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This 52-week, phase I/II double-blind, randomized, placebo-
controlled study investigated the novel use of clenbuterol in
late-onset Pompe disease (LOPD) stably treated with ERT.
Eleven of thirteen participants completed the study. No serious
adverse events were related to clenbuterol, and transient minor
adverse events includedmild elevations of creatine kinase, mus-
cle spasms, and tremors. At week 52, the 6-min walk test dis-
tance increased by a mean of 16 m (p = 0.08), or a mean of
3% of predicted performance (p = 0.03), and the maximum
inspiratory pressure increased 8% (p = 0.003) for the clenbu-
terol group. The quick motor function test score improved by
a mean of seven points (p = 0.007); and the gait, stairs, gower,
chair test improved by a mean of two points (p = 0.004). Clen-
buterol decreased glycogen content in the vastus lateralis by
50% at week 52. Transcriptome analysis revealed more normal
muscle gene expression for 38 of 44 genes related to Pompe dis-
ease following clenbuterol. The placebo group demonstrated
no significant changes over the course of the study. This study
provides initial evidence for safety and efficacy of adjunctive
clenbuterol in patients with LOPD (NCT01942590).

INTRODUCTION
Effective dosages for enzyme replacement therapy (ERT) in Pompe
disease are up to 100-fold greater than those in other lysosomal dis-
orders. This high-dose requirement has been attributed to the low
abundance of cation-independent mannose-6-phosphate receptor
(CI-MPR) in skeletal muscle. We have evaluated the impact of
CI-MPR-mediated uptake of recombinant human (rh) acid-a-gluco-
sidase (GAA) upon ERT in GAA knockout (KO) mice with Pompe
disease.1,2 These published data revealed that clenbuterol, a selective
b2 agonist, enhanced CI-MPR expression and increased efficacy from
ERT, thereby confirming the key role of CI-MPR with regard to
replacement therapy in Pompe disease.1,2 The clearance of stored
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glycogen was increased by b2 agonist treatment during ERT, as
demonstrated by significantly lower glycogen content in skeletal mus-
cle following the addition of clenbuterol or albuterol treatment to
ERT (consisting of 4 weekly injections at the standard dose,
20 mg/kg) in GAA-KO mice.2 The skeletal muscles comprised pri-
marily of type II myofibers, including the tibialis anterior muscle, re-
sponded more efficaciously to ERT when clenbuterol or albuterol
therapy was added.1 However, albuterol has been less effective at
lowering muscle glycogen than clenbuterol in pre-clinical experi-
ments,2,3 and adjunctive albuterol did not decrease muscle glycogen
in a pilot clinical trial in adult patients with Pompe disease.4

Type II muscles are resistant to ERT in association with low CI-MPR
expression.5,6 The underlying mechanism for clenbuterol’s effects on
muscle was demonstrated as increased expression of insulin-like
growth factor (Igf) 1 and 2 and their receptors, including the Igf-2 re-
ceptor that is actually CI-MPR.7 Increased Igf-1 expression was also
associated with the muscle hypertrophy following clenbuterol admin-
istration, which could be beneficial in Pompe disease.7 In addition to
skeletal muscle benefits, adjunctive b2 agonist treatment with ERT or
gene reversed neuromuscular involvement in GAA-KO mice as
evidenced by enhanced biochemical correction in the brain and
improved neuromuscular function.1–3

We currently report a 52-week randomized, double-blind placebo-
controlled study of adjunctive clenbuterol in patients with late-onset
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Table 1. Demographic and Baseline Characteristics of the Study Population

Clenbuterol
(n = 8)

Placebo
(n = 5)

Age (median, range) 52 (37–65) 32 (19–62)

Gender 5M:3F 2M:3F

Race

White 8/8 5/5

Ethnicity

Not Hispanic or Latino 8/8 5/5

Weight (median), kg 89 73

Duration of ERT, months
(median, range)

75 (38–102) 21 (15–72)

Baseline FVC, % predicted (median) 50 89

Baseline 6MWT, meters (median) 350 450

Baseline 6MWT, % predicted (median) 51 72
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Pompe disease (LOPD). Our goal was to determine safety and themus-
cle effects of adjunctive clenbuterol in patients with LOPD who were
stably treated with ERT and expected to experience no further benefits.
Safetywas the primary endpoint, whichwasmonitored byblood testing
and adverse event (AE) reporting throughout the study. Secondary
endpoints included muscle function tests, which were correlated with
changes in skeletal muscle biopsies obtained at baseline and at week 52.

RESULTS
Summary of Enrollment and Patient Characteristics

Thirteen participants who met all inclusion criteria were randomized,
and 11 completed the study (Figure S1). Eight participants (5M:3F)
were assigned to drug, and seven of those completed the study,
whereas five (2M:3F) were assigned to placebo and four completed
the study (Table 1). One participant withdrew after taking placebo
for 6 weeks, and one was withdrawn after taking the study drug for
46 weeks following an unrelated significant AE in which the partici-
pant fell and dislocated his artificial hip. Of the four consented partic-
ipants who were not randomized, one participant failed screening and
three withdrew prior to randomization. In the clenbuterol group,
more participants were men, and they were older (Table 1). The clen-
buterol group had been treated with ERT longer (median 75 months,
range 38–102) than the placebo group (median 21 months, range
18–72). The 6-min walk test (6MWT) distance and functional vital
capacity (FVC) were low in both groups, consistent with LOPD.
The predicted 6MWTdistance trended lower (p = 0.08) and predicted
FVC was lower (p = 0.007) for the clenbuterol group, in comparison
with the placebo group (Table 1). These differences were consistent
with more advanced impairment at later ages in the clenbuterol
group. The study was double-blinded to prevent a placebo effect.
However, the clenbuterol and placebo groups were not compared
directly due to differing characteristics.

Functional Effects of Clenbuterol Treatment

The effects of clenbuterol administration were evaluated at week 18
and week 52, in comparison with baseline (Figure 1A). Mildly
2 Molecular Therapy Vol. 26 No 9 September 2018
elevated creatine kinase (CK) has previously been associated with
clenbuterol administration.8 We observed transiently elevated CK at
week 18, which returned to baseline values by week 52 (Figure 1B).
No significant differences of CK from baseline were observed for
the placebo group (Figure S2). The 6MWT percent-predicted values
showed statistically significant and consistent increases for each indi-
vidual from baseline at both week 18 and week 52 (Figure 1C), sug-
gesting clinical as well as statistical significance. One participant
stopped ERT several months before the week 52 visit, and he was
not included in week 52 analyses. At week 52 6MWT increased signif-
icantly by 3% with regard to predicted performance, from 58% ± 17%
to 61% ± 15% (Figure 1D; p = 0.03), whereas 6MWTperformance was
unchanged for the placebo group (Figure 1E). Percent-predicted
6MWT values can be used to help distinguish and highlight treatment
effects from changes that may result from typical age-related changes
or changes in weight over a 1-year period that could affect distance
walked in the 6MWT. At week 52 the 6MWT distance increased
16 m for the clenbuterol group, from a mean of 373 m (SD ±

126 m) to a mean of 389 ± 119 m (Figure 1F; p = 0.08). At week 18,
the 6MWT predicted performance increased significantly by 3%,
from 55% ± 17% to 58% ± 16% (Figure 1D; p = 0.03), and 6MWT dis-
tance increased by 19 m, from 349 ± 130 m to 368 ± 121 m (Figure 1F;
p = 0.05). This was an early-phase study, not powered to compare the
two groups. However, 6MWT distance was unchanged from baseline
to week 52 for the placebo group (Figures 1E and 1G; Table 2).

Standardized muscle functional assessments included the gait, stairs,
gower, chair (GSGC)9 and the quick motor function test (QMFT),10

both of which have been validated in patients with LOPD. For the
clenbuterol group, the score for the GSGC test improved by 2 points
(pt) between baseline and week 52, from 16 ± 5 pt to 14 ± 6 pt (Fig-
ure 1H; p = 0.004; lower GSGC scores reflect improvement), while the
QMFT score improved by 7 pt, from 40 ± 14 pt to 47 ± 15 pt (Fig-
ure 1J; p = 0.007) for patients on clenbuterol. Furthermore, the
GSGC score improved by 2 pt between baseline and week 18 (Fig-
ure 1H; p = 0.01), while the QMFT score improved by 6 pt (Figure 1J;
p = 0.006). For the placebo group, no significant changes were
observed from baseline at later visits (Figures 1I and 1K). Thus,
exploratory endpoints improved between baseline and the week 18
and week 52 visits for the clenbuterol group.

In pulmonary function testing at week 52, the predicted performance
on the forced expiratory volume in 1 s (FEV1) trended greater for the
clenbuterol group (Figure 2A), increasing 12% (from 58% ± 15% to
65% ± 14%; p = 0.06). The forced vital capacity (FVC) did not
improve significantly, increasing from 60% ± 15% to 64% ± 15% (Fig-
ure 2B; p = 0.11). The maximum expiratory pressure (MEP) trended
greater at week 52, increasing 35%, from 40% ± 11% to 54% ± 8%
(Figure 2C; p = 0.06).

The predicted maximum inspiratory pressure (MIP) increased by
35% for the clenbuterol group at week 52, from 51 ± 21 to 69 ± 27
(Figure 2D; p = 0.004). MIP increased for 4 of 5 individuals from base-
line to week 52 (Figure 2E). MIP was unchanged from baseline at



Figure 1. Functional Testing Demonstrated Efficacy for the Clenbuterol

Group

Timeline for the study (A). Participants were enrolled and completed a baseline

assessment prior to randomization to clenbuterol or placebo at week 6, dose in-

crease at week 12, and returning for assessment at weeks 18 and 52. (B) Serum CK

for clenbuterol group. Each line connects the data points for one research partici-

pant. Normal range, 30–220 U/L. One participant in the clenbuterol group was
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week 52 for the placebo group (Figures 2F and 2G; Table 2). Pulmo-
nary function testing for these measures did not reveal any significant
changes at week 18, in comparison with baseline. No significant dif-
ferences from baseline were observed for supine FEV1 and FVC
testing at the week 18 or week 52 visits (data not shown). Thus, the
FEV1, MEP, and MIP demonstrated positive trends at week 52 for
the clenbuterol group, although only the MIP achieved statistical
significance.

Biochemical Effects of Clenbuterol Treatment

The effects of clenbuterol administration on biochemical correction
of skeletal muscle were evaluated by testing of a biopsy from the
vastus lateralis in the quadriceps muscle at baseline and at week
52. The vastus lateralis is comprised primarily of type 2 myofibers
in adults,11 and muscles comprised of type 2 myofibers have been
resistant to correction with ERT in Pompe disease.5,6 GAA activity
increased by 34% in the clenbuterol group (from 0.14 ± 0.04 to
0.18 ± 0.08 mmol/min/g tissue) (Figure 3A; p < 0.05), and glycogen
content decreased by 51%, from 0.75% ± 0.21% to 0.37% ± 0.26%
by biochemical assay (Figure 3B; p = 0.007). No significant changes
in biochemical testing were demonstrated in the placebo-exposed
group (Figure 3). Muscle biopsies were also examined histopatholog-
ically. Overall, histologic glycogen levels in these patient biopsies
were very low, likely due to prior long-term treatment with ERT.
Consequently, additional changes with clenbuterol treatment re-
flected modest improvements or stability. Three of six clenbuterol-
treated patients with evaluable biopsy pairs at baseline and week 52
showed a qualitative reduction in periodic-acid Schiff (PAS)-positive
glycogen. The remaining three treated patients appeared histologi-
cally stable. Four placebo patients had evaluable biopsy pairs at base-
line and week 52; all four patients demonstrated stable histologic
glycogen levels. For the clenbuterol group, the lysosomal associated
membrane protein 2 (LAMP2) signal was decreased in western blots
of patient muscle (p = 0.01), demonstrating decreased lysosomal ac-
cumulations (Figure 3D). In contrast, for the placebo group LAMP2
increased (p = 0.04). CI-MPR protein was not increased at week 52,
in comparison with baseline (Figure 3D), which does not preclude an
earlier increase in CI-MPR as demonstrated in pre-clinical studies.1,2

Thus, biochemical correction of the vastus lateralis muscle, which is
typically resistant to ERT, was improved only for the clenbuterol
group.

Transcriptome Effects of Clenbuterol Treatment

RNA-sequencing (RNA-seq) of muscle biopsies revealed that relative
to pre-treatment levels, 52-week clenbuterol treatment induced
excluded at week 52 due to having stopped ERT several months earlier. 6MWT for

clenbuterol group is shown in XY graphs depicting (C) predicted performance (data

points for each participant), (D) predicted performance (mean ± SD), and (F) dis-

tance (mean ± SD). (E) 6MWT predicted performance and (G) distance for placebo

group. Functional muscle testing for clenbuterol group is shown in XY graphs de-

picting (H) GSGC and (J) QMFT. Functional muscle testing for placebo group: (I)

GCGS and (K) QMFT for placebo group (mean ± SD). Horizontal lines indicate the

data points relevant to the adjacent p value.
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Table 2. Outcomes in Clenbuterol and Placebo Groups

Test

Clenbuterol Placebo

n Baseline Week 52 Change pa n Baseline Week 52 Change p

6MWT (m) 6 373 389 4% 0.08 4 567 587 4% 0.33

6MWT (%) 6 58 61 5% 0.03 4 81 85 5% 0.3

GSGC (pt) 6 16 14 �13% 0.004* 4 8 7 �13% 0.21

QMFT (pt) 5 40 47 18% 0.007* 4 54 56 4% 0.20

FEV1 (%) 7 58 65 12% 0.06 4 86 88 2% 0.28

FVC (%) 7 60 64 7% 0.11 4 83 90 8% 0.25

MEP (%) 5 40 54 35% 0.06 4 63 49 �22% 0.12

MIP (%) 5 51 69 35% 0.004 4 97 104 7% 0.28

GAA (mmol/min/g tissue) 6 0.14 0.18 29% <0.05 4 0.20 0.15 �25% 0.47

Glycogen 7 0.75 0.37 �51% 0.007* 4 0.73 0.88 21% 0.34

LAMP2 (relative to GAPDH) 5 0.69 0.46 �33% 0.01 3 0.88 1.2 36% 0.04

ap by t test shown. If p < 0.05 by two-way ANOVA, indicated by an asterisk (*).

Molecular Therapy

Please cite this article in press as: Koeberl et al., Correction of Biochemical Abnormalities and Improved Muscle Function in a Phase I/II Clinical Trial of
Clenbuterol in Pompe Disease, Molecular Therapy (2018), https://doi.org/10.1016/j.ymthe.2018.06.023
differential expression (>2-fold) of 200 genes. A subset of 44 of these
200 genes (22%) overlapped with the genes significantly dysregulated
by >2-fold in the biopsies from LOPD patients versus healthy age-
matched individuals (Figure 4A). Notably, 38 (86%) of these 44 genes
were altered in the opposite direction by disease and by clenbuterol
treatment, while no genes were significantly altered >2-fold by placebo
treatment (Figure 4B). Furthermore, ingenuity pathway analysis re-
vealed that in the disease and disorders category, these 38 genes
were associated in the order of significance with developmental disor-
der, skeletal andmuscular disorders, organismal injury and abnormal-
ities, renal and urological disease, connective tissue disorders, cancer,
and cardiovascular disease (Figure 4C). This indicated that the clenbu-
terol treatment was specifically correcting LOPD-associated genes
rather than having random effects. Finally, the gene set enrichment
analysis (GSEA) of gene ontology molecular functions and biological
processes of the whole transcriptome revealed that the Myofibril gene
set is significantly enriched in the disease-upregulated genes and in the
clenbuterol-downregulated genes, and none of the other gene sets
showed this pattern (Figure 4D). Overall, the pathway analysis
suggested that clenbuterol treatment was predominantly associated
with ameliorating the adverse effects caused by LOPD.

Safety

There were no drug-related serious AEs throughout this study. There
was one unrelated severe AE in which the participant fell, dislocating
an artificial hip. This led to the need to withdraw the participant from
the study after taking clenbuterol for 46 weeks. Expected AEs were
mild and included the following: tremor, insomnia, and muscle
spasms, each of which were observed in four participants (50%)
and resolved spontaneously. One participant had transiently elevated
CK to >3-fold the individual’s baseline concentration (to 2,430 U/L;
normal range 30–220 U/L), when blood was sampled following the
physical therapy evaluation instead of prior to it as normally practiced
(Table 3). However, this individual’s CK returned to baseline concen-
trations when reassessed the following week. Insomnia (40%) and
4 Molecular Therapy Vol. 26 No 9 September 2018
muscle spasms (20%) were observed in participants taking placebo
(Table 3). Two participants required dose reductions (80 mcg morn-
ing, 40 mcg evening) related to minor AEs (jitteriness, GI upset,
increased heart rate, elevated CK) but continued in the study
following resolution of these symptoms.

DISCUSSION
Safety and efficacy were established by this 52-week, double-blind,
placebo-controlled (3:2), single-site study in which the primary
endpoint of safety, as well as efficacy of adjunctive clenbuterol in mo-
tor improvements were demonstrated with up to 160 mcg daily in pa-
tients with LOPD. A transient increase in CK and other mild AEs
were the only side effects in the clenbuterol group. The clenbuterol
group was previously treated with ERT for at least 38 months with
no further improvement expected (median of 75 months on ERT,
range 38–102), while the control group was previously treated with
median of 21 months (range 18–72) (Table 1). The difference in
the length of time on ERT between the clenbuterol group and the pla-
cebo group prevented the direct comparison of results between the
groups. However, the fact that the clenbuterol group was treated
with ERT for a longer duration may further support the clinical sig-
nificance of the results, because the clenbuterol group would have
been expected to have been at a more stable point with respect to
ERT benefit. Although some studies have reported improvement
for up to 20 months,12 only the placebo group had anyone previously
treated with ERT for <20 months (minimum 18 months), while the
minimum duration of ERT for the clenbuterol group was 38 months.
Statistically significant improvement in 7 of 11 secondary endpoints
and a trend toward improvement in two other endpoints demon-
strated efficacy from clenbuterol treatment in this group of patients
with LOPD, who had been stably treated with ERT for >3 years
(Table 2). Statistical analysis, including multiple comparisons to
compare three time points for both groups, revealed statistically sig-
nificant improvement for the GSGC, QMFT, and muscle glycogen
tests following clenbuterol treatment (Table 2). A recent 5-year study



Figure 2. Pulmonary Function Testing Revealed

Improved Strength of Respiratory Muscles for

Clenbuterol Group

Pulmonary function testing for clenbuterol group is shown

in XY graphs depicting (A) FEV1, (B) FVC, (C) MEP, and (D)

MIP. Mean ± SD is shown. MIP for each individual in the

clenbuterol group (E). One subject was excluded at week

52 due to having stopped ERT several months earlier. MIP

for placebo, mean ± SD (F). MIP for each individual in the

placebo group (G).
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of the benefits of ERT in patients with LOPD confirmed that benefits
occurred in the first 2–3 years of treatment.13 A meta-analysis of 19
clinical studies similarly found that the FVC initially improved and
then regressed to baseline over the course of 3 years of ERT in
LOPD, while the 6MWT improved during the first 20 months of
ERT and then stabilized.12 Improvements in pulmonary function
tests and 6MWT demonstrated with clenbuterol (Table 2) in the cur-
rent study of adjunctive clenbuterol are clearly over and above what
would be expected following >3 years of continuous ERT in patients
with LOPD.12–14

Previously published studies of ERT in Pompe disease reported
improvement in 6MWT performance.14–22 Increased 6MWT distance
and statistically significant increases in percent-predicted 6MWT over
the 1-year period demonstrated efficacy in the clenbuterol group. The
improvement in the predicted performance for the 6MWT (in
percent) reflects a treatment effect, which can be distinguished from
variation in the 6MWT distance (in meters) that might occur due to
changes in age and weight over a 1-year period. The increased
6MWT performance would be unexpected in absence of any adjunc-
tive therapy, given that no improvement was observed in the pivotal
study of ERT in LOPD later than 52 weeks.14 Although the increase
in FVC did not reach statistical significance, we observed a dramatic
increase in MIP from pulmonary function testing in the clenbuterol
group. The MIP is an index of maximal volitional inspiratory muscle
strength highly correlated with invasive and/or reflexive measures of
inspiratory strength reflecting diaphragmatic strength in patients
Mole
with LOPD;23 therefore, the large, statistically
significant increase in MIP for the clenbuterol
group demonstrated efficacy. No significant im-
provements in any endpoints were observed in
the placebo group (Table 2). Therefore, while
the 6MWT distance only trended higher, the
percent-predicted 6MWT improvement was sta-
tistically significant. While the FVC did not
improve significantly in this study, the signifi-
cant improvement in MIP reflected greater dia-
phragmatic strength. The endpoints currently
studied, including the GSGC, QMFT, and MIP,
have been validated in Pompe disease and
showed statistically significant improvement
with clenbuterol, reflecting clinical signifi-
cance.9,10,23 Overall, these changes reflect improvement in more dis-
ease-specific endpoints in Pompe disease, which is important.24

Biochemical correction was demonstrated in the clenbuterol group by
increased GAA activity and decreased glycogen content in the vastus
lateralis. The latter effects were consistent with pre-clinical experi-
ments demonstrating increased receptor-mediated uptake of GAA
following clenbuterol administration.1–3 A previous study of adjunc-
tive albuterol therapy in LOPD patients stably treated with ERT failed
to demonstrate reduced glycogen content in the vastus lateralis.4

Indeed, the only previous study to demonstrate the clearance of
accumulated glycogen in the skeletal muscle of LOPD had enrolled
patients naive to ERT.25 A recent short-term study with a pharmaco-
logic chaperone plus ERT increased GAA activity in muscle without
lowering glycogen content in patients with LOPD, demonstrating the
need for a sustained effect to achieve biochemical correction.26 There-
fore, this is the first study to demonstrate improved biochemical
correction of skeletal muscle in patients with LOPD who were previ-
ously treated with ERT. Improved biochemical correction supported
our hypothesis that clenbuterol would increase CI-MPR-mediated
uptake of GAA, since patients were stably treated and no greater
biochemical correction was expected following >3 years of ERT.14,27

The current study did not demonstrate elevated CI-MPR in skeletal
muscle at 52 weeks, which does not exclude an increased CI-MPR
expression at an earlier time during clenbuterol treatment.1,2 Clenbu-
terol has been associated with transient effects consistent with tachy-
phylaxis following prolonged use, including transiently elevated
cular Therapy Vol. 26 No 9 September 2018 5
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Figure 3. Muscle Effects from Clenbuterol

Biochemical testing at baseline and week 52 for clenbuterol and placebo groups’

vastus lateralis muscle biopsies. (A) GAA activity. One participant from the clen-

buterol group was excluded from the GAA assay due to having stopped ERT several

months earlier. (B) Biochemical glycogen content. Mean ± SD are shown. (C)

Histopathology revealed decreased (three patients) or stable (three patients)

PAS-positive glycogen levels following clenbuterol administration; all four placebo

patients with evaluable biopsy pairs demonstrated stable PAS-positive glycogen

levels (high-resolution light microscopy, 1-micron epoxy resin sections, PAS-
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serum CK.8We assume that CI-MPR was elevated earlier in the study
resulting in increased GAA uptake, which resulted in improved
biochemical correction that persisted at week 52. Our earlier pilot
study with another b2 agonist, extended release albuterol, revealed
a trend toward higher CI-MPR expression in skeletal muscle at
week 12, consistent with an elevation of CI-MPR early in the course
of b2-agonist treatment.4 Additionally, our RNA-seq analysis showed
that most of the genes that were simultaneously affected by both
LOPD and clenbuterol treatment were altered in opposite directions,
while this was not the case for the placebo treatment. This further
demonstrated evidence for molecular correction of LOPD by
clenbuterol.

The safety of b2 agonists has been evaluated in patients with muscle
diseases including LOPD. Our previous study of albuterol in patients
with LOPD who were stably treated with ERT revealed safety and ef-
ficacy.4 This pilot study of adjunctive albuterol demonstrated
increased 6MWT distance, and albuterol was well-tolerated in eight
participants.4 Prior to the availability of ERT, albuterol was adminis-
tered to five patients with LOPD, who experienced mild AEs,
including flushing, tremor, agitation, and palpitations, and these
AEs resolved quickly when the dose of albuterol was decreased.28

In the randomized, double-blind, placebo-controlled trial of albuterol
in fascioscapulhumeral muscular dystrophy, only tremors were
reported at a higher frequency among albuterol-treated groups, in
comparison with the placebo-treated group.29

Clenbuterol is a selective b2 agonist used for the treatment of asthma
in Europe. Clenbuterol treatment has been associated with specific
AEs that may include tremor, muscle cramps, nervousness, and head-
ache, as observed in this study (Table 3). Multiple studies in asth-
matics and patients with chronic airway obstruction reported no or
very mild AE.30–32 Chronic administration of clenbuterol causes mus-
cle hypertrophy in association with the upregulation of CI-MPR,
which has potential advantages for the treatment of Pompe disease
both through enhancing the uptake of rhGAA during ERT and by
reversing muscle atrophy.2,3,7 Furthermore, clinical studies of clenbu-
terol have demonstrated increased muscle mass in other conditions,
confirming its muscle effects in humans.8,33 The known effects on
muscle have led to the abuse of clenbuterol by performance athletes
and to its banning by the World Anti-Doping Agency, although
monitoring for clenbuterol abuse is complicated by its presence in
the food supply.34

Limitations of the current study were related to the number of partic-
ipants enrolled, which was small due to limited resources and other
studies competing for enrollment of a limited number of patients
with LOPD. Therefore, this study will need to be expanded to include
a larger number of subjects in order to validate the potential benefits
Richardsons stain, 400� magnification). Western blot quantification of (D) LAMP2

and CI-MPR in muscle biopsy samples and quantification of western blot signals.

The lanes marked as + are from the post-randomization samples at week 52,

whereas � indicates the baseline samples.



Figure 4. RNA-Seq Analyses of Differentially

Expressed Genes and Pathway Analysis

RNA-seq analyses of differentially expressed genes and

pathway analysis. (A) Venn diagram showing that 44

overlapping genes significantly differ (by >2-fold; p < 0.05)

for both Pompe versus normal and post- versus pre-

clenbuterol treatment. (B) Heatmap showing the relative

differences in expression of these 44 overlapping genes

(displayed as log2 fold change) for specified comparisons.

Red, upregulated genes; blue, downregulated genes. (C)

Ingenuity pathway analysis of diseases and disorders. (D)

Gene set enrichment analysis (GSEA) plots of Myofibil

gene set from the whole transcriptome of Pompe versus

normal (enrichment score, 0.705) and clenbuterol post

versus pre (enrichment score, �0.652).
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of clenbuterol in LOPD. The clenbuterol and placebo groups were
treated with ERT for differing amounts of time, which could be
avoided by more specific eligibility criteria for the duration of ERT.
Furthermore, this study was not powered to reveal differences be-
tween the clenbuterol and placebo groups, and characteristics of these
two groups differed at baseline due to stochastic variation. However,
double blinding reduced the likelihood of artifactual responses due to
a placebo effect. This study provides important preliminary data
regarding the safety and efficacy of clenbuterol in participants with
LOPD on ERT. The benefits demonstrated following oral clenbuterol
in patients with LOPD support the further development of this
adjunctive therapy for the treatment of Pompe disease.

MATERIALS AND METHODS
Study Design

This was a 52-week, phase I/II double-blind, randomized, placebo-
controlled study of adjunctive clenbuterol in (20 mcg Spiropent
tablets) in patients with LOPD. All participants were evaluated at
baseline and week 6 to establish a baseline for motor function testing.
Molecular Therapy Vol. 26 No 9 September 2018 7
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At week 6, participants were randomized 3:2 to
clenbuterol or placebo and evaluated for safety
and efficacy during the week 12 and 18 visits.
The Investigational Drug Service performed
randomization and maintained double blinding
by providing either the study drug or placebo
(over-encapsulated tablets) directly to partici-
pants. Unblinding, if needed related to a severe
AE, was available through the Investigational
Drug Service. Individual patients who experi-
ence a grade 3 (severe) or higher AE were with-
drawn from the study, and the study would have
been stopped if two patients developed the same
grade 3 AE or for any patient that developed a
grade 4 (life-threatening or debilitating) AE.
The drug (or placebo) was initiated at the week
6 visit in a staged manner (see below). The study
was monitored by a four-member data and
safety monitoring board including of a senior medical genetics faculty
member with board certification in cardiology and a biostatistician. I
side effects were not tolerated following the dose increase, the partic-
ipant resumed the lower dose previously tolerated for the remainder
of the study. All participants returned for a final visit after a total o
52 weeks in the study. This study was approved by the Duke Univer-
sity Institutional Review Board, and written consent was obtained a
study entry.

Study drug was initiated during the “off week,” approximately 1 week
following a dose of ERT, and ERT continued throughout the duration
of the study. Thereafter, study visits occurred during the “off week.”
The week 6 and 12 visits were to determine the participant’s overal
health status and measure early changes in motor function.

Dose of Clenbuterol or Placebo

The initial dose of clenbuterol was 40 mcg per oral each morning for
1 week, followed by 40 mcg morning and evening for the next 5 weeks
until the week 12 visit. The dose was increased to 80 mcg each

http://www.moleculartherapy.org


Table 3. AEs Possibly Related To Study Agent

Symptom Clenbuterol Placebo

Anxiety/jitteriness 2 (25%) 1 (20%)

Decreased appetite/weight loss 2 (25%) 0

Elevated CK (>3� baseline) 1 (13%) 0

GI upset 2 (25%) 0

Increased appetite/weight gain 2 (25%) 2 (40%)

Increased urination 3 (38%) 0

Insomnia 5 (63%) 2 (40%)

Muscle spasms 4 (50%) 1 (20%)

Palpitations/increased heart rate 2 (25%) 1 (20%)

Tremors 4 (50%) 0

Classifed prior to unblinding.
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morning and 40 mcg each evening for 1 week, followed by 80 mcg
morning and evening for the duration of the study. The participant
was called to evaluate safety, 1 week following the initial administra-
tion of clenbuterol at week 7, and 1 week after the dose increase at
week 13.

Patient Selection

Eligibility was determined by the following key criteria (see https://
clinicaltrials.gov, NCT01942590, for detail). The criteria for inclusion
is as follows: (1) diagnosis of Pompe disease by GAA enzyme assay
and GAA gene sequencing and (2) receiving ERT at standard dose
(20 mg/kg every 2 weeks) for at least 52 weeks. Criteria for exclusion
are as follows: (1) continuous invasive ventilation (via tracheostomy
or endotracheal tube), (2) cardiac involvement (myocardial infarc-
tion, arrythmia, cardiomyopathy), (3) history of hypersensitivity to
b2 agonist drugs, and (4) high sustained titers of anti-GAA antibodies
(>1:25,600 more than once).

Endpoints

The primary endpoint was safety of clenbuterol at up to 80 mcg twice
daily, including avoidance of the following stopping rules: (1) liver
toxicity, as defined by a >3-fold increase in AST or ALT from the
respective baseline values and/or an increase in direct, indirect, or to-
tal bilirubin of >3-fold the upper limit of normal; (2) worsening mus-
cle involvement, as defined by >3-fold increase in CK from baseline,
twice in 1 week or >10,000 U/L. Secondary endpoints included the
6MWT and pulmonary function testing obtained at baseline and
week 52. Exploratory endpoints included graded functional muscle
tests (GSGC and QMFT) and muscle GAA and glycogen content.

Sample Size Determination

Due to the exploratory nature of this study and limitations in recruit-
ing individuals with a rare disease, we estimated that 20 participants
could be enrolled. Based on the treatment effect size (2.1) derived
from the analysis of seven participants in an open-label study of albu-
terol for individuals with LOPD,4 a sample size of 20 participants
resulted in insufficient power (<80%) to complete a double-blind
8 Molecular Therapy Vol. 26 No 9 September 2018
placebo-controlled study with independent treatment and placebo
groups, even if the treatment group was oversampled.

Muscle and Pulmonary Function Testing

The efficacy of clenbuterol treatment during ERT in patients with
LOPD was with the 6MWT and pulmonary function testing, which
are validated endpoints for Pompe disease.14 The 6MWT was per-
formed as described at baseline, and weeks 6, 12, 18, and 52.35 Actual
distance in meters and percent-predicted values were both analyzed.
Percent-predicted 6MWT values can help distinguish treatment ef-
fects (i.e., actual changes in ability that may reflect changes in
strength) from change that may result from typical age-related
changes or changes in weight over a 1-year period that could affect
distance walked in the 6MWT.36 Percent predicted was calculated
in accordance with Enright et al., using a validated regression equa-
tion that includes height, weight, age, and gender, normed on a sam-
ple of 117 healthy adults and used to predict the distance typically
walked by a normal adult of the same gender, height, and weight
when the 6MWT is performed in accordance with ATS guidelines,
as it was in this study.36 Pulmonary function testing was measured
by electronic spirometer as described at baseline and weeks 18 and
52, including the FEV1, FVC, MEP, and MIP.37 FEV1 and FVC as-
sessed in both the supine and upright positions to increase sensitivity
for abnormalities detected in Pompe disease.38 Graded functional
tests, which were included to allow scoring with the GSCS9 and
QMFT10 tests, have been used with LOPD. The GSGC scoring is
unique in that a lower score shows improvement.

Muscle Biopsy

The impact of enhanced CI-MPR-mediated uptake of GAA was
analyzed by evaluating the biochemical correction of muscle in partic-
ipants with LOPD treated with ERT, both prior to and during clenbu-
terol administration. Participants underwent a needlemuscle biopsy of
the quadriceps (vastus lateralis) at baseline and week 52 visits by a
neuromuscular specialist with expertise in Pompedisease. The baseline
biopsy was performed prior to initiating drug or placebo. Each biopsy
was performed 1week after the latest infusion to standardize the effects
of ERT. The muscle biopsy was evaluated for biochemical correction
and for CI-MPR expression by standard methods.1 Western blots on
patient muscle samples were performed with primary antibodies,
either anti-CI-MPR (Abcam, Cambridge, MA, cat # ab124767) or
anti-Lamp2 (Santa Cruz Biotect, Dallas, TX, cat# sc-18822). These sig-
nalswere normalized to the signal for a housekeeping gene,GAPDHor
a-actin. Biopsy tissues were also processed for high-resolution light
microscopy and stained for PAS-positive glycogen as described.39

RNA-Seq

Three deidentified normal muscle samples were matched to three
participants in the clenbuterol group with regard to age, sex, and
body mass index. These normal and Pompe disease muscle samples
were subjected to RNA-seq to generate the comparisons of normal
and Pompe disease skeletal muscle. Total RNA from muscle biopsies
was extracted by the QIAGEN RNeasy Fibrous kit (QIAGEN; Ger-
mantown, MD; catalog number 74704) according to manufacturer’s

https://clinicaltrials.gov
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instructions by the Duke Sequencing and Genomic Technologies
Shared Resource facility. Quality of total RNA samples was checked
using an Agilent 2100 Bioanalyzer. Due to the limited amount of
RNA generated by the biopsies, full-length cDNA was first generated
by the Clontech SMART-Seq v4 Ultra Low Input RNA Kit. Full-
length cDNA was then converted into an RNA-seq library using
the Kapa Hyper prep kit. Libraries were pooled and sequenced on
one lane of an Illumina HiSeq 4000. Fifty-base pair single-read se-
quences were generated and processed using the TrimGalore toolkit40

which employs Cutadapt41 to trim low-quality bases and Illumina
sequencing adapters from the 30 end of the reads. Only reads that
were 20 nucleotides or longer after trimming were kept for further
analysis. Reads were mapped to the GRCh37v75 version of the human
genome and transcriptome42 using the STAR RNA-seq alignment
tool.43 Reads were kept for subsequent analysis if they mapped to a
single genomic location. Gene counts were compiled using the HTSeq
tool.44 Only genes that had at least 10 reads in any given library were
used in subsequent analysis. Normalization to remove systematic
differences across the samples was carried out using the EdgeR45 Bio-
conductor46 package from the R statistical programming environ-
ment.47 Differential expression was carried out using linear models
in the voom48 and limma49 Bioconductor packages. The false discov-
ery rate was calculated to control for multiple hypothesis testing.
GSEA50 was performed to identify differentially regulated pathways
and gene ontology terms for each of the comparisons performed.
Ingenuity pathway analysis (IPA) was performed to identify the key
biological functions based on curated disease and functions ontology
in IPA knowledge database.

Statistical Analysis

Improvement in mean (±SD) values of each outcome at baseline and
last study visit were evaluated using one-sided paired t tests. A
p < 0.05 was considered statistically significant. Analyses were per-
formed using Stata IC 14.2 (Stata, College Station, TX), except for
two-way ANOVA with multiple comparisons that was performed
with GraphPad Prism 7 (GraphPad Software, La Jolla, CA).

SUPPLEMENTAL INFORMATION
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