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ABSTRACT: Background: Pantothenate kinase—
associated neurodegeneration (PKAN) currently has no
approved treatments.
Objectives: The Fosmetpantotenate Replacement Ther-
apy pivotal trial examined whether treatment with fos-
metpantotenate improves PKAN symptoms and
stabilizes disease progression.
Methods: This randomized, double-blind, placebo-con-
trolled, multicenter study evaluated fosmetpantotenate,
300 mg oral dose three times daily, versus placebo over
a 24-week double-blind period. Patients with pathogenic
variants of PANK2, aged 6 to 65 years, with a score >6
on the PKAN-Activities of Daily Living (PKAN-ADL) scale
were enrolled. Patients were randomized to active (fos-
metpantotenate) or placebo treatment, stratified by
weight and age. The primary efficacy endpoint was
change from baseline at week 24 in PKAN-ADL.
Results: Between July 23, 2017, and December
18, 2018, 84 patients were randomized (fos-
metpantotenate: n = 41; placebo: n = 43); all 84 patients
were included in the analyses. Six patients in the placebo
group discontinued treatment; two had worsening dysto-
nia, two had poor compliance, and two died of PKAN-
-

\

related complications (aspiration during feeding and dis-
ease progression with respiratory failure, respectively).
Fosmetpantotenate and placebo group PKAN-ADL mean
(standard deviation) scores were 28.2 (11.4) and 27.4
(11.5) at baseline, respectively, and were 26.9 (12.5) and
24.5 (11.8) at week 24, respectively. The difference in
least square mean (95% confidence interval) at week
24 between fosmetpantotenate and placebo was —0.09
(-1.69 to 1.51; P = 0.9115). The overall incidence of
treatment-emergent serious adverse events was similar
in the fosmetpantotenate (8/41; 19.5%) and placebo
(6/43; 14.0%) groups.

Conclusions: Treatment with fosmetpantotenate was
safe but did not improve function assessed by the
PKAN-ADL in patients with PKAN. © 2020 The Authors.
Movement Disorders published by Wiley Periodicals LLC
on behalf of International Parkinson and Movement Dis-
order Society.

Key Words: pantothenate kinase-associated neu-
rodegeneration; fosmetpantotenate; treatment; random-
ized controlled trial

)

Pantothenate kinase—associated neurodegeneration
(PKAN) is caused by pathogenic or likely pathogenic
variants in PANK2, which encodes pantothenate kinase
2 (PanK2).! PKAN is the most common form of the
neurodegeneration with brain iron accumulation
(NBIA) disorders and is estimated to account for
approximately half of all NBIA cases.” The prevalence
of PKAN is not known, but it is estimated at 1 per mil-
lion population (eg, US prevalence estimated as
n = 318-636°).> The pathogenic or likely pathogenic
variants in PANK2 lead to complete or partial dysfunc-
tion in PanK2 activity* and cause disruption in the cas-
cade underlying the biosynthesis of coenzyme A (CoA),
an important factor in numerous biochemical reac-
tions.” The resulting dysfunction in the PanK2 enzyme
disrupts the conversion of pantothenate (pantothenic
acid, vitamin Bs) to phosphopantothenate (4'-
phosphopantothenic acid), which is the first step in the
mitochondrial CoA biosynthesis pathway.® The end
result for patients with PKAN is postulated to be
decreased concentrations of CoA in selectively vulner-
able tissues, including the brain.>»”-8

Currently, there are no approved treatments for
PKAN, and available therapies remain symptom-
targeted, aimed at symptom management and pallia-
tion, such as deep brain stimulation for the treatment

of dystonic features.” However, deferiprone, an oral
iron chelator that crosses the blood-brain barrier,
recently showed positive outcomes in a phase 3 random-
ized, double-blind, controlled trial with a large number
of patients with PKAN enrolled (88 patients).'® Treat-
ment with deferiprone versus placebo for up to 3 years
significantly lowered iron in the globus pallidus of
patients and at 18 months resulted in somewhat slower
disease progression in patients with the atypical form of
PKAN as assessed by the Barry—Albright Dystonia
(BAD) scale.

Fosmetpantotenate was developed as a phospho-
pantothenate replacement therapy to target the underly-
ing biochemical defect in PKAN."! Preliminary positive
findings from  uncontrolled, open-label, fos-
metpantotenate treatment of three adult patients with
PKAN within international compassionate use case
reports led to the design of the Fosmetpantotenate
Replacement Therapy (FORT) pivotal trial.'>'? The
FORT pivotal trial was conducted to examine whether
treatment with fosmetpantotenate could improve signs
and symptoms of PKAN and slow or halt disease pro-
gression. The development of the FORT primary effi-
cacy outcome measure, the patient/surrogate-reported
PKAN-Activities of Daily Living (PKAN-ADL) scale,
has been described elsewhere.'*" In the double-blind
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period, FORT examined the efficacy of fos-
metpantotenate in improving disease-related signs (ie,
dystonia), symptoms, and functioning in patients with
PKAN. The open-label extension period was planned to
examine safety and to determine whether any improve-
ments in functioning were maintained within more real-
world therapeutic conditions with allowed adjustments
in concomitant medications.

Patients and Methods

Study Design

The FORT study design has been described previ-
ously.'* FORT was a pivotal, randomized, double-
blind, placebo-controlled, international, multicenter,
two-arm study that evaluated treatment with fos-
metpantotenate or placebo for a 24-week double-blind
period. Patients who completed the double-blind period
could enroll in the 278-week open-label extension, in
which all patients received fosmetpantotenate. The
study was conducted in 20 hospitals and medical cen-
ters located in the United States, Canada, Czech Repub-
lic, France, Germany, Italy, Norway, Poland, and
Spain. Ethics approval was obtained from the appropri-
ate independent ethics committees/institutional review
boards, applicable regulatory authorities, and host
institutions.

Patients

Patients eligible for inclusion had a diagnosis of
PKAN with confirmed pathogenic variants in PANK2
(ie, confirmed homozygous or compound heterozygous
pathogenic variants in PANK2), had a score 26 on the
PKAN-ADL (indicating at least mild impairment as a
result of PKAN), and were 6 to 65 years old (inclusive).
Patients or parents/legal guardians (as appropriate) pro-
vided signed informed consent/assent before any screen-
ing procedures. PKAN maintenance treatments (eg,
benzodiazepines, anticholinergics, baclofen, deep brain
stimulation, botulinum toxin) were allowed without
changes or modifications to any of the treatments from
30 days before randomization until completion of the
double-blind period, unless changes were medically nec-
essary. Exclusion criteria are provided in Supporting
Information Table S1.

Randomization and Masking

Patients were randomized via integrated web
response system (IWRS) in a 1:1 ratio to receive either
fosmetpantotenate or placebo for the 24-week double-
blind period. An independent team generated the ran-
domization sequence used to program the IWRS, and
group allocation was concealed through the IWRS ran-
domization and assignment process. Randomization
was stratified by weight (240 kg, =20 kg but <40 kg,

or <20 kg) and age group (pediatric: age 6 to <18 years
or adult: age 18-635 years, inclusive) at screening. Study
drug identity was concealed through identical packag-
ing, labeling, schedule of administration, appearance,
taste, and odor. Patients, parents/legal guardians, inves-
tigators, and study personnel were blinded to treatment
assignment in the double-blind treatment period.

Procedures

During the double-blind period, in adults, dose esca-
lation of orally administered fosmetpantotenate or pla-
cebo occurred on days 1 through 3, followed by the full
dose of 900 mg, divided equally as 300 mg three times
daily with food (approximately 8-hour intervals),
starting on day 4. No dose escalation was required for
the open-label period, regardless of randomization in
the double-blind period. During the double-blind
period, the daily dose for patients 6 to <18 years old
was based on weight at screening. Pediatric patients
weighing >40 kg received the same dosing regimen as
adults. Patients weighing >20 kg but <40 kg received
450 mg of study drug daily, divided equally as 150 mg
three times daily, and patients weighing <20 kg received
225 mg of study drug daily, divided equally as 75 mg
three times daily. Assessment visits occurred at baseline
(day —1), days 1 through 4, and weeks 3, 6, 12, 18,
and 24. Patients were admitted to an inpatient facility
for safety monitoring from baseline through day 4 or
were closely followed in an outpatient setting. The pri-
mary and secondary efficacy endpoint measures were

assessed at baseline and at weeks 3, 6, 12, 18,
and 24.'*

Outcomes

The primary efficacy endpoint was the change in the
patient- or surrogate-reported PKAN-ADL total score
from baseline to the end of the 24-week double-blind
period. The PKAN-ADL is a validated PKAN-specific
clinical outcomes assessment adapted from the Unified
Parkinson’s Disease Rating Scale Part II (UPDRS II)
that assesses the ability of patients to complete ADLs
that are impacted by the diffuse motor manifestations
of PKAN.'"*'> The PKAN-ADL was validated for use
in patients aged 6 years and older. The secondary effi-
cacy endpoint was the change in the UPDRS III total
score from baseline to the end of the 24-week double-
blind period.'® The BAD scale was included as an
exploratory endpoint to examine changes in dystonia
from baseline to week 24.!” Centralized training was
provided to all investigators who were raters for the
PKAN-ADL, UPDRS 1III, and BAD scale, and
videotaped assessments were reviewed to determine any
need for retraining. Other exploratory measures
included the Clinician Global Impression of Improve-
ment, the Quality of Life in Neurological Disorders
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adult and pediatric versions, the EuroQoL 5-dimension
3 level and youth versions, the Functional Independence
Measure/Functional Independence Measure for Chil-
dren, the 25-foot walk test, and diadochokinetic speech
assessments.

Study drug safety and tolerability were evaluated by
examining treatment-emergent adverse events (TEAEs),
treatment-emergent serious adverse events, serial vital
signs, weight, physical examination findings, clinical
laboratory parameters (chemistry, hematology, coagu-
lation, and urinalysis), the Columbia Suicide Severity
Rating Scale score (in assessable patients), and 12-lead
electrocardiograms. Pharmacokinetic assessments of
fosmetpantotenate in whole blood were evaluated using
a sparse sampling design.

Statistical Analyses

The study power analysis estimated that a total of
74 patients would provide approximately 80% power
to detect a three-point difference between treatment
groups in the average change from baseline scores of
the PKAN-ADL, based on Student t test with « = 0.05
(two-sided). The calculation assumed a standard devia-
tion of 4.5 points for the change from baseline scores.
Analysis of primary and secondary efficacy endpoints
used the double-blind full analysis set (all randomized
patients with a baseline assessment and at least one
postbaseline assessment of the primary efficacy end-
point). A mixed model for repeated-measures analysis
assessed data from all visits simultaneously. The model
included fixed effects for treatment, age group, visit,
and treatment-by-visit interaction, with visit as the
repeating factor, patient as a random effect, and base-
line total score as a covariate. Hypothesis testing was
performed at the two-sided 5% significance level using
SAS Version 9.2. Safety and tolerability were examined
using the double-blind safety population (all patients
who received at least one dose of double-blind study
medication). An independent Data Monitoring Com-
mittee reviewed safety data as the trial began, to deter-
mine whether the study could continue as planned, and
continued to periodically review safety data throughout
the study.'* The trial was registered with ClinicalTrials.
gov (NCT03041116) and with EudraCT
(2016-001955-29).

Results

The first patient was enrolled on July 23, 2017, and
enrollment was completed on December 18, 2018. A
total of 84 patients were enrolled: 41 patients were ran-
domized to receive fosmetpantotenate and 43 were ran-
domized to placebo (Fig. 1). All patients receiving
fosmetpantotenate completed the double-blind period,
whereas six patients receiving placebo discontinued

L P KAN
E 91 patients assessed for eligibility* }
7 ineligible
[ 84 enrolled }
[ 84 randomized ]
[41 assigned fosmetpantotenate } [ 43 assigned placebo ]

6 discontinued treatment
2 deaths
4 consent/assent withdrawal
2 AEs (worsened dystonia)
2 compliance (drug taste)

, !

41 completed 24-week double-blind period ‘ ‘ 37 completed 24-week double-blind period

[ 0 discontinued treatment }

41 analyzed for efficacy 43 analyzed for efficacy
41 analyzed for safety 43 analyzed for safety

FIG. 1. Patient disposition. *Including the two patients who were
screened twice, the total number of screens was 93. Abbreviation: AE,
adverse event.

before the week 24 evaluation. Among these six
patients, two patients died of PKAN-related complica-
tions (aspiration during feeding and disease progression
with respiratory failure, respectively), and four patients
withdrew patient/guardian assent/consent (two discon-
tinued because of the adverse event of worsened dysto-
nia and two discontinued because of poor compliance
related to the taste of the study drug).

Patient demographics (Table 1) and PKAN-specific
medical history at baseline (Table 2) were similar in the
fosmetpantotenate and placebo groups. The groups
were well balanced in the stratification factors of age
and weight at baseline. Patients randomized to fos-
metpantotenate versus placebo had comparable PKAN-
related clinical characteristics at baseline, including
similar age at symptom onset and duration of disease.
Problems in walking and speech were the most com-
mon presenting signs of PKAN. Dystonia, especially
involving the mouth and foot, was also a common pre-
senting sign of PKAN. Both groups reported a high bur-
den of illness during the last year as documented by the
numbers of medical and therapy visits (Table 2). Treat-
ment compliance was confirmed in all patients receiving
fosmetpantotenate and in 90.7% (39/43) of patients
receiving placebo.

Mean PKAN-ADL total scores were similar between
treatment groups at baseline, indicating a comparable
degree of impaired daily functioning caused by PKAN.
Mean PKAN-ADL scores per visit stayed within the
range of 23 to 28 in both treatment groups from base-
line to week 24. After 24 weeks of treatment, fos-
metpantotenate did not demonstrate statistically
significant or clinically different effects on the primary
efficacy endpoint PKAN-ADL total score in the total
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TABLE 1. Patient demographics

Fosmetpantotenate Placebo
(n=41) (n=43)
Age, years, mean (SD)
minimum 22.6 (10.6) 23.1 (13.6)
maximum 6, 58 6, 58
Age group, n (%)
Pediatric 14 (34.1) 16 (37.2)
Adult 27 (65.9) 27 (62.8)
Sex, n (%)
Male 21 (51.2) 24 (55.8)
Female 20 (48.8) 19 (44.2)
Ethnicity?
Hispanic or Latino 8 (19.9) 2 4.7)
Not Hispanic or Latino 28 (68.3) 36 (83.7)
Not reported 5(12.2) 5(11.6)
Race?
American Indian or Alaska 0 0
Native
Asian 1(2.4) 2 (4.7)
Black or African American 0 4 (9.3
Native Hawaiian or Other 0 0
Pacific Islander
White 25 (61.0) 28 (65.1)
Multiple 249 0
Other 4(9.8) 3(7.0)
Unknown 6 (14.6) 6 (14.0)
Missing 3(7.3) 0
Weight, kg, mean (SD) 49.2 (18.9) 49.0 (20.6)
Pediatric (n = 14 and 16) 31.6 (13.0) 30.8 (11.9)
Adult (n = 27 and 27) 58.3 (14.5) 59.7 (16.7)
BMI, kg/m?, mean (SD)° 19.1 (4.0) 19.6 (4.6)

®Race and ethnicity data were not available for up to 14.6% of patients,
including country-specific limitation on collection of these data within clinical
trials.

PData are not available for one patient receiving fosmetpantotenate and two
patients receiving placebo.

Abbreviations: SD, standard deviation; BMI, body mass index.

patient group (Fig. 2A), the subgroup of pediatric
patients (Fig. 2B), or the subgroup of adult patients
(Fig. 2C). Thus, the primary efficacy endpoint was not
met. The mean change from baseline at week 24 for
both groups was a decrease (improvement) of —1.4
points, with a mean percent change from baseline of
—6.9% in the fosmetpantotenate group and —6.6% in
the placebo group (see Supporting Information
Table S2 for mean baseline and week 24 scores for the
PKAN-ADL, UPDRS III, and BAD). Among pediatric
patients, the mean change from baseline at week
24 was a decrease (improvement) of —0.6 point (mean
percent change from baseline of —4.8%) in the fos-
metpantotenate group and an increase (worsening) of
0.3 point (mean percent change from baseline of 4.1%)
in the placebo group. In adults, the mean change from
baseline at week 24 was a decrease (improvement) of
—1.8 points (mean percent change from baseline of
—8.0%) in the fosmetpantotenate group and a decrease
of —2.5 points (mean percent change from baseline of
—13.8%) in the placebo group. Similarly, there were no

statistically significant or clinically meaningful differ-
ences between groups when examining subgroup ana-
lyses by time of diagnosis, age at onset of symptoms,
severity of symptoms at baseline, and patient age at
baseline.

The secondary efficacy endpoint analysis, comparing
UPDRS III total score change from baseline to week
24 (Fig. 3A), and the exploratory analysis of the BAD
scale total score change from baseline to week
24 (Fig. 3B) also found no significant difference or clini-
cally different effect between the fosmetpantotenate and
placebo groups. The mean change from baseline at
week 24 in the UPDRS III total score for the fos-
metpantotenate group was an increase (worsening) of
0.7 point (mean percent change from baseline of 7.0%)
and for the placebo group was a decrease (improve-
ment) of —1.0 point (mean percent change from base-
line of —4.8%). In pediatric patients, the mean change
from baseline at week 24 was an increase (worsening)
of 0.7 point (mean percent change from baseline of
6.9%) in the fosmetpantotenate group and an increase
of 1.6 points (mean percent change from baseline of
0.9%) in the placebo group. In adults, the mean change
from baseline at week 24 was an increase (worsening)
of 0.7 point (mean percent change from baseline of
7.0%) in the fosmetpantotenate group and a decrease
(improvement) of —2.7 points (mean percent change
from baseline of —8.7%) in the placebo group.

The mean change from baseline at week 24 in the
BAD scale total score for both groups was a decrease
(improvement) of —0.2 point (fosmetpantotenate group
mean percent change from baseline of —1.4%; placebo
group mean percent change from baseline of 10.8%).
In pediatric patients, the mean change from baseline at
week 24 was —0.0 points (mean percent change from
baseline of 0.9%) in the fosmetpantotenate group and
an increase (worsening) of 0.9 point (mean percent
change from baseline of 2.7%) in the placebo group. In
adults, the mean change from baseline at week 24 was
a decrease (improvement) of —0.3 point (mean percent
change from baseline of -2.6%) in the fos-
metpantotenate group and a decrease of —1.0 point
(mean percent change from baseline of 16.6%) in the
placebo group.

Preplanned exploratory endpoint analysis of PKAN-
ADL domains found no significant differences between
fosmetpantotenate and placebo groups in any domain
(Supporting Information Fig. S1A). Similarly, there
were no significant differences in the individual items of
the UPDRS III (Supporting Information Fig. S1B).

There were no significant differences or clinically
meaningful effects between the fosmetpantotenate and
placebo groups in any of the exploratory measures (see
Supporting Information Tables S3-S8).

Fosmetpantotenate appeared to be generally safe and
well tolerated. No patients discontinued fosmetpantotenate
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TABLE 2. Patient clinical characteristics

Fosmetpantotenate Placebo
(n=41) (n=43)
Age at PKAN onset, years, mean 78 (7.1) 8.5 (6.6)
(SD)
Duration of PKAN, years, mean 14.8 (8.2) 14.6 (10.5)
(SD)
First PKAN-related problem, n (%)
Walking 28 (68.3) 32 (74.4)
Speech 29 (70.7) 32 (74.4)
Swallowing 11 (26.8) 10 (23.3)
Writing 18 (43.9) 20 (46.5)
Emotional/behavioral problems 11 (26.8) 13 (30.2)
Vision 9 (22.0) 9 (20.9)
Dressing self 10 (24.4) 12 (27.9)
Coordination 23 (56.1) 24 (55.8)
Dystonia 25 (61.0) 33 (76.7)
Mouth/tongue 16 (39.0) 21 (48.8)
Neck 13 (31.7) 12 (27.9)
Hand 15 (36.6) 27 (62.8)
Foot 19 (46.3) 24 (55.8)
Back/trunk 15 (36.6) 15 (34.9)
Other dystonia 2 (4.9 7(16.3)
Other problem 10 (24.4) 12 (27.9)
Time from first symptom to 5.8 (6.9) 6.3 (5.4)
diagnosis, years, mean (SD)
Age at first MRI, years, mean (SD) 11.4 (6.7) 14.0 (8.4)
Number of doctors seen before 393 51 4.4
diagnosis, mean (SD)?
Number of medical visits in last 7.8 (6.5) 9.3 (11.4)
year, mean (SD)°
Number of therapy visits in last 44.4 (83.8) 57.5 (55.4)
year, mean (SD)°
Baseline PKAN-ADL total score, 28.2 (11.4) 27.4 (11.5)
mean (SD)
Baseline UPDRS Part IIl total score, 453 (21.2) 435 (21.1)
mean (SD)
Baseline BAD total score, mean 19.5 (7.8) 17.2(9.7)
(SD)

@Data are not available for five patients receiving fosmetpantotenate and five
patients receiving placebo.

bTherapy visits (eg, physical, speech, and occupational therapies) data were
not available for two patients receiving fosmetpantotenate and two patients
receiving placebo.

°Data are not available for four patients receiving fosmetpantotenate and five
patients receiving placebo.

Abbreviations:  PKAN-ADL, Pantothenate Kinase-Associated Neu-
rodegeneration-Activities of Daily Living; SD, standard deviation; UPDRS,
Unified Parkinson’s Disease Rating Scale; BAD, Barry-Albright Dystonia.

permanently as a result of an adverse event or for any
other reason. The overall incidence rates of treatment-
emergent serious adverse events (Supporting Informa-
tion Table S9) were similar in the fosmetpantotenate
(8 of 41 patients, 19.5%) and placebo (6 of 43 patients,
14.0%) groups, and the most common were dystonia
(3.6%, 3 of 84 patients) and aspiration (2.4%, 2 of
84 patients) (also with a similar incidence in both
groups). The most common TEAEs (>10%) were dysto-
nia (17.9%, 15 of 84 patients), vomiting (11.9%, 10 of
84 patients), diarrhea (10.7%, 9 of 84 patients), and

L

pyrexia (10.7%, 9 of 84 patients), with a similar inci-
dence in fosmetpantotenate and placebo groups. Dysto-
nia TEAEs occurred in 9 (22.0%) patients receiving
fosmetpantotenate and 10 (23.3%) patients receiving
placebo. The 17 dystonia TEAEs experienced by
patients receiving fosmetpantotenate had a median
duration of 16.0 days, whereas the 16 dystonia TEAEs
experienced by patients receiving placebo had a median
duration of 32.5 days.

There was no evidence of fosmetpantotenate-related
safety concerns, including gastrointestinal, neurological,
or liver enzyme elevation. Potentially clinically signifi-
cant laboratory values for hematology, coagulation,
and chemistry tests occurred in some patients within
both the fosmetpantotenate and placebo groups
(Supporting Information Table S10). Mean (standard
deviation) body weight gain from baseline to week
24 was numerically greater in the fosmetpantotenate
(1.0 [2.7] kg) versus the placebo (0.5 [2.3] kg) group,
both in the pediatric patients (fosmetpantotenate, 1.4
[2.8] kg; placebo, 0.7 [1.7] kg) and in the adult patients
(fosmetpantotenate, 0.9 [2.6] kg; placebo, 0.4 [2.7] kg).

Discussion

Fosmetpantotenate was designed as a prodrug that
delivers phosphopantothenate to cells, with the aim to
provide a substrate for CoA biosynthesis to bypass the
underlying biochemical defect in PKAN.!'! Preclinical
studies supported the ability of fosmetpantotenate to
partially restore CoA; its ability to cross the blood-
brain barrier was supported by fosmetpantotenate
reaching striatal dialysate in monkeys after oral admin-
istration.'! The FORT trial in patients with PKAN is
among the largest clinical trials to date for this ultra-
rare neurodegenerative disease. The FORT trial did not
demonstrate a difference between fosmetpantotenate
and placebo for the primary or secondary efficacy end-
points. After 24 weeks of treatment with fos-
metpantotenate, no difference was observed versus
placebo in change from baseline on the patient- or
surrogate-reported PKAN-ADL measure of patient
function in daily activities. Similarly, no difference ver-
sus placebo was observed in change from baseline on
the clinician-reported UPDRS III measure of patient
motor function. Fosmetpantotenate appeared to be safe
and well tolerated. All patients receiving fos-
metpantotenate continued treatment through the week
24 evaluation, and there were not more specific adverse
events in patients receiving fosmetpantotenate versus
placebo. Six patients in the placebo group did not com-
plete the double-blind period, including two patients
who died as a result of PKAN-related complications
(aspiration while feeding and respiratory failure,
respectively).
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FIG. 2. Pantothenate Kinase-Associated Neurodegeneration-Activities of Daily Living (PKAN-ADL) total score change from baseline at week 24 in all
patients (A), pediatric patients (B), and adult patients (C). Primary endpoint analysis (double-blind period full analysis set). BL, baseline; Cl, confidence
interval; LS, least square; SE, standard error. [Color figure can be viewed at wileyonlinelibrary.com]
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square; SE, standard error. [Color figure can be viewed at wileyonlinelibrary.com]

To date there has been one other randomized con-
trolled trial with large enrolment of patients with
PKAN that has examined a potentially disease-
modifying treatment, the trial that compared treatment
with deferiprone, an iron chelating agent, versus pla-
cebo for up to 3 years.'” A significant reduction in
globus pallidus iron, assessed using MRI-R2* imaging,

occurred in patients receiving deferiprone, whereas
patients receiving placebo showed no change. In gen-
eral, patients receiving deferiprone showed less worsen-
ing on outcome measures over 18 months versus
patients receiving placebo. Although statistical signifi-
cance was not achieved for many group comparisons,
the pattern of response across the secondary endpoints
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suggested a small improvement with deferiprone across
wide-ranging functions. Notably, the predefined sub-
group analysis examining patients with atypical PKAN
found a significantly slower progression of clinical
symptoms (assessed using the BAD) in patients receiv-
ing deferiprone versus placebo. Challenges noted in the
deferiprone trial included a slower rate of worsening in
patients treated with placebo than had been anticipated
based on the limited availability of natural history
studies.'’

In the FORT trial, there was no difference between
patients receiving fosmetpantotenate and placebo over
24 weeks in the BAD, an exploratory outcome. On
average, there was minimal change in the BAD. Limita-
tions of the BAD as an outcome measure include its
low sensitivity to change, with a relatively large
smallest detectable difference of 17.72%, which may
limit its ability to detect smaller clinical improvements
in treatment trials, as well as poor reliability in assess-
ment of eyes, mouth, and neck regions.'®

Therapies that target the underlying biochemical
defect in PKAN and cross both cell membranes and the
blood-brain barrier to affect the central nervous system
are needed to slow disease progression and to stabilize,
or possibly improve, patient function. One compound
in early development, PZ-2891, has demonstrated these
characteristics in a mouse model of PKAN.'”*° pZ-
2891, a pantazine molecule, is an allosteric activator of
PanK1 and PanK3 that targets augmentation of CoA
levels through activation of these alternative isoforms
of the Pank enzyme family." Oral administration in
the PKAN mouse model resulted in increased brain
CoA and improvement in locomotor, growth, and
lifespan outcomes.'”?° Another compound in early
development, 4'-phosphopantetheine, corrected CoA-
associated defects and secondary abnormalities when
orally administered in a mouse model of PKAN, with
CoA, iron, and dopamine metabolic defects.*! Treat-
ment with 4’-phosphopantetheine also rescued human
primary PKAN fibroblasts. Compared with fos-
metpantotenate, 4’-phosphopantetheine targets CoA
biosynthesis further downstream along the cascade, at
the point where 4’-phosphopantetheine is endogenously
produced.?!

Heterogeneity of PKAN severity of clinical signs and
symptoms, as well as varying rates of disease progres-
sion, follows from the wide range of PANK2 pathologi-
cal genetic variants that continue to be identified.*
Certain types of genetic variants in the PANK2 gene
are proposed to lead to reductions in CoA biosynthe-
sis.>>** Complete loss of function of the PANK2 gene
protein is presumed to lead to classic PKAN, and par-
tial loss is presumed to lead to atypical PKAN.>*27
Such heterogeneity among patients within this ultra-
rare disease presents challenges for the conduct of clini-
cal trials examining treatment outcomes. Greater

understanding of genotype-to-phenotype associations
and the natural history of disease progression is needed.
The wide-ranging heterogeneity of the PKAN pheno-
type and the relatively short duration of treatment
within a clinical trial are possible reasons underlying
the failed FORT trial examining fosmetpantotenate for
treatment of PKAN; however, subanalyses and explor-
atory outcomes did not show any trend or evidence in
support of fosmetpantotenate efficacy. Exploratory sub-
group analyses by time of diagnosis, age at onset of
symptoms, severity of symptoms at baseline, and
patient age at baseline were used to approximate
groups of patients with possible differences in their
underlying PANK2 pathological genetic variants and
showed no support for fosmetpantotenate efficacy. The
absence of any support of efficacy while using higher
fosmetpantotenate dosing versus that received by the
three international compassionate use patients (from
120 to 210 mg/day) who showed clinical improvements
in motor behaviors within 8 weeks of treatment
start'>!? indicate that a higher dose or longer treatment
period would not result in clinical benefit.

Another potential explanation is the lack of adequate
brain target engagement because of the inability of fos-
metpantotenate to sufficiently cross the blood-brain
barrier. No appropriate measure of brain target engage-
ment was available during this study. Thus, within the
context of understanding this negative trial outcome, it
is not possible to know whether any brain target
engagement occurred. Identification of a biomarker for
PKAN-related target engagement in the brain to
directly assess blood-brain barrier penetration effi-
ciency remains an important unmet need.

Consideration of several elements of the FORT study
design may help inform future clinical trials. A 6-month
double-blind study duration may not be long enough to
show significant changes in currently available dystonia
and motor function measures, such as the BAD and
UPDRS. The deferiprone trial did not find a significant
difference in BAD scores for all patients at 18 months,
but did find significant improvement at 18 months in
patients with the atypical PKAN phenotype.'® Using
the Burke-Fahn and Marsden Dystonia Rating Scale,
another deferiprone study found no difference in dysto-
nia outcome at 6 months of treatment.”® These studies
underscore the need for a better understanding of the
natural history of PKAN progression and suggest
motor function may worsen more slowly than projec-
ted.'® In part this could be related to study exclusion
criteria. In the FORT trial, patients who were unable to
remain on their prestudy dose of concomitant PKAN
medications or prestudy deep brain stimulation settings
during the double-blind period were excluded. Thus,
patients with a rapidly evolving disease, as with the
classic phenotype of PKAN, could not participate in the
study. The patients who were included in the study
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may have had a less aggressive phenotype with the need
of a longer study duration to see significant changes in
disease progression. In the FORT trial, eligible patients
were at least 6 years old, and it is likely that some
patients with a severe classic phenotype at baseline
already had severe neurodegenerative lesions that could
prevent possible improvement with a metabolic thera-
peutic approach. For patients with a more severe classic
phenotype, intervention at the time of symptom onset
in earlier stages of the disease may be needed for mean-
ingful treatment benefit. In addition, more sensitive
assessment measures may need to be developed to cap-
ture the PKAN-specific changes in movement and dys-
tonia that indicate improved function for patients,
especially over a shorter study duration. Although the
PKAN-ADL was developed as a disease-specific mea-
sure with PKAN-relevant items, whether the PKAN-
ADL is sensitive to small changes over time has not yet
been shown. In addition, because of the focus on defi-
cits in motor function related to daily living, the behav-
iors that are measured in the PKAN-ADL may be
similar to motor functions that are still developing in
young children, and the ability to communicate such
differences is limited in very young children. For these
reasons, children younger than 6 years were not
included in the PKAN-ADL validation study, and this
may limit the use of the PKAN-ADL with interventions
aimed at earlier stages of classic disease onset.

In summary, the FORT trial did not find treatment
benefit in daily activities or motor function with fos-
metpantotenate treatment compared with placebo in
patients with PKAN. Therapies that prevent the pro-
gression of PKAN remain urgently needed. ®
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