endosomal-lysosomal
transport system that leads to the accumulation of cholesterol and glycolipids in lysosomes. Developmental cognitive delay and
progressive motor and cognitive impairment are characteristic of the disease. Tau accumulation has been reported in some NPC
patients. We investigated the presence of tau and A 3-amyloid deposits in a group of NPC patients and for comparison in age-
matched healthy controls (HC).

Methods Eight NPC patients and seven HC were included in the study. Participants underwent tau imaging with '*F-AV1451
and amyloid imaging with ''C-PiB. Both '®F-AV 1451 and ''C-PiB standardized uptake value ratios were generated using the
cerebellar cortex as the reference region. Associations between imaging results, and clinical and neurocognitive parameters were
assessed through nonparametric analyses.

Results All participants were A [3-negative. Four NPC patients presented with high tau burden in the brain. A 21-year-old female
patient and a 40-year-old male patient showed high neocortical tau burden in a pattern different from that observed in patients
with Alzheimer’s disease, while the same 40-year-old male patient, a 40-year-old female patient and a 50-year-old female patient
showed high regional tau burden in the mesial temporal cortex. Spearman’s correlation analysis showed an association between
tau burden in the mesial temporal lobe and age (p = 0.022), and age at symptom onset (p = 0.009), and between frontotemporal
tau and duration of symptoms (p = 0.027). There were no correlations between global and regional tau and cognitive parameters.
Conclusion Four of eight NPC patients showed tau deposition in the brain. The results of our exploratory study suggest that while
tau deposits do not affect cognitive performance, tau deposits are associated with measures of disease onset and progression.
Further studies in a larger cohort of NPC patients are needed to confirm these initial findings.
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Niemann-Pick type C (NPC) disease is an autosomal recessive
neurovisceral and neurodegenerative disorder that involves
alterations in intracellular sterol trafficking. NPC disease is
caused by mutations in the NPC1 gene (in 95% of patients)
and the NPC2 gene (in 5%) [1, 2], and affects an estimated 1 in
90,000 live births [3]. Impairment of the function of NPC1/2
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alters sterol cycling between the late endosome and lysosome,
with accumulation of glycosphingolipids, especially GM2 and
GM3 gangliosides, in neurons and unesterified cholesterol
and sphingomyelin in the liver. NPC presents with significant
clinical heterogeneity across the lifespan, and may present
with visceral symptoms (neonatal jaundice and
hepatosplenomegaly), neurological impairment (ataxia,
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dystonia, vertical saccadic palsy, and cognitive impairment)
across the lifespan [4], and neuropsychiatric symptoms (par-
ticularly psychosis) in adolescents and young adults.

Loss of NPC1 function alters neuronal morphology, with
abnormal neuronal storage of lipids, neuroaxonal dystrophy
with ectopic dendritogenesis and formation of meganeurites,
which precede axonal and neuronal degeneration, typical find-
ings in lysosomal storage diseases [5]. Purkinje cells in the
cerebellum, basal ganglia and thalamus are the most vulnera-
ble neurons to NPC-induced neuronal dysfunction, and these
grey matter regions are the first affected with hippocampal and
cortical regions affected later [6, 7], Affected neurons often
show ectopic dendritogenesis with stunted dendrites and
greatly reduced dendritic arborization [8] as a result of altered
phosphorylation of the microtubule-associated protein MAP2
which results in dendritic microtubule depolymerization [9]
and a reduced availability of arborization-promoting
neurosteroids secondary to cholesterol unavailability [10]. In
adult patients regional neuronal loss in subcortical regions and
widespread white matter changes can be detected by modern
in vivo neuroimaging techniques [11-13].

Paired helical filament-containing neurofibrillary tangles
(NFTs), one of the key pathological hallmarks of
Alzheimer’s disease (AD), also appear to be a significant ad-
ditional feature of NPC. They were first described in 1978 in a
neuropathological study of a 29-year-old woman with
“neurovisceral lipidosis”, now thought to have been NPC
[14]. The pathological findings included distended neurons
and axons in the frontotemporal cortex, hippocampal complex
and basal ganglia. A number of subsequent case series demon-
strated that NFTs occur in both paediatric and adult NPC pa-
tients, and are immunohistochemically and ultrastructurally
identical to those seen in AD [15-17]. NFTs have been seen
in patients with NPC as young as 4 years old [18]. In contrast
to AD, NFTs in NPC are found in subcortical structures includ-
ing the thalamus, basal ganglia and hippocampus, more than in
neocortical regions such as the frontal and temporal cortices.
Unlike in AD, NFTs are rarely seen in the parietal and occipital
regions in patients with NPC [15-17, 19]. NFTs also tend to be
colocated in neurons most affected by abnormal cholesterol
and sphingolipid storage [20]. Further contrasting with AD,
dense core A 3-amyloid plaques are not seen in NPC patients,
in spite of altered A 342 processing [16]. It has been suggested
that the lack of cortical plaques may result in less neocortical
spread of NFTs in NPC than in AD [20]. However, in spite of
the fact that the most fulminant neuronal loss in NPC occurs in
the cerebellum, NFTs are not present in the cerebellum [16, 17,
21], which may reflect the fact that tau levels are up to fivefold
lower in Purkinje neurons in this brain region [21].

The advent of noninvasive in vivo Af3-amyloid and tau
imaging with positron emission tomography (PET) has led
to a deeper insight into the pathophysiology of the deposition
of these proteinopathies in the brain [22]. These biomarkers

allow better disease staging, as well as assessment of the rela-
tionship with other cognitive, imaging and fluid biomarkers,
that are crucial for patient selection as well as an outcome
measure in disease-specific trials [22]. To date, no studies
have investigated in vivo Af3-amyloid and tau deposition in
NPC. In the current study, we assessed a group of young adult
NPC patients to determine the presence or absence of tau and/
or AP-amyloid deposition in the brain, as well as their rela-
tionship to clinical and cognitive variables.

Materials and methods

Eight NPC patients (four women, four men; median age
33.5 years, IQ range 2240, age range 1850 years) and seven
healthy controls (HC; five women, two men; median age
29.4 years 1Q range 24-47, age range 21-49 years) were in-
cluded in the study, including two sibling pairs with identical
mutation status (Table 1). AV1451 scans of the three youngest
HC were provided by Avid Radiopharmaceuticals. Written
informed consent was obtained from all participants and/or
their carers. Approval for the study was obtained from the
Human Research Ethics Committee at Austin Health. The
clinical features of each NPC patient are shown in Table 1.
All NPC patients underwent neurocognitive assessment using
the Neuropsychiatry Unit Cognitive Assessment Tool
(NUCOG) that evaluates five cognitive domains (attention,
memory, language, executive and visuospatial function). A
total score of <80/100 is considered abnormal [23]. All pa-
tients were rated at the time of scanning on the NPC illness
rating scale developed by Iturriaga et al. [24].

Seven NPC patients underwent a 3D Tl MPRAGE MRI
scan. One of these MRI scans was not suitable for volumetric
analysis due to movement artefacts. The other NPC patient
underwent a clinical T1 MRI scan. No partial volume correc-
tion of the PET data was performed. Tau imaging emission
scans were obtained between 80 and 100 min after injection of
200 MBq of '®F-AV 1451, while A imaging scans were ob-
tained with either ''C-PiB (40—70 min after injection) or 18p.
florbetapir (50—70 min after injection). Global and regional
tau (‘®F-AV1451) burdens are expressed as standardized up-
take value ratios (SUVR) using the cerebellar cortex as the
reference region. Z-scores were generated using the control
group, and were examined using the neocortical and MeTeR
regional scale, where Me represents the mesial temporal re-
gion (comprising the hippocampus, parahippocampus, amyg-
dala and entorhinal cortex), T represents the temporoparietal
region (comprising the inferior and middle temporal lobes,
supramarginal and angular gyrus, inferior and superior parie-
tal, lateral occipital and posterior cingulate/precuneus), and R
represents the rest of the neocortex (comprising the dorsolat-
eral and ventrolateral prefrontal, orbitofrontal, superior
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Total Subscales (A/V/M/

score®

gaze palsy

symptoms (years)

(years)

E/L)

16/14.5/7.5/15/18

Depression  71.0

13

++

Cognitive

++

+++

11
8

2
5

RS18W/N1156S
RS18W/N1156S
R615C/G1015V
R615C/G1015V
Y509S/D874V

M
M

F

25

15/19/10.5/10.5/18
13/16/7.5/4.5/15

73.0

Executive

Neurological/cognitive —

++

++

27

50.0

Psychosis

Psychiatric/cognitive

21

Autism

10

Neurological/cognitive ++

++

++

M
M

F

18
40
50
40

14/15.5/8/5/16
19/19/19/15/19

94.5 20/20/18.5/16/20

58.5
46.5

Cognitive

++

91.0

Neurological

++

G992R/c3591 +4delA 9

A470P/E606Q

Neurological

7

11/9.5/5.5/4.5/16

Executive

9

Cognitive/neurological +++

4+

4+

Cl654+6 T>A 11

F

40

(homozygous)

NUCOG Neuropsychiatry Unit Cognitive Assessment Tool. NUCOG subscales: A attention, V visuoconstruction, M memory, E executive, L language

# According to the illness rating scale developed by Iturriaga et al. [24]

temporal gyrus and anterior cingulate) [25] similar to Braak
stages I/I1, ITI/TV, and V-VI, respectively [26].

The SUVR ¢y cut-off value for AV1451 was established
as a z-score of 2. Nonparametric (Wilcoxon) tests were used
for comparison of groups. Spearman correlations were applied
to assess the relationship between tau burden, and cognitive
and clinical parameters. No adjustment for multiple compari-
sons was performed.

Results

All participants were A(3-negative according to the A3 PET
scan. Two NPC patients (patients 5 and 8) showed high over-
all tau burden in the brain. Two NPC patients (patients 3 and
5) showed high neocortical and Te and R tau burdens (z-score
greater than 2; Table 2). Half of the NPC patients showed high
tau burden in the Me (Table 2, Fig. 1). The high neocortical tau
burden in patients 3 and 5 also showed a pattern different from
that usually observed in the amnestic presentation of AD
(Fig. 2). However, not all NPC patients showed a detectable
tau burden (Fig. 2). Another 40-year-old female patient (pa-
tient 8) showed a very high regional tau burden in the mesial
temporal region, with incipient tracer retention in the
temporoparietal cortices (Fig. 2). Probably due to the young
age of the cohort, no age-related off-target AV1451 retention
was observed in the basal ganglia or choroid plexus.

Nonparametric analysis in NPC patients showed a signifi-
cant correlation between tau burden in Me and age (Spearman’s
p=0.78, p=0.022), and age at symptom onset (Spearman’s
p=0.84, p=0.009), and between tau burden in R and duration
of symptoms (Spearman’s p=—0.77, p=0.027). However,
there were no significant correlations between global and re-
gional tau burden and cognitive parameters.

Discussion

This study identified significant tau pathology in four of eight
adult patients with NPC, in a distribution that varied between
patients and which differed from the pattern typically ob-
served in patients with amnestic sporadic AD [27]. The other
two main findings of this study were that tau deposition was
significantly associated with illness duration and that no pa-
tient exhibited significant A 3-amyloid pathology. These find-
ings suggest that tau aggregates may play a role in the pathol-
ogy of NPC.

Detectable tau pathology was not observed in all NPC pa-
tients, even those with significant cognitive impairment and
duration of neurological symptoms. One possible explanation
for this is that the regional load of “detectable” NFTs in NPC
is relatively low and variable in comparison to that found in
AD, even in NPC patients of similar ages [17]. In vivo binding
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Table 2 Tau imaging results in

NPC patients Patient no. Tau burden (z-score)
Neocortical Mesial temporal Temporoparietal Rest of neocortex
1 —-0.26 —0.66 0.17 —0.45
2 -1.61 —0.89 —1.48 -1.05
3 2.32 —0.36 2.83 222
4 -0.92 —3.04 —-0.85 —0.31
5 3.81 9.24 4.31 2.37
6 —-0.70 2.79 —-0.89 —0.79
7 0.28 0.63 0.28 0.21
8 0.53 6.31 1.53 —0.81

Values in bold type are those with a z-score greater than the cut-off value of 2

of '®F-AV 1451 resembles the known post-mortem NFT load
and Braak staging in NPC patients, and is most strongly de-
tectable in patients with Braak stage III and beyond [28]. It
should be noted that the pattern of '®F-AV1451 retention in
NPC patients differed from that observed in patients with the
typical amnestic presentation of AD, who tend to show higher
"®F_AV1451 retention predominantly in the medial temporal
and inferior temporal lobe regions, whereas patients with
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Fig. 1 Neocortical and regional tau burden in NPC patients (NPC) and
healthy controls (HC). The z-score scatterplots for neocortical and
regional (Me mesial temporal, 7e temporoparietal, R rest of neocortex)
tau burden show high tau burden in some NPC patients. High neocortical,

carly-onset disease tend to show predominantly more neocor-
tical impairment affecting the temporal and parietal regions,
corresponding to Braak stages V and VI [29]. There are no
comparative studies that have compared tangle density be-
tween NPC and AD patients, although reports do suggest that
some NPC patients have sparse populations of NFTs [15-17].
Thus, while a number of adult NPC patients may show an
NFT distribution pattern akin to Braak stage III in AD [30],
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Fig. 2 Average surface
projections of '®F-AV1451
SUVR in healthy controls (HC),
and individual '*F-AV 1451
SUVR surface projections in
NPC patients (NPC1-8). When
present (NPC3, NPC5, NPC6 and
NPC8), the pattern of 18p.

AV 1451 retention with high
retention in the frontal, mesial
temporal cortex, inferior and
middle temporal gyri, supra-
marginal gyrus and orbitofrontal
regions is somewhat different
from the typical mesial temporal,
temporoparietal and posterior
cingulate tracer retention pattern
observed in amnestic Alzheimer’s
disease

R LAT L LAT

it may be that NFT density in some patients is insufficient to
show a significant PET signal. There have also been sugges-
tions that NFTs may accumulate in an age-related fashion
[18], and our NPC cohort was significantly younger than a
typical AD cohort.

Additionally, it may be that in some NPC patients, tangle
morphology differs from the classical flame-like tangles seen in
AD, and thus affects the binding of 18F_AV1451 that is known
to bind strongly to some conformations, but weakly to others
[31]. Comparative autoradiographic and brain homogenate
studies with '®F-AV1451 between AD and NPC patients are
needed to account for this discrepancy, to ascertain the relative
binding of the tracer to tau in each condition, and if it is related
to binding affinity, variability in tangle load or tau morphology.

Unlike in AD, none of our patients showed significant A3-
amyloid pathology, suggesting a different pathophysiology in
NPC from that in AD. Many hypotheses have been proposed to
explain different underlying pathophysiological mechanisms in
NPC, such as disturbed cholesterol metabolism. It has been

@ Springer
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demonstrated that induced cholesterol deficiency in cultured
neurons results in microtubule depolymerization and
hyperphosphorylation of tau [32], and in NPC abnormal cho-
lesterol trafficking and metabolism may be responsible for the
activation of the mitogen-activated protein kinase (MAPK) sig-
nalling pathway resulting in tau phosphorylation [33], although
cdc2/cyclin B kinase-mediated phosphorylation may also play
arole [18]. Furthermore, tangle-bearing neurons in NPC tend to
be those neuronal populations enriched with free cholesterol
and other storage material [17, 34].

The relationship between tau burden and symptom duration
was notable. This finding suggests that a detectable tau burden
in the adult NPC group may be associated with a more rapidly
progressing form of the disease in this subgroup of patients.
This appeared to be a function of tau, rather than age, as this
was observed in patients both younger and older than 35 years.

Although no significant associations were observed between
tau burden and cognition as assessed using the NUCOG assess-
ment tool, a strong trend was observed between executive
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function and temporoparietal tau. This might suggest that pa-
thology in the temporoparietal region disrupts one “node” of
corticocortical connectivity that subserves a range of executive
functions as indexed by the NUCOG assessment tool. Cortical
tau has been shown to be associated with objective and subjec-
tive cognitive impairment in AD [35, 36]. Our trend was most
strongly seen in executive functioning rather than memory, in-
dicating that the frontal tau burden is probably higher in NPC
patients than in AD patients [20]. Notably, in patients with early-
onset AD, '®F-AV1451 binding in temporoparietal regions is
associated with impairment in the performance of executive,
attention and spatial tasks more notably than memory function
[37]. A larger cohort of NPC patients is needed to clarify the
potential relationship between tau burden and cognition.

The role of tau pathology is often overlooked in NPC re-
search. Tau plays a central role in microtubule stabilization
and polymerization in axons, and pathological
hyperphosphorylation of tau decreases its affinity for micro-
tubules with increased propensity to aggregate to form NFTs.
Axonal changes are a hallmark neuropathological feature of
NPC [5], and we have previously shown that widespread ax-
onal changes appear to occur in the brain of adult NPC pa-
tients, and can be demonstrated in vivo using diffusion imag-
ing [12], Total tau levels are also elevated in the cerebrospinal
fluid of NPC patients, and respond to treatment with the
illness-modifying drugs miglustat and cyclodextrin, indicating
that axonal disruption is a core pathological feature of the
illness [38—40]. Current experimental data suggest that tau
pathology in NPC is due to a combination of increased acti-
vation of tau kinases, such as MAPK [33] and cyclin-
dependent kinases 4 and 5 (CDK4 and CDKY) [18, 41], and
decreased activity of tau phosphatases (e.g. protein phospha-
tase 2A) [33]. This raises the intriguing possibility that com-
pounds that modulate the activity of tau kinases and phospha-
tases may be of therapeutic benefit by restoring the equilibri-
um of tau phosphorylation and dephosphorylation.

There were limitations to this study. The exploratory nature
of the study is reflected in the small number of NPC patients
and age-matched HCs that precludes the extension of these
findings to all individuals affected by this disease. More stud-
ies in younger normal populations are required to refine global
and regional thresholds to confidently allow identification of
high levels of tau deposition.

Conclusion

We have demonstrated that tau burden is detectable in vivo in
adult NPC patients using '®F-AV1451 that has been shown to
bind to paired helical filaments in patients with other
tauopathies. In contrast to AD, tau deposition in NPC does
not seem to be related to AP deposition. The pattern of
tauopathy in NPC patients seems to be different from that ob-
served in patients with typical late-onset AD and may reflect

the younger age of adult NPC patients. That not all patients
show tau deposition as assessed by '*F-AV1451 is concordant
with post-mortem findings, but it may also suggest a subthresh-
old amount of tau in the brain, or differences in the conforma-
tion of the tau deposits. Our findings suggest that detectable tau
burden in these patients may reflect a particular subtype of the
illness associated with a more rapid disease progression.
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