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Abstract

Pompe disease is due to mutations in the gene encoding the lysosomal enzyme acid a-glucosidase
(GAA). Absence of functional GAA typically results in cardiorespiratory failure in the first year;
reduced GAA activity is associated with progressive respiratory failure later in life. While skeletal
muscle pathology contributes to respiratory insufficiency in Pompe disease, emerging evidence
indicates that respiratory neuron dysfunction is also a significant part of dysfunction in motor
units. Animal models show profound glycogen accumulation in spinal and medullary respiratory
neurons and altered neural activity. Tissues from Pompe patients show central nervous system
glycogen accumulation and motoneuron pathology. A neural mechanism raises considerations
about the current clinical approach of enzyme replacement since the recombinant protein does not
cross the blood-brain-barrier. Indeed, clinical data suggest that enzyme replacement therapy delays
symptom progression, but many patients eventually require ventilatory assistance, especially
during sleep. We propose that treatments which restore GAA activity to respiratory muscles,
neurons and networks will be required to fully correct ventilatory insufficiency in Pompe disease.
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1. Overview of Pompe disease

The clinical features of Pompe disease were originally described by J.C. Pompe (1932) and
subsequently the disease pathophysiology is considered the prototypical lyosomal storage
disease (Cori, 1954; Hers, 1963). This neuromuscular disorder results from mutations in the
GAA gene which has been mapped to the long arm of chromosome 17 (17g25.2—(25.3).
More than 350 different mutations have been described, and the genotype—phenoype
relationship is a subject of active investigation (Kroos et al., 2012a,b). The gene encodes a
lysosomal enzyme — acid a-glucosidase or GAA - that is required for glycogen degradation.
It is estimated that approximately 10% of total intracellular glycogen is normally present
within lysosomes (Calder and Geddes, 1989; Geddes and Stratton, 1977). The glycogen
enters the lysosome via incorporation into an autophagic vacuole or by invagination of the
lysosomal membrane (i.e. microautophagy) (Geddes and Stratton, 1977). The 952 amino
acid GAA enzyme is synthesized and processed via an intracellular pathway that enables
post-translational modifications (Hirschhorn, 2001). After synthesis, GAA is glycosylated in
the endoplasmic reticulum producing a 110 kDa precursor molecule (Hirschhorn, 2001). The
molecule then acquires mannose 6-phosphate residues in a post-endoplasmic reticulum
compartment and ultimately enters the lysosome via receptor-mediated transport (Raben et
al., 2002). It appears that the most relevant receptor is the mannose 6-phosphate receptor,
although a mannose 6-phosphate-independent pathway has been described (Klumperman et
al., 1991; Tsuji and Suzuki, 1987). Once inside the lysosome, the GAA precursor molecule
is cleaved to produce catalytically active 95-, 76-, and 70-kDa forms of GAA.
Approximately 10% of glycosylated GAA precursor molecules are not cleaved in the
lysosomes, but rather are secreted into the cytoplasm (Raben et al., 2002).

Pompe disease is associated with an absence or reduction of functional GAA which results
in extensive glycogen accumulation in skeletal muscle, visceral organs and the central
nervous system (CNS) (DeRuisseau et al., 2009; Raben et al., 2002; Sidman et al., 2008).
The disease occurs in approximately 1 per 40,000 births, and based on appearance of
symptoms, patients are typically classified as either early (infantile) or late-onset (juvenile/
adult). These classifications, however, actually represent a continuum that relates to the
extent of residual enzyme deficiency (Byrne et al., 2011b). Thus, early-onset Pompe disease
results from complete or near complete deficiency of functional GAA protein, while late-
onset patients maintain some residual enzyme activity (Hirschhorn, 2001; Raben et al.,
2002). Heterogeneity of symptoms in Pompe disease is primarily explained by the specific
gene mutation (Kroos et al., 2012a,b). For example, the most severely affected Pompe
patients have a mutation in both GAA alleles that severely blunts or even eliminates the
formation of functional GAA protein. Other mutations may result in variable levels of
functional GAA protein and later onset of symptoms.

2. Respiratory insufficiency in Pompe disease

Respiratory insufficiency is extremely common in both the infantile and late-onset forms of
Pompe disease (Burghaus et al., 2006; Mellies and Lofaso, 2009; Mellies et al., 2005;
Pellegrini et al., 2005). Infants typically present at 4-6 months of age, and “respiratory
difficulty” is often noted as the first symptom (van den Hout et al., 2003). Considerable CO,
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retention (e.g. PaCO, > 60 mmHg) can be present during spontaneous breathing in Pompe
infants (Hogan et al., 1969), and cardiorespiratory failure is the leading cause of mortality
(van den Hout et al., 2003). Late-onset patients show progressive respiratory muscle
weakness and approximately 75% of children and adolescents with Pompe disease
eventually require mechanical ventilation (Haley et al., 2003; Marsden, 2005). Subtle
symptoms of night-time respiratory difficulty can include daytime somnolence or morning
headache as well as laboratory data including polycythemia or elevated CO,. Of adults with
Pompe disease, roughly 33% require mechanical ventilator support, and respiratory-related
problems (e.g. pneumonia, bronchitis) are prevalent (Hagemans et al., 2005).
Hypoventilation during sleep may occur even if the patient is still fully mobile and
commonly precedes daytime respiratory failure. Respiratory-related symptoms also include
restrictive alveolar disease and impaired cough. Impaired cough results in retained
secretions and an inability to clear both the normal volume of pulmonary secretions as well
as those associated with acute infections. Many adult patients present initially with
respiratory insufficiency, and acute respiratory failure is often precipitated by pulmonary
infections.

Approximately 60% of patients with late-onset Pompe disease have a mild reduction in vital
capacity (<80% predicted), and 30-40% have moderate reduction (<60% predicted)
(Hirschhorn and Huie, 1999; Mellies et al., 2001). In one sample of 8 adult-onset Pompe
patients, vital capacity and peak inspiratory pressure averaged 31% and 26% of predicted
values. In this patient cohort, daytime hypoventilation was evident by arterial blood gas
values (PaO,: 56, PaCO,: 67 mmHg) (Mellies et al., 2005). Interestingly, severe respiratory
insufficiency can occur in Pompe disease without evidence for significant limb muscle
weakness. For example, there is only a weak relationship between indices of respiratory and
locomotor function in adults with Pompe disease, and severe respiratory insufficiency can be
present without any evidence of limb girdle muscle weakness (Pellegrini et al., 2005). The
physiological reasons for this observation are not clear, but could relate to increases in the
metabolic activity of respiratory muscles and neurons as compared to other skeletal motor
systems. In any case, it appears that the respiratory neuromuscular system is particularly
susceptible to dysfunction in Pompe disease which is a unique aspect compared to other
forms of muscular dystrophy in which loss of ambulation precedes ventilatory insuf-
ficiency.

3. Respiratory muscle function in Pompe disease

It is well accepted that skeletal muscle weakness is prominent in Pompe disease (Mellies
and Lofaso, 2009; Mellies et al., 2001; Prigent et al., 2012). Muscular pathology is evident
on histological exam, and electron microscopy reveals extensive accumulation of glycogen
in muscle cell lysosomes in Pompe patients (Baudhuin et al., 1964; Hudgson and Fulthorpe,
1975). In the early phases of the disease, glycogen is also found dispersed in the cytoplasm
and intrafibrillary spaces. In advanced Pompe disease, ruptured lysosomal fragments can be
seen in skeletal muscle, and some myofibrils are nearly completely replaced by glycogen
(Griffin, 1984). The end result of striated muscle glycogen accumulation is a loss of
myofibrils and weakness (Hirschhorn, 2001).
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Clinical and animal data both indicate that respiratory muscle function is impaired in Pompe
disease. Prigent and colleagues (2012) evaluated trans-diaphragmatic pressure in a large
sample of adults with Pompe disease using gastric and esophageal manometry. Magnetic
stimulation of the phrenic nerve was used to evoke trans-diaphragmatic twitch pressure,
which provides an indicator of diaphragm strength. The study confirmed diaphragmatic
weakness, but it should be emphasized that diaphragmatic twitch pressures could also be
influenced by conduction impairments along the motor nerve, as well as alterations in the
neuromuscular junction. Reductions in expiratory pressures were also observed, and thus
expiratory muscle function may also be impaired in Pompe disease (Prigent et al., 2012).
This suggestion is strengthened by whole body MRI imaging data showing apparent
pathology in lumbar extensor and abdominal muscles of Pompe patients (Carlier et al.,
2011). That study also revealed that patients with the most impaired respiratory function had
the most substantial alterations in the intercostal muscles. Respiratory muscle dysfunction
and histopathology is also prominent in Pompe animal models (Mah et al., 2007, 2010). For
example, the in vitro contractile force generated by the Gaa™'~ mouse diaphragm is
substantially blunted compared to wild-type control mice, and histological and biochemical
evaluation shows profound glycogen accumulation. Thus, the literature has unequivocally
established that diaphragm weakness is a hallmark feature of Pompe disease, and it is likely
that the accessory respiratory muscles are also impaired. In this review, however, we
emphasize that ventilatory failure in Pompe disease reflects a complex interplay between
neural and muscular function (see Section 8).

4. The upper airway and Pompe disease

In addition to the primary and accessory respiratory “pump” muscles which actively change
the volume of the thoracic or abdominal cavities, breathing also involves activation of
pharyngeal and laryngeal muscles (Feldman and Del Negro, 2006). Hypoglossal (X11)
motoneurons are of particular importance to upper airway patency since they regulate the
shape, stiffness and position of the tongue (Bailey and Fregosi, 2004; Fregosi and Fuller,
1997; Gestreau et al., 2005; Remmers, 1978). Contraction of the extrinsic tongue muscles
can dilate and/or stiffen the pharyngeal lumen, thereby minimizing airway narrowing and/or
collapse in the face of negative inspiratory pressures (Fuller et al., 1999). Importantly, the
tongue muscles appear to be particularly susceptible to pathology in Pompe disease. For
example, Carlier et al. (2011) evaluated MRI images of Pompe patients, and concluded that
while the majority of facial muscles were unaffected in Pompe, the tongue was always
affected. Specifically, T1 weighted images showed “massive fat content” in the tongue, but
the facial muscles were “systematically spared”. Moreover, the appearance of tongue
pathology was unrelated to overall disease severity (i.e., the tongue pathology could be
present prior to other symptoms) (Carlier et al., 2011). The first comprehensive evaluation
of tongue motor function in Pompe patients was provided by Dubrovsky et al. (2011). These
authors directly measured the force produced by tongue movements, and found that
significant tongue weakness was present in all subjects, even in those individuals who were
otherwise asymptomatic (Dubrovsky et al., 2011). Other published work is also consistent
with the presence of tongue and/or upper airway dysfunction (Byrne et al., 2011a; Jones et
al., 2010; Margolis et al., 1994; Muller et al., 2009). For example, feeding difficulties are
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present in >70% of Pompe infants and approximately 50% of infants are never fed by mouth
(Byrne et al., 2011a). A videofluoroscopic study of 13 infants and children with Pompe
disease showed that dysphagia was always present, and swallowing difficulty did not
correlate with gross motor function (Jones et al., 2010). Speech problems can also occur in
Pompe disease, with disorders of articulation and/or nasal resonance occurring in
approximately 80% of the subjects in a recent report (Muller et al., 2009). Of note, the
authors speculated that speech deficits in Pompe disease likely occurred due to “disturbance
in muscular control of the speech mechanisms resulting in weakness secondary to lower
motor neuron involvement”.

Our clinical experience also suggests upper airway dysfunction in Pompe disease, and we
have consistently noted macroglossia and obvious impairments in tongue motor control.
Pompe infants typically have a protruded tongue that does not withdraw into the mouth
during breathing. Parents have described to us that their child has an “inability to control the
tongue” which interferes with or prevents feeding. Indeed, all the Pompe infants at our
hospital are fed via gastrostomy. Fig. 1 shows a mid-sagittal MRI image of a 5 mo old
Pompe infant treated with enzyme replacement therapy (ERT; see Section 6) at Shands
Hospital at the University of Florida. Macroglossia is indicated by the “fullness” of the
tongue, particularly at the base. The enlarged tongue causes the epiglottis to move dorsally,
and this can potentially obstruct the upper airway.

The prominence of tongue pathology and macroglossia in Pompe disease suggests that sleep
disordered breathing, and in particular obstructive sleep apnea (OSA), could be a substantial
problem (Margolis et al., 1994). OSA is widely accepted to represent an impaired ability of
the respiratory neuromuscular system to maintain pharyngeal airway patency during sleep.
Most investigators agree that inadequate neural drive to the tongue and pharyngeal muscles
is one of the primary factors leading to collapse of the airway and apnea during sleep
(Horner, 2008). Pharyngeal muscle pathology may also be a contributing factor, and
alterations in airway anatomy may predispose patients to OSA (Mannarino et al., 2012).
Margolis et al. (1994) were the first to comment on OSA in Pompe disease. In a case report,
they described severe OSA in an adult patient, and emphasized that macroglossia and tongue
pathology could be the underlying cause. Subsequently, Mellies and colleagues evaluated
the prevalence of sleep disordered breathing in 27 subjects with juvenile or adult onset
Pompe disease. Substantial disturbances in breathing during sleep were present in 13 of the
subjects, however, only 1 individual showed evidence for OSA (Mellies et al., 2001). In
another study, five adult Pompe patients underwent overnight polysomnography prior to
initiation of mechanical ventilator support (Pellegrini et al., 2005). The apnea—hypopnea
index (AHI) ranged from 7 to 28 events per hour and the duration of significant desaturation
events (<90%) ranged from 1-28% of total sleep time. An overnight sleep study conducted
by our group on a 2 yr old with Pompe disease revealed an AHI of 5 with the occurrence of
both obstructive and central apneic events (Byrne, unpublished). We noted that central
apneas were associated with more profound desaturations compared to the obstructive
events. Collectively, the available studies indicate that sleep disordered breathing is
prevalent in Pompe disease, and centrally mediated apneic events may be common,
particularly in the adult population. We suggest that further study of this topic is warranted.
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5. The central nervous system, breathing, and Pompe disease

Motor problems in Pompe disease, including impaired breathing, have historically been
attributed to muscular pathology (Raben et al., 2002). We emphasize that respiratory muscle
pathology and dysfunction are prominent features of Pompe disease (see above) that
contribute to respiratory impairments as the disease progresses. However, the genetic
mutation in Pompe disease is not restricted to muscle tissues, and accordingly CNS
pathology must be considered. Indeed, neural pathology is prominent in the majority of
lysosomal storage disorders, and there is evidence that lysosomal dysfunction can lead to
neuronal cell death (Bellettato and Scarpa, 2010). Substantial glycogen accumulation is
present in the central nervous system of Pompe patients (DeRuisseau et al., 2009; Gambetti
etal., 1971; Mancall et al., 1965; Martin et al., 1973; Martini et al., 2001; Teng et al., 2004;
Thurberg et al., 2006) as well as animal models including mice and quail (DeRuisseau et al.,
2009; Matsui et al., 1983; Sidman et al., 2008). Clinical case reports have also described
extensive neuropathology in Pompe tissues obtained on autopsy. For example, Gambetti and
colleagues histologically evaluated spinal cords of two Pompe infants (age 5 and 9 months)
within hours of death. The anterior cervical spinal cord had massive glycogen accumulation
and anterior horn neurons showed marked swelling (Gambetti et al., 1971). Martin et al.
reported “very severe” glycogen accumulation in spinal anterior horn neurons (presumably
motoneurons), and also in brainstem neurons of a Pompe infant. The authors stated that “the
most prominent signs of neuronal storage are found in the spinal ganglia, the anterior horns
and in all the motor nuclei of the brain stem” (Martin et al., 1973). Additional Pompe case
reports confirm glycogen accumulation in the anterior spinal cord with “swelling” of
neurons in this region (i.e. soma size 2-3x normal) being a consistent finding (Hogan et al.,
1969; Mancall et al., 1965; Teng et al., 2004). Diminished or even absent spinal reflexes
have also been described in Pompe patients (Clement and Godman, 1950; Gambetti et al.,
1971; Teng et al., 2004; Willemsen et al., 1998; Zellweger et al., 1955), a finding that
strongly implicates alterations in neuronal function in this population.

We recently conducted a histological and biochemical evaluation of cervical spinal cord
tissue from a Pompe patient whom had been treated with recombinant GAA ERT (see
Section 6) since six months of age (DeRuisseau et al., 2009). Histological evaluation of
putative phrenic motoneurons in the C4 spinal cord revealed a swollen cell body and
chromatolysis-like appearance. Fig. 2 shows new histological images from the cervical
spinal cord of the same patient. In addition, biochemical evaluation of glycogen content
indicated substantial accumulation in the cervical spinal cord (DeRuisseau et al., 2009).

A comprehensive evaluation of CNS pathology in a murine Pompe model (the gheo/neo
mouse) was published by Sidman and colleagues in 2008. Glycogen began to accumulate
throughout the brain and spinal cord of Pompe mice as early as one month of age.
Accumulation was particularly evident in motoneurons, and electron microscopy revealed
that enlarged lysosomes filled more than 50% of the motoneuron cell volume. While
neurons were most prominently affected, as Pompe mice reached old age (15-22 months)
they began to show signs of astrogliosis in white matter tracks. Behavioral testing using a
variety of methods including the “rotorod” balancing test revealed that deficits began to
emerge at approximately six months of age (Sidman et al., 2008). It is difficult, however, to
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ascertain the mechanistic basis of the behavioral changes, and the authors stated that “further
studies are needed to dissect the role of muscle versus nervous system in motor deficits”.

Our group has examined behavioral and neurophysiological aspects of breathing in the
Gaa™~ Pompe mouse model (Raben et al., 1998) and also in a transgenic strain which
expresses GAA activity in skeletal muscle but not in the central nervous system (via muscle
specific expression of human GAA (Raben et al., 2001)). The Gaa™'~ mice had extensive
cervical spinal glycogen accumulation including in phrenic motoneurons identified by
cholera toxin labeling (DeRuisseau et al., 2009). Neurophysiological studies, as well as
measurements of ventilation, indicated blunted inspiratory motor activity in Gaa™'~ as
compared to wild-type mice (DeRuisseau et al., 2009; Mah et al., 2007, 2010). For example,
unanesthetized and unrestrained Gaa™'~ mice showed reductions in inspiratory tidal volume
as assessed via whole body plethysmography (DeRuisseau et al., 2009). Another important
observation was that during a respiratory challenge with hypercapnia, the muscle specific-
GAA mice showed ventilation values that fell between the full knockout (Gaa™"), and the
wild type mice. Thus, while they performed better than the Gaa™~ mice, the muscle specific
group still had an impaired ventilatory response when compared to the wild type controls.
Lastly, in an anesethetized and ventilated preparation which enables more careful regulation
of arterial blood gases, reductions in phrenic nerve inspiratory bursting were noted in Gaa™~
mice (DeRuisseau et al., 2009).

We next tested the hypothesis that restoring GAA enzyme activity in the region of the
phrenic motor nucleus could lead to improved breathing in Gaa™'~ mice (Qiu et al., 2012).
Direct spinal injection of adeno-associated virus (AAV) encoding GAA (i.e., AAV-GAA)
restored spinal GAA enzyme activity, and GAA immunostaining was clearly evident in the
cervical ventral horn. Biodistribution studies showed a high number of AAV copies (i.e., >1
x 107 genome copies per ug of genomic DNA) in cervical spinal cord at or near the site of
injection (C3—Cg). However, AAV vector genomes could not be detected in the diaphragm
muscle. This latter point is particularly important since plethysmography revealed that
inspiratory tidal volume was increased in mice that had received AAV-GAA spinal
injections. We concluded that the increased ventilation reflected “correction” of phrenic
motoneuron pathology due to restoration of GAA protein in only the cervical spinal cord
(Qiu et al., 2012). Accordingly, spinal motoneuron pathology, and in particular phrenic
motoneuron pathology, is likely to make a substantial contribution to diaphragm motor
deficits in Pompe disease (Byrne et al., 2011a; DeRuisseau et al., 2009; Mah et al., 2007).

The brainstem is also of substantial interest in the context of Pompe disease and respiratory
control. While it is well known that the neurons and networks that control and shape the
pattern of respiratory motor output reside in the medulla and pons (Feldman et al., 2003),
brainstem respiratory networks have not been evaluated in the context of Pompe disease (or,
to our knowledge, any other lysosomal storage disorder). Brainstem pathology has been
noted on autopsy (Hogan et al., 1969; Mancall et al., 1965; Teng et al., 2004), brainstem
dysfunction may be indicated by clinical reports of auditory dysfunction in Pompe disease
(Musumeci et al., 2012; van Capelle et al., 2010). Interestingly, Musumeci and colleagues
found that respiratory dysfunction was statistically more likely to be present in patients that
also showed hearing loss. Since both auditory and respiratory neural circuits are found in the

Respir Physiol Neurobiol. Author manuscript; available in PMC 2014 November 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Fuller et al.

Page 8

brainstem, one logical, albeit speculative suggestion is that brainstem pathology occurring in
both networks explains the link between hearing and breathing dysfunction.

There have been two published studies of brainstem pathology in Pompe animal models.
Sidman and colleagues described brainstem glycogen accumulation in the 67260 myrine
Pompe model but did not comment on the appearance of XII motoneurons or brainstem
respiratory control regions (Sidman et al., 2008). We recently reported that Gaa™/~ mouse
XII motoneurons show extensive glycogen accumulation with a large, swollen appearance
(Lee et al., 2011). This histopathology was accompanied by an increase in the variability of
XI1 motor output as assessed in neurophysiological studies of anesthetized and ventilated
mice. Fig. 3 provides a comparison of the histological appearance of XII motoneurons in a
control wild-type mouse and a Gaa™'~ mouse. Note the complete absence of GAA
immunostaining in Gaa~'~ motoneurons as well as the larger, swollen appearance when
compared to the wild-type motoneurons. Overall, these initial findings from animal models
coupled with clinical observations (see Section 4) suggest that brainstem respiratory activity
and the motor output of the tongue muscles may be impaired in Pompe disease.

6. Enzyme replacement therapy (ERT) — impact on breathing in Pompe

disease

Therapies aimed at altering glycogen synthesis (e.g. high-protein diet, steroids) have failed
to reduce glycogen accumulation in Pompe disease (Isaacs et al., 1986). Other treatment
approaches with limited or no clinical impact include bone marrow transplantation and
administration of unphosphorylated GAA (de Barsy et al., 1973). The only currently FDA-
approved treatment for Pompe disease involves bi-weekly intravenous (i.v.) infusion of
recombinant GAA enzyme (Beck, 2009; Byrne et al., 2011a). This method aims to
supplement endogenous GAA through delivery of purified, exogenous GAA (i.e., ERT)
(Bijvoet et al., 1999). ERT was made feasible by large-scale production of recombinant
human GAA (rhGAA) in transgenic rabbits (Bijvoet et al., 1999) and Chinese Hampster
Ovary (CHO) cells ((Kishnani et al., 2006). Pre-clinical experiments showed that i.v. hGAA
therapy leads to correction of the biochemical phenotype in cardiac, skeletal and smooth
muscle in the Gaa™'~ mouse model (Bijvoet et al., 1999; Kikuchi et al., 1998).

An initial test of ERT in four infants was published in 2000 (Van den Hout et al., 2000)
After twelve weeks of ERT (15-20 mg/kg/week), skeletal muscle GAA activity remained
below normal but reached normal values when the dose was increased to 40 mg/kg for an
additional 12 weeks. Histological assessments of muscle tissue showed reductions in
glycogen staining after the dose increase, but total tissue glycogen content was not changed.
Most importantly, all patients survived beyond the age of 1 year, which exceeds the mean
survival age of untreated Pompe patients (Byrne et al., 2011a). In a second trial, three infants
received 5 mg/kg of GAA two times per week (Amalfitano et al., 2001). All subjects had no
detectable GAA protein prior to ERT, but they developed an anti-GAA antibody titer after
treatment. Initial improvements in muscle and pulmonary function were noted, but
functional declines occurred coincident with the rise of GAA antibody titer (Amalfitano et
al., 2001). In 2004, Van den Hout published a long-term follow up on the 4 patients from the
earlier 2001 report. All patients survived beyond 4 years of age, and the two youngest
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patients demonstrated improvements in locomotor function that were well beyond what
could be expected without treatment. However, 3 of the 4 patients developed severe
respiratory insufficiency, and thus were completely ventilator dependent at 4 years of age
(\Van den Hout et al., 2004).

A larger scale randomized, blinded study of ERT in late onset Pompe disease was published
in 2010 (van der Ploeg et al., 2010). Ninety patients who were at least 8 years of age, able to
ambulate 40 meters in 6 min, and free of invasive ventilator support at study onset were
randomly assigned to either placebo or ERT groups. Invasive ventilator support was defined
as any support that was applied via an endotracheal tube. Thus, patients who required
nocturnal ventilation via a facemask or nose piece were not excluded from the study. Small
increases (<4%) in maximal inspiratory and expiratory pressure were noted in the ERT
group, and ERT prevented the declines in forced vital capacity over the duration of the study
that occurred in the placebo group. Since the 2010 report by van der Ploeg, several
additional evaluations of pulmonary function after ERT have been published. Schneider and
colleagues evaluated pulmonary function in late-onset Pompe disease and concluded that
while ERT can stabilize pulmonary function, it only delays the eventual requirement for
mechanical ventilation. Interestingly, in their study the mouth pressure generated in the first
100 ms of inspiration (i.e., Pg 1) showed substantial declines over the course of ERT in 5 of
the 6 patients (Schneider et al., 2013). This is note-worthy since Pg ;1 has been suggested to
correlate with respiratory neural drive (Milic-Emili et al., 1975). Accordingly, alterations in
the neural input to the respiratory muscles may have occurred over the two-year period in
which the study was conducted. The authors concluded that “a close collaboration of
neurologists and pneumologists” should be an essential component of any treatment strategy
for Pompe disease (Schneider et al., 2013). A longitudinal evaluation of 368 late onset
Pompe patients found that over the course of ERT, forced vital capacity (FVC) improved in
approximately % of patients, was unchanged in 14%, and declined in 35% (Toscano and
Schoser, 2013). Moreover, no association was seen between the duration of ERT treatment
and changes in FVC in a recent study that comprehensively evaluated pulmonary function in
5 adults with “severe Pompe disease” (Orlikowski et al., 2011). All subjects in the study
required ventilator support, and were evaluated over the course of 12 months of ERT. Three
of the patients showed increases in the sustainable duration of independent breathing (i.e.
without ventilator support). Two patients were able to modestly decrease ventilator support
by 1-2 h per day, two had no change in their ventilator support, and the final patient
required an increase in the amount of ventilator support by 5 h per day. Overall, we
conclude that the literature indicates that ERT provides a modest and stabilizing impact on
respiratory function with a possibility of slight improvements. Indeed, ERT improves the
overall survival in early onset Pompe disease (Beck, 2010; Byrne et al., 2011b). However,
variability in the success of ERT is prevalent (Van den Hout et al., 2004), and ventilator-free
survival is observed in only 1/3 of early onset patients (Byrne et al., 2011b). The limited
success of ERT, along with the aforementioned animal studies and case reports, has led to
our overall hypothesis that neuropathology in respiratory neurons and networks makes a
substantial contribution to respiratory insufficiency in Pompe disease (DeRuisseau et al.,
2009). ERT could not be expected to effectively treat neuropathology since the recombinant
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GAA enzyme does not cross the blood-brain-barrier where the protein might directly
influence the CNS (Kikuchi et al., 1998; Raben et al., 2003).

Several other research groups have reached similar conclusions. Muller and colleagues
reported that even with enzyme replacement therapy, children with Pompe Disease are still
at high risk for developing speech disorders (Muller et al., 2009). These authors speculated
that this could reflect lower motoneuron involvement which will not be effectively targeted
by ERT. Similarly, Burrow et al. (Burrow et al., 2010) recently described a 2-year-old
Pompe child who after 19 months of ERT showed “acute worsening of weakness,
particularly of the extremities and diaphragm”. These authors noted that their Pompe case
report “offers strong evidence that storage in the nervous system can lead to a loss of motor
neurons and to neuropathic weakness”. Rohrbach and colleagues reported that ERT
effectively delayed the muscular progression of a Pompe infant over a 44 month period, but
neurological symptoms including impaired language development remained (Rohrbach et
al., 2010).

While an accumulating body of evidence indicates that neuropathology contributes to
respiratory insufficiency in Pompe disease, this does not rule out potential for recovery with
appropriate interventions. For example, in a rodent model of amyotrophic lateral sclerosis
(ALS), relatively robust phrenic motor recovery can be induced even after a profound loss of
phrenic motoneurons (Nichols et al., 2013). In that work, a novel hypoxic treatment
paradigm was used to induce respiratory neural plasticity and motor recovery. Similar
paradigms for targeted neural plasticity and recovery have not been examined in Pompe
disease, or to our knowledge any other lysosomal storage disorder. In the Gaa™'~ mouse
model, functional recovery has been noted even when therapies have been initiated in older
mice that would be expected to have considerably advanced neural and muscular pathology.
For example, delivery of AAV-GAA to the diaphragm of 21-mo-old mice resulted in an
increase in ventilation (Mah et al., 2010). Recent work from our group has confirmed
intramuscular delivery of AAV encoding the GAA gene can cause persistent expression of
GAA as well as reduction of glycogen accumulation in Gaa™~ mouse motoneurons
(Elmallah, Fuller, Byrne, unpublished).

7. The future of Pompe respiratory therapy

The current standard of care in Pompe disease therapy is muscle-directed ERT and other
supportive measures, including ventilatory assistance. Aside from the problems related to
the feasibility of lifelong ERT and managing complications of immune responses to the
recombinant protein, it is important to emphasize that the long-term treated population of
patients continue to lose ventilatory function. The substantial effort needed for bi-weekly
ERT treatment, the associated high cost (>$500,000 per year in an adult), and its limited
effectiveness warrant an improved approach. One encouraging strategy is to enhance the
effectiveness of the GAA molecule to penetrate the lysosome. For example, a recent study
described a modified form of recombinant GAA in which human GAA was fused to the
ligand of the insulin-like growth factor Il receptor (IGF-IIR) (Maga et al., 2013). The
resultant fusion protein had full catalytic activity for glycogen and each molecule of the
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recombinant protein was able to bind to the cation-independent mannose 6-phosphate — IGF-
Il co-receptor thereby enhancing GAA uptake into cells (Maga et al., 2013).

Since the underlying pathology results from mutations in a single gene, Pompe disease is an
ideal candidate for gene therapy approaches. The overall rationale and preclinical history of
gene transfer approaches for Pompe disease was recently reviewed in detail (Byrne et al.,
2011a). An advantage of gene therapy, in contrast to intravenously delivered ERT, is that
viral vectors will be more effective at targeting the entire motor unit. For example, a recent
report from our group showed that a single injection of AAV serotype 9 (AAV9) could
effectively drive transgene expression in both tongue myofibers and XII motoneurons in
Gaa ™'~ mice (Elmallah et al., 2012). Studies designed to test the functional impact of
AAV9-GAA on Gaa’~ motoneurons following intramuscular delivery are ongoing.
However, sustained improvement in both cardiac and respiratory function occur following
i.v. delivery of AAV1-GAA to young Gaa™~ mice (Mah et al., 2007). Specifically,
plethysmography studies revealed an increase in inspiratory tidal volume in adult mice that
were treated with AAV1-GAA. Restoration of GAA activity via application of AAV1-
GAA to the diaphragm also improves diaphragm contractility, ventilation, and possibly
phrenic neural outflow in Gaa™~ mice (Mah et al., 2010).

An accumulation of preclinical work, including the studies mentioned above, has led to an
ongoing open label, Phase I/11 study in which rAAV2/1-CMV-hGAA (1-5 x 1012 vg) is
being delivered to the diaphragm via direct intramuscular injection in children with Pompe
disease (ClinicalTrials.gov Identifier: NCT00976352). The study is designed to target those
on assisted ventilation despite ongoing treatment with ERT. The primary purpose is to
determine if diaphragm delivery of rAAV1-hGAA is safe based on a number of parameters.
A secondary outcome is to test the effects of gene transfer on ventilatory function. All
subjects in the study required full-time mechanical ventilation due to respiratory failure that
was unresponsive to either ERT or a pre-operative respiratory muscle conditioning
paradigm. Subjects were evaluated over a 180-day period, and the initial results have been
published (Smith et al., 2013). To date, the results indicate that diaphragm delivery of
rAAV1-hGAA is safe and does have functional benefits. Specifically, the unassisted tidal
volume showed a statistically significant increase after rAAV1-hGAA, and on average the
duration of unassisted breathing that could be tolerated (i.e., breathing with no ventilator
support) increased by 425% (Smith et al., 2013). The next phases of this ongoing trial will
determine if intervention earlier in the disease progression and/or higher rAAV1-hGAA
doses produce a greater functional impact.

8. Conclusion

Respiratory dysfunction is prominent in both early and late onset Pompe disease patients.
While respiratory muscular pathology and dysfunction are prominent, a growing basic
science and clinical literature supports the hypothesis that neural dysfunction also
contributes to respiratory insufficiency. The relative contribution of muscular vs. neural
pathology to respiratory dysfunction in Pompe disease is difficult to ascertain because both
components of the motor unit are affected by the cellular effects of glycogen accumulation.
In Fig. 4, we present a conceptual model of the relationship between declines in muscular
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and neural function in Pompe disease, and the associated impact on respiratory function. In
this model, we propose the existence of three critical periods in the etiology of respiratory
dysfunction. The first critical period represents the asymptomatic stage. During this time
frame, glycogen accumulation begins throughout respiratory motor units (e.g., myofibers,
motoneuron soma, axons, etc.) and possibly in premotor respiratory neurons and networks.
Although pathological processes are beginning during this phase, the pathology has not
reached a level which will cause motor impairments. The duration of this period will be
highly variable across the patient population (e.g., early vs. late-onset), and will be
determined largely by the specific gene mutation (Kroos et al., 2012b) and the amount of
functional GAA enzyme. During the second critical period, myofibril contractile
dysfunction begins to develop. The development of diaphragm and accessory muscle
weakness will gradually lead to an impaired ability to generate inspiratory tidal volume. We
suggest that during this period, respiratory muscle dysfunction will initially trigger
compensatory increases in respiratory neuromotor drive. This concept derives from studies
of respiratory muscle failure during weaning from ventilator support — there is often an
increase in respiratory drive when the respiratory “pump” begins to fail (Liu et al., 2012).
During the third critical period, the combination of neural and muscular pathology reaches a
threshold and respiratory failure ensues. Therapies which improve muscle function (e.g.,
ERT, gene therapy) or neural function (e.g., gene therapy) should prevent or minimize the
declines in respiratory function. An important conceptual point from this model is that even
if muscle function is improved (i.e., via ERT), declines in neuromotor output may still
eventually lead to respiratory failure. We therefore suggest that effective respiratory
therapies that have long lasting functional benefits will need to target the entire respiratory
motor unit (e.g. myofibers and associated motoneurons). Gene therapy approaches show
promise for addressing this goal, and may ultimately be paired with other respiratory
management and/or rehabilitation approaches such as diaphragm pacing, respiratory
rehabilitation exercises (Jones et al., 2011), and ERT with modified forms of recombinant
GAA (Maga et al., 2013). A more thorough understanding of the mechanisms that underlie
respiratory weakness in Pompe disease will enable optimization of future therapeutic
strategies.
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Fig. 1.
A midsagittal T1-weighted MRI image of a five month old male with Pompe disease.

Macroglossia is suggested by enlargement of the tongue, particularly at the base (*). The
enlarged tongue is displacing the epiglottis posteriorly (arrow) which partially occludes the
airway.
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Fig. 2.

Se?ni-thin plastic embedded sections from the mid-cervical spinal cord of an 18-month-old
child with Pompe disease. Cervical spinal tissue was obtained on autopsy, plastic embedded,
cut at 2um thickness and stained with toluidine blue. The patient had been treated with
recombinant enzyme replacement therapy for the preceding 12 months but experienced
respiratory failure. Panel A depicts the ventrolateral cervical spinal cord at the junction of
the white and gray matter. Myelinated axons are clearly discerned in the left part of the
image, and the asterisks highlight four ventral horn neurons (putative motoneurons). Panel B
shows a higher magnification of the neuron indicated by the asterisk in A. Panel C shows
another ventral horn neuron from an adjacent tissue section. Note that the neurons are
swollen and nuclei (when visible) were displaced from the center of the cell -
histopathological features characteristic of central chromatolysis. Scale bars: (A) 200 pm;
(B-C) 50 pm.
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Fig. 3.
Hypoglossal motoneurons in wild type (129) and Pompe (Gaa™ ") mice. Tissues were

processed with an antibody against GAA protein, and were counter-stained with cresyl
violet. Tissue from a wild type 129 mouse shows positive GAA immunostaining staining
(brown) in hypoglossal motoneurons, as expected. In contrast, motoneurons from the Gaa™~
mouse show a complete absence of positive GAA staining. Note the difference in the
histological appearance of cells in panel A vs. B. Specifically, Gaa™~ motoneurons are
larger with a swollen appearance. Scale bars: 50 pm.

Respir Physiol Neurobiol. Author manuscript; available in PMC 2014 November 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Fuller et al. Page 21

,.r""_"'"\-\ Neuromotor
". .\
.................. - \ Output s S e
\‘. Neuromuscular
\ Function
\
\ Myofiber Contractile

FUNCEION Smasmeiney

Relative Value

<« 1—>

N
N
v
N
w
A 4

Time

Fig. 4.
A conceptual model of the mechanisms leading to respiratory failure in Pompe disease. In

this model, we hypothesize three critical periods in the development of respiratory failure in
Pompe disease. Importantly, the model recognizes the contribution of both skeletal muscle
contractile dysfunction and neuropathology to the development of respiratory insufficiency.
Critical period 1: Glycogen accumulation begins in respiratory motor units (e.g., myofibers,
motoneuron soma, axons, etc.). Pathological processes are beginning during this phase, but
no symptoms are apparent. Critical period 2: Myofiber contractile dysfunction begins to
develop. Impaired respiratory muscle function is initially met with compensatory increases
in respiratory drive. Critical period 3: Neural and muscular pathology reach a critical
threshold, and neural compensation for respiratory muscle dysfunction is no longer possible.
The resulting respiratory failure (*) necessitates mechanical ventilation. Therapies which
improve muscle function (e.g., ERT, gene therapy) or neural function (e.g., gene therapy)
will prevent or minimize the declines in neuromotor function, and delay the onset of
respiratory failure. Please see the text for a more detailed discussed of the hypothesized
critical periods.
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