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Abstract

Pompe disease is a lysosomal storage disorder caused by the deficiency of acid alpha-
glucosidase, the enzyme that degrades glycogen in the lysosomes. The disease manifests as a
fatal cardiomyopathy and skeletal muscle myopathy in infants; in milder late-onset forms skeletal
muscle is the major tissue affected. We have previously demonstrated that autophagic inclusions
in muscle are prominent in adult patients and the mouse model. In this study we have evaluated
the contribution of the autophagic pathology in infants before and 6 months after enzyme
replacement therapy. Single muscle fibers, isolated from muscle biopsies, were stained for
autophagosomal and lysosomal markers and analyzed by confocal microscopy. In addition,
unstained bundles of fixed muscles were analyzed by second harmonic imaging. Unexpectedly,
the autophagic component which is so prominent in juvenile and adult patients was negligible in
infants; instead, the overwhelming characteristic was the presence of hugely expanded
lysosomes. After 6 months on therapy, however, the autophagic buildup becomes visible as if
unmasked by the clearance of glycogen. In most fibers, the two pathologies did not seem to
coexist. These data point to the possibility of differences in the pathogenesis of Pompe disease
in infants and adults.
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1. Introduction

In a recent interview with the Editor-in-Chief of Autophagy, the Nobel Prize laureate Dr. Christian
deDuve, who discovered the lysosome and also coined the term autophagy, reminisced about his
hypothesis of lysosomes as cellular “suicide bags”–meaning that under certain conditions “lytic
enzymes released from ruptured lysosomes might play a role in [autolysis]” [1]. He went on to
say, “It is clear from the work on autophagy, that lysosomes are often involved in the self-
destruction of cells. But whether this ever happens through rupture of the organelles, as my
suicide-bag hypothesis implied, remains unsettled, as far as I know.” Recent data on the
pathogenesis of the lysosomal storage disorder, Pompe disease, has brought this hypothesis to
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pathogenesis of the lysosomal storage disorder, Pompe disease, has brought this hypothesis to
life.

Pompe disease (glycogen storage disease type II) is a rare autosomal recessive metabolic
myopathy that affects individuals at any age [2,3]. The disorder is caused by the deficiency of the
lysosomal enzyme acid alpha glucosidase (GAA) and results in the accumulation of glycogen in
multiple tissues. Clinically, the disease presents as a wide spectrum of phenotypes ranging from
the severe rapidly progressive infantile form to milder late-onset variants [2,4,5]. The disease in
infants, who have little or no enzyme activity, is characterized by muscle weakness, feeding
difficulties, and hypertrophic cardiomyopathy leading to death within the first year of life [4,6]. The
late-onset forms, caused by partial enzyme deficiency, manifest with slowly progressive muscle
weakness leading to wheelchair and ventilator dependence, and premature death from respiratory
insufficiency [5]. The recently approved enzyme replacement therapy (ERT) shows an impressive
improvement of cardiac size and function, but the reversal of pathology in skeletal muscle
remains a challenge [7].

Skeletal muscle damage and resistance to therapy in Pompe disease have been attributed to
lysosomal rupture and release of glycogen and lysosomal enzymes into the cytoplasm [8,9]; in
this scenario, the ruptured glycogen-filled lysosomes play the role of de Duve's “suicide bags.”
On the other hand, we have shown that dysfunctional autophagy is no less, if not more, critical in
the pathogenesis of the disease and in the response of muscle to therapy [10].

Macroautophagy (often referred to as autophagy) is a major intracellular, lysosome-dependent,
degradative pathway. This process involves the sequestration of a portion of cytoplasm by
double-membrane vesicles, called autophagosomes, which deliver their contents to lysosomes for
degradation and recycling. Autophagy is rapidly up-regulated when cells need to generate energy
and nutrients during starvation [11,12]. In addition, constitutive autophagy is required to rid the
cells of damaged proteins, pathogens, and entire organelles such as defective mitochondria [13].
Autophagy has been implicated in neurodegenerative diseases, malignancy, inflammatory
diseases, as well in other lysosomal storage disorders [12,14–16].

We first showed dysfunctional autophagy in our mouse model of Pompe disease, in which
skeletal muscle fibers contained large areas of autophagic debris in addition to expanded
glycogen-filled lysosomes [10]. Analysis of single muscle fibers from late-onset patients with
Pompe disease confirmed that the autophagic buildup is a prominent feature in humans as well
[17].

Although both lysosomal expansion and autophagic accumulation are at play in Pompe disease,
we now demonstrate that the relative contribution of these two processes in infants and adults is
quite different: the first is the main feature in infants, whereas the latter is the predominant
feature in juvenile/adults.

2. Materials and methods

2.1. Subjects
Ten Taiwanese patients with a confirmed diagnosis of Pompe disease were included in the study.
Seven of them had the most severe infantile form of the disease; of the seven, four were
identified through the newborn screening program (NBS3, NBS4, NBS5, and NBS6), and their
age of diagnosis ranged from 12 to 33 days. The remaining three infantile patients were
diagnosed clinically–their age at diagnosis was 2 months (CLIN5), 2.9 months (CLIN3), and 3.5
months (CLIN4). All infants were CRIM (cross-reactive immunologic material) positive, all were
either homozygous or compound heterozygous for a common (p.D645E) mutation, and all are
described in detail [18]. In addition, a muscle biopsy was obtained from a 1-month-old infant
(NBSL9) who was identified through the newborn screening program but whose genetic makeup
(D645E/W746C) was consistent with the late-onset juvenile form of the disease [19].
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Two juvenile patients have been included in the study. One of them was diagnosed through
newborn screening (NBSL2); the biopsy was obtained prior to the start of ERT when the patient
was 3 years of age. The other patient (NBSL9a, a sibling of NBSL9) was identified through a
family study at the age of seven. Two previously described Italian late-onset patients whose
muscles contained a large amount of autophagic debris [17] are revisited in the current study for
fiber typing analysis. All patients are currently being treated with alglucosidase alfa (Myozyme,
Genzyme Corp., Framingham, MA) by intravenous injections of 20 mg/kg every other week.

Muscle biopsies were taken before and 6 months after the initiation of therapy in infants [NBS4,
NBS5, NBS6, NBSL9, CLIN4, and CLIN5]. For patients NBS3 and CLIN3, muscle biopsies were
available only after therapy. Only baseline (before ERT) muscle biopsies were available from
juvenile patients. Incisional biopsies were obtained from quadriceps. Biopsies were fixed as soon
as possible after collection and transferred to PBS for shipment to the NIH. Local institutional
review boards at all sites approved the protocol and all patients or parents provided written
informed consent.

2.2. Isolation of fixed single muscle fibers and immunofluorescence
microscopy
Muscle fixation, isolation of single fibers, and immunostaining are described in detail [15]. Briefly,
muscle was pinned to Sylgard-coated dishes for fixation with 2% paraformaldehyde in 0.1 M
phosphate buffer for 1 h, followed by fixation in methanol (−20 °C) for 6 min. Single fibers were
obtained by manual teasing. Fibers were placed in a 24-well plate in Blocking Reagent (Vector
Laboratories, Burlingame, CA) for 1 h. The fibers were then permeabilized, incubated with
primary antibody overnight at 4 °C, washed, incubated with secondary antibody for 2 h, washed
again, and mounted in Vectashield (Vector Laboratories, Burlingame, CA) on a glass slide.
Immunostained fibers were analysed by confocal microscopy (Zeiss 510 META). Characterization
of autofluorescence with 405 nm laser excitation was done with lambda scans using the Zeiss
510 META spectral detector, covering 410–800 nm at 10 nm increments. The dip around 520 nm
(shaded area in Fig. 3) is an artefact of the microscope dichroic filter. For confocal analysis, at
least 30 fibers were isolated from each biopsy. The following primary antibodies were used: rabbit
anti-LC3B (microtubule-associated protein 1 light chain 3) (Sigma, St. Louis, MO); mouse anti-
human LAMP-2 (Lysosomal-Associated Membrane Protein 2) (BD Pharmingen, San Diego, CA);
mouse anti-myosin slow and anti-myosin fast (both from Sigma). Alexa Fluor-conjugated 488 and
568 secondary antibodies were purchased from Molecular Probes, Eugene, OR.

Fig. 3

Fiber from juvenile patient NBSL9a was stained for LAMP-2 (red)/LC3 (green),
but not with DAPI. Autophagic areas contain autofluorescent structures (blue;
arrows); arrowheads—autofluorescence-negative nuclei. (A) DIC (Differential

Interference Contrast), (B) DIC and autofluorescence, (C) LAMP-2/LC3 staining and autofluorescence,
(D) Characterization of autofluorescence signal in autophagic area. Bar: 10 microns. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

2.3. Second harmonic generation (SHG) imaging microscopy
Two-photon excited fluorescence (2PEF) and SHG images [20] were collected on a Leica SP5
NLO confocal microscope equipped with a 3W Mai Tai HP Ti:sapphire laser. A 40 × 1.25NA oil
immersion objective was used; the excitation wavelength was 870 nm. SHG in the forward
direction was imaged in the transmitted light detector after filtration with a 435/20 bandpass filter.
Backscattered auto-fluorescence was collected in a non-descanned detector. Confocal images
were assembled into montages and linearly enhanced, when needed, with Adobe CS4 on a
Macintosh computer.
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3. Results

We have previously demonstrated in our mouse model of Pompe disease the presence of large
areas of autophagic accumulation in myofibers [10]. The areas are located in the core of the
fibers, often spanning their entire length and growing as the disease progresses. Inside these
areas we can identify enlarged clustered LAMP-positive lysosomes and LC3-positive vesicles
called autophagosomes (LC3 is a highly specific marker for autophagosomes [21,22]). In adult
patients (Fig. 1A), even more so than in mice (Fig. 1B), the enormous autophagic buildup often
dwarfs the enlarged glycogen-filled lysosomes that lie outside the autophagic region [17].

Fig. 1

Single fibers from an adult Italian patient (A) and a Pompe mouse (B) were
stained for LAMP-2 (green) and LC3 (red). Nuclei were stained with DAPI.
Autophagic accumulation appears to be the only pathology in human fibers. Bar:
10 microns. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

We have extended these data by adding two additional late-onset juvenile patients (ages 3 and 7
years old) from Taiwan. They too, contain autophagic accumulation in many fibers as shown by
the presence of LC3-positive vesicles in the vicinity of expanded lysosomes (Fig. 2A). Similar to
what is observed in adult patients, this area of autophagic accumulation is located in the core of
the muscle fiber (occasionally the area is found closer to the sarcolemma) (Fig. 2A–C, E). The
lysosomal pathology is strikingly negligible in the surrounding region although a small proportion
of the fibers do contain expanded lysosomes (most are less than 1µm in length; a few reach 5
µm) that are distributed throughout the fiber, a pathology presumed to be typical for this disease (
Fig. 2D). In addition, many fibers have bizarre lakes of amorphous material with barely
identifiable lysosomes and autophagosomes; these regions contain structures that resemble
nuclei but, in fact, represent autofluorescent material as indicated by analysis of unstained fibers (
Fig. 3).

Fig. 2

Single fibers from Taiwanese juvenile patients (before ERT) were stained with
LAMP-2 (red) and LC3 (green). Autophagic accumulation is a predominant
pathology in juvenile patients (shown for NBSL9a in A, B, C, E); some fibers

exhibit only lysosomal pathology (shown for NBSL2 in D). Bar: 10 microns. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

We have also checked if the accumulation of debris is limited to type II fast glycolytic fibers—a
phenomenon observed in the Pompe mouse model [23,24]. Unlike our findings in mice, the
autophagic accumulation is found in fast fibers from one adult patient (not shown) and slow fibers
from the other (Fig. 4). Of the two juvenile patients from the current study, one contains the
debris in fast fibers (NBSL2) and the other in both fast and slow fibers (NBSL9a) (not shown).

Fig. 4

Autophagic accumulation in slow fibers; fibers from an adult Italian patient were
stained for LC3 (green) and fast myosin (red) in A or slow myosin in B. Bar: 10
microns. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Since the autophagic pathology and the extent of the area occupied by the debris are so
prominent in fibers from late-onset juvenile and adult patients, we expected an even greater
contribution in the more severe infantile form of the disease. Human muscle biopsies, in
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contribution in the more severe infantile form of the disease. Human muscle biopsies, in
particular infantile samples, are extremely hard to come by, but we had a rare opportunity to
obtain them through a newborn screening program for lysosomal storage diseases in Taiwan. Of
note, the isolation of single fibers from infantile biopsies is a daunting task considering the extent
of fiber damage and their small diameter (often less than 10 µm).

Immunostaining of muscle fibers from infants before ERT shows occasional autophagosomes
(arrows in Fig. 5A) or clusters of autophagosomes (arrows in Fig. 5B) in some areas of the fibers,
suggesting that in infants, as in the adults, autophagy is up-regulated. The number of fibers
containing autophagosomes varies among the patients, but never reaches more than 20–25%,
and none of the fibers have the massive autophagic buildup which is so prominent in the adult
patients. Instead, the overwhelming characteristic is the presence of hugely expanded (10–15
µm) often clustered, glycogen-filled lysosomes, which almost overtake the entire fiber. These
lysosomes have an irregular shape, broken borders, and are often seen joined together (
Fig. 5C–F and Video 1); the coalesced structures can reach up to 30 µm (arrows in Fig. 5F). The
degree of the lysosomal pathology in fibers from every infant varies dramatically ranging from
minimally affected fibers (Fig. 5D and F top) to those totally devoid of the contractile elements (
Fig. 5C dashed line).

Fig. 5

Lysosomal pathology is predominant in infants. Fibers were stained for LAMP-2
(red)/LC3 (green). Clusters of autophagosomes are seen in some fibers [A
(projection) and B]. Fibers from CLIN4 are shown in A, B, C, and F; fibers from
NBS6 are shown in D and E. The dashed line marks a fiber that appears to be

devoid of contractile elements. Bar: 10 microns. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Although there has been clinical improvement in most patients after 6 months on ERT [18], the
lysosomal pathology in some fibers appeared unchanged (Fig. 6A–D and Video 2). Remarkably,
autophagic accumulation becomes prominent in infants treated with ERT as shown by the
presence of LC3 positive autophagosomes adjacent to lysosomes in the core of the fiber (
Fig. 6E, F, and I); many of these vesicles contain dense autofluorescent material within balloon-
like structures that reach up to 5–7 µm (Fig. 6G, H, and J). These abnormalities closely resemble
what was described above for the two juvenile patients as well as for the previously described
adult patients. Interestingly, the autophagic pathology in fibers from ERT-treated infants seems to
develop in the fibers in which the lysosomal defect is minimal or absent.

Fig. 6

Autophagic accumulation is noticeable on ERT. Fibers from infants were stained
for LAMP-2 (red)/LC3 (green). Left: a variable response to ERT in NBS6 (A),
CLIN3 (B, D), and CLIN5 (C). Right: autophagic buildup emerges upon ERT
[CLIN3 (E, G, H, J) and NBS4 (F, I)]. Bar: 10 microns. (For interpretation of the

references to colour in this figure legend, the reader is referred to the web version of this article.)

The results from single fiber immunofluorescence were reinforced by SHG and 2PEF imaging of
fiber bundles (Fig. 7). SHG visualizes myosin while 2PEF visualizes autofluorescence. We have
previously demonstrated that the combination of these techniques highlights the defects found in
muscles of Pompe patients and of the knockout mouse model [20]. In an untreated infant (
Fig. 7A) the fibers are small with numerous interruptions of the myosin bands, mostly of
lysosomal appearance (holes, arrowheads); the areas of autophagy (arrows) are not frequent and
are typically limited in length. In a patient after 6 months on therapy (Fig. 7B), the myosin pattern
is more regular and there are few holes (arrowheads); however highly damaged fibers can still be
seen (arrow). Both an infant on ERT and a juvenile patient ( ) show large highly
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seen (arrow). Both an infant on ERT and a juvenile patient (Fig. 7C and D) show large highly
autofluorescent particles (tick signs) and autophagic accumulations (arrow) that span a significant
portion of the fibers.

Fig. 7

Combination of SHG (green) and 2PEF (red) microscopies highlights lysosomal
holes (arrowheads), autophagic accumulations (arrows, except in B, damaged
fiber), nucleus (asterisk) and autofluorescent particles (tick marks) in 3 mo-old
pre-ERT infant (A; CLIN4), post-ERT infants (B; CLIN3, C; NBS3) and juvenile
(D; NBLS2). (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

We also had a chance to analyze by confocal microscopy an unusual case (NBSL9) before (1
month old) and 6 months after therapy. This patient was identified through the newborn
screening program, was asymptomatic, had an elevated CK level, and carried a mutation which
would predict a milder late-onset variant of the disease. Before therapy the fibers were well
preserved, had no autophagic buildup, and contained minimally enlarged (1–2 µm) lysosomes (
Fig. 8A). After therapy all fibers analyzed looked normal (Fig. 8B).

Fig. 8

Effect of ERT in a patient (NBSL9) who started therapy at 1 month of age
although his genetic defect would predict a late-onset form of the disease. Fibers
were stained with LAMP-2 (red) and LC3 (green). (A) Before ERT. (B) 6m after
ERT. Bar: 10 microns. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

In conclusion, autophagic buildup is initially negligible in myofibers from infantile patients and
therefore cannot be used as an early prognostic factor; however, since the buildup emerges with
time, its rate and extent may prove helpful in predicting the later course of the disease.

4. Discussion

The recently approved enzyme replacement therapy with recombinant human acid alpha-
glucosidase has profoundly changed the natural course of Pompe disease in infants. Without
therapy the affected infants usually develop symptoms by about 3 months of age; they rarely
survive beyond 1 year and most die from cardiorespiratory failure at a median age of 6–7 months
[4,6]. The results of the published trials in infants showed very impressive improvement in
cardiac size and function, but the clearance of skeletal muscle glycogen appears to be less
effective than anticipated [9,25,26]. Early diagnostics through newborn screening and early
treatment of pre-symptomatic patients hold promise to significantly improve the therapy of skeletal
muscle as has been recently shown in a group of Taiwanese patients [18].

The outcome of the completed and ongoing open-label clinical trials in late-onset forms, in which
cardiac muscle is spared, confirmed the difficulty of treating skeletal muscle. The therapy seems
to stabilize the progression of the disease, but no major effects were observed after 1 year on
ERT [27]. Other studies showed the stabilization of pulmonary and muscle function and
improvement in the quality of life [28,29]. The recently published first randomized, double-blind,
placebo-controlled study of 90 late-onset patients has shown a modest positive effect of therapy
[30].

The limitations of ERT in Pompe disease and the challenges of treating skeletal muscle include
inefficient targeting of the drug to skeletal muscle, the clearance of the enzyme by the liver, and
antibody responses to the exogenous protein in the CRIM-negative infantile patients [31–33]. In
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antibody responses to the exogenous protein in the CRIM-negative infantile patients [31–33]. In
addition to these limitations of ERT, there is also variability in how each individual responds to
therapy. The age when the first symptoms occur, the timing of intervention, and the extent of
lysosomal pathology have been considered critical factors that determine the outcome of therapy
[25,26,34,35].

We have demonstrated in adult patients with the disease and in our Pompe mouse model that
the pathology involves not only lysosomal expansion but also massive autophagic accumulation.
Furthermore, we have shown that the autophagic buildup interferes with the delivery of the
recombinant enzyme in mice [24]. The current study has been undertaken to determine whether
the autophagic abnormalities contribute to the pathology in infants. This study became possible
through the newborn screening program for Pompe disease implemented in Taiwan where the
infantile form of the disease is the most common glycogen storage disorder with an estimated
frequency of one in ~33,000 [36,37]. The rationale behind this newborn screening program was
to compare the efficacy of ERT in the asymptomatic infants diagnosed through the program (NBS
group, who started therapy at less than 1m of age) and in infants diagnosed clinically (CLIN
group, who started therapy at the age of 2–6 m); the study showed the benefits of early treatment
[18].

We have analyzed baseline muscle biopsies from three patients from the NBS group and two
from the CLIN group. All infants carried a mutation which is common among Taiwanese with
Pompe disease and is due to a founder effect [36]. The pathology in the fibers from these infants
was quite different from that in the previously described adult patients or in muscle fibers from
the knockout model. The autophagic accumulation was minimal in both the NBS and CLIN
groups, and therefore, could have no effect on the initial outcome of ERT. The lysosomal
expansion seemed to be the main pathology, and the uneven shape of the hugely enlarged
lysosomes without clear borders suggests the possibility of lysosomal rupture, a hypothesis put
forward by Christian de Duve and applied to Pompe disease by JL Griffin in 1984 [38]. The
rupture hypothesis was later updated by B. Thurberg and colleagues based on more recent light
and electron microscopy data [9].

In characterizing the disease progression in infants, Thurberg and colleagues proposed five
stages: at the early stage, muscle cells contain small, glycogen-filled lysosomes; this is followed
by enlargement of the lysosomes and leakage of glycogen into the cytoplasm in some areas; as
the disease progresses, lysosomal rupturing continues until the majority of glycogen is
cytoplasmic, leading to a complete breakdown of muscle architecture [9].

This description, however, created an impression that lysosomal expansion and rupture is the
universal pathology in Pompe disease. On the other hand, our findings in adult patients and in
the mouse model, suggested a prominent role for autophagy in the pathogenesis of Pompe
disease and again created an impression that this pathology is relevant to all forms.

We suggest here that both views are valid, but that these two pathologies do not usually present
together in the same fiber. In untreated infants lysosomal rupture likely causes muscle damage,
while in untreated late-onset patients well-confined areas of debris, without any widespread
lysosomal expansion, appear to destroy the fiber. The therapy, however, changes this equation:
fibers from ERT-treated infants show areas in which the lysosomal pathology is reversed, areas
which still contain expanded lysosomes, and areas of autophagic buildup; curiously, it seems that
the autophagic pathology emerges as the lysosomal pathology subsides. A much larger sample
size, however, is required to establish if the two pathologies are indeed separate in most fibers
and to what extent the fibers with predominantly lysosomal or autophagic abnormalities co-exist
in muscle from the same individual. In addition, long term follow up is needed to determine if
autophagic buildup remains limited in size or whether it continues to spread out in patients on
ERT.
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SHG second harmonic generation

2PEF two-photon excited fluorescence

LAMP-2 lysosomal-associated membrane protein 2
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