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Abstract Pompe disease is a lysosomal storage disorder
caused by acid x-glucosidase deficiency and characterized
by progressive muscle weakness. Enzyme replacement ther-
apy (ERT) has ameliorated patients’ perspectives, but rever-
sal of skeletal muscle pathology remains a challenge. We
studied pretreatment biopsies of 22 patients with different
phenotypes to investigate to what extent fiber-type distribu-
tion and fiber-type-specific damage contribute to clinical
diversity. Pompe patients have the same fiber-type distribu-
tion as healthy persons, but among nonclassic patients with
the same GAA mutation (c.-32-13T>QG), those with early
onset of symptoms tend to have more type 2 muscle fibers
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than those with late-onset disease. Further, it seemed that the
older, more severely affected classic infantile patients and
the wheelchair-bound and ventilated nonclassic patients had
a greater proportion of type 2x muscle fibers. However, as in
other diseases, this may be caused by physical inactivity of
those patients.

Introduction

Pompe disease (glycogen storage disease type 11, acid malt-
ase deficiency) (OMIM 232300) is an inherited lysosomal
storage disorder caused by the deficiency of acid «-
glucosidase (EC 3.2.1.3). Deficiency of this lysosomal en-
zyme leads to glycogen accumulation in a variety of tissues,
including skeletal muscle (Hirschorn and Reuser 2001; van
der Ploeg et al. 2010). Pompe disease shows a broad clinical
spectrum, ranging from the classic infantile form character-
ized by hypotonia, hypertrophic cardiomyopathy, and death
within the first year of life (van den Hout et al. 2003;
Kishnani et al. 2006), to more slowly progressive forms
characterized by proximal muscle weakness and respiratory
problems in children and adults (Winkel et al. 2005; Wokke
et al. 2008).

Skeletal muscle weakness is attributed to the loss of
mechanical force through deposition of the glycogen-
loaded lysosomes between the contractile myofibrils, fol-
lowed by muscle damage by lysosomal rupture and release
of lysosomal enzymes into the cytoplasm (Hesselink et al.
2003; Griffin 1984; Thurberg et al. 2006). A study in infants
with Pompe disease confirmed this view (Raben et al.
2010). In mice with Pompe disease and in affected adults,
the accumulation of autophagic debris seems to aggravate
skeletal muscle damage (Raben et al. 2010; Shea and Raben
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2009; Fukuda et al. 2006). Unlike in mice, autophagic
accumulation in humans is not restricted to type 2 muscle
fibers but also involves type 1 fibers (Raben et al. 2010;
Fukuda et al. 2006).

The introduction of enzyme replacement therapy (ERT)
in 2006 changed the perspectives of patients with Pompe
disease (van der Ploeg et al. 2010; Van den Hout et al. 2004;
Kishnani et al. 2007, 2009; van Capelle et al. 2008;
Strothotte et al. 2010); it largely solved the cardiac
problem, but reversal of skeletal muscle pathology remains
a challenge (Schoser et al. 2008). In a recent case report, we
drew attention to the occurrence of fiber-type-specific pa-
thology and its potential relevance for clinical presentation
and responsiveness to ERT (van den Berg et al. 2011). In the
study reported here, we assessed 22 patients with Pompe
disease with regard to fiber-type distribution and fiber-type-
specific damage in order to investigate to what extent this
might contribute to clinical diversity.

Methods

This study was performed at the Erasmus MC University
Medical Center in Rotterdam, The Netherlands, in collabo-
ration with the Maastricht University, Maastricht, The
Netherlands. The Ethical Committee of the Erasmus MC
University Medical Center approved the research protocol.
Written informed consent was obtained from all patients or
their parents. Twenty-two patients were selected for this
study, representing a cross-section of the Dutch Pompe
patient population and divided over different groups (classic
versus nonclassic Pompe disease, and the latter group sub-
divided in clearly distinct ages of onset: <15 years or
>30 years). Diagnosis was in all cases established by clinical
and biochemical assessments. Muscle biopsies, either open
surgical biopsies or needle biopsies from the vastus lateralis,
were taken just before the start of ERT.

Immunohistochemistry

Muscle biopsies were embedded in Tissue-Tek (Aurian,
Wageningen, The Netherlands) and immediately frozen in
melting isopentane. All tissue samples were stored at —80 °C
until analysis. Immunostaining was performed on cryostat
sections (5 um). To identify muscle fiber types, we used two
different staining procedures. The first identifies type 1 and
type 2a fibers in combination with laminin. For this staining,
we used the following primary monoclonal mouse antibodies:
A4.840, anti-human myosin heavy-chain (MHC) type 1
[Developmental Studies Hybridoma Bank (DSHB), Iowa
City, IA. USA]; N2.261, anti-human MHC type 2a (DSHB);
and L-9393, anti-human laminin (Sigma, Zwijndrecht, The
Netherlands). The second staining procedure identifies type
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2x muscle fibers as opposed to type 1 plus type 2a fibers and
laminin. The following primary antibodies were used for this
staining: N2.261, anti-human MHC type 1 and type 2a
(DSHB); 6H1, anti-human MHC type 2x (DSHB); and L-
9393, anti-human laminin (Sigma, Zwijndrecht, The
Netherlands). After incubation with the primary antibodies,
sections were incubated with a mixture of appropriate con-
jugates, i.e., goat anti-mouse immunoglobulin G (IgM) Alexa-
Fluor 555, goat anti-mouse IgG1 Alexa-Fluor 488, and goat
anti-mouse IgG Alexa-Fluor 350. Images were obtained using
a Nikon E800 fluorescence microscope (Nikon, Amsterdam,
The Netherlands) coupled to a progressive scan color CCD
camera (Basler 101C).

Analysis of stained tissue sections

To obtain a representative overview of a stained muscle sec-
tion, ten images were taken at separate locations of a section
using a 20% objective lens. This procedure enabled analysis of
at least 25 fibers per image. The number of each of the
different muscle fiber types was counted and the total number
of type 2 muscle fibers was taken as the sum of type 2a and
type 2x muscle fibers. The percentage surface area occupied
by vacuoles was estimated with a planimetric method. The
degree of muscle fiber vacuolation was scored in four catego-
ries: very severe, 100 —75 % vacuolated; severe, 74-50 %
vacuolated; intermediate, 49-25 % vacuolated; mild or nor-
mal, 24-0 % vacuolated. Muscle fibers with >25 % of
vacuoles were considered as damaged fibers. The total per-
centage of damaged muscle fibers was calculated, as was the
percentage of damaged fibers per muscle fiber type.

Clinical parameters
Laboratory analysis

We analyzed nonfasting blood samples for serum concen-
trations of creatine kinase (CK) (normal values <295 U/L in
infants; <230 U/L in young children; <270 U/L in teenage
boys; <123 U/L in teenage girls; <200 U/L in men; <170 U/
L in women).

Pulmonary function

Pulmonary function tests were performed in all patients
>4 years. Pulmonary function was measured with spirometry
in all patients while sitting, and in nonventilated patients also
in supine position. Historical data were used for comparison.

Muscle strength

Muscle-strength measurements were performed in all
patients >6 years, being measured in 12 muscle groups with
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a hand-held dynamometer (dynamometer type CT 3001-
C.I.T. Technics). Maximum contraction values were
assessed with the break technique in which the examiner
applies adequate force to overcome the examinee, thereby
producing an eccentric contraction. The values obtained for
the different muscle groups were expressed as percentages of
age- and sex-matched reference values. We used summed
scores for total muscle force (neck flexors, neck extensors,
shoulder abductors, elbow flexors, elbow extensors, wrist
extensors, hip flexors, hip abductors, knee flexors, knee exten-
sors, foot dorsiflexors, and foot plantar flexors) and proximal
muscle force (shoulder abductors, elbow flexors and exten-
sors, hip flexors and abductors, knee flexors and extensors).
All muscle groups were assigned equal weight. Isometric
muscle strength of the quadriceps femoris muscle was mea-
sured by quantitative muscle testing (QMT) on a Biodex ®
isokinetic dynamometer (Model 2000, Multijoint System 3,
Biodex Corporation, Shirley, NY, USA). Values obtained per
group are expressed as percentages of age- and sex-matched
reference values as provided by the manufacturer.

Fatigue assessment

This assessment was obtained in all adult patients. The
severity and impact of fatigue was assessed using the
Fatigue Severity Scale (FSS) (Krupp et al. 1989). The total
FSS score is the average of the nine-item scores and ranges
from 1 (no signs of fatigue) to 7 (most disabling fatigue).

Statistical analysis

Descriptive statistics are presented as mean+standard devia-
tion (SD). Student’s ¢ test was used for comparison of means
after validating normality assumptions. Nonparametric tests
for independent samples (Mann—Whitney and Kruskal-Wallis
tests) were used for the other variables. Pearson’s correlation
coefficients were calculated to ascertain relationships between
the percentage of damaged muscle fibers and age, disease
duration at time of the biopsy, and clinical parameters. All
analyses were performed using SPSS for Windows (version
15.0, SPSS Inc. Chicago, IL, USA). Two-sided P values
<0.05 were considered significant.

Results
Patients

Muscle biopsies of 22 patients were selected for this study.
Nine patients had the classic infantile form of Pompe dis-
ease (group 1), and 13 were nonclassic patients. Four of the
latter 13 had their first symptoms before the age of 15 years
(group 2). The other nine had their first symptoms after the

age of 30 years; four of them were severely affected (group
3) and five were mildly affected (group 4) at the time the
biopsy was taken. No patient had ever received ERT.
Supplementary Table 1 summarizes patient characteristics.

Muscle-fiber typing

Classic infantile patients compared with nonclassic patients
had a lower percentage of type 1 fibers (p 0.04) and a
significantly higher percentage of type 2a muscle fibers (p
<0.01) (Supplementary Fig. 1). The latter difference was
mainly due to the difference between infants (group 1), and
adults >30 years (groups 3 and 4) (Fig. 1).

Figure 2 shows correlations between patients’ ages
and muscle-fiber types. For the total group, a significant
decrease of type 2a muscle fibers was found with in-
creasing age (Fig. 2c, d; Spearman Rho —0.703, P<
0.001). In classic infantile Pompe patients, the decrease
in the percentage of type 2a muscle fibers (Spearman
Rho —0.773, P=0.015) coincided with a significant in-
crease in type 2x muscle fibers (Fig. 2c, e; Spearman
Rho 0.950, P<0.001).

No significant differences in muscle-fiber-type distri-
bution were found between ambulant and wheelchair-
bound patients (Fig. 3a) or between ventilated and non-
ventilated patients (Fig. 3b). However, wheelchair-bound
patients seemed to have a slightly higher percentage of
type 2x muscle fibers than did ambulant patients. Also,
ventilated patients seemed to have a slightly higher
percentage of type 2x muscle fibers than did nonventilated
patients.

Muscle-fiber damage

The left column of Table 1 shows that the percentage of
muscle fibers with >25 % vacuolation (damaged fibers) did
not differ between the four subgroups. The three columns at
the right illustrate the percentage of damaged muscle fibers
per muscle-fiber type. Damage of type 1 muscle fibers was
more prominent in classic infantile Pompe disease than in
nonclassic disease (P=0.04). With regard to the degree of
vacuolation, there were no significant differences between
the four subgroups (Supplementary data, Table 2).

Although we did not find statistical differences in the
percentage of damaged fibers or in the degree of vacuolation
between subgroups, muscle biopsies of mildly (Fig. 4, left
panels) and severely (Fig. 4, right panels) affected patients
had a quite different appearance. Biopsies of the mildly
affected patients showed normally shaped and neatly orga-
nized muscle fibers, whereas biopsies of the severely affect-
ed patients showed irregularly shaped and loosely organized
muscle fibers.
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Fig. 1 a Percentage of type 1 and type 2 muscle fibers and b type 2a
and type 2x muscle fibers in classic infantile patients (group 1),
patients with the /V’S/ mutation and symptom onset before the age of
15 years (group 2), and mildly and severely affected patients with the

Muscle-fiber damage and clinical parameters

Figure 5 shows correlations between percentage of damaged
muscle fibers and the different clinical parameters. We
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—0.762, P=0.046), and (3) quadriceps femoris muscle
strength by QMT (#=—0.744, P=0.022). The correlation
between the percentage of damaged muscle fibers and the
total muscle strength by hand-held dynamometry was close
to significant (r=—0.748, P=0.053). Four patients were
excluded from the analysis for muscle strength by hand-
held dynamometry and two from the analysis for muscle
strength of the quadriceps femoris muscle by QMT because
data could not be obtained for some muscle groups.

Severely affected nonclassic patients seemed to have
lower levels of serum CK than patients in the other groups
of (279.8+125.5 U/L in severely affected patients with onset
>30 years vs 894.4+641.3 U/L in classic infantile patients,
720.0+456.8 U/L in patients with symptom onset <15 years
of age, and 948.8+530.1 U/L in mildly affected patients
with symptom onset >30 years). There were no significant
correlations between the percentage of damaged muscle
fibers and FVC in sitting position and FSS.

Discussion

ERT has ameliorated the perspectives of patients with Pompe
disease. Knowledge of prognostic factors as well as factors
predicting the response to ERT has become increasingly impor-
tant. The aims of our study were to investigate to what extent

skeletal-muscle fiber-type distribution and fiber-type-specific
damage contribute to the clinical course of Pompe disease.

Skeletal-muscle fiber-type distribution

Compared with patients with nonclassic forms of Pompe dis-
ease, classic infantile patients had a lower percentage of type 1
and a higher percentage of type 2a muscle fibers. As little is
known about muscle-fiber-type distribution in healthy infants,
it is hard to say whether this finding is physiological or related
to Pompe disease pathophysiology. Healthy 6- to 50-year-old
humans have an equal distribution of types 1 and 2 fibers in the
vastus lateralis, although the range is very wide (from 20-75 %
type 1 fibers) (Bell et al. 1980; Lexell et al. 1988). Skeletal-
muscle fiber-type distribution in nonclassic patients appeared to
be no different among the selected subgroups.

Skeletal-muscle fiber-type distribution: effect of aging

In healthy humans, skeletal muscle aging atrophy starts at
the age of 25 years and accelerates thereafter (Lexell et al.
1988). Aging atrophy is due to a reduction in both the
number and the size of mainly type 2 muscle fibers (Scelsi
et al. 1980; Grimby et al. 1984; Lexell 1995). In patients
with Pompe disease, we observed the same age-related
effect. Interestingly, in classic infantile Pompe disease, a

Table 1 Percentage of damaged muscle fibers and damaged fibers for each fiber type

Damaged muscle fibers (%)* Damaged fibers per muscle-fiber type (%)

Type 1 Type 2a Type 2x

Classic infantile patients 66.3+21.8 (32-97)
62.8+21.8 (47-97)
62.8+21.3 (47-94)
60.2+10.3 (49-70)

* First symptoms >30 years; severely affected 66.0+22.8 (47-97)

Nonclassic patients
* First symptoms <15 years
* First symptoms >30 years; mildly affected

78.0+24.9 (20-100)
49.9+24.2 (0-98)
45.0+50.8 (0-98)
47.5+17.2 (19-63)
57.8427.2 (28-93)

50.0+32.7 (7-92)
74.2+18.8 (42-100)
81.5+16.0 (58-94)
72.4+21.3 (42-100)
69.3+20.9 (51-99)

67.44+37.9 (0-100)
53.6+29.6 (4-100)
35.3+37.6 (4-77)
69.5+25.2 (40-100)
50.7423.7 (31-77)

Mean+ standard deviation (range)

#Damaged muscle fibers are the fibers with more than 25 % vacuolation
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Fig. 4 Differences in
appearance of muscle fibers in a
classic infantile patient with an
early diagnosis and b classic
infantile patient with a late
diagnosis; in a ¢ mildly and d
severely affected patient with
the /V/S1 mutation and symptom
onset before 15 years of age; e
mildly and f severely affected
patient with the /V’S/ mutation
and symptom onset after

30 years of age. Fiber typing
was performed with antibodies
against myosin heavy-chain
(MHC) type 1 (red) and MHC
type 2a (green) fibers. MHC-
negative regions within muscle
fibers indicate the presence of
vacuoles. Anti-laminin staining
(blue) was used to mark fiber
boundaries

loss of type 2a muscle fibers was observed with increasing
age, coinciding with a gain of type 2x muscle fibers. Though
this could be a physiological phenomenon (Gojo et al.
2002), it could also be due to immobility of the older, more
severely affected infants in our study group. Also, the non-
ambulant adults had a relatively high percentage of type 2x
muscle fibers. As known from other diseases, reduced phys-
ical activity can alter fiber-type composition toward a great-
er proportion of type 2x fibers (Kriketos et al. 1997).

Skeletal-muscle-fiber damage

In classic infantile Pompe patients, muscle pathology
closely parallels clinical findings and clinical response

@ Springer

to ERT (Thurberg et al. 2006; Winkel et al. 2003). In
nonclassic patients, the diagnostic value of muscle bi-
opsies is rather limited, and some biopsies may not
even show a sign of glycogen storage (Schoser et al.
2007, 2008; Muller-Felber et al. 2007; Straub 2008). In
our study, we did see skeletal-muscle damage in all
muscle biopsies. We quantified the muscle damage by
using the percentage of damaged muscle fibers and the
degree of muscle-fiber vacuolation but found no signif-
icant differences between the four subgroups, which
confirms earlier findings (Schoser et al. 2007).
Nevertheless, muscle biopsies of mildly and severely
affected patients in our study had a quite different
appearance. Shoser et al. also observed more
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pronounced secondary alterations in severely affected
patients (Schoser et al. 2007). This may stress the
importance of a more descriptive qualification, instead
of quantification, of muscle damage.

Skeletal-muscle-fiber damage and the clinical picture

CK is a widely used marker in muscle disease, and the
degree of CK elevation reflects the underlying disease
process. In chronic myopathies, the CK level can drop
back to normal due to loss of muscle mass (Turner and
Eppenberger 1973; Giesker and Bowers 1979).
Similarly, we found in this study that severely affected
adult Pompe patients had near-normal CK levels, where-
as less affected adults had higher levels. With respect to
other clinical parameters, we found a clear correlation
between the percentage of damaged muscle fibers and
the loss of proximal muscle strength, as well as a
concordant loss of pulmonary function in supine
position.

Potential relevance of our findings for therapeutic outcome

Based on what is known from the literature, the greater
proportion of type 2x muscle fibers in severely affected
infants and adults in our study, together with the more
severe vacuolation of these fibers, may hamper the
effectiveness of ERT, as type 1 fibers were reported to
respond better to ERT than were types 2 2b fibers, in

1 0 T L) T Ll 1
80 100 0 20 40 60 80 100

Damaged fibers
(% of total)

particular (Raben et al. 2003, 2005; Drost et al. 2008).
This also supports the notion that early treatment leads
to better outcome (Kishnani et al. 2009).

In summary, our study demonstrate that muscle-fiber-
type distribution in Pompe patients does not differ from that
in healthy persons. Furthermore, it seemed that the older,
more severely, affected classic infantile patients and the
wheelchair-bound and ventilated nonclassic patients had a
greater proportion of type 2x muscle fibers. However, this
may be caused by physical inactivity in those patients,
which is also seen in other diseases.
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