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Abstract

Background—Niemann-Pick disease, type C1 (NPC1) is a lysosomal storage disorder
characterized by progressive neurodegeneration. In preclinical testing 2-hydroxypropyl-p-
cyclodextrins (HPBCD) significantly delayed cerebellar Purkinje cell loss, slowed progression of
neurological signs, and increased lifespan in murine and feline models of NPC1.

Methods—Safety and clinical efficacy of intrathecal HPBCD were evaluated in an open-label,
dose- escalation phase 1/2a study. Intrathecal doses ranging from 50-1200 mg were evaluated in
14 neurologically affected NPC1 participants treated monthly for 12 to 18 months. Three
additional participants were treated every two weeks for 18 months. Serum and CSF 24(S)-
hydroxycholesterol, which served as a biomarker of target engagement, and CSF protein
biomarkers were evaluated. NPC Neurological Severity Scores (NSS) were used to compare
disease progression in HPBCD-treated participants relative to a historical comparison cohort of 21
NPC1 participants of similar age range.

Findings—No drug-related serious adverse events were observed. Mid- to high-frequency
hearing loss, an expected adverse event, was documented. When managed with hearing aids, this
did not have an appreciable impact on daily communication. Biomarker studies were consistent
with improved neuronal cholesterol homeostasis and decreased neuronal pathology. The NSS
score for the 14 participants treated monthly increased at a rate of 122 + 0 34 points/year
compared to 2 92 £ 0 27 points/year (p=0 0002) for the comparison group. Decreased progression
was observed for NSS domains of ambulation (p=0 0622), cognition (p=0 0040) and speech (p=0
0423).

Interpretation—This phase 1/2a study of intrathecal HPRCD for the treatment of NPC1
demonstrated an acceptable safety profile and slowing of disease progression.
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Introduction

Methods

Niemann-Pick disease, type C (NPC) is a recessive, lysosomal storage disorder
characterized by endolysosomal accumulation of unesterified cholesterol.! NPC results from
mutation of either MPCI or NPC2, with the majority of cases due to impaired NPC1
function.? The incidence of classical NPC disease has been estimated to be on the order of
1/100,000/.1 The NPC1 disease phenotype is heterogeneous with respect to both age of
onset and symptom complex.13-6 Systemic manifestations, such as hepatosplenomegaly,
neonatal cholestatic jaundice, or splenomegaly, can lead to diagnosis; however, NPC1 is
frequently not diagnosed until after the onset of neurological symptoms. Onset of
neurological disease is insidious and often presents as clumsiness or difficulty in school.
Classically, onset is in childhood, though recognition of adult cases is becoming more
frequent. Cerebellar ataxia and cognitive impairment progress over years with death
generally 10-15 years after onset. Other neurological symptom can include vertical
supranuclear gaze palsy (VSGP), gelastic cataplexy, seizures, and high-frequency hearing
loss. Although often not recognized, VSGP is typically the first neurologic symptom and
along with gelastic cataplexy is indicative for NPC1 in children. Adult onset NPC1
frequently presents with psychiatric disease. NPC1 disease progression has been
characterized using the NPC Neurological Severity Score (NSS). The NSS is a Likert-like
scale that assesses severity of clinically relevant signs and symptoms in nine major and eight
minor domains (appendix, p 10).>7 There are no FDA-approved therapies for NPC1 disease.
Although miglustat has been approved by the EMA and other regulatory agencies based on a
controlled trial and long-term extension studies,8-19 there remains an unmet medical need for
therapies that more effectively slow the neurological progression of NPC1 disease.

The potential therapeutic efficacy of 2-hydoxypropyl-g-cyclodextrins (HPBCD) was
discovered serendipitously when it was used as an excipient to administer allopregnanolone
in an NPC1 mouse model.1! Subsequent studies, however, demonstrated that HPBCD, rather
than the neurosteroid, was the active moiety.12-13 Translation of this potential therapy to
children with NPC1 is supported by multiple studies in both NPC1 mouse!2-14 and cat®
models that demonstrate a marked delay in progression of neurological signs and death.
Here we present the ad-hoc analysis of an 18-month non-randomized, open-label, phase 1/2a
trial to determine safety and potential efficacy of escalating doses of lumbar intrathecal
HPBCD in NPCL1 participants.

Study Design, drug administration, participants, and clinical assessments

An open-label, dose-escalation study was conducted to evaluate safety, pharmacodynamics,
and efficacy of monthly intrathecal doses of 50-1200 mg of a well-characterized HPBCD
mixture with a specific compositional fingerprint and limits for impurities (appendix p 3,
VTS-270, Vtesse Inc., Gaithersburg MD). HPBCD was formulated as a 20% solution and
diluted in saline to provide an infusion volume of 10 ml, which was infused over 2-3
minutes. Details with respect to dosing are provided in the appendix (p 2 and appendix
figure 2, p 11). Safety and tolerability of HPBCD was the primary objective, and 24(S)-
hydroxycholesterol (24(S)-HC) response was the primary pharmacodynamic objective.
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Clinical efficacy, as ascertained by the NPC Neurological Severity Scale (NSS)8, was a
secondary objective. Pharmacokinetic data will be reported separately. The study was
approved by applicable Institutional Review Boards. Written informed consent was
obtained.

Fourteen NPC1 disease participants with neurological manifestations between the ages of 4
2 and 23 5 years of age were enrolled at the NIH (table). The diagnosis of NPC1 disease was
established by a combination of clinical, cellular and molecular criteria (appendix pp 2-3).
A comparison cohort of 21 NPC1 disease participants between the ages of 4 0 and 24 0 with
longitudinal evaluations was derived from the NIH Natural History (NHXx) study (appendix p
2 and appendix figure 3, p 12). To explore the potential effect of every two week dosing,
three additional participants were enrolled in a parallel study at Rush University Medical
Center (RUMC, appendix p 2).

Severity of adverse events was graded according to the National Cancer Institute (NCI)
Common Terminology Criteria for Adverse Events (CTCAE), Version 4.03. Audiological
assessments were obtained monthly prior to each infusion. Clinical efficacy was evaluated
using the NSS.8 A detailed description of the NSS (appendix figure 1, p 5) and baseline
individual NSS component scores (appendix table 1, p 11) are provided. NSS evaluations
were at 18 months for participants CDA101 and CDA103-111. The 18-month evaluation for
CDA112 was obtained at 19 months. NSS data corresponding to CDA102, CDA113 and
CDA114 were obtained at 12 months and data corresponding to the three RUMC
participants were obtained at 18 months.

Cerebral spinal fluid biomarker and pharmacodynamic assessments

Biochemical efficacy/target engagement was monitored by measurement of plasma and
cerebral spinal fluid (CSF) 24(S)-HC concentrations.16 Plasma 24(S)-HC concentrations
were determined at pre-dose, 8, 24, 30, 48, and 72 hours post-dose after either saline or
HPBCD infusion and the area under the curve was determined (AUCg_7,). CSF levels of
fatty acid binding protein 3 (FABP3) and calbindin D were assayed by Myriad Rules Based
Medicine (Austin, TX).

Statistical Analysis

Demographic data corresponding to the HPBCD-treated cohort and the NHx cohort were
compared utilizing independent sample two-tailed t-tests for continuous variables or Fisher’s
exact test for categorical data. Paired two-tailed t-tests were used to evaluate changes in
24(S)- HC, FABP3 and calbindin D levels. Spearman statistics were used to evaluate the
audiological data correlations. Fisher’s exact test was used for the responder analysis. Unless
otherwise specified, data are expressed as mean = SEM and a nominal p-value of 0.05 was
considered significant.

No formal calculation of sample size was made for ad-hoc analysis of the NSS, and given
the small sample size we are not estimating confidence intervals. A post hoc mixed model
repeated measures approach was used to assess the efficacy of HPBCD in this population.
The NIH NHx population was used as the comparison group, and participants were selected
based on two criteria: the presence of two or more assessments within a 25 month time
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period and an age range of 4 to 24 years at the first of any two or more assessments. The
primary analysis estimates the slope as change in score per year from a mixed model
repeated measures (MMRM) model with time, group (HPRCD-treated participants or NIH
NHXx study participants), and a group by time interaction term. This approach was selected
due to the limited sample size and the uneven follow up in the NIH NHx population, making
it difficult to include time as a class variable. An unstructured covariance structure is used
for fitting each model, due to the stability of the models under this assumption. The
estimated average annual change or annualized slope for each group is presented as
estimated from the model. The null hypothesis that the slope in the HPBCD- treated group is
equal to the slope in the NHx group is assessed based on the p-value associated with the
interaction term in the mixed model.

For the responder analysis, a change from baseline was used to assess the efficacy of
HPBCD in individual participants. The NIH NHx population was used as the comparison
group; the subject selection criteria were as described for the MMRM approach. For each
domain in the NSS, the value at baseline was subtracted from the value of the same domain
during the assessment at the furthest time point within the time period. The numerical
difference is a direct estimate of improvement of disease in the specific domain (decline in
the score), stability of the disease in the domain (no change in score) or worsening of disease
in the domain (increase in score). SAS 9.4 was used for statistical analysis of the NPCD1
NSS data and responder analysis. GraphPad Prism® was used for other statistical analysis
and to generate the figures.

Role of the funding sources

Results

The funders had no role in study design, data collection, data analysis or decision to submit
for publication. Janssen Research & Development, a Johnson and Johnson company
provided the study drug and both Janssen Research & Development and Johnson and
Johnson provided probono preclinical development support. VVtesse Inc. supported statistical
analysis by Statistics Collaborative. FDP had full access to the data and final responsibility
for the decision to submit for publication.

Study population and HPBCD dosing

Participant demographics and clinical characteristics, participation flow, and dosing
information are provided in the table, figure 1A and appendix table 1 (p 4). HPBCD was
administered monthly by lumbar intrathecal infusion for the NIH participants. Dosing for
CDA101-112 was initiated at 50, 200, 300, or 400 mg HPBCD in groups of 3 participants,
and the dose (appendix figure 2, p 11) was advanced based on tolerance and safety data from
higher dose cohorts. Mean doses at 12 and 18 months were 289 + 68 mg and 423 + 142 for
CDA101-112, respectively. Mean dose for the initial dosing cohorts is shown in figure 1B.
CDA113 and CDA114 were dosed at 900 mg for 12 months. HPBCD was administered
every two weeks to the RUMC cohort and their mean dose at 18 months ranged from 297 to
481 mg (figure 1B). NIH participants were enrolled between September 2013 and January
2015. RUMC participants were enrolled between December 2013 and June 2014.

Lancet. Author manuscript; available in PMC 2018 October 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ory et al. Page 6

Pharmacodynamic and Biomarker Data

In preclinical studies, treatment with HPBCD was shown to redistribute lysosomal
cholesterol, resulting in modulation of a range of central nervous system (CNS) sterol
homeostatic responses, including synthesis of 24(S)-HC.16 Since 24(S)-HC is derived
almost exclusively from neurons in the CNS,17 measurement of 24(S)-HC in response to
HPBCD provides a pharmacodynamic marker of improved neuronal cholesterol
homeostasis. Therefore, the drug response was monitored by measuring plasma 24(S)-HC
AUCg_7,. The majority (121/155) of post-drug plasma 24(S)-HC AUCg_7, values were
greater than post-saline values; however, plasma responses were more variable and less
robust compared to what was observed in preclinical testing (appendix figure 4A, pp 13-14).
Despite the variability, the data suggested a trend for increased 24(S)-HC response at higher
doses and significant increases in individual subject responses were observed at 900 and
1200 mg (figures 2A and2B). We also examined CSF 24(S)-HC concentrations pre- and
post-HPBCD administration. The CSF 24(S)-HC concentrations in three participants treated
with 600-900 mg of HPBCD were increased over two-fold (p=0 0032) 72 hours after drug
administration (figure 2C). These data provide pharmacodynamic evidence of a significant
response to HPBCD administration and improved neuronal cholesterol homeostasis.

Prior work demonstrated increased CSF levels of fatty acid binding protein 3 (FABP3)!8 and
calbindin D19 in NPC1. Elevated FABP3 has been reported as a biomarker for
neurodegenerative disorders, 20 21 and elevated calbindin D levels have been reported in
cerebellar injury.22 Baseline CSF FABP3 levels were significantly elevated (15 67 + 3 38
ng/ml) over our published control levels (2 36 + 0 72 ng/ml, p=0 0016),18 and last treated
values were significantly decreased compared to baseline (figure 2D; 8 56 + 136 ng/ml, p=0
0109). Serial values are shown in the appendix (figure 4B, pp 13-14) and 8/14 (57%)
participants demonstrated a significant negative linear regression slope, whereas no
participants demonstrated a significant increase (figure 2F). Baseline CSF calbindin D levels
(532 £ 69 ng/ml) were significantly increased over control values (0 76 = 0 34 ng/ml, p=0
0001),19 and last treated values were significantly decreased compared to baseline (figure
2E; 385 £ 56 ng/ml; p=0 0040). The majority of participants (9/14, 64%) demonstrated a
significant negative linear regression slope and only one subject demonstrated a significant
increase (figures 2F and appendix figure 4C, pp 13-14). These data provide evidence that
treatment with HPBCD shifts, towards normal, CSF biomarkers of CNS pathology.

Safety Assessment

No serious adverse drug reactions were observed and adverse events are tabulated in the
appendix (table 3, p 6). Notable expected adverse events included participants with post
lumbar puncture headache (64%, 9/14) and ototoxicity (100%, 14/14). Notable unexpected
adverse events included post-administration unsteadiness and fatigue at doses above 600 mg.
This was transient and typically occurred 24-72 hours after dosing. The degree of
impairment was variable across participants, but classified as significant in 3/9, 6/12 and 9/9
participants at 600, 900 and 1200 mg, respectively. The unsteadiness and fatigue may
variably attenuate with repetitive dosing at a given dose level. One subject presented with
hepatocellular carcinoma during the trial. Hepatocellular carcinoma is a rare complication of
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NPC1,23-26 and retrospective testing revealed an increased serum level of a-fetoprotein at
baseline.

Ototoxicity, likely due to outer hair cell loss,?’ following treatment with HPBCD was
observed in preclinical testing.2’28 Progressive hearing loss is observed in NPC1 disease;
29,30 however, additional hearing impairment in NPC1 participants time-locked to treatment
with HPBCD was observed.

Behavioral thresholds for pure-tone stimulation could be established for 12/14 participants.
Baseline and last-study audiograms are shown in figures 3A and 3B, respectively. Hearing
loss (>15 dB HL for at least one frequency) was present at baseline in all participants. Based
on these audiograms, seven participants were candidates for hearing aids. After HPBCD
administration, all participants demonstrated additional mid- to high-frequency hearing loss,
and all participants were hearing aid candidates. Change in hearing by frequency is shown in
figure 3C. Broad variation in the degree of ototoxicity in individual participants was
observed. High-frequency (4/6/8 kHz pure-tone average) hearing loss did not correlate with
either mean HPBCD dose (p=0 86, r=—0 06) or total HPBCD exposure (p=0 64, r=—0 15). In
contrast, there was a significant negative correlation (p<0 0001, r=—0 91) between change in
hearing and the degree of high-frequency hearing loss at baseline (figure 3D). These data
suggest that there is greater HPBCD ototoxicity in individuals who have not yet lost hearing
due to NPC1 disease itself. One subject (RUMCO03) demonstrated marked sensitivity to
HPBCD with CTCAE grade 3 hearing loss upon initial dosing at 400 mg; however,
subsequent administration of 300 mg HPBCD every two weeks did not result in additional
ototoxicity. Although not every patient could reliably self-report tinnitus, it appeared to be
associated with HPBCD administration. Tinnitus was limited to the post-dose time period in
two cases, but persistent in four participants.

Clinical Efficacy Assessment

Clinical efficacy was ascertained by comparing NSS progression in the 14 NIH HPBCD-
treated participants to that observed in a historical cohort of 21 participants of similar age
range (table, appendix figure 3, p 12) followed in a NHx study. On average NHx patients
were younger and had lower NSS at baseline, but these differences were not significant. The
total NSS for the 14 participants treated monthly increased at a slower rate of 122 + 0 34
points/year compared to 2 92 + 0 27 points/year (p=0 0002) for the comparison cohort
(figure 4A). The NSS includes components related to hearing. When the hearing related
components were removed, HPBCD- treated participants showed a progression rate of 0 69
+ 0 34 versus 2 67 = 0 27 points/year (p<0 0001) for the comparison group. These data
demonstrate a significant reduction in disease progression in the HPBCD-treated cohort.

The change in the annualized slope for individual major NSS subdomains is shown in figure
4B and appendix table 4 (p 7). In comparison to the controls, the HPBCD-treated cohort
demonstrated significant decreased progression in cognition (p=0 0040) and speech domains
(p=0 0423). The ambulation domain was also decreased (p=0 0622). Only the hearing
domain demonstrated a notable increase (p=0 0518). Heat maps showing individual subject
changes for each NSS major domain are provided for the comparison and HPBCD-treated
cohorts (appendix figure 5, pp 15-16). Individual pre/post NSS for eight participants where
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pretrial data were available are provided in appendix figure 6 (pp 17-18). Stabilization or
slowing of NPC1 disease progression can be appreciated in six of eight participants.

Sensitivity analyses demonstrated significantly decreased progression for the total NSS (p<0
0001) as well as for ambulation (p=0 0223), cognition (p=0 0061), and speech (p=0 0218)
subdomains when the analysis was restricted to participants who have been treated with
miglustat (appendix table 5, p 8). When the three RUMC participants (treated every two
weeks) were included in the annualized progression slope, total NSS and NSS minus hearing
decreased from 1.22 to 102 and 0 69 to 0 28 points per year, respectively (appendix table 6,
p 9). Significantly decreased progression was observed for ambulation (p=00117), cognition
(p=00017) and speech (p=0 0147). In addition, a trend (p=0 0729) toward decreased
progression was now observed for memory.

In a secondary responder analysis, participants in the HPBCD and NHx cohorts were
classified as responders if their NSS minus hearing was stable or improved. In the NHx
cohort 21/21 (100%) demonstrated disease progression (figure 4C); whereas, 7/14 (50%) of
the participants in the HPBCD-treated group demonstrated disease progression (figure 4D).
The RUMC participants treated every 2 weeks were all responders.

Discussion

In this trial of intrathecal HPBCD we found both biomarker and clinical evidence of efficacy
in patients with NPC1 disease. From a safety standpoint, doses up to 1200 mg were
generally well tolerated. The transient post-dose ataxia/fatigue observed in this study may be
a dose-limiting side effect, especially if the dose or frequency of dosing is increased. The
etiological basis of this side effect is not known. Ototoxicity was an expected adverse event
based upon preclinical work.27-28 Progressive mid- to high-frequency hearing impairment is
common in NPC1 patients 2%30 and 7/17 participants enrolled in this study had functional
deficits in hearing at baseline. At study end, all participants had functional deficits in
hearing, but these deficits did not appreciably impact daily communication when managed
with hearing aids. Interestingly the degree of hearing loss was inversely correlated with
individual participant’s baseline hearing. Additional work is required to determine if
ototoxicity can be separated from neurological efficacy; however, in the context of a lethal
neurodegenerative disorder, the risk of functional hearing impairment that can be managed
with hearing aids can be justified.

Our biomarker data support efficacy of HPBCD. In general, the plasma 24(S)-HC response
was not as robust as observed in preclinical models.1® Nonetheless, plasma 24(S)-HC
AUCg_7, levels increased above that observed in response to intrathecal saline
administration at HPBCD doses of 900 and 1200 mg. In contrast, the increase in CSF 24(S)-
HC concentration after HPBCD administration was unambiguous. These data provide
pharmacodynamic support for mobilization of stored cholesterol in CNS neurons in response
to treatment with HPBCD. We also observed that CSF calbindin D and FABP3 levels,
biomarkers of neuronal damage, decreased significantly in the majority of HPBCD-treated
participants. Neither calbindin D nor FABP3 have been established as clinical surrogates, but
our observation that CSF levels decrease in temporal relationship with HPRCD therapy is
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consistent with the conclusion that intrathecal HPBCD decreases neuronal damage in NPC1
participants.

In this study we explored monthly intrathecal doses between 50 and 1200 mg. Scaling based
on brain size from the cat model to humans would suggest increased efficacy with higher
and more frequent (every two week) doses.1® The limited data available from the RUMC
participants suggests that every two week dosing may be more effective than monthly
dosing. Although higher and more frequent dosing may prove to be more efficacious,
ultimately this will be a balance between efficacy and tolerability of the side effects.
Because patient numbers are limited in this rare disease, we elected to explore higher and
more frequent dosing in the context of a placebo-controlled phase 2b/3 trial.

This study has several limitations. First, it relies on a historical comparison group, and is not
a randomized, placebo-controlled trial. Second, the clinical efficacy data is based upon an
ad-hoc analysis. Third, the dose escalation design focused on determining safety and
tolerability limits our ability to establish dose-response correlations with biomarker and
clinical data. Nonetheless, the results presented in this report provide compelling evidence
that intrathecal HPBCD therapy significantly decreases neurological disease progression in
NPC1 patients. Specifically, we have shown that there is a significant difference between the
annualized increase in the total NSS in NPC1 participants treated with intrathecal HPBCD
and a comparison cohort of NPC1 participants. Slowing of disease progression was observed
in NSS ambulation, cognition and speech subdomains. Although one might predict variable
response of individual symptoms to this potential therapy and would not necessarily predict
that all signs/symptoms would be amendable to HPBCD treatment, it should be noted that all
major NSS domains, excluding hearing, showed decreased progression. Future work with
increased numbers of patients will be required to determine what signs/symptoms are most
responsive to HPBCD. Sensitivity analyses showed similar results when the analysis was
restricted to participants treated with miglustat and were suggestive of increased efficacy
with every two week dosing. Furthermore, a responder analysis showed decreased or
stabilized NSS in 10/17 HPBCD-treated participants while 21/21 comparison subjects
demonstrated disease progression.

A number of case reports have described the use of HPRCD for the treatment of NPC1. Both
intravenous and intrathecal administration of HPBCD have been reported. We elected to use
lumbar intrathecal administration since HPBCD does not efficiently cross the blood-brain-
barrier3 and preclinical studies in the NPC1 cat model have demonstrated that delivery into
the CSF is three orders of magnitude more effective with respect to survival than peripheral
dosing.15 In addition, intrathecal administration avoids potential pulmonary toxicity
associated with high-dose systemic delivery.15:32:33 |n evaluating these case reports, it
should be noted that HPBCD is a complex mixture and the composition varies with the
source. Thus, one cannot assume that all HPBCD formulations are equivalent with respect to
either efficacy or toxicity.Matsuo et al33 reported partial and transient neurological benefit
upon intravenous administration of 2-2.5 grams/kg HPBCD (Roquette Japan K.K.) in two
NPC1 patients. This group interpreted the lack of significant efficacy to inefficient drug
delivery to the central nervous system.3* Subsequently, they reported stabilization of
neurological disease in a single NPC1 patient treated by intrathecal administration of up to
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450 mg HPBCD.3* Garcia-Robles et al reported the lumbar intrathecal administration of
HPBCD (175-875 mg, Trappsol®) in two NPC1 subjects.3® Drug administration was
discontinued in one subject due to progression of neuropsychiatric symptoms and in the
second subject after two episodes of chemical meningitis. Maarup et al reported
improvement in VSGP and a positive 24(S)-HC response in one patient utilizing the same
HPBCD (200 mg, VTS-270) and intrathecal infusion protocol as used in this study.3®

This phase 1/2a trial of intrathecal HPBCD provides strong support for continued
development of HPBCD for the treatment of NPC1 disease. In this study we document
evidence for both restoration of neuronal cholesterol homeostasis and decreased CNS
pathology. The safety profile of intrathecal HPBCD is acceptable relative to the high
morbidity and lethality of NPC1 disease. Most notably, in comparison to a comparison
cohort of similar age and severity, HPBCD significantly slows neurological disease
progression. Data from this trial have been accepted by the FDA to support a Breakthrough
Drug designation for VTS-270, and have supported the development and implementation of
a randomized, sham-controlled, pivotal phase 2b/3 trial approved by both the FDA and
EMA.

Research in context

Evidence before this study

We searched PubMed for relevant studies of therapies for Niemann-Pick Disease, type C1
published between database inception and March 7, 2017. Search terms included either
“Niemann-Pick Disease” or “NPC1” combined with “therapy” or “cyclodextrin” We also
searched ClinicalTrials.gov using the search term “Niemann-Pick.” Studies focused on
Niemann-Pick Disease, type A or type B (sphingomyelinase deficiency) were excluded. We
did not apply any language restrictions. Miglustat has been approved for the treatment of
NiemannPick disease, type C1 (NPC1) by the EMA and other regulatory agencies but not
the FDA. There are no other approved treatments for NPC1 and no approved therapy in the
United States. Multiple preclinical studies in mouse and cat models of NPC1 provide a
rationale to evaluate the safety and efficacy of intrathecal 2-hydroxypropyl-P-cyclodextrin
(HPBCD) in the treatment of neurological manifestations of NPC1. These preclinical studies
showed both reduction in neurological signs and extended lifespan in treated animals. A
number of anecdotal case reports describing intravenous or intrathecal use of HPBCD have
been published. With respect to trials of HPBCD in NPC1, ClinicalTrials.gov only lists this
phase 1/2a trial (NCT01747135), our ongoing phase 2b/3 intrathecal trial (NCT02534844),
and two intravenous trials of a different HPRCD preparation (NCT02939547 and
NCT02912793).

Added value of this study

An effective therapy to slow the progression of neurological signs and symptoms of
NiemannPick disease, type C1 is a critical unmet medical need. In this study we provide an
ad-hoc comparison of neurological disease progression in a cohort of NPC1 participants
treated with intrathecal HPBCD and a control cohort of NPC1 patients followed in a Natural
History study. This study provides information on safety of intrathecal HPBCD therapy and
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ad-hoc analysis indicates a decreased rate of neurological disease progression in the treated
cohort. Evaluation of biomarkers provided additional support for improved neuronal
cholesterol homeostasis and decreased neuronal damage.

Implications of all the available evidence

The biomarker, safety, and clinical efficacy data reported here demonstrates an acceptable
safety profile, pharmacodynamic evidence of improved neuronal cholesterol homeostasis,
biomarker data suggestive of decreased neuronal damage, and decreased neurological
progression in treated participants. This study provides the rationale to proceed to a phase
2b/3 study. Data from a multicenter, international, randomized, sham-controlled phase 2b/3
study will be needed to confirm the results of this study and obtain FDA and EMA approval.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Study participants and HPBCD dosing

(A) Enrollment of participants at the NIH Clinical Center (n=14) between September 2013
and January 2015 and participants at RUMC (n=3) between December 2013 and June 2014.
Intrathecal HPBCD was administered monthly in the NIH cohort and every two weeks in the
RUMC cohort. (B) Mean HPBCD dose for the NIH cohorts and RUMC participants at 12
(black bars) and 18 (gray bars) months. NIH participants were enrolled in 5 cohorts with

escalating initial doses.

Lancet. Author manuscript; available in PMC 2018 October 14.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Ory et al. Page 16

c
A B ” 0.3+
E 4w E 4 -
N P =0.0063 ~ P = 0.0037 P =0.0032
=) 4. a =
os 31 Qs E 0.2+
22 22 S
e g i3
Q (8]
38 % Tg 2 2 —& CDA 105
2% g2 @ 0.14 -8~ CDA 113
SE 4. NE 1. S -6 CDA114
z £
a -
g 0 T T o 0 T T 0 T F
Saline 900 mg Saline 1200 mg Predose 72 hours
D E F
50m 1250+ 10 »
P =0.0109 P =0.0040 " Il FABP3
5 e o 84 Calbindin D
= E g
2 30+ 2 750- @ 6
7 : .
= O -
2 ° .g
(T = =
10+ % 2504 = 24
o ———
0 | L] 0 L L] 0 L |
Baseline Final Baseline Final Increased  No Change Decreased

Figure 2. 24(S)-hydroxycholesterol and cerebrospinal fluid biomarker responses
Plasma 24(S)-HC AUCg_7 nrs Values increased after intrathecal doses of 900 mg (A) or

1200 mg (B) of HPBCD relative to the values observed after intrathecal infusion of saline.
Each paired set of pre/post values represents an individual dose: for 900 mg, n=18 doses
among 8 subjects; for 1200 mg, n=13 doses among 7 subjects. (C) CSF 24(S)-HC
concentration measured prior to and 72 hours after drug administration in three participants.
A significant increase in CSF 24(S)-HC levels was observed. Significant decreases were
observed when comparing baseline and final CSF FABP3 (D) and calbindin D (E) levels. (F)
Histogram plot of the distribution of individual subject CSF FABP3 and calbindin D
responses to monthly administration of HPBCD.
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Figure 3. Characterization of audiological effects of intrathecal HPBCD
Pre-study (A) and last-study (B) behavioral audiograms are shown for individual

participants. Behavioral audiograms could not be obtained on participants CDA112 and
CDA113 due to inability of these participants to perform this testing. Data shown are from
the most affected ear. The shaded gray region denotes the range of normal hearing

sensitivity.37 (C) Change in hearing from pre-study to last-study evaluation plotted by

frequency. (D) Pre- to last-study hearing change correlated with the level of preexisting
hearing loss at baseline for 4/6/8 kHz pure-tone average.
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Figure 4. Clinical efficacy of intrathecal HPBCD
NPC Neurological Severity Scores (NSS) were used to characterize NPC1 disease

progression in 21 NHXx patients (gray bars) and 14 HPBCD-treated participants (black bars).
(A) Significant decreased annualized rate of disease progression, as ascertained by the Total
NSS and Total NSS minus hearing components, in HPBCD-treated participants compared to
the comparison NHXx patients. Data are from the 12- month evaluation for CDA102,
CDA113 and CDA114, and from the 18-month evaluation for CDA101 and CDA 103-112.
Evaluation of the individual major components of the NSS (B). Annualized rate of disease
progression is decreased for ambulation, cognition, and speech in the intrathecal HPBCD-
treated participants in comparison to the NHx group. Only the hearing subdomain
demonstrated a notable annualized increase in progression in the HPBCD-treated group.
This is consistent with the known ototoxicity of HPBCD. A responder analysis was
performed based on the change from baseline in the NSS in the NHx patients (C) and the
HPBCD-treated (D) participants. Individuals with a decreased or stable NSS minus hearing
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were considered to be responders. Progression was observed in 21/21 NHXx patients;
whereas, only 7/14 HPRCD-treated participants demonstrated disease progression (p=0
0005).
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Participant Demographics and Clinical Characteristics

Characteristic Natural History Cohort (n=21) | NIH HPBCD Treated Cohort (n=14) | p-value
Age at baseline - years
Mean ™ 10.7 £ 60 151£55
0.61
Median (range) 10.0 (4.0-21.09) 14 6 (4-2-23-5)
Sex number (%)
Male 9(43) 7(50)
0.73
Female 12(57) 7(50)
Total NSS at baseline - points
Mean 145+9.7 19375
0.72
Median (range) 14 (1-35) 19(5-32)
Total NSS-hearing at baseline - points
Mean 13.2+94 170+74
0.77
Median (range) 12(1-33) 16 (5-32)
Age of first NPC symptom — years
Mean 23+37 35+43
0.83
Median (range) 0.6 (0.0-13.0) 1.0 (0.0-12.0)
Age of first neurological symptom — years
Mean 54+42 59+35
0.93
Median (range) 3.5(1.2-15.0) 6.0 (1.0-1.2)
Age of diagnosis — years
Mean 71+6.5 9.1+5.6
0.83
Median (range) 7.0 (0.3-21.0) 9.0 (2.0-20.0)
Miglustat use - number (%)
Yes 16 (76) 12 (86)
0.68
No 5 (24) 2(14)
*
+SEM
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