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AMMONIA CONTROL AND NEUROCOGNITIVE OUTCOME
AMONG UREA CYCLE DISORDER PATIENTS TREATED WITH
GLYCEROL PHENYLBUTYRATE
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Minneapolis, MN (S.A.B.); Children’s Hospital Colorado, Aurora, CO (R.G.); Children’s National
Medical Center, Washington, DC (U.L-K.); Nationwide Children’s Hospital, Columbus, OH (D.B.);
Oregon Health Sciences University, Portland, OR (C.0O.H.); University of California, Los Angeles,
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Seattle, WA (J.L.M.);Baylor College of Medicine, Houston, TX (S.S-N., B.L.); Chiltern, Raleigh,
NC (J.M.); and the National Urea Cycle Disorders Foundation (C.L.)

Abstract

Background—Glycerol phenylbutyrate is under development for treatment of urea cycle
disorders (UCDs), rare inherited metabolic disorders manifested by hyperammonemia and
neurological impairment.

Methods—We report the results of a pivotal phase 3, randomized, double-blind, crossover trial
comparing ammonia control, assessed as 24-hour area under the curve (NH3-AUCq.o4n), and
pharmacokinetics during treatment with glycerol phenylbutyrate versus sodium phenylbutyrate
(NaPBA) in adult UCD patients and the combined results of 4 studies involving short- and long-
term glycerol phenylbutyrate treatment of UCD patients ages 6 and above.

Results—Glycerol phenylbutyrate was non-inferior to NaPBA with respect to ammonia control
in the pivotal study, with mean (SD) NH3-AUCq.o4n, Of 866 (661) versus 977 (865) wmol-h/L for
glycerol phenylbutyrate and NaPBA, respectively. Among 65 adult and pediatric patients
completing 3 similarly designed short term comparisons of glycerol phenylbutyrate versus
NaPBA, NH3-AUCq.o4n Was directionally lower on glycerol phenylbutyrate in each study, similar
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subgroups, and significantly lower (p<0.05) in the pooled analysis, as was plasma
The 24-hour ammonia profiles were consistent with slow release behavior of glycerol

phenylbutyrate and better overnight ammonia control. During 12 months of open label glycerol
phenylbutyrate treatment, average ammonia was normal in adult and pediatric patients and
executive function among pediatric patients, including behavioral regulation, goal setting,

planning a

Conclusi

nd self-monitoring, was significantly improved.

ons—Glycerol phenylbutyrate exhibits favorable pharmacokinetics and ammonia

control relative to NaPBA in UCD patients, and long-term glycerol phenylbutyrate treatment in
pediatric patients was associated with improved executive function (ClinicalTrials.gov
NCT00551200, NCT00947544, NCT00992459, NCT00947297).

Keywords

executive function; glutamine; hyperammonemia; neuropsychological function; sodium
phenylbutyrate

METHODS

Trial Design

Urea cycle disorders (UCD) are rare inborn errors of metabolism which result from
mutations in the genes encoding for one of six enzymes or two transporters necessary for
normal function of the urea cycle and are characterized by hyperammonemia and life-
threatening hyperammonemic crises2. Hyperammonemia-related neurologic injury ranges
from lethal cerebral edema to mild or subclinical cognitive impairment among individuals
with milder genetic defects3. Abnormalities in executive function, manifested by difficulty
in goal setting, planning, monitoring progress and purposeful problem solving significantly
impair day-to-day function among children with UCDs, even those with milder disease who
present beyond the neonatal period?.

Management of UCD patients typically involves dietary protein restriction, dietary
supplements and, when dietary management alone is insufficient, sodium phenylbutyrate
(NaPBA), which is the only approved drug (Ucyclyd Pharma, US trade name:
BUPHENYL®, EU: AMMONAPS®) for treatment of UCDs2. Glycerol phenylbutyrate is
an investigational agent being developed for UCDs 678, Like NaPBA, it contains
phenylbutyric acid (PBA), a pro-drug that is converted via B-oxidation to the active moiety,
phenylacetic acid (PAA), which conjugates with glutamine to form phenylacetylglutamine
(PAGN). PAGN is excreted in the urine and mediates waste nitrogen excretion. Unlike
NaPBA, glycerol phenylbutyrate consists of three molecules of PBA joined to glycerol in
ester linkage that is hydrolyzed in the small intestine by pancreatic lipases to release PBA,
contains no sodium, has minimal taste and no odor, and 17.4 mL contains the same amount
of PBA as 40 tablets of NaPBA, the maximal approved daily dose 678,

The development of glycerol phenylbutyrate for UCD, rare disorders with fewer than 500
patients in the US currently estimated to be treated with NaPBA, has involved a cooperative
effort among investigators of the NIH-funded UCD Consortium, the National Urea Cycle
Disorders Foundation and Hyperion Therapeutics 2910, This report describes the results of
the pivotal phase 3 study of glycerol phenylbutyrate for UCD, as well as short and long-term
ammonia control and neurocognitive outcomes among a total of 91 UCD patients
participating in four clinical trials.

The pivotal study (HPN-100-006) was conducted under a Special Protocol Agreement with
the US Food and Drug Administration and approved by Health Canada. The study was a
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randomized, double-blind, double dummy active-controlled, crossover study to test the
hypothesis that glycerol phenylbutyrate is non-inferior to NaPBA with respect to blood
ammonia control. The protocol-specified sample size of 44 was based on the number
required to achieve 90% power to demonstrate non-inferiority, assuming equivalent
ammonia control for GPB and NaPBA. Secondary objectives were to assess safety and
pharmacokinetics; plasma glutamine was analyzed post-hoc. Adult UCD patients with UCD
subtypes including deficiencies of carbamoyl phosphate synthetase (CPS), ornithine
transcarbamylase (OTC) and arginosuccinic acid synthetase (ASS) on maintenance therapy
with NaPBA were enrolled.

Patients were randomized equally in accordance with a computer-generated central
randomization schedule to receive placebo glycerol phenylbutyrate plus active NaPBA or
placebo NaPBA plus active glycerol phenylbutyrate for 14 days and then crossed over to
receive the alternate treatment. All investigators and study personnel, including the site
pharmacist, were blinded to the study drug assignment. The dose of glycerol phenylbutyrate
was calculated to deliver the same amount of PBA as each patient’s baseline NaPBA dose.
Therefore, regardless of treatment, patients received the same amount of PBA throughout
the study and followed a stable diet in terms of protein and calorie intake. At the end of each
treatment period, patients underwent repeated blood sampling over 24 hours in a monitored
clinical setting for NH3 and plasma and urine levels of metabolites, including PBA, PAA,
and PAGN. The primary efficacy measure was daily ammonia exposure, assessed as 24-
hour area under the curve (NH3-AUCq_24nr), Which was natural log-transformed and
analyzed using an analysis of variance. Non-inferiority was to be achieved if the upper 95%
confidence interval (ClI) for the ratio of the least squares means between glycerol
phenylbutyrate and NaPBA was less than or equal to 1.25. The non-inferiority margin of
1.25 is consistent with FDA guidance on bioequivalence studies and corresponds to an
absolute difference of approximately 9 umol/L for a patient with an ammonia at the upper
limit of normal (35 umol/L), a clinically insignificant change.

Protocols UP 1204-003 and HPN-100-005, the results of which have been previously
reported, were open-label, fixed-sequence, NaPBA to glycerol phenylbutyrate switch-over
studies in adult (n=10) and pediatric patients (n=11), respectively, on maintenance therapy
with NaPBA®:8. The duration of dosing for each treatment was 7 days, after which patients
underwent 24 hr ammonia and PK sample collection similar to the pivotal study.

Patients completing studies HPN-100-005 and HPN-100-006 were offered enrollment into
one of two 12-month glycerol phenylbutyrate treatment protocols (HPN-100-005SE,
HPN-100-007), which required monthly visits that included measurement of fasting
ammonia. These protocols also allowed for enrollment of adult and pediatric UCD patients,
including all UCD subtypes, who had not completed HPN-100-005 or HPN-100-006. The
results of these studies are included for the purposes of pooled analyses.

All patients underwent neuropsychological testing at the time of enrollment in
HPN-100-005SE or HPN-100-007 and again at study completion. All patients were
administered a short form of the WASI® (Wechsler Abbreviated Scale of Intelligence) to
estimate intellectual ability. Pediatric patients were also assessed by two parent
questionnaires: the CBCL® (Child Behavior Checklist) to evaluate internalizing (e.g., mood/
anxiety) and externalizing behaviors and the BRIEF® (Behavior Rating Inventory of
Executive Function) to assess day-to-day executive functioning. The BRIEF consists of
several subscales which are combined into two functional domains; the Metacognition Index
(M1), which measures cognitive control (e.g., working memory, planning, organization, etc)
and the Behavioral Regulation Index (BRI) which measures behavioral control (e.g.,
inhibition, flexibility, emotional control). In addition to WASI, adults were administered the

Hepatology. Author manuscript; available in PMC 2014 June 01.
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Lafayette Grooved Pegboard test (fine motor skills), California Verbal Learning Test-
Second Edition (verbal memory), and digit span test (focused attention and working
memory).

Hyperammonemic crises were prospectively defined in all protocols as requiring at least one
ammonia value over 100 pwmol/L plus clinical manifestations compatible with
hyperammonemia. All protocols were conducted under a US IND and were reviewed and
approved by the appropriate Institutional Review Board. A Data Safety Monitoring Board
was engaged throughout the studies and reviewed all safety results periodically. All patients
or their parents signed a consent or assent form, which had been approved by local
Institutional Review Boards, prior to enrollment and initiation of any protocol-specific
activities.

Pivotal Study (HPN-100-006)

Forty-six patients enrolled; 45 received at least one dose of study drug and 44 completed the
study and constituted the intention to treat (ITT) population (Table 1). Enrollment began in
October of 2009 and follow-up of the last patient was completed in September of 2010.
Overall treatment compliance was excellent, with 98% and 100% of patients being at least
80% compliant with the NaPBA and glycerol phenylbutyrate treatments, respectively. The
predominance of patients with OTC deficiency in the pivotal study, as well as the entire
study population, is generally consistent with the predominance of this UCD subtype in the
population at large®-10.14, Patients had been taking an average of 14.54 g/day of NaPBA for
an average of approximately 13 yrs at enroliment.

NHj3 values on both drugs were lowest after overnight fasting and peaked postprandially.
The primary endpoint was achieved; the lower and upper 95% confidence intervals for the
ratio of NH3-AUCy4 r On glycerol phenylbutyrate relative to NaPBA in the ITT population
were 0.799 and 1.034, respectively (Table 2). Irrespective of treatment sequence, plasma
glutamine values were lower during treatment with glycerol phenylbutyrate as compared
with NaPBA (mean (SD) of 761.2 (243.2) vs. 805.5 (246.6) pmol/L; ULN = 746 (p=0.064
by paired t-test and p= 0.048 by Wilcoxon signed-rank test) (Table 2).

Adverse events (AEs) on study were reported by 61% and 51% of patients during glycerol
phenylbutyrate and NaPBA treatment, respectively, with most being gastrointestinal and
generally mild. Symptoms suggestive of gastrointestinal disorders included diarrhea,
flatulence, abdominal discomfort, dyspepsia, nausea, and oral discomfort. No clinically
significant lab or ECG changes were observed. One patient experienced a hyperammonemic
crisis and one withdrew early because of high NH3 and headache; both during NaPBA
treatment. One patient had an SAE of gastroenteritis on glycerol phenylbutyrate. There were
no deaths during the study. As compared with NaPBA treatment, 24-hour AUC and peak
plasma metabolite levels in the pivotal study tended to be lower on glycerol phenylbutyrate
(PBA =433 vs. 508 png-h/mL, PAA = 447 vs. 599 pg-h/mL, PAGN = 1127 vs. 1252 pg-h/
mL) and trough values higher (PBA = 1.44 vs. 0.0905 p.g/mL; PAA = 2.11 vs. 0.903 pg/
mL; PAGN = 15.1 vs. 9.09 ng/mL). Twenty-four hour urinary PAGN output was very
similar (69% to 71% of PBA dose excreted as urinary PAGN for glycerol phenylbutyrate
and NaPBA, respectively), but with a greater proportion of UPAGN excreted overnight (i.e.
from 12-24 hours) on glycerol phenylbutyrate as compared to NaPBA (Table 2).

Pooled Analysis — Short Term Ammonia Control and Glutamine

The individual and pooled analyses of NH3-AUCq_o4n, 0f protocols HPN-100-006, UP
1204-003 and HPN-100-005 are summarized in Table 2 and depicted in the left panel of

Hepatology. Author manuscript; available in PMC 2014 June 01.
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Figure 1. Each study showed non-inferiority of glycerol phenylbutyrate to NaPBA and
directionally lower ammonia values during glycerol phenylbutyrate treatment, a difference
which was statistically significant in the pooled analysis (p<0.05). The analysis of non-
inferiority was consistent among the subpopulations examined, including age (6-17, = 18
years), sex (male, female), UCD type (OTC, non-OTC), and age at onset of UCD symptoms
(€2, > 2 years) (Figure 2).

Blood glutamine levels were non-significantly lower on glycerol phenylbutyrate in both
Phase 2 studies and were significantly lower on glycerol phenylbutyrate than NaPBA in the
pooled analysis with a mean (SD) of 740.7 (262.8) vs. 792.7 (247.3) pmol/L (p=0.006
paired t-test; p=0.004 Wilcoxon signed-rank test).

In the pooled analysis the most frequently reported AEs with glycerol phenylbutyrate and
NaPBA were GI disorders (32.3% and 25.7%) followed by nervous system disorders (12.3%
and 15.7%). Common AEs reported by at least 10% of patients during glycerol
phenylbutyrate treatment included diarrhea, flatulence and headache, and, with NaPBA
treatment, nausea.

Long-Term Treatment

Forty patients who completed HPN-100-006 and 11 who completed HPN-100-005 enrolled
in the long-term protocols; 26 additional adult and pediatric patients were also enrolled in
the long-term protocol for a total of 77 UCD patients (51 adult and 26 pediatric patients ages
6-17, collectively including ARG, ASL, ASS, CPS, HHH, and OTC, subtypes) (Figure 3).
Mean ammonia values during long term treatment with glycerol phenylbutyrate were similar
to the mean fasting values (time 0 or 24 h) observed during the short-term controlled studies
and well below the upper limit of normal (35 umol/L) for both pediatric and adult patients at
each monthly visit, with monthly means approximately half the upper limit of normal and
ranging from 6.3 (Month 9) to 29.6 umol/L (Month 11) (Figure 1).

Common AEs reported in at least 10% of patients during long-term treatment included
vomiting, upper respiratory tract infection, nausea, nasopharyngitis, diarrhea, headache,
hyperammonemia, decreased appetite, cough, fatigue, dizziness, and oropharyngeal pain.
Only two AEs, hyperammonemia and dizziness, were reported that had not previously been
reported with short-term treatment.

Fifteen patients reported 24 hyperammonemic crises in the 12 months preceding enrollment
during treatment with sodium phenylbutyrate, whereas 12 patients experienced 15 crises
while being treated with GPB on study. As compared with the prior hyperammonemic
crises, those during glycerol phenylbutyrate treatment tended to be associated with lower
ammonia values at admission, at peak, and at discharge (143.86 versus 171.04 wmol/L,
167.57 versus 183.55 pmol/L, and 35.67 versus 42.41 pumol/L, respectively).

All neuropsychological test results remained stable in adults, as did WASI and CBCL scores
in pediatric patients. Most BRIEF subscales at baseline among pediatric patients were at or
close to a T score of 65, consistent with borderline and/or clinically significant
dysfunctionl®. The T scores of 50 with a standard deviation of 10 are considered normative
means for all BRIEF clinical scales, and T score of 65 is generally considered clinically
significant executive dysfunction®. Among 22 pediatric patients who completed the
neuropsychological testing after 12 months (Figure 4), all BRIEF domains were
significantly improved with means (SD) at the end of the study as compared to baseline for
the Behavioral Regulation Index 53.7 (9.8) versus 60.4 (14.0) (p = 0.028); Metacognition
Index 57.5 (9.8) versus 67.5 (13.7) (p < 0.001); and Global Executive Scale 56.5 (9.7)
versus 66.2 (14.0) (p < 0.001).

Hepatology. Author manuscript; available in PMC 2014 June 01.
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DISCUSSION

The 91 UCD patients enrolled in the trials reported here collectively correspond to
approximately 20% of all UCD patients in the US who are currently estimated to be treated
with NaPBA. In the pivotal study, glycerol phenylbutyrate met its predefined endpoint of
non-inferiority to NaPBA with respect to ammonia control, assessed as NH3-AUCo4 1.
Consistent with the results of each of the prior two phase 2 studies, NH3-AUC4 pr Was
directionally lower during treatment with glycerol phenylbutyrate and the 24-hour profiles
for both blood ammonia concentration and U-PAGN excretion were consistent with slow
release behavior of glycerol phenylbutyrate®8,

Similarities in study design (e.g., study population, efficacy measures, analytical approach)
and dosing (PBA mole-equivalent doses of NaPBA and HPN-100) among protocols UP
1204-003, HPN-100-005, and HPN-100-006 allowed for pooling of data from these studies.
In the pooled analysis, NH3-AUC4 y Was significantly lower during treatment with
glycerol phenylbutyrate, a difference that was entirely attributable to better control during
late afternoon and overnight hours, when UCD patients might be expected to be particularly
vulnerable. These findings were consistent among all pre-defined subgroups. Furthermore,
mean blood ammonia levels remained within the normal range for up to 12 months in both
adult and pediatric patients.

Glutamine also tended to be lower on glycerol phenylbutyrate as compared with NaPBA by
post hoc analyses in each study individually and was significantly lower in the pooled
analysis. Glutamine not only represents a precursor for PAGN formation, but it correlates
with ammonia control, is often used as a dosing biomarker, and its intracellular
accumulation in glial cells is believed to be one of the factors responsible for cerebral
edema, a potentially lethal UCD complication12:13.14,

These encouraging biochemical findings in short terms studies were corroborated by the
findings in the long term follow-up studies, which included approximately 40% fewer
hyperammonemic crises and improvement in executive functioning among pediatric
patients, for whom mean fasting ammonia averaged approximately half the upper limit of
normal. These changes in executive function are of particular interest, as problems with
behavioral regulation, planning, monitoring progress, purposeful problem solving, etc. are
known to compromise the day-to-day function of UCD patients, even those with normal
1Q34. While necessarily uncontrolled, the absence of change in other neuropsychological
test scores during the 12 months of treatment, particularly the CBCL which is a parent report
measure of the child’s functioning in their day-today environment, suggests that these
improvements in executive function do not represent a placebo response. Moreover, the
improvement in executive function while taking GPB suggests that UCD patients exhibit
neuropsychological abnormalities that may be reversible with effective treatment.

Finally, as a result of the significant barriers to conducting randomized, placebo controlled
trials in rare disorders, the treatment of inborn errors of metabolism is often based on
experience and expert opinion!®16, The present findings demonstrate that with effective
public-private cooperation, rigorously controlled clinical trials are possible even in ultra-rare
genetic diseases.
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CBCL Child Behavior Checklist
BRIEF Behavior Rating Inventory of Executive Function
ITT intention to treat
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Figure 1.
Short- and Long-Term Blood Ammonia Levels in UCD Patients. This figure depicts the

pooled results of ammonia control during short term (2 to 4 week) treatment with sodium
phenylbutyrate (NaPBA) or glycerol phenylbutyrate (GPB) (left panel) as well as of long
term (up to 1 year) treatment with glycerol phenylbutyrate (right panel). The vertical bars
represent standard error (SE). All ammonia values were normalized to a standard range of
9-35 umol/L, and the numbers at the bottom of the right panel indicate the number of
patients for whom data were available at each timepoint.
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Figure2.

Pooled Analysis of Blood Ammonia Across Subpopulations. The ratio of geometric means
for blood ammonia, assessed as 24 hour area under the curve, during treatment with glycerol
phenylbutyrate relative to treatment with NaPBA is depicted along with respective upper
and lower 95% confidence intervals. An upper 95% CI of less than 1.25 was pre-specified as
demonstrating non-inferiority. An upper 95% CI of less than 1.0 was pre-specified as

indicating superiority.
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N=6

Newly Enrolled

(pediatric)

|

(1

N =60

STUDY HPN-100-007

adults, 9 pediatric)

|

N=17

STUDY HPN-100-005 SE

(pediatric)

|
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I

Figure 3.

Non-Completers N = 8
6 adults, 2 pediatric

UCD Patient Disposition. Forty of 44 patients completing Protocol HPN-100-006 enrolled
into the 12-month safety protocol, HPN-100-007, in addition to 11 adult and 9 pediatric

patients, for a total of 60. All patients completing the switchover part of Protocol
HPN-100-005 entered the safety extension of this protocol, HPN-100-005SE, along with 9
additional pediatric patients who enrolled directly into HPN-100-005SE. Of the 77 patients
total who enrolled in either HPN-100-007 or HPN-100-005SE, 69 completed, including 45
adult and 24 pediatric patients.
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Figure4.
BRIEF Domain T scores in Pediatric Patients (6—17 yr) Treated with Glycerol

Page 12

—o—Baseline (N=23)
—e— End of Study (N=22)

Phenylbutyrate for 12 Months Scores are shown at baseline (grey symbols) and at the end of
12 months of glycerol phenylbutyrate treatment (black symbols) for pediatric patients ages
6-17. The T scores of 50 with a standard deviation (SD) of 10 are considered normative
means for all BRIEF clinical scales, and a T score of 65 is generally considered clinically
significant executive dysfunction (Krivitzky 2009). An asterisk indicates statistically
significant improvement (*p<0.05). BRIEF stands for Behavior Rating Inventory of

Executive Function HEP-12-1233
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