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ABSTRACT

Introduction

Phenylbutyrate (PBA) showed a positive effect on the
muscle cell model of Inclusion Body Myositis (IBM) by
improving lysosomal activity, ameliorating consequences
of impaired autophagy, and decreasing vacuolization. This
provides a rationale to study this medication in patients
with IBM.

Objectives

To evaluate the safety and tolerability of phenylbutyrate in
IBM and monitor for any early signal of effectiveness.
Methods

Open-label study of 10 subjects with IBM who received
treatment with PBA for 3 months after a 3-month run-in
period. The PBA dose was 3 gm twice daily. The primary
outcome measure was adverse event reporting. Secondary
outcome measures included manual muscle testing, timed
up and go test, IBM functional rating scale, and grip
strength, along with exploratory biomarkers evaluating
the mitochondrial function, stress response, degenerative
process, and apoptosis.

Results

Ten subjects completed the study. PBA was well tolerated
with no serious adverse events related to it. The most
common adverse events were gastrointestinal-related and
did not require stopping treatment. One of the biomarkers
(MitoTracker) showed a statistically significant drop over
the treatment period of the study (p-value of 0.02 for the
mean change). There were no statistically significant
changes in other secondary outcome measures, but the
study was limited by a small sample size and short treatment
period.

Conclusions

Phenylbutyrate was safe and well tolerated in patients with
IBM in this pilot study. The change in the Mito'Tracker
suggests target engagement, but a Phase 1 study is needed
to confirm and study the efficacy of PBA in IBM.
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Introduction

Inclusion body myositis (IBM) is the most common
acquired muscle disorder after age 50. The prevalence
of IBM varies from study to study and ranges in United
States from 10.7 per million (28.9 per million for age 45 and
older)! to 70.6 per million? with male to female ratio of 2:1 to
3:1.2 While IBM does not change life expectancy, it causes
significant disability.

IBM was classically classified as inflammatory
myopathy considering inflammatory infiltrate found on
muscle biopsy. The lack of response to treatment raised
the impression that IBM is a degenerative disorder with
secondary inflammation* This was further supported
by other findings on muscle biopsy like inclusions and
amyloid deposits as can be seen in other neurodegenerative
disorders.

The abnormal accumulation of amyloid-beta protein
precursor, and its proteolytic fragment amyloid-beta,
associated with intracellular aging of muscle fibers, is
thought to be the key pathogenic event.” Low-molecular
amyloid-beta oligomers, which are highly cytotoxic,
have been demonstrated in IBM muscle tissues with
immunoblots but not in control muscle tissue.

Studies have suggested that cultured human muscle
fibers (CHMFs) with experimentally inhibited autophagy
and lysosomal activity had pronounced vacuolization, in
addition to significantly increased amyloid-beta and its
oligomers.”®

Many similar neurodegenerative disorders, termed
“protein-misfolding disorders” are characterized by the
accumulation of intracellular or extracellular protein
aggregates. These aggregates, or more likely their
intermediate oligomeric precursor forms, can act to catalyze
the process of additional aggregation.’

A highly conserved class of proteins called molecular
chaperones has evolved to prevent inappropriate
interactions within and between non-native polypeptides,
to enhance the efficiency of de novo protein folding, and to
promote the refolding repair of proteins that have become
misfolded as a result of cellular stress.'*! In addition to this
protein repair activity, chaperones can mediate targeting
to the proteasome system or to lysosomes, resulting in
selective degradation of the misfolded protein when the
chaperones cannot repair the misfolded proteins.

Phenylbutyrate, an orally active chemical chaperone
approved by the US Food and Drug Administration for the
treatment of urea cycle disorders, mimics the function of
intracellular molecular chaperones in preventing protein
aggregation and oligomerization."

Nogalska et al. reported a novel function of
phenylbutyrate, namely that in lysosomal activity-inhibited
CHMFs it substantially: (a) improved the phenotype
of muscle fibers by decreasing their vacuolization; (b)
increased cathepsins D and B activities, accompanied
by a decrease of NBRI1, p62 and LC3-II; (¢) decreased
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AR42 and Ap42 oligomers; and (d) decreased v-secretase
activity.® This improvement of lysosomal activity and
striking ameliorative consequences of experimentally
impaired autophagy provide a rationale for considering
phenylbutyrate as a potentially beneficial drug for IBM.

Study design

We conducted a pilot study (phase 1 clinical trial) to
evaluate the safety and tolerability of phenylbutyrate in IBM.
In this open-label study, the plan was to enroll 10 patients
with sporadic inclusion body myositis who would be treated
with phenylbutyrate (3 gm twice daily) for 3 months. There
would be a run-in period of 3 months, during which no
study medication would be taken, and certain exploratory
biomarkers would be measured at baseline and at the end
of the run-in period in addition to final measurement at the
end of the treatment period.

These biomarkers evaluate the mitochondrial function,
stress response, degenerative process and apoptosis and
include mitochondrial membrane potentials through
MitoTracker red (shows overall mitochondrial mass),
MitoSox (a mitochondrial biomarker which detects
mitochondrial superoxide levels), tetramethylrhodamine
cthyl ester (determine mitochondrial ~membrane
potential and a marker of overall mitochondrial activity),
Annexin binding in lymphocytes (apoptosis marker).
We have previously assayed TDP-43 and its derivative,
phosphorylated TDP-43 (pTDP-43) in peripheral blood
platelets in our laboratory (Dr. Agbas). TDP43 positive
cytoplasmic aggregates have been described in ALS motor
neurons and IBM skeletal muscle tissue with significant
up-regulation of TARDBP (the gene expresses TDP-43
protein) and SQTMI (Sequestosome-1) gene expression.'*
Therefore, we planned to measure blood-derived platelet
total TDP-43 and pTDP-43 as surrogate biomarker for
skeletal muscle TDP-43 profile of IBM patients. Our
laboratory had demonstrated analytical capability of the
measurement of platelet TDP-43 and pTDP-43 in human
platelets.!>1017

Primary outcome measures included adverse event
reporting. Secondary outcome measures included multiple
strength and functional measures: manual muscle testing,
timed up and go test (TUG), IBM functional rating scale
(IBMFRS), and grip strength. These clinical outcome
measures were commonly used in evaluating progression of
IBM and in clinical trials of this discase. #1222 [n addition,
safety laboratory tests and electrocardiogram would be
monitored regularly. As mentioned above, the biomarkers
would be repeated at the end of the treatment period.

Study Eligibility
Inclusion Criteria
L. Fulfill ENMC 2011 diagnostic criteria for IBM
2. Age = 18 years
3. Women must be post-menopausal (no menses in >12
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months) or status post hysterectomy.

4. Able to give informed consent

5. Subjects must be able and willing to remain on stable
concomitant medications throughout the duration of
the study.

Exclusion Criteria

1. Presence of any one of the following medical conditions:
chronic infection; chronic renal insufficiency; cancer
other than skin cancer less than five years prior;
multiple sclerosis or prior episode of central nervous
system demyelination; or other chronic serious medical
illnesses

2.Presenceofany ofthefollowingonroutineblood screening:
WBC<3000; Platelets < 100,000; hematocrit < 30%;
BUN > 30 mg/dl; creatinine > 1.5 mg/dl; liver discase
with serum albumin < 3 g/dl

3. Women who are pregnant or lactating

4. History of non-compliance with other therapies

5. Coexistence of other muscular disease

6. Drug or alcohol abuse within the past three months

7. Known bleeding disorder

8. Known liver discase

9. Known congestive heart failure

10. Known hypernatremia

Statistical Method

This is a pilot study with a sample size of n=10 subjects.
For both the primary and secondary outcomes, statistical
reporting would be in the form of descriptive statistics.

Demographic variables are reported using mean and
standard deviation (or median) for continuous variables
(age, weight, height) and frequency counts for categorical
variables (gender, race, ethnicity). The disposition to
complete or not complete treatment would be recorded as
a ‘Yes/No’ dichotomous response and would be reported
using frequency counts.

For the primary outcome of safety, the frequency of
Adverse Events (AEs) and Serious Adverse Events (SAEs)
by grade, would be reported. This would be done for each
follow-up visit as well as for all visits combined.

For the secondary outcomes, the measurements at
baseline, month-3, and month-7 would be reported using
mean and standard deviation (or median and interquartile
range for skewed measurements) along with acorresponding
95% confidence interval. These measurements would be
visually compared using box plots to detect the presence
of a trend over time by drawing a trend line on the means
(or median). Due to the small sample size, this comparison
would be done visually, and no formal statistical test would
be done routinely but it would be considered to further
study a trend.
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14 subjects

screened

11 subjects
enrolled

3 excluded,
did not meet

criteria

10 subjects 1 subject had
completed the transportation

study

difficulty

Results

Fourteen patients with IBM were screened for this
study. Three patients were excluded from the study due to
not meeting the inclusion/exclusion criteria. Ten patients
were enrolled in the study, but one subject dropped out of
the study due to transportation difficulties. After getting
IRB approval, one additional subject was enrolled, and all
10 subjects completed the study.

The demographic characteristics can be seen in Table
1 (a, b). F:M ratio was 7:4 and median age was 73 (67, 76).

Table 1b - Detailed Demographics

Table 1a. Demographics Characteristics

New Stuff

Participants

Enrolled, N 11
Female N (%) 7 (63.6%)
Caucasian N (%) 10 (90.9%)

Age (years median (IQR))

73 (67,76)

Subject numb(ir (enrolled Gender Age Race
only, n=11)

1 F 73 Caucasian
2 F 72 Caucasian
4 F 77 Caucasian
5 M 91 Caucasian
6 F 74 Caucasian
7 M 57 Caucasian
9 F 76 Hispanic or Latina
10 M 80 Caucasian
11 F 77 Caucasian
13 F 68 Caucasian
14 M 67 Caucasian
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The study drug was well tolerated, and all enrolled  Figure 1- IBMFRS Changes
subjects were able to continue it throughout the treatment

25
period. There was one serious event (a fall that required B

a hospital visit) that was not related to the study drug. No == o T
study drug-related serious events were reported. 28 o @

Two subjects had mildly elevated liver enzymes at & o o
baseline before the treatment period. No other significant T oo I - -
laboratory changes were noted. One subject had hair loss E i
which was considered possibly related. The most common <
adverse events were related to gastrointestinal symptoms n 14
(n-9), (Tables 2 and 3).

The IBMFRS did not seem to change during the study 7 @

(Median was 23 at baseline, 24 at the beginning of the .
treatment period, and 23 at the end of it), (Figure 1). e
. . . o

There were no meaningful changes in the other clinical ot 0 o 3 Mokt &
outcomemeasures either (TUG, Total MMT, Dynamometer o ::m o
of the knee extension or hand grips), (Figure 2).

Table 2 — Adverse Events (considered possibly or probably related)
Adverse Events (possibly or probably Number of occurrences Number of subjects
related)
Gastrointestinal AEs 9 9
Heartburn 4 4
Nausea 2 2
Urgency 1 1
Constipation 1 1
Oral Aphthous Lesion 1 1
Musculoskeletal Pain 2 2
Drowsiness 1 1
Tremor 1 1
Hair Loss 1 1
Two Itchy Skin Lesions 1 1
Nasal Congestion 1 1
Table 3 - Adverse Events (considered unrelated)
Adverse Events (considered unrelated) Number of occurrences Number of subjects

Falls 9 6

Urinary Urgency 2 2

Elevated blood pressure 2 2

Elevated liver enzymes 2 2

Low blood pressure 1 1

Headache 1 1

Chills 1 1

Numbness in the Legs 1 1

Back Pain 1 1

Elevated White Blood Count 1 1

Right Bundle Branch Block 1 1

Strep. Throat Infection 1 1
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Figure 2 - TUG, MMT and Dynamometer changes
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Figure 3 — Changes in Annexin, TMRE, MitoSox and TDP 43
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While there was no meaningful change in most
exploratory biomarkers used in this study (Figure 3), the
MitoTracker dropped at the end of the treatment period
(median of 8010 comparing to 19299 at the baseline and
28823 at the beginning of the treatment period (Figure
4). This was investigated further with a statistical analysis
(detailed below in Table 4 and Figure 5) which showed that
the mean change between the run-in period and treatment
period was statistically significant (p=0.0243).

Statistical Analysis

Box plots of outcomes provide for visual inspection
of the observed values as well as a representation of the
median, inter-quartile range, and mean.

The trend observed in the boxplots of MitoTracker
data warranted further exploration with a post hoc analysis.
A generalized linear mixed model was used to estimate
mean values of MitoTracker at each timepoint. 10 of 11
subjects had measurements at all 3 timepoints. Time
was used as a categorical value and correlation among an
individual’s repeated measurements was accounted for with
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Figure 4 — Changes in MitoTracker
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Table 4 - statistical model
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Effect Estime(lgeS((l%cgelgﬁcient Std Err df p-value
Intercept 20,574 (15,596, 43,552) 6274 | 10 0.0008
Month 2/15 0.0724"
Month 0 1,128 (20,038, 17.782) 8872 15 09005
Month 3 0 reference
Month 6 21,344 (-41402, -1,287) 9410 | 15 0.0385
Mean E?g;l%‘;i thl(; Change Std Err df p-value
gzattﬁitnr?em - Off 20,780 (3,091, 38,469) 8299 15 0.0243'

F: An F-test of fixed effects
t: t-test comparing mean change to zero.

arandom effect for subject. The fixed effect, month, was not
statistically significant (p=0.0724). Although, MitoTracker
values after treatment are statistically significantly different
from pre-treatment, months 0 and 3 combined (p=0.0243).
The results from the model are exploratory.

Discussion

This is the first clinical trial of phenylbutyrate (PBA)
in inclusion body myositis (IBM), and it was justified by the
potential benefits of PBA in IBM as detailed above. This is
a phase 1 trial to study the safety and tolerability of PBA in
IBM.

We found PBA to be safe and well-tolerated in subjects
with IBM. There were no concerning safety findings in this
study and the only serious event reported (a fall) was related
to the disease itself, not the study drug.

There were no meaningful changes in all clinical
and most biological outcome measures. This was not
unexpected considering the short duration of this study
and the small sample size. Despite these limitations, the
MitoTracker showed a significant drop with treatment.
Reduced MitoTracker with treatment could be due to
reduced mitochondrial number/mass. We propose that
PBA induces autophagy/mitophagy as it is known to reduce
protein aggregation and one way to process aggregates is to
ship them to mitochondria and then induce mitophagy.

A phase 2 study is needed to verify the MitoTracker
change and to further evaluate for any clinical or biological
outcome measures changes that might have been missed
due to the small sample size and short duration of our pilot
study. Studying the muscle tissue should be considered in
any future trial to evaluate for histopathological changes

Figure 5 - Mean Change of MitoTracker
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secondary to treatment with PBA considering the changes
found in the muscle cell model of IBM when exposed to
PBA®

In addition, PBA with tauroursodeoxycholic acid
(TUDCA) showed positive results in a phase 2 clinical trial
in another neurodegenerative disorder, amyotrophic lateral
sclerosis (ALS). This further supports the need for a larger
and longer study to evaluate its efficacy in IBM, which likely
shares pathophysiological mechanisms with ALS.

Conclusion

Phenylbutyrate was safe and well tolerated in patients
with IBM in this small pilot study. The change in the
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MitoTracker suggests target engagement, but a longer
and larger study is needed to confirm that and study the
efficacy of PBA in IBM. Such Phase II study may include
tissue markers to further evaluate PBA effect on the treated
muscles. If PBA is found to be beneficial for the treatment
of IBM, it would represent the first effective treatment for
this progressive and debilitating discase.
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