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ABSTRACT: Background: Paroxysmal movement dis-
orders are common in Glutl deficiency syndrome
(Glut1DS). Not all patients respond to or tolerate keto-
genic diets.
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Objectives: The objective was to evaluate the effective-
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[ TRIHEPTANOIN
Methods: UX007G-CL301 was a randomized, double-
blind, placebo-controlled, phase 3 crossover study. After
a 6-week run-in, eligible patients were randomized 1:1 to
the first sequence (triheptanoin/placebo or placebo/tri-
heptanoin) titration plus maintenance, followed by wash-
out and the opposite sequence titration plus
maintenance. The placebo (safflower oil) matched the
appearance, taste, and smell of triheptanoin. Open-label
trineptanoin was administered in the extension. The fre-
quency of disabling paroxysmal movement disorder
events per 4 weeks (recorded by diary during mainte-
nance; primary endpoint) was assessed by Wilcoxon
rank-sum test.

Results: Forty-three patients (children, n = 16; adults,
n = 27) were randomized and treated. There was no dif-
ference between triheptanoin and placebo in the mean
(interquartile range) number of disabling paroxysmal
movement disorder events (14.3 [4.7-38.3] vs. 11.8; [3.2—
28.7]; Hodges-Lehmann estimated median difference:
1.46; 95% confidence interval, —-1.12 to 4.36;
-

FOR GLUTI1DS

MOVEMENT DISORDERS

P = 0.2684). Treatment-emergent adverse events were
mild/moderate in severity and included diarrhea,
vomiting, upper abdominal pain, headache, and
nausea. Two patients discontinued the study because of
non-serious adverse events that were predominantly
gastrointestinal. The study was closed early during the
open-label extension because of lack of effectiveness.
Seven patients continued to receive triheptanoin
compassionately.

Conclusion: There were no significant differences
between the triheptanoin and placebo groups in the fre-
quency of disabling movement disorder events during
the double-blind maintenance period. © 2024 The
Authors. Movement Disorders published by Wiley Period-
icals LLC on behalf of International Parkinson and Move-
ment Disorder Society.

Key Words: glucose transporter type 1 deficiency syn-
drome; paroxysmal movement disorder; phase 3; tri-
heptanoin; UX007

)

Glucose transporter type 1 deficiency syndrome
(Glut1DS) is a rare disease in which decreased glucose
transport to the brain results in cerebral energy defi-
ciency and impaired brain development and function.'”
Glut1DS is phenotypically broad and varies by age of
onset from severe, infantile-onset, developmental, and
epileptic encephalopathy to mild movement disorders
in adults. ¢

Movement disorders in GlutlDS can be persistent
(eg, dystonia, ataxia, and tremor) or paroxysmal, with
symptoms of varying duration and severity (eg, dyski-
nesia, major motor dysfunction, and neurological
symptoms).”"? Paroxysmal movement disorders are
often elicited by a triggering event, such as fasting or
exercise. Ketogenic diets (KD) have may provide benefit
for epilepsy, movement disorders, and cognitive symp-
toms, but not all patients with Glut1DS respond to or
tolerate a KD.”?-1#-18

Triheptanoin is a triglyceride composed of three
heptanoate (C7 fatty acid) esters and is metabolized to
heptanoate, and further to the tricarboxylic acid cycle
precursors propionyl-CoA and acetyl-CoA and 4- and
S-carbon ketone bodies, which are energy sources for
the brain."”?' In an open-label, phase 2 pilot study in
patients with Glut1DS not receiving a KD treatment
with triheptanoin led to significant and sustained
decreases in non-epileptic paroxysmal manifesta-
tions.”>*> A small group of patients with Glut1DS
manifesting persistent paroxysmal events while on a
KD successfully transitioned to triheptanoin.** In open-
label phase 2 studies in patients with long-chain fatty
acid disorders, treatment with triheptanoin reduced the
rate of major clinical events and improved exercise tol-
erance and/or health-related quality of life versus pre-

treatment periods.” 2’ However, in a randomized,
double-blind phase 2 study, treatment with tri-
heptanoin, compared with safflower oil placebo, did
not significantly reduce seizure frequency in patients
with Glut1DS not on a KD.?® Therefore, we designed a
phase 3 study that assessed the effectiveness and safety
of triheptanoin in reducing the frequency of disabling
paroxysmal movement disorder events in patients with
Glut1DS on a supervised regular diet.

Methods

Study Design and Participants

This randomized, double-blind, placebo-controlled,
phase 3  crossover study  (ClinicalTrials.gov,
NCT02960217; EudraCT, 2015-005536-17) was con-
ducted at 12 centers in the United States,
United Kingdom, Spain, Italy, Germany, and France.
The objectives were to evaluate the effectiveness and
safety of triheptanoin for the treatment of disabling
paroxysmal movement disorders associated with
Glut1DS.

In the 6-week run-in period, disabling paroxysmal
movement disorder events were recorded by patients/
caregivers in a daily electronic Glut1DS symptom diary
(Supplementary Fig. S1). The run-in period could be
extended for patient adjustment to an isocaloric diet
and the dietary schedule. If the minimum number of
events was not met or if the patient completed <80%
of the daily symptom diary, the entry was deemed a
screen failure. Enrolled patients were then randomized
to one of two double-blind treatment sequences (tri-
heptanoin/safflower oil placebo or safflower oil pla-
cebo/triheptanoin) in treatment period 1 (2-week
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titration plus 8-week maintenance). After a 2-week
washout, patients crossed over to the second random-
ized, double-blind treatment sequence (safflower oil pla-
cebo to triheptanoin and triheptanoin to safflower oil
placebo) in treatment period 2 (2-week titration plus
8-week maintenance). After completing the 22-week
double-blind period, patients could optionally enter the
open-label extension to receive triheptanoin for up to
3years or until triheptanoin was commercially
available.

Key eligibility criteria were age >6 years; genetically
confirmed Glut1DS; >8 disabling paroxysmal move-
ment disorder events in the 12 weeks before screening
or 26 disabling paroxysmal movement disorder events
in any six consecutive weeks during the last 12 weeks
before screening; >4 disabling paroxysmal movement
disorder events in the first 6 weeks of the run-in period;
>80% completion of the daily Glut1DS symptom diary
during the run-in period; non-fasting plasma concentra-
tion of p-hydroxybutyrate <1 mmol/L; tolerance of tri-
heptanoin or safflower oil; no participation in the
classic KD, modified Atkins diet, or ketosis-inducing
modified-fat diet for =3 months before screening; and
no triheptanoin or prohibited medications/supplements
(medium chain triglyceride [MCT] oil, including coco-
nut oil, KetoCal or other foods containing MCT oil,
barbiturates, and pancreatic lipase inhibitors) within
30 days of screening.

The study was conducted according to the principles
of the Declaration of Helsinki and International Coun-
cil for Harmonization Good Clinical Practice guide-
lines. The study protocol was approved by the
institutional review board or ethics committee at each
site. Prior written, informed consent was given by all
patients or their legal representatives.

Randomization and Masking

Patients were randomly assigned 1:1 to one of two
groups using an Interactive Web Randomization System
using a schedule developed by a third-party vendor to
maintain blinding. The sponsor, patients, and site per-
sonnel were blinded to treatment until the open-label
extension.

Study Procedures

During the double-blind period, dosing in either
schedule was titrated for 2 weeks until the patient
reached their age-related target dose equivalent to 25%
to 35% of total daily caloric intake (Supplementary
Table S1).'%2%2% If the target dose was not reached,
titration continued until the maximum tolerated dose
was reached. The age-related target dose of tri-
heptanoin (a colorless to yellow oil) was mixed into
food/drink/formula and administered orally in >4
doses/day. Safflower oil (placebo) is a long-chain fat

matching the appearance, taste, and smell of tri-
heptanoin. The safflower oil dose, titration, and mode
of administration were identical to those of
triheptanoin.

Triheptanoin/placebo  were dispensed/shipped to
patients; patients/caregivers recorded consumption
daily. Empty containers were returned during site visits.
Concomitant medications were allowed, except for bar-
biturates, pancreatic lipase inhibitors, or any supple-
ments/medical food containing MCT oil, including
coconut oil. Three-day diet diaries were completed by
patients/caregivers and were reviewed continually
by site dietitians to ensure an isocaloric diet.
B-Hydroxybutyrate levels were monitored to detect
ketosis.

Frequency and duration of disabling paroxysmal
movement disorders were determined based on patient/
caregiver completion of the daily electronic Glut1DS
symptom diary (ERT Corporation) throughout the
double-blind period and open-label extension. Diaries
were reviewed by site clinicians. A movement disorder
event was defined as the time during which the patient
experienced >1 movement disorder symptom, including
symptoms occurring during a single movement disorder
event or the significant worsening of continuous move-
ment disorders. A movement disorder event was consid-
ered disabling if it affected the patient’s physical
functioning and daily activities.

Daytime (10 AM—8 PM) and nighttime (12 AM=5 AMm)
activity were measured by actigraphy (Actigraph GT9X
Link). To potentially elicit more paroxysmal events,
trained clinicians used the 12-minute walk test
(12MWT) to evaluate endurance and walking capacity
per the 6-minute walk (6MWT) test guidelines.’®*
Patient/caregiver global impression of severity at base-
line and change in clinical status was assessed using the
Clinical Global Impression of Severity (CGI-S) and
Improvement (CGI-I) scales®®: 1, normal; 2, mild;
3, moderate; and 4, severe. The CGI-I scale indicated
the degree of improvement/worsening: 1, very much
better; 2, much better; 3, a little better; 4, no change;
5, a little worse; 6, much worse; 7, very much worse.
Severity and change in clinical status were assessed by
physicians using the CGI-S and CGI-I scales. Scores
used by physicians were identical to those described for
the patient/caregiver.

Patient well-being was reported by patients/caregivers
using the Patient-Reported Outcomes Measurement
Information System (PROMIS) assessing physical func-
tion, fatigue, pain interference, sleep, cognitive
functioning, and social health based on age.>* Neuro-
psychological function was assessed by a trained clini-
cian using the Cambridge Neuropsychological Test
Automated Battery (CANTAB).*’ Patients/caregivers
reported performance and satisfaction of activities
related to self-care, leisure, and productivity using the
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Canadian Occupational Performance Measurement
(COPM).*

Plasma concentrations of the triheptanoin metabolites
B-hydroxybutyrate, p-hydroxypentanoate, C7-carnitine
(L-heptanoylcarnitine), and heptanoate were assessed
using validated methods. All adverse events (AEs) were
recorded and graded using National Cancer Institute
Common Terminology Criteria for Adverse Events, ver-
sion 4.03. Clinical and laboratory assessments were
performed at all study visits.

Statistical Analysis

It was estimated that patients who received placebo
or triheptanoin would experience a mean of 8 or
4, respectively, disabling paroxysmal movement disor-
ders per 4 weeks, with a standard deviation (SD) of the
difference of 7.4. Assuming a discontinuation rate of
15%, a sample size of 40 patients (20 per treatment
sequence) was estimated to have >85% power to detect
between-group differences in the mean number of par-
oxysmal movement disorders per 4 weeks.

Endpoints were analyzed for patients who received
study drug. The primary endpoint was the frequency of
disabling paroxysmal movement disorders, assessed as
movement disorder events observed during the mainte-
nance period, as recorded by patients/caregivers in the
daily Glut1lDS symptom diary. Secondary endpoints
were patient-reported duration of disabling paroxysmal
movement disorders during the maintenance period,
walking capacity (12MWT), patient/caregiver CGI-I,
health-related quality of life (PROMIS questionnaire),
and cognitive function (CANTAB). Exploratory end-
points included pharmacokinetics of triheptanoin metab-
olites; occupational performance measures (COPM);
physician CGI-S and CGI-I; and activity levels using a
wrist-worn actigraphy device. Safety endpoints included
AEs and clinically significant changes in vital signs, clini-
cal laboratory tests, and electrocardiogram.

Effectiveness endpoints were assessed for normality
using the Wilk Shapiro test. If the normality assump-
tion was not met (P-value <0.05), the Wilcoxon rank-
sum test was used to assess treatment difference in the
endpoint, with the Hodges-Lehmann estimate (with
95% confidence interval [CI]) of the location shift. If
the normality assumption was met (Wilk Shapiro P-
value 20.035), the endpoint was assessed using an analy-
sis of covariance (ANCOVA) model with study baseline
endpoint value as covariate, treatment sequence and
group as fixed effects, and patient as random effect
within the sequence. Movement disorder event fre-
quency and duration analyses were weighted using the
number of non-missing days divided by 8 weeks (ie,
the maintenance period duration).

Actigraphy results were analyzed with weighted
linear mixed models of two-period (ie, treatment

r TRIHEPTANOIN FOR GLUT1DS

MOVEMENT DISORDERS
periods 1 and 2) and three-period (ie, run-in period
plus treatment periods 1 and 2) data sets, with treat-
ment, period, and treatment sequence as fixed effects
and patient as random effect (Koneksa Health).
Because the normality assumption was not met, the
likelihood ratio test (LRT) was used to obtain empiri-
cal P-values for regression coefficients and paramet-
ric bootstrap with 200 simulations.

Pharmacokinetics and safety data were summarized
descriptively.

Results

Patients

Between April 19, 2017 and February 23, 2018,
44 patients were randomized to treatment (Fig. 1). The
study population included 16 children and 27 adults
with genetically confirmed Glut1DS and was 55.8%
female and 79.1% white (Table 1). Baseline symptoms
of GlutlDS included cognitive impairment/delay
(74.4%), walking/gait abnormalities (74.4%), paroxys-
mal exertional dyskinesia (72.1%), ataxia (69.8%), sei-
zures (69.8%), and dystonia (65.1%). Most patients
had previously received a prescribed high-fat diet (clas-
sic KD, 51.2%; modified Atkins diet, 11.6%).

Forty-three patients received triheptanoin and were
included in the analysis. Thirty-eight (86%) patients
completed the double-blind period, and 33 entered the
open-label extension, three of whom subsequently dis-
continued treatment (lack of effectiveness, n = 2; AE,
n=1) (Fig. 1). The remaining 29 patients were with-
drawn by the sponsor on October 9, 2019, when the
study was closed early because of lack of effectiveness.

Treatment Compliance, Exposure, and
Pharmacokinetics

Mean (SD) treatment compliance ([product received
during treatment period/product expected during same
treatment period] x 100) was 91.8% (9.6%) for pla-
cebo and 87.7% (16.3%) for triheptanoin during the
double-blind period and 86.4% (14.4%) for tri-
heptanoin during the open-label extension. During the
double-blind period, the minimum target dose (25%
daily caloric intake) was reached by 41 (95.3%)
patients with triheptanoin and by 37 (86.0%) patients
with placebo. The mean (SD) maximum daily caloric
intake achieved was 31.2% (5.0%) for triheptanoin
and 30.4% (8.7%) for placebo. The mean
(SD) duration of triheptanoin treatment was 65.7
(12.1) days during the double-blind period, 305.0
(122.7) days during the open-label extension, and
299.8 (172.6) days overall.

The most common concomitant medications through-
out the study were analgesics (34.9%), antibacterial
products (20.9%), anti-inflammatory and antirheumatic
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49 patients assessed for
eligibility

—>| 5 screening failures

Y

44 randomized to double-blind
Treatment Period 1

!

}

22 assigned to triheptanoin |

21 assigned to placebo®

—>| 1 discontinued due to adverse event |

Y

21 completed Treatment Period 1 and assigned
to double-blind placebo in Treatment Period 2

—>| 1 discontinued due to lack of efficacy |

Y

21 completed Treatment Period 1 and
assigned to double-blind triheptanoin in
Treatment Period 2

3 discontinued
* Adverse event (n=2) l—]
« Consent withdrawn (n=1)
« Other (n=1)

20 completed Treatment Period 2 |

18 completed Treatment Period 2

!

!

20 entered the triheptanoin Open-Label

13 entered the triheptanoin Open-Label

Extension
20 discontinued
» Sponsor decision (n=18)

» Adverse event (n=1)
+ Lack of efficacy (n=1)

Extension

13 discontinued

« Sponsor decision (n=11)
« Lack of efficacy (n=1)

+ Other (n=1)
|

v

14 entered triheptanoin compassionate use program
+ Treatment ongoing (n=7)
» Treatment discontinued (n=7)

FIG. 1. Study disposition. One patient discontinued before receiving treatment because of ineligibility.

products (18.6%), and antiseizure medications (16.3%;
Supplementary Table S2). There were no apparent inter-
actions  between  triheptanoin and  antiseizure
medications.

Using plasma collected at study week 34 of the open-
label extension, mean concentrations of the triheptanoin
metabolites acyl carnitine, pB-hydroxybutyric acid,
B-hydroxypentanoic acid, and heptanoic acid peaked by
30 to 90 minutes after dosing and gradually declined
until 120 minutes  after dosing  (Supplementary
Table S3).

Effectiveness

There was no significant difference between the tri-
heptanoin and placebo groups in the frequency of
movement disorder events during double-blind

maintenance, as recorded by patients/caregivers in the
daily Glut1DS symptom diary (Fig. 2). The median
(interquartile range) number of movement disorder
events per 4 weeks was 14.3 (4.7-38.3) with tri-
heptanoin versus 11.8 (3.2-28.7) with placebo
(Hodges-Lehmann estimated median difference, 1.46;
95% CI, —1.12 to 4.36; P = 0.2684) (Supplementary
Table S4). During the open-label extension, the fre-
quency of movement disorder events was generally sta-
ble until study week 58 and decreased thereafter as the
number of patients with available data decreased
(Fig. 2). Seven patients who experienced a variety of
symptoms at study baseline and varying degrees of
improvement during the study continued to receive tri-
heptanoin compassionately (Fig. 1, Supplementary
Fig. S2); effectiveness data for these patients are
unavailable.
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TABLE 1  Demographics and baseline disease characteristics

r TRIHEPTANOIN FOR

Triheptanoin/
placebo (n = 22)

GLUT1DS

Placebo/

triheptanoin (n = 21)

MOVEMENT

DISORDERS

Total (N = 43)

Mean (SD) age, years 23.4 (13.2) 18.4 (5.7) 21.0 (10.4)
<18 years, n (%) 7 (31.8) 9 (42.9) 16 (37.2)
>18 years, n (%) 15 (68.2) 12 (57.1) 27 (62.8)

Mean (SD) age at Glut1DS diagnosis, years 18.4 (14.9) 12.3 (6.1) 15.4 (11.7)

Sex, n (%)

Male 10 (45.5) 9 (42.9) 19 (44.2)
Female 12 (54.5) 12 (57.1) 24 (55.8)

Race, n (%)

White 18 (81.8) 16 (76.2) 34 (79.1)
Black 0 1 (4.8) 1(2.3)
Missing 4 (18.2) 4 (19.0) 8 (18.6)

Prescribed diet plan history, n (%)

Classic ketogenic 10 (45.5) 12 (57.1) 22 (51.2)
Modified Atkins 1 (4.5) 4 (19.0) 5 (11.6)
None 11 (50.0) 5 (23.8) 16 (37.2)
Reason for prescribed diet plan discontinuation,

n (%)

Noncompliance 9 (40.9) 6 (28.6) 15 (34.9)
Lack of effectiveness 3 (13.6) 6 (28.6) 9 (20.9)
Side effects 3 (13.6) 3 (14.3) 6 (14.0)
Other 2(9.1) 3 (14.3) 5 (11.6)

Mean (SD) movement disorder frequency, 34.2 (43.5) 23.1 (21.2) 28.8 (34.5)
events/4 weeks

Glut1DS symptoms, n (%)

Cognitive impairment or delay 17 (77.3) 15 (71.4) 32 (74.4)
Walking/gait abnormalities 8 (81.8) 14 (66.7) 32 (74.4)
Paroxysmal exertional dyskinesia 16 (72.7) 15 (71.4) 31 (72.1)
Ataxia 13 (59.1) 17 (81.0) 30 (69.8)
Seizures 5 (68.2) 15 (71.4) 30 (69.8)
Dystonia 16 (72.7) 12 (57.1) 28 (65.1)
Dysarthria 11 (50.0) 16 (76.2) 27 (62.8)
Dyspraxia 2 (54.5) 9 (42.9) 21 (48.8)
Spasticity 11 (50.0) 9 (42.9) 20 (46.5)
Abnormal eye movements 9 (40.9) 10 (47.6) 19 (44.2)
Delayed motor development 0 (45.5) 9 (42.9) 19 (44.2)
Hypotonia 7 (31.8) 12 (57.1) 19 (44.2)
Tremor 10 (45.5) 6 (28.6) 16 (37.2)
Myoclonus 5 (22.7) 6 (28.6) 11 (25.6)
(Continues)
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TABLE 1 Continued

Triheptanoin/
placebo (n = 22)

Placebo/

triheptanoin (n = 21) Total (N = 43)

Aggressive, impulsive, or hyperactive behavior
Chorea/choreoathetosis
Microcephaly
SLCA1 mutation type, n (%)
Missense
Frameshift
Stop gained
Deletion
Start lost
Insertion

Splice acceptor

7 (31.8) 1(4.8) 8 (18.6)

6 (27.3) 2 (9.5) 8 (18.6)

5 (22.7) 3 (14.3) 8 (18.6)

14 (63.6) 16 (76.2) 30 (69.8)
1 45) 2 (9.5) 3 (7.0)
3 (13.6) 0 3(7.0)
1 (4.5) 2 (9.5) 3(7.0)
14.5) 1(4.8) 2 (47)
1 (4.5) 0 1(2.3)
)

1 (4.8) 123

Abbreviations: SD, standard deviation; Glut1DS, glucose transporter type 1 deficiency syndrome; SLCA1, Solute Carrier Family 2 Member 1.

Double-Blind Period

Open-Label Extension

_ 509 —— Triheptanoin / Placebo
> 42- Placebo / Triheptanoin
5 ® Triheptanoin
=]
g§ 34 m Placebo
w o
. O -

3 g 26
53 18
L
S5 104
3 3
= 34
g
9] —44
=
_11_
T : : T T T T T T
0 10 12 22 34 58 70 82 94 106
Study Week
n:
Tri / PBO: 22 22 21 21 20 15 12 8 2 1
PBO / Tri: 21 21 21 21 13 12 5 3 0 0

FIG. 2. Change in mean (standard error) movement disorder frequency over time during the double-blind treatment period and the open-label exten-
sion. Patient numbers based on initial treatment sequence randomization are shown beneath the graph. Movement disorder frequency was normalized
to a 4-week rate during each period. Dashed lines indicate washout period. PBO, placebo; Tri, triheptanoin.

The mean (SD) total duration of movement disorders
increased from 14.2 (35.1) hours per 4 weeks at base-
line to 24.3 (67.1) hours per 4 weeks with triheptanoin
during the maintenance period and from 14.2 (35.1) to
25.6 (91.1) hours per 4 weeks with placebo. The dura-
tion of movement disorders was significantly shorter in
the triheptanoin group than in the placebo group (mean
[SD], 24.3 [67.1] vs. 25.6 [91.1] hours/4 weeks;
Hodges-Lehmann estimated median difference, 0.87;
95% CI, —0.01 to 2.92; P = 0.0497) (Supplementary
Table S4).

The 12MWT distance walked during the double-
blind period and open-label extension is summarized in
Supplementary Figure S3. There was no significant

difference between the triheptanoin and placebo groups
in the change from baseline to week 10 in 12MWT dis-
tance walked (Hodges-Lehmann estimated median dif-
ference, 25.00; 95% CI, —62.5 to 91.5; P = 0.6419).
Assessment of between-group differences in 12MWT
distance walked during the open-label extension was
limited by small sample sizes.

During the double-blind period, mean CGI-I scores
ranged from “a little better” to “no change” in both
treatment groups when reported by patients/
caregivers or by physicians (Supplementary Figs. S4A
and S2B). There was no significant difference
between the triheptanoin and placebo groups CGI-I
at study week 10 when reported by patients/
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caregivers (ANCOVA least-squares mean difference,
—0.1; 95% CI, —0.6 to 0.5; P = 0.8329) or by physi-
cians (Hodges-Lehmann estimated median difference,
0.5; 95% CI, 0-1.0; P = 0.1982). Mean CGI-S scores
reported by physicians during the double-blind
period ranged from mild to  moderate
(Supplementary Fig. S4C) and were likewise not sig-
nificantly different between the triheptanoin and pla-
cebo groups (Hodges-Lehmann estimated median
difference, 0; 95% CI, 0-0; P = 0.3877). Evaluation
of CGI-I and CGI-S scores during the open-label
extension was limited by small sample sizes.

At week 10 of the double-blind period, there were no
significant differences between the triheptanoin and pla-
cebo groups in any PROMIS domains for the assessment
of health-related quality of life (Supplementary Table S5),
the CANTAB domains for the assessment of cognitive
function (Supplementary Table S6), or in the COPM per-
formance or satisfaction scores (Supplementary
Table S7). Assessment of between-group differences in
COPM scores during the open-label extension was lim-
ited by small sample sizes (Supplementary Fig. S5).

Wristband actigraphy data were available for
31 patients. Mean nighttime activity was low, with no
effect by sequence, and did not significantly differ
between the triheptanoin and placebo groups (Table 2,
Supplementary Fig. S6). Compared with the placebo
group, the triheptanoin group had reduced mean day-
time activity (2-period LRT, —2.01; 2-period
P =0.055; 3-period LRT, —1.91; 3-period P = 0.056)
and significantly reduced percentage of time in moder-
ate or higher activity (2-period LRT, —4.24; 2-period
P =0.005; 3-period LRT, —4.24; 3-period P = 0.005)
(Table 2).

Safety

During the double-blind period, treatment-emergent
AEs (TEAEs) occurred more frequently with

r TRIHEPTANOIN FOR GLUT1DS

MOVEMENT DISORDERS
triheptanoin (n = 40; 93.0%) than placebo (n = 34;
81.0%), and treatment-related AEs (TRAEs) were more
frequent with triheptanoin (n = 33; 76.7%) than pla-
cebo (n = 19; 45.2%) (Table 3). During the open-label
extension, 28 (84.8%) patients had TEAEs and
17 (51.5%) had TRAEs. Overall, 40 (93.0%) patients
who received triheptanoin TEAEs and 34 (79.1%) had
TRAE:.

Most TEAEs were mild or moderate (grade 1 or 2) in
severity. Five (11.6%) patients who received tri-
heptanoin had grade 3 TEAEs; no grade 4 or fatal
TEAEs were reported. Three patients had serious
TEAEs while receiving triheptanoin, all of which
resolved. The first patient had serious, grade 3 sub-
continuous movement disorders during the double-
blind period that were considered possibly related to
treatment and during the open-label extension that
were considered unlikely related to treatment. The sec-
ond patient had serious, grade 3 head trauma during
the double-blind period that was considered unrelated
to treatment. The third patient had serious, grade
2 lower limb asymmetry during the open-label exten-
sion that was considered unrelated to treatment.

The most frequent (occurring in >20% of patients)
TEAEs among patients who received triheptanoin were
diarrhea (53.5%), vomiting (37.2%), upper abdominal
pain (34.9%), headache (25.6%), and nausea (23.3%).
The most frequent TRAEs among patients who received
triheptanoin were diarrhea (41.9%), vomiting (32.6%),
and upper abdominal pain (32.6%) (Table 3). During
the double-blind period, gastrointestinal TEAEs were
more frequent among patients who received triheptanoin
than placebo (74.4% vs. 40.5%) (Supplementary
Table S8). The incidence of gastrointestinal TEAEs was
54.5% in the open-label extension and 79.1% among
patients overall who received triheptanoin.

Two patients discontinued triheptanoin and left the
study because of non-serious AEs (patient one:

TABLE 2 Difference between triheptanoin and placebo groups in actigraphy results

Time in moderate or higher activity, % Estimate (SE) LRT P-value®
Treatment periods 1 and 2 —1.46 (0.34) —4.24 0.005
Run-in period + treatment periods 1 and 2 —1.74 (0.41) —4.24 0.005

Mean daytime activity
Treatment periods 1 and 2 —68.96 (34.29) =20l 0.055
Run-in period + treatment periods 1 and 2 —78.41 (41.13) —1.91 0.056

Mean nighttime activity
Treatment periods 1 and 2 0.46 (11.76) 0.04 0.95
Run-in period + treatment periods 1 and 2 9.92 (14.09) 0.70 0.49

Abbreviations: SE, standard error; LRT, likelihood ratio test.

*The residuals from the 2-period and 3-period models did not meet the normality assumption (Wilk—Shapiro test P-value <0.05); bootstrap P-values were used.
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TABLE 3 Adverse events

Double-blind treatment period

OLE Overall
Placebo Triheptanoin triheptanoin triheptanoin
(n = 42) (n = 43) (n = 33) (N = 43)
Patients with a TEAE, n (%) 34 (81.0) 40 (93.0) 28 (84.8) 0 (93.0)
Patients with a TRAE, n (%) 19 (45.2) 33 (76.7) 17 (51.5) 4 (79.1)
Patients with a serious TEAE, n (%) 1(2.4) 2 (4.7) 2 (6.1) 3 (7.0)
Patients with a serious TRAE," n (%) 0 1(2.3) 0 12.3)
Patients with a grade 3/4 TEAE, n (%) 3(7.1) 4 (9.3) 3(9.1) 5 (11.6)
Patients with a fatal TEAE, n (%) 0 0 0 0
TRAE: occurring in 210% of patients, n (%)
Diarrhea 4 (9.5) 17 (39.5) 6 (18.2) 8 (41.9)
Vomiting 4 (9.5) 11 (25.6) 6 (18.2) 14 (32.6)
Upper abdominal pain 6 (14.3) 13 (30.2) 7 (21.2) 14 (32.6)
Nausea 4 (9.5) 5 (11.6) 3(9.1) 7 (16.3)
Abdominal pain 12.4) 6 (14.0) 2 (6.1) 6 (14.0)

Abbreviations: OLE, open-label extension; TEAE, treatment-emergent adverse event; TRAE, treatment-related adverse event.

*A serious adverse event was defined as an adverse event leading in any of the following outcomes: death, life-threatening adverse event, inpatient hospitalization or prolongation

of existing hospitalization, persistent or significant incapacity or disability, or a congenital anomaly/birth defect.

treatment-related upper abdominal pain, aggressive
behavior, headache, and vomiting; patient two: pos-
sibly treatment-related abdominal pain and diar-
rhea). Sixteen patients had triheptanoin dose
modifications because of AEs (dose reductions,
n = 14; dose increases, n = 2), and six patients had
dose interruptions because of AEs. Most AEs leading
to dose modifications were mild to moderate gastro-
intestinal events considered by the investigators to be
at least possibly or probably related to treatment
with triheptanoin.

Discussion

This randomized, double-blind, placebo-controlled
phase 3 study was closed early due to lack of effec-
tiveness because of the lack of significant differences
between the triheptanoin and placebo groups in the
frequency of movement disorder events during the
double-blind maintenance period. During the open-
label extension, the frequency of movement disorder
events remained generally stable until patient num-
bers declined. Seven patients continued to receive
triheptanoin in the compassionate use program.
Unfortunately, no similar controlled trials of a KD
for movement disorder frequency and duration in
Glut1DS are available for comparison with our find-
ings. In a randomized, double-blind, placebo-
controlled phase 2 study (N = 36), treatment with

triheptanoin at a target dose of 35% of caloric
intake for 8 weeks did not significantly reduce the
frequency of seizures in Glut1DS patients receiving a
standard diet.?®

The safety profile of triheptanoin in this study
is consistent with that reported in other studies of
triheptanoin in GlutlDS and long-chain fatty acid
disorders.?>*2:262837 No new safety concerns were
identified. Gastrointestinal AEs were the most frequent
type of AE, occurred more frequently with triheptanoin
than placebo (74.4% vs. 40.5%) during the double-blind
period, were typically mild to moderate in severity, and
were most often the reason for triheptanoin dose modifi-
cations or interruptions. Two patients discontinued the
study because of AEs that were predominantly gastroin-
testinal (upper abdominal pain, diarrhea, vomiting,
aggressive behavior, and headache).

Several factors could have contributed to the failure
to meet the primary endpoint. As with the KD, the
effectiveness of triheptanoin is dependent on appropri-
ate dietary instructions, patient compliance with
the prescribed triheptanoin dosage and low-sugar
diet, and careful monitoring of sugar intake.?>*3
B-Hydroxybutyrate levels were assessed for the detec-
tion of ketosis and body weight and adherence to a
nutritionally balanced isocaloric diet were monitored
regularly by study dietitians. Nevertheless, dietary
design and noncompliance remained a possible depar-
ture from protocol. Patients and caregivers were
instructed to avoid simple sugars at the end of the
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inclusion period (December 2017); therefore, sugar
intake was not strictly monitored. Persistence of parox-
ysmal movement events during treatment with tri-
heptanoin has been attributed to consumption of
simple sugars by some patients.>*** Therefore, it is pos-
sible that stricter control of sugar intake during this
study may have resulted in greater triheptanoin efficacy.
However, this speculation is based on open-labelled
studies that were not confirmed by randomized,
blinded, placebo-controlled studies.

The selection of safflower oil as a placebo may have
been an additional limitation in this study. An oil was
selected for blinding because triheptanoin must be
mixed with food by the patient/caregiver, and oils have
distinct and easily recognized viscosity and texture.
However, it could be argued that any oil, in a condition
such as Glut1DS that may respond to additional dietary
fat, may have a treatment effect, and therefore, may not
function as a true placebo.

The cross-over design, which was chosen because of
the complexity and heterogeneity of paroxysmal move-
ment disorders in Glut1DS,” may not have been appro-
priate for assessing the primary endpoint. It is possible
that intrinsic limitations of the selected clinical assess-
ments may also have contributed to the lack of differ-
ence between the triheptanoin and placebo in the other
effectiveness endpoints. For example, the 12MWT,
despite being more demanding the 6MWT, may not
have been sufficient to elicit exercise-induced dyskinesia
in some patients. Furthermore, a larger number of
patients might have improved the between-group statis-
tical comparisons in this study. In hindsight, a longer
randomized study period (ie, 6 months) and
longer washout period may have minimized time-based
sensitivity issues with outcomes and provided addi-
tional time for dietary adaptation. A greater dose of tri-
heptanoin and the allowance of personalized
adjustments in triheptanoin dose (to account for daily
activities) or continuation of KD may have also
improved treatment effectiveness. Furthermore, all-
owing enrollment of younger (ie, <6 years) may have
provided further efficacy insight. Finally, although
patients/caregivers had training in use of the daily
symptom diary at screening and oversight by site per-
sonnel throughout, it is possible that inconsistent diary
use by patients/caregivers may have limited the compar-
ison of triheptanoin effectiveness between treatment
groups.

In the absence of alternatives to a KD, which may be
ineffective or not tolerated, early open-label uncon-
trolled studies of triheptanoin in Glut1DS were promis-
ing, but unfortunately, were not confirmed by our
placebo-controlled randomized double blind study.****
When designing future clinical studies of Glut1DS, it
will be important to consider the complexity and het-
erogeneity of the disabling movement disorders, as well

FOR GLUTI1DS

MOVEMENT DISORDERS

as elements of study design, such as dietary monitoring
(especially simple sugar intake), sample size, and ran-
domized treatment period length. @
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