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Chapter 1

Pompe disease is a metabolic myopathy. Since the first description of the disease
in 1932 by J.C. Pompe,* tremendous progress has been made from discovering the
biochemical and genetic basis of the disease to developing enzyme replacement
therapy (ERT).

With this therapy, the management of Pompe disease has moved from supportive
care alone, to a disease-specific intervention aimed at correcting the underlying
enzymatic defect. While in the past research mainly concentrated on elucidating
the biochemical pathways and pathophysiology of Pompe disease, nowadays focus
has shifted towards documenting the natural history of the disease and studying
the effect of the new treatment.

A structured follow-up of a large number of patients is difficult in a rare disorder
like Pompe disease. The establishment of an expert center for Pompe disease at
the Erasmus MC University Medical Center has helped us to systematically study
all Pompe patients living in the Netherlands. At present, we follow 149 patients,
of which 18 patients are diagnosed with classic-infantile Pompe disease; and 20
children and 111 adults with less progressive forms of the disease.

The studies in this thesis have focused on children with Pompe disease. Our aim
was to delineate the first presentation and clinical characteristics of the disease and
to study the long-term effects of enzyme replacement therapy with recombinant

human alpha-glucosidase.

POMPE DISEASE

Pompe disease (OMIM #232300), also called glycogen storage disease type 2 or
acid maltase deficiency, is a rare lysosomal storage disorder that was named after
the Dutch pathologist JC Pompe (Figure 1A). In 1932 he presented the case of a
7-month old infant who allegedly had died of pneumonia but showed a massively
enlarged heart on post-mortem investigation. Initially the patient was diagnosed
to have died from idiopathic hypertrophy of the heart and a bronchopneumonia
but on further examination Dr. Pompe not only found large amounts of vacuolar

glycogen storage in the heart, he also found glycogen in virtually all tissues he
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General introduction

examined. This made him suggest that idiopathic hyperthrophy of the heart was
part of a systemic disorder of glycogen metabolism rather than the result of a
diffuse tumor (rhabdomyoma) or water accumulation as was suggested before.!
Dr. Pompe’s first publication led to his thesis called Cardiomegalia Glycogenica
which he finished in 1936 (Figure 1B). In 1939 he started working as a pathologist
in a hospital (currently the Onze Lieve Vrouwe Gasthuis) in Amsterdam where
he used his laboratory to hide people and station an illegal radio transmitter in
collaboration with the Dutch resistance movement in World War Il. Unfortunately
the radio transmitter was discovered and Dr. Pompe was arrested. In 1945 he was
executed as retaliation for the destruction of a railway bridge by the resistance
near St Pancras.? Although the name Pompe was given to the disease later defined
as glycogen storage disease type I, two comparable cases were independently

described in the same year as Pompe did, by Putschar and Bischoff.3*

CARDIOMEGALIA
GLYCOGENICA

ACADEMISCH PROEFSCHRIFT TER VERKRUGING
VAN DEN GRAAD VAN DOCTOR IN DE GENEES-
KUNDE AAN DE UNIVERSITEIT VAN AMSTER-
DAM, OP GEZAG VAN DEN RECTOR-MAGNIFICUS,
Dr. W. P. C. ZEEMAN, HOOGLEERAAR IN DE FA-
CULTEIT DER GENEESKUNDE, IN HET OPENBAAR
TE VERDEDIGEN IN DE AULA DER UNIVERSITEIT,
OP VRUDAG 15 MEI 1936, DES
NAMIDDAGS TE 4'/y UUR.

DOOR

JOANNES CASSIANUS POMPE
GEBOREN TE UTRECHT

DEKKER & VAN DE VEGT NV. NIUMEGEN-UTRECHT 1936

Figure 1. (A) Johannes Cassianus Pompe (1901-1945). (B) Dr. Pompe’s thesis called
Cardiomegalia Glycogenica. Both pictures were taken from Onze Lieve Wetenschap 2013;
1:4-5.
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Several major discoveries confirmed Dr. Pompe’s observations. After Drs. Gerty and
Carl Cori clarified the normal pathway of glycogen metabolism, they focused on the
so called ‘glycogen storage disorders’.® In 1957 Gerty Cori classified ‘Pompe disease’
as glycogen storage disease type Il, but could not discover a defect in the pathway
of glycogen degradation as was found for the other glycogen storage disorders.

Around the same time Christian de Duve and colleagues revealed a new cell
organelle containing hydrolytic enzymes that were active at acidic pH: the
lysosome. These membrane-bound organelles appeared to be responsible for the
intracellular digestion of macrocolecules.® For this discovery he received the Nobel
Price in Physiology or Medicine in 1974. Eight years later Dr. Henri G. Hers and
colleagues demonstrated that the lysosomal enzyme acid alpha-glucosidase was
deficient in tissues from Pompe patients.”® With this observation they officially
identified the first lysosomal storage disorder, of which to date more than 50 have

been described.®

Clinical spectrum

Pompe disease presents as a continuous spectrum of closely related clinical
phenotypes in which progressive muscle weakness is the main clinical
manifestation.1%!

At the most severe end of the spectrum is the classic-infantile form of the
disease.t21® Skeletal, cardiac and smooth muscles are severely involved and
patients show a rapid progression of muscle weakness and usually die within their
first year of life. At the other end of the spectrum are patients with more slowly
progressive phenotypes; they present with limb-girdle muscle weakness.'* Age at
presentation and rate of disease progression vary. Deterioration of the strength of
the limb-girdle and trunk muscles eventually results in wheelchair dependency,

respirator need, and shortened life expactancy.1%111522

Classic-infantile Pompe disease
The classic-infantile form is relatively homogeneous in presentation and
disease course. Patients show their first symptoms at a median age of 1.6 to 2.0

months.1>131523 presenting symptoms include feeding difficulties, failure to thrive,
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respiratory distress, recurrent respiratory infections, cardiac problems, generalized
hypotonia, or paucity of movements. Physical examination typically shows a patient
with generalized hypotonia characterized by slipping through, a prominent head lag
and frog like position of the legs. Other frequent findings are enlargement of the
tongue, decreased tendon reflexes, hepatomegaly, or heart murmur (45-90% of
the patients).12131523 A severe concentric hypertrophic cardiomyopathy is present
in all patients with classic-infantile Pompe disease, is rapidly progressive and may
lead to systolic and diastolic dysfunction.'?'*2426 Characteristic electrocardiogram
(ECG) changes are a short PR interval,?” increased QT dispersion, and large QRS
voltages. Patients are at risk for tachyarrhythmia and sudden death.?3!

Motor development is delayed and motor milestones are not achieved or quickly
lost. Respiratory infections frequently occur, and cardio-respiratory failure is the
main cause of death. Patients usually die within the first year of life at a median
age of 6.0 to 8.7 months.*>*3

Atypical infantile Pompe disease

Closely related to the classic-infantile form of Pompe disease is a group of “atypical”
infantile patients. These patients have a similar clinical presentation as those with
classic-infantile Pompe disease, but usually present a few months later (mean age
at presentation 4.842.9 months).?® Their cardiac hypertrophy is less severe, and
they show a more slowly progressive disease course. They survive well beyond the
first year of life, as long as they have assisted ventilation and nutritional support
(ages at time of description ranged from 1.5 to 13 years of age, n=9). Main cause of

death in these patients is respiratory insufficiency.?**?

Patients with attenuated forms of Pompe disease

Children and adults with later onset and less progressive forms of Pompe disease
represent the majority of patients under care. They are variably referred to as
patients with childhood, juvenile, adult or late-onset forms of Pompe disease.*?
The presentation and disease course varies widely between patients®!114-2234 gnd

sometimes varies even within families.®
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Several studies were undertaken to delineate the natural history of these forms of
Pompe disease!®14223% gnd showed that the clinical spectrum was much broader
than initially recognized. Onset of symptoms can present at any age, ranging from
infancy to late adulthood. First symptoms are most often mobility problems caused
by limb-girdle muscle weakness, such as difficulties in climbing stairs, rising from a
chair, rising from supine position, walking, running, or playing sports. Fatigue,#3%37
myalgia®® and less familiar features such as ptosis,®3%** bulbar weakness&3944-46
and scapular winging>!#4¢ have also been reported. Respiratory muscle weakness
has been found in the majority of Pompe patients. Respiratory insufficiency may
present at any age, even when patients have mild muscular problems?®1%47-52 gnd
is the main cause of death.!** Some recent publications indicate that glycogen
accumulation in vascular smooth muscle cells can cause dilatative arteriopathy
leading to cerebral or thoracic aneuryms that can become another life-threatening
complication of Pompe disease,!#53¢3

Cardiac hypertrophy or conduction problems are rarely found in adult patients,®*%°
although a post-mortem investigation in such a case did reveal glycogen
accumulation in cardiomyocytes®® It has been speculated that this glycogen
accumulation may lead to conduction disorders such as Wolff-Parkinson-White
syndrome. 354

In general, the muscle weakness in patients with non-classic forms of Pompe disease
progresses slowly and the rate of disease progression varies widely,1#16:1822325167
Hagemans showed that approximately 50% of patients have become wheelchair
bound or ventilator dependent within 10 to 15 years after diagnosis.®? In her study,
the median survival after diagnosis was 27 years % and the disease severity seemed
to be related to the disease duration and not to age. Exception to this was a subset
of patients under the age of 15 years who showed an extremely rapid disease

course.?? Close follow-up and timely intervention is necessary for these patients.

Pathology

Pompe disease is caused by acid alpha-glucosidase deficiency, an enzyme that
catalyzes the hydrolysis of the glycogen that is stored within lysosomes. Partial or
total deficiency leads to the accumulation of lysosomal glycogen in all cells of the

body, but the pathological changes are most notable in skeletal muscle (Figure 2).1
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Figure 2. Longitudinal sections of skeletal muscle were stained with Periodic Acid-Schiff
(PAS). Panel A shows a muscle biopsy of a patient with Pompe disease which contains
massive glycogen storage, vacuolar myopathy and myofibrillar loss. Panel B shows a muscle
biopsy of a healthy control.

Little is known about the exact mechanism through which glycogen accumulation
in lysosomes leads to muscle weakness and destruction of skeletal muscle. The
process has been extensively studied in both mice and humans.®*7¢ It appeared that
large clusters of enlarged, glycogen-filled, lysosomes obstruct the longitudinal force
transmission of muscle fibers leading to muscle weakness,”’” and that additional
formation of centrally localized autophagic vacuoles contributes substantially to
the cellular damage.”®’® Continuous accumulation of glycogen may even cause
rupture of the lysosomal membrane whereby autolytic enzymes are released into
the cytoplasm.®®

In recent studies in Pompe knock-out (KO) mice, the secondary pathogenic
mechanism involving the autophagic pathway was demonstrated.”®® Autophagy
is a process involving the lysosomal degradation of the cell’s own organelles and
proteins. Autophagosomes sequester part of the cytoplasm and organelles. They
fuse with endosomes (the so-called amphisomes) and lysosomes after which their
content is degraded.®84 Fukuda et al. described abnormal vesicular trafficking along

both the endocytic and the authophagic pathways resulting in expansion of the
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endosomal-autophagosomal compartments and defective lysosomal acidification
in a Pompe KO mouse model.®!

The resulting massive accumulation of autophagic debris not only significantly
attributes to the muscle damage, but may also pose a serious problem for the
delivery of exogenous enzymes to lysosomes, the principle mechanism of enzyme
replacement therapy.

Two studies performed in patients with Pompe disease showed that the authophagic
process was equally disturbed as in mice.?#¢ But specific involvement of type 2
fibers, as was seen in KO mice, was less evident.®82¢ A recent study showed that
both views on the pathogenesis of muscle damage may apply: in untreated classic-
infantile Pompe disease lysosomal rupture seems to be the predominant cause of
muscle damage while accumulation of autophagic material seems to be the major
cause of muscle damage in untreated adults.®”

It is still unknown what triggers the extensive autophagic build-up. Some authors
have suggested that oxidative stress, hypoglycaemia, or the generation of substrates
for cellular remodelling during muscle differentiation may induce authophagy . As
for now, these are just hypotheses, but it is obvious that the acid alpha-glucosidase
deficiency and the ensuing lysosomal glycogen storage are at the beginning of the

pathological process.

Genetic heterogeneity

Pompe disease is inherited as an autosomal recessive trait and is caused by
pathogenic mutations in the gene (OMIM 606800) that codes for lysosomal acid
alpha-glucosidase (GAA). The gene is localized on chromosome 17q25.2-25.3.8892 |t
contains 19 coding exons in 20 kb of genomic DNA. At present the Pompe Disease
Mutation Database, a database that collects all reported nucleotide variations in
the GAA gene (http://www.pompecenter.nl), is listing 372 published sequence
variations, of which 248 are proven pathogenic mutations.®?

The type of mutations and the combination of mutant alleles largely explain the
Pompe disease phenotype. Different mutations in the acid a-glucosidase gene lead
to different degrees of acid a-glucosidase deficiency, and consequently account for

different phenotypes. A combination of two mutations that completely eliminate
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enzyme activity are associated with the severe classic-infantile phenotype.®* This
phenotype is quite homogeneous. A combination of mutations that encodes
for residual enzyme activity is usually associated with later onset and slowly
progressive disease.

Although there seems to be a tendency of finding lower alpha-glucosidase activities
in more severely affected patients and higher levels of alpha-glucosidase activities
in later presenting cases, the correlation between enzyme activity and phenotype
is not strict in this group of patients.?*+1% The absence of a genotype-phenotype
correlation within groups of patients with identical genotypes and even within
families3>101-193 gyggests the involvement of secondary genetic or environmental
factors that modulate the phenotype.

While most pathogenic mutations are unique, a subset occurs at higher frequency
in certain ethnic groups. The most common mutation found in Caucasians is
€.-32-13T>G (also known as 1VS1). This mutation was found in more than 70% of
children and adults with first symptoms at a relatively late age.1%%1:3498102-104

Other more frequently found mutations are for example c.525delT, delexon 18
(c.2481+102_2646+31del), and c.925G->A among Caucasians;'%% the c.2560C->T
(p.R854X) mutation among Africans, African Americans and Brazilians of African
descent;” the ¢.1935 C->A (p.D645E) mutation among Asians;'%%1% the c.377G>A
mutation among Argentineans;!*® and the ¢.1905C->A, the c.-32-3C->A, and the

€.2560C->T mutations among Brazilians.!!

Diagnosis

Due to the rarity of Pompe disease and the fact that many signs and symptoms
are non-specific and can mimic other musculoskeletal disorders, diagnosing Pompe
disease can be challenging. Table 1 shows the differential diagnosis for both the
classic-infantile as well as the other phenotypes (adapted from!?). Now that
Pompe disease has become a treatable condition, timely diagnosis can improve
patients outcome. Diagnostic delays ranging from 5 to 30 years, as described in the

literature'*1%3* should therefore be avoided.
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Table 1. Differential diagnosis of Pompe disease

Classic infantile Pompe disease Non-Classic Pompe disease (milder phenotypes)

Spinal Muscular Atrophy type | (Werdnig Limb girdle muscular dystrophies (LGMD)
Hoffman disease)

Congenital Muscular dystrophy Duchenne and Becker Muscular Dystrophies

Glycogen storage diseases Ill (Cori or Forbes Spinal Muscular Atrophy type II, Ill and IV
disease) and IV (Anderson disease)

Mitochondrial/respiratory chain disorders Glycogen storage diseases type V (McArdle
disease) and VIl (Tauri disease)

Deficiencies in lipoprotein metabolism Myasthenia Gravis

Fatty acid oxygenation disorders (e.g. VLCADD) Scapuloperoneal syndromes

Danon disease Mitochondrial myopathies
Idiopathic hypertrophic cardiomyopathy Rigid spine syndrome
Peroxismal disorders Polymyositis/dermatomyositis
Myocarditis Danon disease

Congenital myopathy (e.g. Nemaline myopathy)
Hypothyreoidism

Endocardial fibroelastosis

Overall, patients suspected of having Pompe disease will first undergo a clinical
evaluation including physical examination, muscle strength tests, pulmonary
function tests (in sitting and supine position), ECG and echocardiogram, , EMG, and
chest x-ray and assessment of motor development in infants. Routine laboratory
measurements such as serum CK, ALT, AST and LDH can be elevated, but they have
limited diagnostic significance since normal values have been found in patients
diagnosed with Pompe disease.!>141852113114 A muyscle biopsy, often performed
early in the diagnostic work-up of patients with suspected myopathy, may show
characteristic vacuoles that contain glycogen and stain positive for PAS and acid
phosphatase.!

In classic-infantile Pompe disease, marked vacuolization is found in nearly all muscle
fibers. In patients with milder phenotypes, on average only 10-50% of the muscle
fibers reveal vacuolization.®® A study performed in 225 child and adult patients with

less progressive forms of Pompe disease showed that 20% of them had normal
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muscle glycogen content, and that 3% of the muscle biopsies showed no pathology
at all.** To avoid false-negative results, Pompe disease should be diagnosed by
demonstrating partial or complete deficiency of the lysosomal enzyme acid alpha-
glucosidase or by mutation analysis.1>116

Measurement of alpha-glucosidase activity can be performed in muscle, fibroblasts,
leukocytes, lymphocytes, amniotic cells, chorion villi or dried bloodspots. The assay
in cultured skin fibroblasts has long been and still is the gold standard.!'” Using the
artificial substrate 4-methylumbelliferyl-alpha-D-glucopyranoside (4-MUGluc), the
assay is very sensitive at detecting low levels (2% of average normal) of alpha-
glucosidase activity and is able to distinguish classic-infantile patients from patients
with milder forms of the disease.**” Performing a skin biopsy, on the other hand,
is by some clinicians considered invasive and the assay takes several weeks, which
significantly delays diagnosis. This is one of the reasons why the focus has shifted
towards using blood samples for diagnosing the disease. While the measurement
of acid alpha-glucosidase in leukocytes or lymphocytes used to be unreliable,1811°
Pompe disease can nowadays be diagnosed in whole-blood samples, given that
acarbose is added to the assay to inhibit the activity of interfering neutral alpha-
glucosidases. The use of glycogen over 4-MUGluc as substrate is preferred since it
provides a more precise discrimination between patients and healthy subjects.'?
Recently, techniques have been developed that can measure alpha-glucosidase
activity in dried blood spots using tandem mass spectrometry or fluorimetric
procedures. The advantage of dried blood spots is that they can easily be collected
and are therefore not only suitable for newborn screening but also provide a
rapid first-line test to diagnose Pompe disease.'?!'? |t is generally agreed that the
outcome of a dried blood spot test needs to be confirmed by more conventional

types of testing.''>12¢

Epidemiology

Pompe disease is a rare condition with an estimated frequency of one per
14.000 to one per 300.000 newborns depending on the geographic region that is
studied.'”1?7130 The prevalence of Pompe disease varies between different clinical

forms and between ethnic groups.

19




Chapter 1

In the Netherlands, Pompe disease is the most common single lysosomal storage
disorder with a birth prevalence of 2-3 per 100.000 live births.'3*132 This is different
than in other countries. For example, Gaucher disease is the most common single
lysosomal storage disorder in Australia (1.8 per 100,000 births),**° whereas GM?2
Gangliosidosis variant B is the most prevalent lysosmal storage disorder in Portugal
(3.1 per 100,000 births).13

Although prevalence rates of individual LSDs show these diseases to be rare, taken
as a group they are quite common with a birth prevalence ranging from one per
4000 to one per 9000 live births, 130132133

TREATMENT OF PATIENTS WITH POMPE DISEASE

In 2006 both the European Medicines Agency (EMA) and the U.S. Food and
Drug Administration (FDA) granted marketing approval for the drug Myozyme
(alglucosidase alfa).3*%> With this approval a major milestone was reached and
alglucosidase alfa became the first treatment ever for Pompe disease. In fact, it is
the first therapy ever approved for an inherited muscle disorder.’®

In healthy human beings, endogenous alpha-glucosidase is synthesized in the
rough endoplasmic reticulum (RER) and, after passing through the RER, enters the
Golgi complex at the cis-side, binds to the mannose-6-phosphate (M6P) receptor
at the trans-side and continues its way to the lysosomes.?3”'3 The M6P receptors
deliver the enzyme to the late endosomes after which the enzyme ends up in
the lysosomes. The M6P receptor recycles back to the trans-Golgi network.®®
Approximately 90% of the M6P receptors are located in the Golgi apparatus or
in the endosomal system.'® The remaining percentage is present at the plasma
membrane, where they can bind extracellular enzymes and mediate their transport
to the lysosomes. Endocytosis of extracellular enzyme at the plasma membrane is
the rationale behind enzyme replacement therapy with alglucosidase alfa.***

In 1964, Christian de Duve suggested that lysosomal storage disorders could be
treated by replacing the defective enzyme: “In our pathogenic speculations and

in our therapeutic attempts, it may be well to keep in mind that any substance
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which is taken up intracellularly in an endocytotic process is likely to end up within
lysosomes. This obviously opens up many possibilities for interaction, including
replacement therapy”.}*? The first attempts with exogenous enzymes derived from
Aspergillis Niger,}*#1% followed by enzyme preparations from human placental®
were unsuccessful. It was not until Fratantoni and Neufeld’ succeeded in
correcting the enzyme defect of cultured fibroblasts from Mucopolysaccharidosis
patients via cross-correction that the importance of receptor mediated endocytosis
via the M6P receptor was discovered by Sly and colleagues.'#4°

These findings led to the initial studies in which M6P-containing acid alpha-
glucosidase was administered to cultured fibroblasts and skeletal muscle from
Pompe patients and knock out mice with Pompe disease.™*** After positive
results, two methods to produce recombinant acid alpha-glucosidase for the
treatment of Pompe disease were almost simultaneously developed. One involved
the production of enzyme in the milk of transgenic rabbits, in which genomic DNA
constructs were used;® !¢ the other involved Chinese hamster ovary cell lines
expressing high levels of recombinant enzyme, in which cDNA constructs were
used.’”158 Both enzyme preparations were tested in patients with Pompe disease.
After the initial studies the production of recombinant human alpha-glucosidase
from rabbit milk was discontinued as large-scale production appeared to be easier
in CHO cells.™®

Enzyme replacement therapy: outcome in classic-infantile Pompe disease

The first clinical trials studying the effect of enzyme replacement therapy started
in 1999.160-184 The initial studies mainly focused on the classic-infantile phenotype,
while only very few patients with less severe phenotypes participated in trials.
The experiences gathered in these initial studies are described in the following
paragraphs.

Nine infants with Pompe disease were included in the first three pilot studies. One
of these eight patients did not have classic-infantile Pompe disease but a variant
phenotype.'® They received recombinant alpha-glucosidase derived from the milk
of transgenic rabbits in a weekly dose of 20-40 mg/kg (15961163165 or CHO-cell
derived recombinant human alpha-glucosidase initially 5 mg/kg twice weekly, later
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10 mg/kg 2-5 times a week.!%®1% The children varied in age from 2.5 to 8 months at
start of treatment. Study duration varied between 1.4 to 3 years. All eight patients
with classic-infantile Pompe disease survived beyond the first year of life although
five with ventilator support. One patient died at the age of four years. A significant
improvement in cardiac dimension and function, obtained in all patients, almost
certainly contributed to their prolonged survival. Muscle strength and motor
function showed a more variable response to treatment; 2/8 patients learned to
walk, and 2/8 patients were able to sit without support. The other patients (4/8)
showed minor or no motor gains. The most impressive improvements were found
in those patients that were least affected at baseline.

It was not until 2006 and 2007 that the results of two open label, multicenter,
multinational studies were published.?*!° The first study included eight infants
with Pompe disease. Some of them had classic-infantile Pompe disease and others
were atypical variants. The second study included 18 patients and all of them
had the classic-infantile phenotype. Their age at baseline ranged from 1 to 14.6
months. Patients received weekly infusions of 10 mg/kg to 20 mg/kg or 40 mg/kg
recombinant human alpha-glucosidase from CHO cells. The results of these studies
corroborated the initial results. All but one patient showed improvements in
cardiac size. Although most patients survived beyond the first year of life, 12 of 26
patients died at a median age of 31 months (range 14.7 to 44 months), the main
cause of death being respiratory insufficiency caused by severe respiratory tract
infections. Almost 60% of the patients was ventilator-free at study end, while 62%
of the patients could sit or even walk.

Infusion associated reactions (IARs) occurred in all clinical trials. Most frequently
reported IARs were rashes, urticaria, fever, tachycardia, malaise, blood pressure
changes, or bronchospasm. In general, IARs were well managed by slowing
or temporarily stopping the infusions, or by administering antihistaminica
or corticosteroids. None of the patients discontinued treatment because of
unmanageable IARs.

Although these studies showed significant improvements in survival and cardiac
size and function, respiratory and motor results were more variable. At present,

the causes of variable response remain largely unknown. Possible factors suggested
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are patients’ condition at baseline, extent of disease-related muscle pathology, and
inhibitory antibody formation which may hamper the uptake of the administered

enzyme into the muscle cells.

Enzyme replacement therapy: outcome in children and adults

At the time that the studies presented in this thesis started, very little was known
about the effect of ERT in children and adults. One pilot study in two juvenile
patients (11 and 16 years old at baseline, respectively) and one adult patient (32
years old at baseline), who had received therapy with enzyme from rabbit milk
for three years (initially 10 mg/kg/week and after 12 weeks 20 mg/kg/week),
had demonstrated positive results.'®* All three patients were wheelchair bound
at baseline. The youngest patient had normal respiratory function, but the older
two were invasively ventilated. The oldest patient was severely affected. He was
bedridden for most of the day. After three years of treatment, the pulmonary
function had stabilized in all patients. The patients were less fatigued, which enabled
the oldest patient to sit in a wheelchair for most of the day and to participate in
family activities. The youngest patient showed the most impressive response. He
gained sufficient muscle strength to abandon his wheelchair and to walk after 72
weeks of treatment.

An observational study in three patients, who started enzyme replacement therapy
between the ages of 2.8 and 19.9 years,'’* and two case studies, reporting about
five adult patients (age at baseline 39-68 years),'’%”® supported these results and
showed that ERT can lead to improvements of motor and respiratory functions,
especially when treatment is started before significant muscle damage has

occurred.”?

23




Chapter 1

SCOPE AND AIMS OF THIS THESIS

The pilot studies probing the effect of enzyme replacement therapy in classic-
infantile Pompe disease had provided a first insight in the possible benefits of
this type of treatment. Although more than a decade has passed since those first
studies were started, long-term treatment effects are still largely unknown. Now
that these patients survive far beyond their first year of life, the most important
question is whether the striking regression of cardiac hypertrophy, closely related
to decreased morbidity and mortality, sustains. New aspects of the disease may
emerge as children survive and grow older.

Most information on presenting symptoms and disease progression in patients
with Pompe disease comes from studies that were predominantly performed in
adult patients. In retrospect approximately 58% of these adult patients remember
that they already had mild muscular problems during childhood,® but specific
information on disease presentation in children with milder forms of the disease
is scarce. In addition, long-term effects of ERT in this group of patients are largely
unknown.

The studies described in this thesis had the following objectives: 1) delineate
the clinical spectrum of Pompe disease in children with more slowly progressive
phenotypes of Pompe disease; 2) evaluate the effect of enzyme-replacement
therapy in these children; 3) investigate the long-term outcome of patients with
classic-infantile Pompe disease treated with ERT and compare it with the clinical
phenotype found in children with less progressive forms; 4) compose a new
measurement scale to better assess the motor function of children with Pompe
disease.

Most patients described in this thesis participated in a nationwide prospective
observational study evaluating the safety and efficacy of ERT in children and adults
with Pompe disease. All patients were monitored at regular intervals at the Center
for Lysosomal and Metabolic Diseases at the Erasmus MC University Medical

Center.
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General introduction

Part | of this thesis focuses on the clinical characteristics and natural course of
children with more slowly progressive phenotypes of Pompe disease. Chapter
2 provides clinical and genetic characteristics of children with more slowly
progressive phenotypes of Pompe disease. Chapter 3 describes the severity of
pulmonary involvement and the rate of its progression in children and adults with
Pompe disease. The presence and extent of cardiac involvement in children and

adults with the common c.-32-13T>G genotype is described in Chapter 4.

Part Il focuses on the effect of ERT in children and adults with Pompe disease and
includes the results of eight years of treatment in two children and one adult with
Pompe disease (Chapter 5) followed by the results of a three year open-label study
investigating the effect of treatment with alpha-glucosidase in five juvenile patients
(Chapter 6). Chapter 7 describes the results of the “LOTS” study: a randomized,
placebo-controlled multi-center trial in patients with late-onset forms of Pompe

disease including 90 patients aged 8 years and older.

Part Il focuses on classic-infantile Pompe disease. Chapter 8 is a case-report of
one of the first treated and one of the longest survivors of classic-infantile Pompe
disease. This patient is currently 15 years old and developed massive gingival
overgrowth at the age of 3 years. The results of long-term ERT on facial muscle
function, speech and swallowing are described in Chapter 9. The effect of ERT on

hearing in chapter 10, and on cardiac dimension and function in Chapter 11.

In part IV, which contains Chapter 12, the construction and validation of the
quick motor function test (QMFT) is reported: a functional motor scale specifically
designed for Pompe disease and used in clinical practice for monitoring disease
progression and evaluating therapeutic efficacy.

At the end, the results of the studies presented in this thesis are discussed in

Chapter 13 and future perspectives are given.
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ABSTRACT

Introduction

Pompe disease is a lysosomal storage disorder that presents as a progressive
myopathy. The aim of the present study was to gain knowledge on the presentation
of Pompe disease in children with a non-classic presentation of the disease and to
describe their specific clinical characteristics and genotypes.

Methods

We conducted a single-center, cross-sectional study. All patients younger than 18
years of age that were referred to our clinic between 1975-2012 were included in
this study. Patients were excluded if they were diagnosed with the classic-infantile
form of Pompe disease. Information considering first symptoms, diagnosis and
the use of a wheelchair or respirator was collected. Muscle strength, pulmonary
function, and cardiac function were assessed and mutation analyses and blood
tests including CK, LDH, and transaminases, were performed.

Results

31 juvenile Pompe patients participated in this cross sectional study. First symptoms
presented at a median age of 2.3 years and diagnosis was made at a median age of
4 years. Most common first problems were related to delayed motor development
and limb-girdle weakness. Most prominent muscle weakness was found in the
neck flexors, neck extensors and flexors of the hip. Muscle strength, measured
by HHD, ranged from 0.3% to 91% of normal. Pulmonary function was decreased
in 50% of the patients in a sitting position and in 59% of the patients in supine
position. 68% of the patients carried the c.-32-13T>G mutation. These patients
were predominantly male.

Conclusion

Our study demonstrates that disease severity varies in childhood but that a
substantial part of patients is already severely affected at young age. Disease
presentation, distribution of muscle weakness and occurrence of specific symptoms
like ptosis can be different from adult patients. Patients with other mutations than
the c.32-13T>G mutation were in general more severely affected. Patients with the

€.-32-13T>G mutation/null genotype were predominantly male.
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INTRODUCTION

Pompe disease, also known as acid maltase deficiency or glycogen storage disease
type 2 (OMIM 232300), is a lysosomal storage disorder that presents as a progressive
myopathy. Deficiency of the enzyme acid a-glucosidase (EC 3.2.1.20) causes
glycogen to accumulate in lysosomes, and ultimately leads to cell destruction.'?
In 1932, J.C. Pompe first described the classic-infantile form of the disease.* These
patients present with generalized and severe muscle weakness, hypertrophic
cardiomyopathy, and usually die within their first year of life.>¢ Later, other forms
were reported and Pompe disease appeared to be a continuous spectrum with the
severe classic-infantile form at one end, and milder presentations, also referred
to as childhood, juvenile, adult, and late-onset phenotypes, at the other end. The
latter patients usually do not have hypertrophic cardiomyopathy and present with
a more slowly progressive limb-girdle muscle weakness, which eventually results in
wheelchair dependency, respirator need, and shortened life expectance.?”’
Numerous publications can be found in literature describing the natural history of
the disease in classic-infantile and adult Pompe patients.>#%121¢ Byt information
on the disease presentation of children not fulfilling the criteria of classic-infantile
Pompe disease is scarce.®

The aim of the present study was to gain knowledge on the presentation of Pompe
disease in children and to describe their specific clinical characteristics. For this
purpose we collected information on disease symptoms, distribution and severity
of muscle weakness, involvement of respiratory function, cardiac structure and
function, physical limitations, and genotypes of 31 children diagnosed with a
non-classic presentation of Pompe disease. We compared our findings to Pompe

patients presenting at adult age.
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METHODS

Subjects

All patients younger than 18 years of age that were diagnosed or referred to our
center between 1975 and 2010, either coming from the Netherlands or abroad,
were included in this observational study. Patients were diagnosed by measurement
of a-glucosidase activity in cultured fibroblasts, leukocytes or muscle biopsy
specimens, and mutation analysis. Patients were excluded if they were diagnosed
with classic-infantile Pompe disease.

Thirty-one patients participated in this cross-sectional study. Patients were
evaluated as part of an Institutional Review Board approved study (n=28) or as part
of routine clinical evaluation (n=3). The study was approved by the Institutional
review Board. A medical history was obtained at first visit. For each patient,
the following data were collected: gender, current age, geographic origin, first
symptoms, age at first symptoms, age at diagnosis, wheelchair use, respiratory
support, specific clinical findings (e.g. facial muscle weakness, bulbar muscle
weakness, scoliosis, contractures, muscle atrophy), functional impairments, and
weight and height. Low body weight was defined as weight corrected for height
that was below -2SD for peers. Blood tests included measurement of creatine
kinase (CK), aspartate aminotransferase (AST), alanine aminotransferase (ALT),
and lactate dehydrogenase (LDH). All patients underwent clinical and neurological

examination, performed by a paediatrician, and child neurologist.

Muscle strength testing

Muscle strength was assessed by both manual muscle strength testing (MMT)
(n=24) and hand held dynamometry (HHD) (n=24).1%2° The following muscle groups
were tested with HHD: neck flexors, shoulder abductors, elbow flexors, wrist
extensors, hip flexors, hip abductors, knee extensors, knee flexors, foot dorsal
flexors. HHD scores (Newton) were expressed as percentages of the reference
values (50" percentile) for healthy peers.?® All percentages were cumulated and
divided by 9 to obtain a total HHD sum score expressed in percentage of normal
(ranging from 0 to 100%).
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MMT was performed according to the Medical Research Council guidelines® for
the following muscle groups: neck flexors, neck extensors, deltoid muscles, biceps,
triceps, wrist extensors, hip flexors, hip extensors, hip abductors, hip adductors,

knee flexors, knee extensors, and foot dorsal and plantar flexors.

Pulmonary function testing

Pulmonary function testing was performed by spirometry in both upright
seated (n=28), and supine position (n=23) according to ATS/ERS standards.? The
maximum value of three reproducible tests was used for the analysis. The results
were expressed as percentage predicted values.” Three patients were too young
to reliably perform spirometry. Pulmonary function of five other patients was
compromised to the extent that they were unable to endure pulmonary function

testing in supine position.

Cardiac assessment

Conventional Doppler, and 2D M-mode tracings were performed in all patients
according to the recommendations of the American Society of Echocardiography
by an experienced sonographer (JP) (Sonos 5500 ultrasound system, Philips, Best,
the Netherlands). In addition, standard 12 lead electrocardiograms were made and

analyzed by a paediatric cardiologist.

Enzymatic and molecular assays

The acid a-glucosidase activity was measured in leukocytes® and cultured skin
fibroblasts?® according to standard procedures, and was expressed in nmol/hr/mg
protein. The protein concentrations of cellhomogenates was measured as previously
described.?

Genomic DNA was isolated from blood or cultured fibroblasts and mutation
analysis was performed according to standard procedures.>? The mutations were
rated by severity using the format of Kroos et al.?’ To determine the severity of the
various mutations, this format takes into account both the quantity and quality
of acid a-glucosidase (GAA) expression, and the functional effect of the mutation

on enzyme activity.?® For splice-site mutations, the effect of the mutations was
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examined by real-time PCR, to determine the quality and efficiency of mutant GAA-
mRNA.?

Statistics

Demographic and clinical data were summarized using descriptive statistics
including mean, SD, median, ranges, and percentages. Differences between groups
were analyzed using a Mann-Whitney test because the data were not normally
distributed. P-values <0.05 were considered statistically significant. All statistical

analyses were performed using SPSS for Windows version 17.0.

RESULTS

Symptom onset and diagnosis

Thirty-one children participated in this cross-sectional study. Table 1 shows the
patient characteristics and genotype. Twenty-two patients were male, nine were
female. Seventeen patients were from the Netherlands, 4 from Belgium, 5 from
Germany, 3 from Greece, 1 from Great Britain, and 1 from the United States.

The median age at which patients experienced their first symptom was 2.3 years.
Median age of the patients at time of diagnosis was 4.0 years. The most common
presenting symptoms were delayed motor development (nine patients), and
symptoms related to limb-girdle weakness like frequent falling, difficulty climbing
stairs, and problems with running and performing sports. Fatigue, persistent
diarrhoea and problems in raising the head in supine position were other first
complaints. Median time span between symptom onset and diagnosis was 1.0 year
(range 0 to 5.8 years).

Ten patients were diagnosed presymptomatically. In six of them the diagnosis
was made after elevated CK and transaminase serum levels were found during a
hospital admission for unrelated matters. The other four patients were diagnosed
because they had a sibling with Pompe disease. Five of these ten patients developed
symptoms between diagnosis and first examination in our hospital (see for details
Table 1).
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Clinical findings

All 31 patients were evaluated in our hospital. The age at time of examination
ranged from 0.1 to 17.3 years. Table 2 shows the findings on clinical examination.
Low or absent reflexes, a myopathic face, and scoliosis were found in over 50
percent of the 31 patients. Facial muscle weakness was generally mild and did not
lead to speech difficulties or dysphagia. One exception was a patient (patient 23 in
Table 1) who was fed by percutaneous endoscopic gastrostomy catheter and had
severe dysarthria. This patient was wheelchair bound and ventilator dependent
since the age of 6 years.

Flexion contractures were present in 19% of the patients and were most frequently
found in the ankles. Three patients also had contractures of the hips and knees.
Several patients underwent corrective surgery for either contractures (n=4,
patients 1, 6, 10, 29 in Table 1), or scoliosis (n=4, patients 7, 14, 23, 30 in Table 1).
Noteworthy, thirty percent of the patients were underweight; their weight
corrected for height was: -4.3 to -2.0 standard deviations below healthy peers.

In all patients, a standardized neurological examination was performed. This
examination revealed physical limitations in 70% of the patients. In more than 50%
of the children difficulties were observed with standing up from supine position
and flexing the neck in supine position (Table 2). Other important limitations were
problems with standing up from sitting on heels, climbing stairs, and rising from a

chair.

Distribution of muscle weakness

Figure 1 shows the severity of muscle weakness and the frequency in which the
various muscle groups were affected. The most prominent weakness was found
in the neck flexors, which were affected in 75% of the patients. Other muscles
that were frequently affected were the gluteus maximus (extension of the hip), the
ileopsoas (flexion of the hip), and the deltoid muscle. The triceps, wrist extensors,
and foot plantar flexors were relatively spared. In patients with far advanced

disease, all muscles were affected.
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Involved in:
B 50-80% of patients
[ 20-50% of patients
I < 20% of patients

B Severely affected
B Moderately affected
[0 Mildly affected

1 Minimally affected

Figure 1. (A) the frequency in which the various muscles were affected. (B) the severity of
involvement of the separate muscle groups.
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All patients, including those who had no symptoms at the time of examination had
a lower total HHD sum score than age related peers. Total muscle strength ranged
from 0.3-91 % of normal (median 55.4%). Four patients were wheelchair bound at

the time of investigation; four others became wheelchair dependent in the period

thereafter. At the moment these eight patients became wheelchair dependent
their age ranged from 4 to 22 years (n=8, median 7.5 years). The median time
period between first symptoms and loss of ambulation was 4.5 years (range 3 to

15 years, n=8).

Table 2. Results of clinical and neurological examination. Deep tendon reflexes that were
tested were the biceps reflex, the triceps reflex, the knee jerk reflex, and the ankle jerk reflex

Number of patients (Total 31)

Clinical findings

Low/absent reflexes 22 (71%)
Weakness facial muscles 16 (52%)
Scoliosis 16 (52%)
Muscle tone decreased 13 (42%)
Scapular winging 12 (39%)
Muscle atrophy 11 (35%)
Scapular winging 11 (35%)
Contractures 9 (29%)

Low body weight 9 (29%)

Ptosis 0 (0%)

Physical limitations

Standing up from supine position 18 (58%)
Flexing the neck in supine position 17 (55%)
Standing up from sitting on heels 13 (42%)
Climbing stairs 13 (42%)
Rising from a chair 10 (32%)
Erecting back in prone position 8 (26%)
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Pulmonary function testing

In sitting position, 14 of the 29 patients (50%) had a decreased pulmonary function
(<80% according to the ATS guidelines). Seventeen of the 29 patients (59%)
had a decreased Forced Vital Capacity (FVC) in supine position; in five of these
patients pulmonary function was too compromised to obtain a reliable value.
FEV1/VC measurements were normal in all patients, indicating a restrictive pattern
of pulmonary dysfunction.

The median difference in FVC between sitting and supine position (postural drop)
was -6.0% (range 0 to -20%). Eight patients had a postural drop between -10 and
-20%. Five patients were ventilator dependent at the time of first evaluation, and
one patient became ventilator dependent during follow-up (see Table 1 for details);
Two additional patients died from respiratory failure at the ages of 6 and 10 years,
when it was decided not to start respiratory support. The median time period from
first symptoms to any kind of ventilation or death by respiratory insufficiency was
5.5 years (range 2 to 11 years, n=8). The median age at start of ventilation or death

was 9 years (range 5 to 16 years, n=8).

Cardiac evaluation

Six patients showed abnormalities on cardiac evaluation. In three patients the
findings were considered to be related to Pompe disease. Two patients had a
hypertrophic cardiomyopathy without outflow tract obstruction (patients 22, 23 in
Table 1) In one patient, this was first noticed at the age of one year, and in the other
patient at the age of two years. Their ECGs showed high amplitude QRS complexes
and repolarisation disturbances consistent with their hypertrophic cardiomyopathy.
In addition, their ECGs and that of a third patient (patient 3 in Table 1) showed a
short PR interval and a delta wave suggestive for Wolff-Parkinson-White syndrome.
Minor abnormalities of the cardiac valves were noted in three patients. The
abnormalities included a quadricuspid aortic valve, a minor deformity of the
tricuspid valve leading to minimal tricuspid regurgitation, and minimal insufficiency
of both atrioventricular valves. These abnormalities were all considered to be

accidental findings and not related to Pompe disease.
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Enzymatic and molecular diagnosis

Table 1 shows the genotype of the patients and the severity of their mutations.
All mutations were previously described in the literature (www.pompecenter.nl).
Twenty-three patients (74%) carried a potentially mild mutation on one GAA allele
and a severe mutation on the other. Twenty-one of these patients (68%) carried
the common c.-32-13T>G splice site mutation. Since none of the mutations in the
other 8 patients was considered potentially mild, the genotype of these patients

was considered more severe.

Laboratory parameters

At first visit 29 of 31 patients had elevated CK levels (median 979 U/I, range 358
to 3078 U/I; normal values below 230 U/I)). Both patients, who had normal CK
levels, were symptom free at the time of investigation. One of them was diagnosed
because of an accidental finding of elevated transaminase levels during admission
for a gastroenteritis; the other was diagnosed because of a sibling with Pompe
disease.

Noteworthy, in all patients, including the symptom free patients, the transaminase
levels were elevated; AST ranged from 82 to 972 U/I (normal values below 51 E/I),
ALT from 71-487 U/| (normal values below 39 U/I). LDH levels were elevated in 22
of 30 patients and ranged from 797 to 2828 U/I (normal values below 765 U/I).

Comparison of patients with the c.-32-13T>G/null genotype (IVS1)and those with
other genotypes (non-1VS1)

Comparison of the twenty-one patients with the c.-32-13T>G/null genotype to the
ten patients with other mutations showed no significant differences in age at first
symptoms and age at diagnosis (Table 3). The median age of the patients at the time
they were examined was similar. It was noted that patients in the non-IVS1 group
had lower muscle strength and pulmonary function in sitting and supine position
than those in the IVS1 group. This was in line with the observation that more
non-IVS1 than IVS1 patients became wheelchair bound and ventilator dependent
at a relatively young age. In addition, the two patients with a hypertrophic

cardiomyopathy belonged to the non-IVS1 group. Another interesting observation
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was that eighteen of the twenty-one (86%) patients with the c.-32-13T>G/null
genotype were male, while this was 40% in the non-1VS1 group.

Table 3. Comparison of the patients with the c.-32-13T>G and patients with other mutations
at the time of examination.

All c.-32-13T>G other mutations P-value
Patients 31 21 10 -
M/F 22/9 18/3 4/6 -
Age first symptom (median) 2.5(0.5-13) 1.3 (0.5-13) 4.0 (0.5-10) 0.4
Age diagnosis (median) 4.0 (0-16) 3.0 (0-16) 4.5 (1-15) 0.3
Age at examination (median) 10.2 (0.1-17) 10.8(0.1-17.3 9.6(1.3-16.3) 0.3
Disease duration! (median) 3.9 (0-12.7) 3.2(0-12.7) 4.0(0.8-11.5) 0.7
Diagnosed pre-symptom 10 9 1 -
Still symptom free 5 4 1 -
HHD sumscore 52 58.3 34.1 0.004
FVC pred sitting (%) 78 86.8 61.4 0.08
FVC pred supine (%) 72 80.6 57.5 0.04

1 Disease duration is calculated as time between the presentation of first symptoms and first examination
in our hospital.

DISCUSSION

Information on the clinical presentation of children with non-classic forms of Pompe
disease is scarce. In the present study we evaluated the clinical and molecular
characteristics of 31 children. The results emphasize that the disease may already
cause a significant burden of disease in childhood and add to the understanding
that Pompe disease presents as a broad spectrum of clinical phenotypes.

The presentation of Pompe disease can be variable. In our patient population,
children typically presented with weakness of the limb-girdle muscles and/or

delayed motor development; in all symptomatic patients CK levels were elevated,
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approximately half of the children had a compromised pulmonary function, and
two patients with a very rapid deterioration of muscle function had a hypertrophic
cardiomyopathy. Nevertheless, Pompe disease should also be considered in
children with less familiar findings such as disproportional weakness of the neck
flexors, unexplained fatigue, persistent diarrhoea, and an (isolated) elevation
of transaminase levels. An elevation of ALT and AST was found in all patients
participating in the present study, whether they showed symptoms of the disease
or not.

Although respiratory problems did not precede proximal muscle weakness in any
of the patients, pulmonary function was already significantly reduced in more
than half. In 33% of the patients respiratory insufficiency led to the requirement
of ventilator support or death during childhood. This confirms that pulmonary
function should be closely monitored in children, as was previously reported for
adult patients.’*?® The fact that eight patients had postural drops suggestive for
diaphragm weakness, a well-known feature in Pompe disease and the main cause of
nightly hypoventilation,?®? stresses the importance to perform pulmonary function
tests in both sitting and supine position. Following a recent study in children with
neuromuscular disorders that found a poor correlation between daytime lung
function and nocturnal hypoxemia, we suggest the use of systematic sleep studies
as an additional tool to identify children at risk for nocturnal hypoventilation.*
Seventy-one percent of the 31 patients that we investigated were male, which
interestingly included 18 of the 21 patients (86%) with the common c¢.-32-13T>G/
null genotype compared to only 4 of the 10 patients (40%) with other mutations.
Two studies that focused on disease variation among children and adult patients
with the c.-32-13T>G/null genotype, found an equal male to female distribution
(55% and 58% males respectively). In both studies, however, no attention was given
to a potential difference in age of onset between male and female patients.'>! Our
study shows that such a gender difference exists. Earlier we also found a male
predominance (67%) in patients under 18 years when we analysed 225 published
case reports about children and adults with Pompe disease.'” Earlier studies also
showed that pulmonary function was more affected in men,** and that more men

than women had bulbar involvement and shoulder-girdle muscle weakness.** A

53




Chapter 2

study comparing phenotypes in siblings with Pompe disease also confirmed that
males were more severely affected than females.®!

Since Pompe disease inherits as an autosomal recessive trait, there is no good
explanation why males with the same genotype would present at an earlier age
than females other than that secondary gender related factors might play a role in
the clinical expression of this autosomal recessive disease. Gender differences have
also been reported for other neuromuscular disorders like fascioscapulohumeral
muscular dystrophy and some subtypes of limb-girdle muscular dystrophy.323*
The only difference between men and women found so far was a better capacity
in muscle fiber atrophy regeneration in women.3* This may also apply for Pompe
disease. Although other causes, like differences in genetic and epigenetic factors
have been suggested, the exact mechanism remains elusive.

Our findings are fully in line with the broad spectrum of clinical phenotypes
associated with the c.-32-13T>G/null genotype.'>'* Comparison of these patients
with patients carrying other mutations showed a similar age of disease onset, age
at diagnosis and actual age. In both groups several patients became wheelchair
bound and/or ventilator dependent during childhood. Hence, it can be concluded
that significant morbidity at an early age can occur in patients carrying other
genotypes as well as in patients carrying the c.-32-13T>G/null genotype.

On a group level, patients in the non-IVS1 group seemed to be more severely
affected. This is illustrated by specific cases. Two patients in the non IVS1 group
had a hypertrophic cardiomyopathy. They became fully wheelchair bound at 4
and 6 years of age respectively. One died from respiratory failure at the age of
10 years, and the other patient became completely ventilator dependent when
she was 6 years old. These two patients express a phenotype that was earlier
called the “atypical infantile form” of Pompe disease by Slonim et al.'® Overall,
mutations identified in the non- IVS1 group were more severe (see Table 1 and
www.pompecenter.nl). Some of the genotypes have been described in literature.
For example patient 30 (Table 1) had genotype c.-32-3C>A in combination with
€.877G>A+c.271G>A. This genotype has been described before by Oba-Shinjo et al.
The patient in our study presented with first symptoms at the age of 10 years and

showed respiratory insufficiency leading to night-time ventilation at the age of 12

54



Childhood Pompe disease: clinical spectrum and genotype

year, while the patient from literature presented at the age of 7 years and died of
respiratory failure at the age of 15 years.?® Two case reports considering genotype
c.1634C>T in combination with ¢.2481+102_2646+31del as found in patient
25 were described before.!? One patient presented at the age of one, became
dependent on respiratory support at the age of 20 years, and wheelchair bound at
the age of 23 years. The other patient was diagnosed at the age of 16 years, began
to use a walking stick at the age of 19 years. Pulmonary function worsened severely
from age 17-19 years on and dropped to 26% of normal at the age of.> These case
reports show substantial similarities and both point to the fact that our patient,
who was only six years old at time of examination, awaits severe respiratory and
mobility problems at young age. This kind of information may become relevant
when it comes to decision making on when to start enzyme replacement therapy.
Comparing our results in children with those in adults, we find both similarities
as well as differences. The wide variation in disease presentation and disease
progression, as well as the involvement of both respiratory and proximal skeletal
muscles are similar in children and adults.®'2'>¢ The distribution of muscle
weakness also shows a limb-girdle pattern in both cases, but there are differences.
While the neck flexors are by far the most severely affected muscle group in
children this does not seem to be the case in adults.>*2 Although neck flexors were
shown to be affected in the majority (50-80%) of adult patients (n=94) t, muscle
strength of the neck flexors was only mildly reduced.?” Relative mild involvement
was also shown by a recent MRI study performed in 20 adult patients by Carlier et
al.® Another difference is the relative sparing of the quadriceps muscle in adult
patients.?”® In the current population of 31 children with Pompe disease, the
muscles of the thigh were more heterogeneously affected, and the quadriceps
muscle were not spared. Additionally, we did not find ptosis in any of our patients,
while this has recently been described to be present in 14.7 to 23% of adult Pompe
patients.?”:3%4% |t should be noted that ptosis was often found in an early stage of
the disease, even as a presenting symptom in adult Pompe patients. While van
der Beek et al found difficulties with speech, chewing or swallowing, suggestive
for bulbar weakness in 28% of patients, we found bulbar weakness in only one

patient. On the contrary, scoliosis was present in 52% of our patients, compared
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to only 21 to 23% of adult Pompe patients.?”*’ In several children the scoliosis was
so severe that it interfered with mobility or influenced respiratory function, four
patients needed surgical correction. A cross-sectional analysis of data from the
Pompe Registry, a large multinational observational program, found scoliosis to be
present in 57% of patients with disease onset in childhood.*

Some limitations of our study should be mentioned. A selection bias can be present
since our centre serves as an (inter)national referral centre for Pompe disease. This
probably has caused the referral of more severely affected patients. Nevertheless,
ten of the thirty-one patients were diagnosed pre-symptomatically, of which five are
still symptom-free. A second limitation was that the study was cross-sectional. The
approval of enzyme replacement therapy in 2006 interfered with the collection of
longitudinal follow-up data since all children that manifested significant symptoms
of the disease started to receive enzyme replacement therapy at some time during
follow-up.

In conclusion, several studies among adult Pompe patients reported the occurrence
of mild symptoms during childhood.®°%!! Qur study, on the contrary, demonstrates
that although the course of childhood Pompe disease varies widely, a substantial
proportion of patients manifests serious problems during their youth. We stress
that Pompe disease should also be considered in the differential diagnosis of
patients with less familiar signs such as disproportional weakness of the neck
flexors, unexplained fatigue, persistent diarrhoea, and an isolated elevation of
transaminase levels. Disease presentation, distribution of muscle weakness, and
the occurrence of specific symptoms such as bulbar muscle weakness or ptosis,
appear to be different from adult patients. Patients with other mutations than the
c.-32-13T>G mutation were in general more severely affected, which is in line with
more severe genotypes present in these patients. Children with a c.-32-13T>G/null

genotype presenting in childhood appeared to be predominantly males.
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Chapter 3

ABSTRACT

Respiratory insufficiency is a serious threat to patients with Pompe disease, a
neuromuscular disorder caused by lysosomal acid alpha-glucosidase deficiency.
Innovative therapeutic options which may stabilize pulmonary function have
recently become available. We therefore determined proportion and severity of
pulmonary involvement in patients with Pompe disease, the rate of progression of
pulmonary dysfunction, and predictive factors for poor respiratory outcome.

In a single-center, prospective, cohort study, we measured vital capacity (VC) in
sitting and supine positions, as well as maximum inspiratory (MIP) and expiratory
(MEP) mouth pressures, and end expiratory CO, in 17 children and 75 adults with
Pompe disease (mean age 42.7 years, range 5-76 years).

Seventy-four percent of all patients, including 53% of the children, had some
degree of respiratory dysfunction. Thirty-eight percent had obvious diaphragmatic
weakness. Males appeared to have more severe pulmonary involvement than
females: at a group level, their mean VC was significantly lower than that of females
(p<0.001), they used mechanical ventilation more often than females (p=0.042)
and the decline over the course of the disease was significantly different between
males and females (p=0.003). Apart from male gender, severe skeletal muscle
weakness and long disease duration were the most important predictors of poor
respiratory status. During follow-up (average 1.6 years, range 0.5-4.2 years), three
patients became ventilator dependent. Annually, there were average decreases in
VC in upright position of 0.9% points (p=0.09), VC in supine position of 1.2% points
(p=0.049), MIP of 3.2% points (p=0.018) and MEP of 3.8% points (p<0.01).

We conclude that pulmonary dysfunction in Pompe disease is much more common
than generally thought. Males, patients with severe muscle weakness, and those

with longer disease duration seem most at risk.

62



Pulmonary outcome in children and adults with Pompe disease

INTRODUCTION

Pompe disease is a rare inherited metabolic disorder'* caused by deficiency of the
lysosomal enzyme acid a-glucosidase. The spectrum of phenotypes is continuous,
but in clinical practice two subtypes can be recognized: 1) the classic infantile
phenotype, in which the disease manifests shortly after birth, leading to generalized
muscle weakness, cardiorespiratory failure and death within the first year of life;>®
and 2) a more slowly progressive phenotype predominantly affecting skeletal and
respiratory muscles, in which cardiac involvement is only sporadically present.”®
Symptoms in this latter group of patients can become manifest at any age, from
as early as the first year of life to as late as the sixth decade.*2 The course of the
disease can vary substantially between patients,®® and the severity of respiratory
involvement is not always related to the degree of skeletal-muscle weakness.**1>
Due to the disproportionate involvement of the diaphragm, respiratory
insufficiency is a serious threat to patients with Pompe disease;*'’ this is also seen
in several other neuromuscular disorders such as Duchenne muscular dystrophy
or facioscapulohumeral dystrophy. As the disease progresses, many patients
ultimately become dependent on mechanical ventilatory support, and respiratory
failure is a major cause of death.”!? However, most studies have investigated only
a small number of patients, or only a selected group; the actual percentage of
patients with respiratory dysfunction, who are thus at risk for developing respiratory
failure, is therefore not exactly known.***>17 Neither is it known which factors are
associated with poor pulmonary outcome.

In April 2010, a placebo controlled trial showed that pulmonary function in patients
older than eight years may be stabilized by treatment with recombinant human
a-glucosidase. Early identification of respiratory problems may thus be important
for the timely initiation not only of mechanical ventilation, but also of enzyme
therapy.181°

To establish the proportion of patients with pulmonary involvement, and also the
severity of pulmonary dysfunction and the rate of deterioration, we conducted a
prospective cohort study in 92 untreated children and adults with Pompe disease.

We also aimed to identify predictive factors for poor respiratory outcome.
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MATERIALS AND METHODS

Study population and study design

Ninety-two patients (17 children and 75 adults) were included in an ongoing
prospective cohort study on the natural course of Pompe disease. Participation
was open to all patients who did not have the classic infantile type of Pompe
disease. Diagnosis in all patients was confirmed through mutation analysis and by
measuring acid a-glucosidase deficiency in leukocytes, muscle tissue or fibroblasts.
All patients were examined at Erasmus MC University Medical Center between
August 2003 and August 2009. They were recruited either through neuromuscular
centers in the Netherlands and Belgium, or through the Dutch neuromuscular
patient organization, or were referred to our center of expertise by their
treating physicians. Throughout the study, none of the patients received enzyme
replacement therapy. The research protocol was approved by the Central
Committee on Research Involving Human Subjects in the Netherlands (CCMO). All

patients or their parents provided written informed consent.

Pulmonary function tests

Vital capacity (VC) and forced expiratory volume in one second (FEV,) were
measured using a Lilly type pneumograph (Viasys Healthcare, Wiirzburg, Germany)
according to ATS/ERS standards.?® Patients were tested in upright seated or supine
position while wearing a nose clip. Three repeated flow volume curves were made;
in case of a non-characteristic curve, an extra measurement was performed. The
best effort, determined as the measurement with the highest sum of VC and FEV,
was used in further analyses. Values were expressed as percentage of predicted
normal values (based on able-bodied persons of the same age, gender, and height)
or as z-scores, calculated as the difference between the observed and predicted
value divided by the standard deviation from the reference value. Z-scores <-1.64
(5" percentile of the reference population) were considered abnormally low.
Reference values were derived from published data.??? For vital capacity a further
subdivision was made to categorize the severity of lung function impairment: mild

(z-score -3 to -1.64), moderate (z-score -4 to -3) and severe (z-score <-4). A drop
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in percentage predicted VC upon changing posture from the upright to the supine
position of more than 25% was considered as diaphragmatic weakness.?*?
Maximum static inspiratory (MIP) and expiratory (MEP) pressures were recorded
using a differential pressure transducer (Viasys Healthcare, Wiirzburg, Germany)
according to ATS/ERS standards.?® Patients were comfortably seated, wearing a
nose clip. Pressures were measured against an obstructed mouthpiece with a small
leak to prevent glottic closure during the MIP maneuver and to reduce the use of
buccal muscles during the MEP maneuver. In addition, the patient held the cheeks
during the MEP maneuver. MIP was measured at residual volume after maximal
expiration and MEP at total lung capacity after maximal inspiration. Pressures had
to be maintained for at least one second. Maneuvers were repeated until three
reproducible measurements were recorded. At least 1 min was taken between
consecutive measurements. The highest value obtained was taken for analysis.
Reference values were taken from published data.?® MIP below the lower limit of
the normal predicted value was interpreted as diaphragmatic weakness.

The carbon dioxide fraction in the expired gas was measured with a capnograph
(ms-capno, Viasys Healthcare, Wirzburg, Germany) at maximum expiration (P

EECOZ)'

In the absence of ventilation irregularities, the P approximates the arterial
a,coz)‘ A daytime P

and chronic alveolar hypoventilation.?”

EE,CO2

carbon dioxide pressure (P over 6,0 kPa suggests hypercapnia

EE, CO2

Additional clinical information

Information was gathered on the following: 1) age at symptom onset, 2) age at
diagnosis, 3) disease duration since first symptoms, 4) height, 5) weight, 6) gender,
7) use of wheelchair or walking aids, 8) muscle strength, 9) use of ventilatory
support, 10) number of hours of ventilatory support per day, 11) presence of
sleep disorders, 12) presence of scoliosis and scoliosis surgery, 13) smoking habit,
14) concomitant diseases such as chronic obstructive pulmonary disease or asthma,
and 15) family history of pulmonary disease.

Muscle strength was graded through manual muscle testing using the Medical
Research Council (MRC) grading scale?® (range 0-5; all patients were assessed by

the same examiner (NvdB) without having access to the pulmonary function data).
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A muscle sumscore was calculated for the following muscle groups: neck extensors,
neck flexors and bilateral shoulder abductors, elbow flexors, elbow extensors, hip
flexors, hip abductors, knee flexors and knee extensors. This sumscore ranges from

0 (“total paralysis”) to 80 (“normal strength”).

Statistical analyses

Continuous variables are presented using median and range. For categorical
variables, percentages or frequencies are given. Pulmonary function testing
could not be performed in six patients who were ventilated 24 h a day through a
tracheostomy tube. In the statistical analyses these patients were considered to
have the most severely affected pulmonary function, and were artificially given a
VC of -8.5SD (just below the least observed value), since their omission might have
led to biased results.

Baseline differences between males and females were assessed using X? tests
(wheelchair use and ventilator use) or Mann-Whitney tests (age, disease duration,
mobility, age at first symptoms, age at diagnosis and MRC sumscore).

The relationships between disease duration, MRC sumscore, mobility, gender,
MIP, MEP and vital capacity were calculated using the Spearman’s rank correlation
coefficients (p).

Multiple linear regression analysis was used to further explore the relationship of
VC versus gender and disease duration, with adjustment for age, MRC sumscore
and mobility.

Longitudinal analysis of pulmonary function was performed using random
coefficient models for repeated measurements, allowing for irregularly measured
data. For subgroup analyses, patients were divided into groups on the basis of
disease duration (<5, 5 to 10, 10 to 15, or 215 years); mobility (no walking aids,
walking aids, partial wheelchair use, fully wheelchair dependent); vital capacity at
study entry (normal, mild to moderately reduced, severely reduced); and muscle
strength at baseline (severely affected, moderately affected, mildly affected).

All analyses were performed with SPSS for Windows (version 15, SPSS Inc.,
Chicago, IL) or SAS (version 9.1, SAS Institute Inc., Cary, NC). A p-value of <0.05 was
considered statistically significant.
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RESULTS

Baseline measurements

Clinical characteristics

The study population comprised 92 patients with Pompe disease: 17 children aged
between 5 and 17 years, and 75 adults. Fifty-four percent of the patients were
male. Disease duration at the time of the initial investigation ranged from 0 to
47 years. The median age at which patients had experienced their first symptoms
was 30 years (range 1 to 62 years). Seven patients (six children and one adult) had
been diagnosed within the first two years of life. None of these patients had a
hypertrophic cardiomyopathy, a typical feature of the classic infantile phenotype.
Sixty-nine adults and 10 children (86% of all patients) expressed the common
€.-32-13T>G (IVS1-13T>G) mutation combined with a second pathogenic mutation
on the other allele.

Twenty-one of the 75 adults (28%) and eight of the 17 children (47%) had a mild
scoliosis. One child had a severe scoliosis requiring surgery. Twenty-four of the 75
adults (32%) used mechanical ventilation either non-invasively (n=18) or invasively
(n=6; all males). Two of the 17 children (12%) used nocturnal non-invasive
ventilation (one boy, age 13 years, age at start of ventilation 13 years; one girl, age
9 years, age at start of ventilation 8 years). In one patient, respiratory insufficiency
had been the first symptom of Pompe disease. Six patients (four adults and two
children) who used ventilatory support were able to walk without needing walking

devices. Table 1 shows the clinical characteristics of the patient group.

Pulmonary function tests

Spirometry

In upright seated position, 45 of the 75 adults (60%) had a decreased VC. VC was
mildly decreased in 15, moderately decreased in 11 and severely decreased in 19
(including the six patients being ventilated through a tracheostomy tube). The
FEV1/VC ratio was >80% in all but one patient, indicating a restrictive nature of the
compromised pulmonary function. Of the 17 children, eight (47%) had a decreased

VC in sitting position. Vital capacity was mildly decreased in three, moderately
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decreased in one and severely decreased in four. The FEVl/VC ratio was >80% in
all children. The youngest patient in whom a diminished pulmonary function was
measured was seven years old. At a group level, mean VC was significantly lower
in the patients who had a scoliosis compared to those without a scoliosis (mean
z-score -3.1 (65.3% predicted) against mean z-score -1.7 (85.1% predicted), p=0.02).
Of the group of 92 patients, three had COPD (all adults), four had asthma (three
adults, one child), and none had first-degree relatives with pulmonary disease.
Twelve adult patients were current smokers, while 27 had smoked in the past.
Comparing distributions of VC between these subgroups of patients, no significant
differences were found.

Measured in supine position, VC was diminished in 59 adult patients (79%) and
in 10 children (59%). When patients moved from a sitting to supine position, VC
fell in 18 (20%) by more than 25% (so called “postural drop”), indicating possible
diaphragmatic weakness. Testing in the supine position was not attempted in
11 patients whose pulmonary function was already severely restricted in seated
position. Two patients whose VC was normal or mildly reduced when they were
seated nonetheless required ventilatory support when supine. Figure 1 shows
a) the VC in sitting and supine positions expressed as percentage of the predicted
value, and b) the magnitude of the difference when the patient changed position.
This is indicated as “postural drop”.

Twenty of the 66 patients who received no ventilatory support complained of
frequent dyspnoea while at rest or in supine position, or of morning headache,
sleep disturbances or difficulty concentrating. Pulmonary function was severely
impaired in ten of these patients (<-4SD or <50% of the predicted normal value),
only two of whom had already been monitored for nightly hypoventilation by a
center for home ventilation; the other eight were referred by us. In three, nocturnal
ventilation had to be initiated. In addition, seven patients who did not have any
respiratory complaints were found to have a severely reduced pulmonary function
in the supine position. Evaluation of their respiration during sleep did not lead to
installation of mechanical ventilation so far. It is noteworthy that VC had never
previously been measured in 13 of these 17 patients whose pulmonary function

appeared to be severely reduced, or at least not in supine position.

68



Pulmonary outcome in children and adults with Pompe disease

|I|
I
nnnf
|
i | I
.

A 140 1 0
130 1

120 i
110
100 0
90 1
80 ||
70 'l
60
s04 1 el
40 4 ~*
304 &
20 i
10+ n |
0.

*

Vital Capacity, upright seated
- supine (% predicted)

123456789 010BMISI6Y  18192021222320252627 262330 313233 34 35 36 37 38 39.40 4142 43 44 45 45 47 48 49,50 5152 3 54 55 56 57 58 59 60 61 62 63 64 65 66.67 68 69 70 7172 73 745375 76 77 76 79 6081 8283 84 85 86

Children Adults

‘Postural drop’ (%)

-504

123456789 0111201314151617 151920212223 24252627 2629 30 3132 33 34 35 36 37 38 39.40 41 42 43 44 45 45 4748 49,50 5152 55 54 55 56 57 56 59 60 61 62 6 64 65 66 67 68 69 10 7172 73 7453757677 7679 608162838485 86

Children Adults

Figure 1. (A) Vital capacity in upright seated position compared to vital capacity in supine
position in 17 children and 69 adults with Pompe disease. The light gray represents vital
capacity in upright position; the dark gray represents vital capacity in supine position.
Asterisks identify patients using ventilatory support. The six adult patients who are
ventilated invasively 24 hours a day are not included in the graph. (B) Difference between
vital capacity in sitting and supine positions, expressed in percentage (i.e. “postural drop”).
The dotted line represents a difference between vital capacity in sitting and supine positions
of 25%, defined as diaphragmatic weakness. # identifies patients whose pulmonary function
was already so severely restricted when seated, that they could not perform the test when
supine. For patients 3, 5, 12, 14, 65 and 80, vital capacity was identical in sitting and supine
positions.
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The severity of pulmonary dysfunction was significantly but moderately associated
with the degree of skeletal muscle weakness measured by MRC sumscore (p=0.55,
p<0.001, Figure 2), mobility (p=0.50, p<0.001) and disease duration (p=-0.46,
p<0.001).

Vital Capacity, upright seated (z-score)
O 00 N O . B W N B O KB N W
%

30 35 40 45 50 55 60 65 70 75 80

MRC sumscore

Figure 2. Relationship between vital capacity and MRC sumscore in 88 patients with Pompe
disease. This muscle sumscore was composed by adding the grades (0-5) for the following
muscle groups: neck extension, neck flexion and bilateral shoulder abduction, elbow flexion,
elbow extension, hip flexion, hip abduction, knee flexion and knee extension (range 0-80).
Circles represent females, squares represent males. MRC sumscore did not differ significantly
between males and females (p=0.64).

An important finding was that there appeared to be a difference in the degree
of pulmonary dysfunction between males and females. Firstly, at a group level,
VC in male patients was significantly lower than in females (mean z-score -3.6
(69.6% predicted) against mean z-score -1.3 (82.8% predicted), p<0.001). Secondly,
more males than females used ventilatory support (p=0.042, Table 1). Thirdly, all
patients who were ventilated 24 h a day, whether invasively or otherwise, were
male. Regression analyses showed that the difference in severity of pulmonary

involvement between males and females increased with disease duration. In
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females, z-score decreased by 1.5 points (p=0.15) from the category with a disease
duration less than 5 years compared to the category with a disease duration of
more than 15 years, while in males the corresponding decrease was 6.9 points
(p<0.001; Figure 3). This difference in decline of vital capacity between males and
females over the course of the disease was significant (p=0.001) and remained
significant after adjustment for age, MRC sumscore and mobility (p=0.003). For the
latter factors, it was found that older age, a higher MRC sumscore, and a better

mobility score were associated with a higher VC (all p<0.01).

Table 1. Clinical characteristics of the study population (n=92)

Males (n=50) Females (n=42)

Age at first study visit, y 45 (5-76) 47 (8-71)
Age first complaints, y 30 (1-61) 33 (1-62)
Age at diagnosis, y 36 (1-67) 36 (1-63)
Disease duration, y 12 (0-48) 10 (0-41)
Use of walking aids, n 6(12) 5(12)
Wheelchair use, n 16 (32) 11 (26)
Age at start of wheelchair use, y 49 (3-76) 50 (35-67)
Disease duration at start of wheelchair use, y 21 (2-46) 16 (5-26)
Use of ventilatory support, n 19 (38)° 7(17)

Non-invasive (nose hood or face mask) 13 7

Invasive (tracheostomy tube) 6 -
Number of hours ventilatory support per day 12 (8-24) 9 (8-14)
Age at start of ventilatory support, y 45 (13-66) 46 (8-68)
Disease duration at start of ventilatory support, y 6 (0-36) 15 (1-28)

Continuous variables are presented as median (range); categorical data are presented as number (%).
@ Ventilatory support was used more frequently by male patients (X? 4.13; p=0.042).

Respiratory muscle strength
Respiratory muscle strength was assessed in 62 adults. MIP was reduced in
24 patients (39%; mean value 66.0+29.6% predicted, range 15-155% predicted)
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and MEP in 38 patients (61%; mean value 64.7+30.9% predicted, range 13-141%
predicted). Inspiratory and expiratory muscle strength were both affected in
24 patients. One patient had isolated inspiratory muscle weakness, and 14 patients

had isolated expiratory muscle weakness.

4
3
@ 2 g
= H
S o
n 1 %
N B
= 0 % o
-] — o2 o o
‘2 ° “— . — B
g 1 o i
z . T ~+
s -2 o H
20 3 o
=
2 3 B °
> o o®
= 4
‘S —
s o
2 5 o —
o
® 6 °
=
>
-7 °
-8
.......

Females Males Females Males Females Males Females Males
0-5yrs 5-10yrs 10-15 yrs >15yrs
Disease Duration

Figure 3. Relationship between disease duration, gender and vital capacity in 92 patients
with Pompe disease. The observed values and median value for each category are presented.
The dotted line represents the fifth percentile of the predicted vital capacity.

Overall, VC was strongly correlated with MIP and MEP (p=0.75 (MIP) and p=0.79
(MEP), both p<0.001; Figure 4). Despite this, inspiratory and/or expiratory
respiratory muscle strength were reduced in four patients, while VC measured in

upright and supine positions was completely normal.
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Figure 4. Relationship between vital capacity and maximum inspiratory pressure (A,
n=60) and maximum expiratory pressure (B, n=62) in patients with Pompe disease. Circles
represent females, squares represent males.

Capnography
Capnography was performed in 65 adult patients, ten of whom had PEElcozvaIues of

more than 6.0 kPa (patient range 6.06 to 7.41 kPa). Five of these patients, who also
had clinical symptoms of hypercapnia, were already being mechanically ventilated
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at night and during part of the day. They were referred to their center for home
ventilation to see whether adjustments had to be made to their ventilation settings.
Three of the other five patients had a combination of severely reduced VCin supine
position, impaired respiratory muscle strength and complaints such as morning
headache, falling asleep in the daytime, or difficulty concentrating. They belonged
to the group of patients that had been referred to a center for home ventilation.
Subsequently, mechanical ventilatory support was started in one.

The last two patients had normal or only mildly reduced VC without signs of

respiratory muscle weakness, P being only marginally elevated in one (P

EE,CO2 EE,CO2

6.06 kPa). These two patients had no respiratory complaints.

Prospective longitudinal follow-up

General aspects

Prospective follow-up data were available for 53 adult patients (21 males,
32 females). Duration of follow-up ranged from 0.5 to 4.2 years (median 1.6 years).
Within this period, mechanical ventilation was started in three patients. Five
patients increased the number of hours of ventilation per day. One patient, who
was severely affected and dependent on wheelchair use and ventilatory support,

died of respiratory failure at the age of 55.

Pulmonary function during longitudinal follow-up

At a group level, VC in upright seated position, expressed as percentage of the
predicted value, deteriorated by 0.9% points per year (p=0.094). The average rate
of decline in VC measured in supine position was 1.2% points per year (p=0.049).
MIP deteriorated by 3.2% points per year (p=0.018), and MEP by 3.8% points per
year (p<0.01) (Figure 5).

In five individual patients, the disease progressed very rapidly, with pulmonary
function in seated position declining by more than 10 percentage points per year.
We did not find any significant differences in characteristics (age at first symptomes,
gender, mobility, MRC sumscore, wheelchair use, use of ventilation), between these

patients and the larger group of patients whose disease progressed less rapidly.
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Although we noted during the prospective follow-up phase of the study that some
of the specified subgroups (gender, mobility, current age and disease duration)
seemed to influence the estimated rate of decline in pulmonary function, the
differences in rate of progression between subgroups were not consistent

throughout.

DISCUSSION

The purposes of our study were to determine the proportion and severity of
pulmonary involvement in patients with Pompe disease, the rate of deterioration
of pulmonary function, and to identify predictive factors for poor respiratory
outcome.

With regard to the proportion of patients with pulmonary involvement, we found
that 79% of the adults and 59% of the children, had some degree of pulmonary
dysfunction.

With regard to severity, 42 patients, 26 of whom used mechanical ventilation, had
a severely reduced pulmonary function in sitting or supine position (<-4SD or <50%
of the predicted normal value). Pulmonary function was already moderately to
severely decreased in seven of the children, three of whom were under the age of
ten. Two of these seven children required ventilatory support from a young age (8
and 13 years). This indicates that the disease progresses more rapidly in a subset
of children, and supports the findings by an international patient-oriented survey
that our group has reported earlier.?

Thirty-five of the 92 patients (38%) in our study cohort had signs of diaphragmatic
weakness, manifested by an inability to endure testing in supine position, a large
drop in VC upon changing posture, or decreased MIP. Two patients required night-
time ventilation due to respiratory insufficiency when supine, despite having
normal or only slightly reduced VC when upright. As this group of patients may
progress insidiously to respiratory failure when pulmonary function is measured

only in upright seated position, they are in particular need of specific attention.
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In 36 patients, VC had never been tested before, or at least not when they were
supine. Of these, 13 (20% of all patients who were not ventilated) appeared to
have a severely reduced pulmonary function in supine position. Three of these
patients required the initiation of nocturnal mechanical ventilation. As only half of
them had clinical signs indicating potential pulmonary dysfunction, it is clear that
clinical respiratory complaints do not always predict the presence or severity of
pulmonary dysfunction, and should not be relied on when selecting patients for
pulmonary function testing.

Despite the fact that vital capacity was strongly correlated to MIP and MEP, a
small number of patients whose VC was normal had evident respiratory muscle
weakness. Future follow-up will show whether this might be a first indication of
respiratory insufficiency.

Ten patients had abnormal end expiratory CO, values, two of whom had normal or
only mildly reduced VC without signs of respiratory muscle weakness. Further follow-
up will show whether their hypercapnia precedes decline in pulmonary function.
It has been reported that the severity of hypercapnia may be disproportionate to
that of respiratory muscle weakness in patients with neuromuscular disorders. One
possible explanation is that pulmonary microatelectasis or rib cage abnormalities
(such as scoliosis) increase elastic load.?*3 Since nearly all patients with pulmonary
dysfunction were identified by measurement of VC in sitting and supine positions
and measurement of respiratory pressures, it is unclear if standard measurement
of end expiratory CO, adds to the regular assessment of Pompe patients, other than

in evaluating ventilatory settings in patients already using mechanical ventilation.

We identified three factors that were associated with more severe pulmonary
involvement.

First, pulmonary function seems to decline faster in men than in women. This could
not be explained by differences in age or disease duration; neither could it be
explained by the severity of skeletal muscle weakness or the presence of scoliosis.
This is the first time a possible gender difference has been found. We have no
clear explanation for it: smoking habit and body mass index were not significantly

different, nor had any of the patients experienced environmental exposures known
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to be associated with reduced pulmonary function. In sleep disorders, gender
differences have also been reported in which males are affected more severely
than females. Two hypotheses have been put forward to explain these differences:
1) higher upper airway resistance caused by different body-fat distributions, and
2) differences in central ventilatory control induced by sex hormones.?** Similar
explanations may apply to patients with Pompe disease. For the time being, the
mechanisms underlying these gender differences are uncertain and our findings
need further investigation.

The second factor associated with poor pulmonary outcome was the severity of
skeletal muscle weakness measured by MRC sumscore and mobility. In fact, these
factors showed the best correlation with pulmonary involvement, though still
moderate. This is in line with what was reported previously in smaller or selected
groups of patients.*!> There nonetheless remains a subgroup of patients in whom
either pulmonary function or skeletal muscle strength is substantially more severely
affected than the other.

The third factor associated with poor pulmonary outcome has also been observed
by other authors: that longer disease duration leads to more advanced pulmonary

involvement.'?%’

Regarding the rate of progression, we found a significant decline in vital capacity
measured in the supine position, and also in maximum inspiratory pressure and
maximum expiratory pressure during the prospective follow-up phase of this study;
the decline in vital capacity measured when seated upright was not significant.
Relative to that found in other recent studies,'*'”* the annual rate of decline we
report seems rather small. We can think of two possible explanations which may
have led us to slightly underestimate the actual rate of decline.

First, the introduction of enzyme-replacement therapy for patients with Pompe
disease in 2006 provided a therapeutic option for this previously untreatable
disease. At our center, we decided first to treat children and severely affected
adults, while less affected patients started to receive ERT at a later stage. As a
result, prospective follow-up data on the natural course are therefore available for
only 53 adult patients from our study cohort, and the patients who were affected

relatively mildly were followed for longer.
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A second, related, issue is the fact that the follow-up cohort comprised fewer
males than females, and only those males who were affected relatively mildly. This
may also explain the fact that although we found a difference in the severity of
pulmonary involvement between males and females when studying the baseline
cohort, our prospective analyses did not show any differences in the rate of

progression between the two sexes.

In conclusion, even though awareness of Pompe disease is high in the Netherlands,
pulmonary function testing was not routinely performed upon diagnosis, and
even cases of severely reduced pulmonary function were sometimes overlooked.
Because it was possible to identify pulmonary dysfunction in nearly all patients
by measuring VC in the upright and supine positions, we believe that the regular
assessment of all patients with Pompe disease should at least include these
measurements.

With regard to poor respiratory outcome, male sex, severe skeletal muscle
weakness, and advanced disease duration were the most important predictors.
These findings may help to identify patients at risk for developing respiratory
failure, so that supportive measures such as night-time ventilation can be initiated

as soon as they are needed.
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Chapter 4

ABSTRACT

Background and objective

Pompe disease is an inherited metabolic disorder caused by deficiency of acid
a-glucosidase. All affected neonates have a severe hypertrophic cardiomyopathy,
leading to cardiac failure and death within the first year of life. We investigated
the presence and extent of cardiac involvement in children and adults with Pompe
disease with the common c.-32-13T>G genotype to determine the usefulness of
cardiac screening in these patients with relatively ‘milder’ phenotypes.

Methods

Cardiac dimensions and function were evaluated through echocardiography,
electrocardiography and Holter monitoring. The total group comprised 68 patients
with Pompe disease, of whom 22 patients had disease onset before the age of 18.
Results

Two patients (3%) had cardiac abnormalities possibly related to Pompe disease:
Electrocardiography showed a Wolff-Parkinson-White pattern in an 8-year-old girl,
and one severely affected adult patient had a mild hypertrophic cardiomyopathy.
This hypertrophy did not change during treatment with recombinant human
a-glucosidase. In addition, four adult patients showed minor cardiac abnormalities
which did not exceed the prevalence in the general population and were attributed
to advanced age, hypertension or pre-existing cardiac pathology unrelated to
Pompe disease.

Conclusions

Cardiac involvement is rare in Pompe patients with the common c.-32-13T>G
genotype. The younger patients were not more frequently affected than the adults.
Electrocardiographic evaluation appears to be appropriate as initial screening
tool. Extensive cardiac screening seems indicated only if the electrocardiogram is

abnormal or the patient has a history of cardiac disease.
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INTRODUCTION

Pompe disease (glycogen storage disease type Il or acid maltase deficiency)
is a progressive metabolic myopathy with an estimated frequency of 1 in
40,000 births.>? Deficiency of the lysosomal enzyme acid a-glucosidase leads to
accumulation of glycogen in a variety of tissues.? The clinical spectrum is broad,
ranging from a rapidly progressive phenotype characterized by generalized muscle
weakness, hypertrophic cardiomyopathy and death usually within the first year of
life in infants,*® to a more slowly progressive proximal myopathy with or without
respiratory involvement in older children, adolescents and adults.®’

Ininfants with the classic infantile phenotype, severe cardiac involvement is present
in all cases. The electrocardiogram often shows a shortened PR-interval and high
voltage QRS-complexes. Echocardiography reveals hypertrophy of both ventricles
and an increased left ventricular (LV) mass index. Ultimately, hypertrophy may
lead to reduction of the ventricular lumen and LV outflow obstruction, resulting in
cardiorespiratory failure.>®

It is well known that cardiac involvement can be an important feature in patients
with other neuromuscular disorders like myotonic dystrophy and Duchenne
and Becker muscular dystrophy.® It is also a feature in other lysosomal storage
disorders such as Fabry disease’ and mucopolysaccharidoses.'’ Furthermore,
glycogen storage disorders are frequently mentioned in the differential diagnosis
of hypertrophic cardiomyopathy.?

In contrast to the severe cardiomyopathy in infants, we recently found that cardiac
involvement is rare in adults with the c.-32-13T>G genotype,** which is present
in the majority of all patients with milder phenotypes.* However, a recent study
indicated that a more severe phenotype may exist in a subgroup of patients under
15 years of age.’ The aim of the current study was to compare the occurrence and
severity of cardiac abnormalities in children and adults with Pompe disease sharing

the common c.-32-13T>G genotype.
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PATIENTS AND METHODS

This study is part of an ongoing research project on the natural course of late-onset
Pompe disease. Sixty-eight patients were evaluated in our hospital between April
1998 and April 2008. Patients were recruited through the neuromuscular centres
within the Netherlands and Belgium and via the Dutch neuromuscular patient
organisation (Vereniging Spierziekten Nederland) or referred to our hospital by
their treating physicians. The clinical diagnosis was confirmed in all patients through
mutation analysis and measurement of decreased acid a-glucosidase activity
in leukocytes or fibroblasts. The research protocol was approved by the Central
Committee on Research Involving Human Subjects in the Netherlands (CCMO) and
written informed consent was obtained from all patients or their parents.

Part of the data found in the adult patients was recently described.®

Information was gathered on gender, current age, age at first complaints, age at
diagnosis, use of wheelchair or walking aids, pulmonary function, use of respiratory
support and cardiac risk factors. Disease duration was calculated as the time

between diagnosis and date of investigation.

GAA genotype

All patients were compound heterozygote and had the common c.-32-13T>G
(IVS1-13T>G) mutation on one allele. The mutations found on the second
allele were: c.525delT (n=26), c.2481+102_2646+31del (n=11; also known as
delexon 18), c.925G>A (n=4), c.1548G>A (n=4), c.379_380del (n=3), c.307T>G
(n=3), ¢.1799G>A (n=3), c.2135T>C (n=2), c.461_469del, c.896T>C, c.923A>C,
€.2331+42T>A, c.2314T>C, c.1933G>A, c.172C>T, c.1441T>C, c.1396G>T, c.1115A>T
(all n=1). Of these second mutations only c.461_469del does not entirely abolish
the acid a-glucosidase activity. All other second mutations are fully deleterious. In

two patients the second mutation could not be found.
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Electrocardiography
Standard 12-lead electrocardiography recordings were examined for LV pre-
excitation, increased LV voltage and rhythm or conduction disturbances. In a subset

of 21 adult patients, 24-h Holter monitoring was performed.

Echocardiography

All patients underwent a detailed echocardiographic evaluation (Sonos 5500
or 7500 ultrasound system, Philips, Best, The Netherlands), performed by an
experienced sonographer. The following data were acquired from M-mode
recordings: left atrial dimension, LV end-diastolic and LV end-systolic dimension,
LV septal and posterior wall thickness. As a measure of systolic function, fractional
shortening or LV ejection fraction was used. LV mass index was calculated using the

modified Devereux formula and indexed by body surface area.*®

Statistical analysis
All variables were summarized using descriptive statistics comprising mean, SD,

and range.

RESULTS

Patient demographics and clinical features

A total of 68 patients (41 males, 27 females) from 58 families were included in
this study. All patients except one were from Caucasian origin. The mean age of
the patients at the time of the investigation was 3819 years (range 3 months
to 71 years) and at the time of diagnosis 29118 years (range several days to 63
years). Ten patients were diagnosed under 2 years of age. Twenty-three patients
experienced symptoms of limb-girdle muscular weakness or respiratory problems
before the age of 18. Within this group, delayed motor milestones were mentioned
as first symptoms in five patients, while another seven patients were diagnosed
presymptomatically due to elevated liver enzymes, an enlarged liver or an already

known affected sibling. Other presenting symptoms in this group included feeding
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difficulties, extreme fatigue and difficulty doing sports. In the patients with onset
of symptoms in adulthood frequently mentioned first symptoms were: difficulty
running/doing sports, difficulty climbing stairs, fatigue and muscle soreness or
muscle cramps.

Twenty-seven patients (40%) had moderate to severe ambulatory problems for
which either walking aids (n=8) or a wheelchair (n=19) were necessary. Fifteen
patients (22%) used artificial ventilation: three patients were invasively ventilated
24-h a day, 12 patients used non-invasive ventilation only at night or when they
were in a supine position during the day. Eight patients used a wheelchair as well as
respiratory support. The mean age at start of wheelchair use was 44 years (range
3 to 67 years) and at start of using respiratory support 47 years (range 13 to 68

years).

Cardiac evaluation

Electrocardiography

Rhythm abnormalities or impaired conduction were present in one 8-year-old
child and five adult patients. The electrocardiographic and echocardiographic
parameters of the whole group are summarized in Table 1. The 8-year-old girl
(patient 1 in Table 2) had an intermittent sinus rhythm and atrial rhythm, a 6-wave
and a non-specific interventricular conduction block. Of the adult patients, one
(patient 2) had an atrial rhythm with a short PR-interval (114 ms; normal range
120-200 ms) without evidence of a 6-wave. Three patients (patients 3, 4 and 5)
had a prolonged QRS duration due to right or left bundle branch block, and one
(patient 6) showed permanent atrial fibrillation which had been treated by His-
bundle ablation and pacemaker implantation. None of the patients had increased

QRS-voltages consistent with left ventricular hypertrophy.

Holter monitoring

Holter monitoring was performed in a subset of 21 adult patients. All patients
except one showed a sinus rhythm during the 24-h monitoring. One patient (patient
6) had permanent atrial fibrillation, with 100% pacemaker rhythm. Nine patients
showed rhythm alterations during monitoring. A low frequency of premature atrial
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beats (<15/1000 beats) was seen in seven patients. Three patients had sporadic

(<10/24 h) short lasting (<10 beats) atrial tachycardias. Transient nocturnal

type | second degree atrio-ventricular block was noted in three patients. Apart

from sporadic premature ventricular complexes in three patients, no ventricular

arrhythmias were seen. All findings are within the normal range seen in the general

population.?

Table 1. Electrocardiographic and echocardiographic parameters

Age 0-9 years®
(n=8)
Mean1SD (range)

Age 10-18 years
(n=9)
MeanzSD (range)

Age>18 years
(n=50)
Mean1SD (range)

Electrocardiography
PR-interval, ms

QRS duration, ms

Echocardiography
Left atrial size, mm
LV end-diastolic dimension, mm
LV end-systolic dimension, mm
LV posterior wall, mm
LV interventricular septum, mm
LV systolic function
Ejection fraction, %
Fractional shortening, %
LV mass index, g/m?
Females

Males

129+10 (116-146)
7515 (55-104)

3447 (21-43)
2244 (14-27)
5+1 (4-6)
6+1 (5-9)

3514 (30-42)

5418 (48-60)
32418 (47-98)

151417 (130-186)
9318 (82-110)

4943 (45-53)
3245 (23-37)
8+2 (6-10)
8+1 (6-10)

3617 (26-50)

7915 (55-101)

152419 (114-196)
98+18 (74-160)

3244 (24-41)
4746 (29-58)
3145 (20-44)
941 (7-15)
942 (7-16)

6519 (48-84)

739 (58-95)
81£25 (47-134)

The values indicated in bold are outside the normal range according to age.**®

2 Age at the time of investigation.
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Echocardiography

In all patients with symptom onset before the age of 18, atrial and ventricular
dimensions, LV systolic function and LV mass index were normal. In one 15-year-old
boy cardiac ultrasound revealed a congenital anomaly (quadricuspid aortic valve).
Two patients with onset in adult life had an abnormal echocardiogram. One (patient
5) had mild right and left ventricular hypertrophy (septum 16 mm, LV posterior wall
15 mm), without signs of LV outflow obstruction. A second ultrasound 1.5 years after
thestartofenzymereplacementtherapy with recombinanthuman a-glucosidase did
not show any alterations. The patient known with atrial fibrillation and pacemaker
implantation (patient 6) had an increased end-diastolic LV dimension and reduced
LV systolic function (LV ejection fraction=48%). One patient was excluded from the
analysis due to the poor quality of the echocardiographic images.

The characteristics of the six patients in whom we found abnormalities during

cardiac evaluation are presented in further detail in Table 2.

DISCUSSION

We evaluated cardiac dimensions and electro-physiological properties in a cohort
of 68 children and adults with Pompe disease sharing the common c.-32-13T>G
genotype. Cardiac abnormalities were present in one child and five adults.

One 8-year-old child (patient 1) had an intermittent sinus rhythm and atrial rhythm,
a 6-wave and a non-specific interventricular conduction block corresponding with
a Wolff-Parkinson-White (WPW) pattern. This girl had no clinical manifestations
of arrhythmias. An atrial rhythm and short PR-interval, but no 6-wave or other
abnormalities indicating cardiac disease, was also seen in one adult patient (patient
2). Recently, in a study in 38 German adolescents and adults with Pompe disease,
the frequent occurrence of symptomatic Wolff-Parkinson-White syndrome (in 8%
of patients) was attributed to Pompe disease.?> However, altered atrio-ventricular
conduction is also quite common in the general population (reported frequency
up to 3%%) and disappearance of the 6-wave later in life can occur due to changes

in autonomic tone, maturation of the conduction system and aging.?* The WPW-
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pattern in the young girl could well be related to Pompe disease since alterations in
the composition of the atrio-ventricular conduction system may lead to accelerated
conduction.? Further clinical follow-up is necessary. The short PR-interval in the
adult patient is most likely caused by the atrial rhythm (atrial ectopy originating
close to the atrio-ventricular node).

One severely affected patient (patient 5), who was wheelchair bound and ventilator
dependent for 24 h a day, had a mild hypertrophic cardiomyopathy and conduction
disturbances in both bundle branches. This patient had a history of hypertension
which may in part explain the left ventricular hypertrophy. Furthermore, pulmonary
hypertension as a result of chronic hypoxemia may lead to right ventricular
hypertrophy. However, right ventricular hypertrophy was not found in any of the
other (invasively) ventilated patients. Unfortunately, it was difficult to obtain a
clear tissue doppler signal in this patient and we are therefore unable to exclude
the effect of the patient’s pulmonary status on the right ventricular hypertrophy. A
second echocardiography performed 1.5 years after start of enzyme replacement
therapy did not show any decrease of right and left ventricular wall thicknesses.
This is in contrast to the response observed in severely affected infants treated with
enzyme therapy, in whom the massively enlarged heart in most cases diminishes
to (almost) normal values.?*2® The lack of response to treatment could be due to
the prolonged existence of the hypertrophy leading to fibrosis, other secondary
changes or an unrelated genetic cause for the cardiomyopathy. For the moment it
remains unclear whether this patient’s hypertrophic cardiomyopathy is related to
Pompe disease.

Two more patients (patient 3 and 4) showed conduction disturbances in the
bundle branches in the absence of structural echocardiographic abnormalities.
These patients had no history of cardiac disease or any known cardiac risk factors,
but showed signs of hypertension at the time of investigation. The frequency of
conduction disturbances in the bundle branches in our study group (4%) does not
exceed that in the general population (reported prevalence 2.5-8.5%).27-3°

The last patient (patient 6) had permanent atrial fibrillation, which had been
treated by His bundle ablation and pacemaker implantation at the age of 59

years. Apart from atrial fibrillation, this patient had reduced systolic function and
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increased LV end-diastolic dimensions, probably related to the before mentioned
cardiac pathology and unrelated to Pompe disease.

All patients in our study group carried the c.-32-13T>G mutation on one allele.
This mutation is present in 68-90% of all patients with milder phenotypes!*3132
Despite this homogeneous genotype, our patient showed a wide variety in clinical
severity, age at first symptoms and disease duration. Eight patients were both
wheelchair and respirator dependent and 17 patients had a disease duration of
more than 15 years. Therefore, the low frequency of cardiac abnormalities is not
likely due to the lack of severely affected patients in our study group. In the large
group of patients we studied, the patients with disease onset under 18 years of age
were neurologically not more severely affected than the adult patients, suggesting
that the subgroup of younger patients with a more severe phenotype® does not
have the c.-32-13T>G genotype. Therefore we cannot draw conclusions on the
occurrence of cardiac involvement in patients who do not express the c.-32-13T>G
mutation.

The observed cardiomyopathy in one of our patients was relatively mild, in contrast
to the severe hypertrophic cardiomyopathy resulting in cardiac failure seen in
neonates. The difference in the prevalence and severity of cardiac involvement
in infants compared to adults is likely due to the higher amount of residual
a-glucosidase activity in adults.** A low level of enzyme activity seems sufficient
to prevent intralysosomal accumulation of glycogen in cardiomyocytes, but not in
skeletal muscle, since all patients showed skeletal muscle weakness, ranging from
mild to severe involvement. This may be due to differences in storage capacity
and metabolism of heart and skeletal muscle.** The more abundant presence of
cytoplasmic glycogen in skeletal muscle fibers compared to cardiomyocytes may
lead to more extensive lysosomal glycogen accumulation in the skeletal muscles
through autophagy, resulting in more muscle fiber damage.3>*

In spite of this apparent low frequency of cardiac involvement within our study
group, several observations suggest an increased cardiovascular morbidity in
adults with Pompe disease. We recently reported the presence of increased aortic
stiffness in a subset of patients from this study compared to controls, possibly due

to glycogen deposition in the smooth muscle cells of the aortic wall.*” In addition,
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there are several reports on the occurrence of aneurysms in Pompe disease which
maybe related to the same phenomenon.*3° At present, the clinical consequences
of these findings are not fully clear and need further research.

In conclusion, cardiac evaluation in 68 children and adults with Pompe disease
sharing the common c.-32-13T>G genotype showed abnormalities possibly related
to Pompe disease in only two cases (one child, one adult). Since all patients with
abnormal cardiac parameters were detected by electrocardiography, we advise
to perform an electrocardiogram at least once in routine clinical follow-up.
Additional echocardiography seems indicated only in those patients with abnormal
electrocardiographic findings, a history of cardiac disease or evident cardiac

symptoms.
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Chapter 5

ABSTRACT

Pompe disease (type 2 glycogenosis, acid maltase deficiency) is a disorder affecting
skeletal and cardiac muscle, caused by deficiency of acid a-glucosidase. In 2006
enzyme therapy with recombinant human a-glucosidase received marketing
approval based on studies in infants. Results in older children and adults are
awaited.

Earlier we reported on the 3-year follow-up data of enzyme therapy in two
adolescents and one adult. In the present study these patients were followed for
another 5 years.

Two severely affected patients, wheelchair and ventilator dependent, who had
shown stabilization of pulmonary and muscle functionin the first 3 years, maintained
this stabilization over the five-year extension period. In addition patients became
more independent in daily life activities and quality of life improved.

The third moderately affected patient had shown a remarkable improvement in
muscle strength and regained the ability to walk over the first period. He showed
further improvement of strength and reached normal values for age during the
extension phase. The results indicate that both long term follow up and timing of

treatment are important topics for future studies.
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INTRODUCTION

Pompe disease (acid maltase deficiency, glycogen storage disease type Il) (OMIM
232300) is an autosomal recessive neuromuscular disorder, caused by a deficiency
of the enzyme acid a-glucosidase. This deficiency results in lysosomal glycogen
accumulation in skeletal muscle and other tissues.»? The disease encompasses a
wide spectrum of presentations.®

The classic infantile form is at the severe end of this spectrum. The patients show
a rapidly progressive course of disease with muscle weakness, a hypertrophic
cardiomyopathy and death before the first year of age.'®® Acid a-glucosidase
activity is virtually absent. A more slowly progressive myopathy affecting mobility
and respiratory function is found in children and adults.! The time of onset and
progression of symptoms is heterogeneous’® and patients with this form of disease
can express up to 30% residual a-glucosidase activity.®

Since Spring 2006, a registered therapy has been available (recombinant human
acid a-glucosidase, Myozyme™, Genzyme Corporation). The initial clinical trials
focused mainly on infants with the classic infantile form of Pompe disease.**’
The results of an 18-month randomized placebo controlled trial in a large cohort of
older children and adults are currently awaited.

In 1999, we started treatment in two older children and one adult. Over 3 years,
these patients received a-glucosidase derived from the milk of transgenic rabbits
(rabbit-AGLU). After this period they were switched to the product registered in
2006, i.e. recombinant human acid a-glucosidase derived from Chinese hamster
ovary cells (CHO-AGLU). The results of the initial 3 years were described in ref.®
By now, after eight years of therapy, each patient has received approximately 380
infusions. All patients have reached adult age. This report provides the results of

their eight years of therapy, focusing especially on the last five years.
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PATIENTS AND METHODS

After patients had completed the first 3-year study period they entered an extension
phase during which the safety and efficacy of recombinant human a-glucosidase
was continued to be followed. Study assessments were performed in a standardized
manner essentially as described before.”'®%° The extension protocol was approved
by the Institutional Review Board and all patients (and parents if necessary) gave
their written informed consent.

At start of the extension period, patients were transitioned from rabbit-AGLU
(20 mg/kg/week, see®® for details) to CHO-AGLU. CHO-AGLU was introduced
in a stepwise manner starting with a dose of 10 mg/kg/week (week 1-12),
20 mg/kg/biweekly (week 13-26) and 30-40 mg/kg/biweekly thereafter.
The following infusion rates were applied: 0.1-0.2 mg/kg/h for the first hour,
0.7-0.8 mg/kg/h for the second hour and 15-17 mg/kg/h until the end of the
infusion. The total infusion duration was 4 h.

Information on the diagnosis of the three patients, including enzyme analysis and
genotyping as well as a detailed description of the medical history can be found in

ref.1®

Muscle biopsy

Muscle sections taken at initiation of therapy and 6 months thereafter were
available for all three patients. For patient 3 extra muscle biopsies were taken
from the quadriceps muscle at start of the extension phase (3 years after start
of therapy) and after a total treatment period of 5.5 years using a standard open
surgical procedure. The samples were prepared for histological examination as

described in.>%

Statistical analysis

The relation between various outcomes and treatment duration for the different
patients was evaluated using least-squares regression. In case of non-linear
relations, Spearman’s correlation coefficients were used. P-values <0.05 were

considered significant.
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RESULTS

Patients

Patient 1 was 16 years old when enzyme replacement therapy (ERT) was started.
She had a severe scoliosis, was wheelchair and ventilator dependent. Muscle
function and pulmonary function had shown a rapid decline over the previous 4
years (vital capacity decreased on average 4% per year).

During the first 3 years of treatment pulmonary function stabilized (Figure 1) and
the number of mechanical non-invasive ventilation hours was reduced from 18 to
11-12 h per day (Table 1). Total muscle strength showed no significant change.
Muscle function improved slightly (Table 1, Gross Motor Function Measure

(GMFM)). The patients’ scoliosis was surgically corrected during this period.
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Figure 1. Effect of enzyme therapy on expiratory vital capacity over 8 years. Different symbols
represent different patients (o=patient 1, [1=patient 2, *=patient 3). The vertical dotted line
marks the start of the 5-year extension phase.
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Table 1. Overview of test results at baseline, 3 and 8-year follow-up including reference
values for two children and one adult with Pompe disease

Baseline 3-year ERT 8-year ERT Ref. values
Patient 1
Age (y) 16 19 24 -
Ventilation hours 16-18 11-12 11-12 -
HHD (Newton) 751 848 1371 3356°
GMFM (sitting) 47% 80% 83% 100%
GMFM (lying) 67% 78% 73% 100%
GMFM (crawling) 21% 33% 36% 100%
FSS - 5.6 3.9 2.9°
- - - 5.2
RHS - 16 25 -
Patient 2
Age (y) 32 35 41 -
Ventilation hours 24 23.5 23.5 -
HHD (Newton) 199 305 349 47592
GMFM (total) 12% 13% 12% 100%
FSS - 6 4.2 2.9°
- - - 5.2¢
RHS - 18 20 -
Patient 3
Age (y) 11 14 20 -
HHD (Newton) 255 4310 4823 4759
GMFM (total) 56% 100% 100% 100%
Running 10m (s) - 3 2.3 -

HHD=Hand Held Dynamometry.?’?® HHD values represent the sum score of the following muscle groups:
neck flexion, neck extension, shoulder abduction, elbow flexion, elbow extension, wrist extension, hip
flexion and abduction, knee extension and flexion, ankle dorsiflexion and plantar flexion. GMFM=Gross
Motor Function Measurement.?® FSS=Fatigue Severity Scale.* RHS=Rotterdam 9-item Handicap Scale.”

2 Reference values for age at 8 years ERT.  General population. ¢ Untreated patients.

Over the last 5 years pulmonary function and ventilation hours have remained
stable (Figure 1, Table 1). Muscle strength increased with approximately 500 N

spread over 6 muscle groups: shoulder abductors left, and elbow flexors (p<0.02);
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hip flexors left ((p<0.05); knee flexors left, foot dorsal flexors and foot plantar flexors
(p<0.01) (Figure 2). Scores on the GMFM and PEDI questionnaire did not change
(Table 1). The overall level of handicap decreased as reflected by higher scores on
the following functional activities of the Rotterdam 9 item handicap scale (RHS):
mobility indoors, domestic tasks indoors and outdoors and the ability to perform
work and study (Table 1). After the patient had resumed her education in 2001, she
graduated from college and a Masters degree program and started Law School in
2007. She became less fatigued as reflected by lower score on the Fatigue Severity
Scale (FSS) (Table 1). Quality of life assessed via the SF-36 showed improvements

on the physical health and to a lesser extent on the mental health domains.
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Figure 2. Effect of enzyme therapy on muscle strength as measured by Hand Held
Dynamometry over 8 years. The y-axis represents the sum score of the following muscle
groups: neck flexion, neck extension, shoulder abduction, elbow flexion, elbow extension,
wrist extension, hip flexion and abduction, knee extension and flexion, ankle dorsiflexion
and plantar flexion. Different symbols represent different patients (o=patient 1, [J=patient
2, *=patient 3). The vertical dotted line marks the start of the 5-year extension phase.
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Patient 2 was 32 years old when ERT was initiated. He was virtually quadriplegic
and was bedridden for 21 h per day. From the age of 8 years onwards, he had lost,
on average, 2.6% of vital capacity per year and had become completely dependent
of invasive ventilation.

During the first 3 years of ERT, respiratory function stabilized (Figure 1). He could be
weaned from the ventilator for 30 minutes per day (Table 1). Total muscle strength
showed a minimal, but significant improvement (Figure 2). GMFM scores did not
change (Tablel). The patient performed slightly better on the self-care items of the
PEDI questionnaire. At the end of the 3-year period he was able to stay up for 13 h
per day.

Over the last 5 years pulmonary function (Figure 1), mechanical ventilation hours,
muscle strength (Figure 2) and muscle function assessed by the GMFM (Table 1)
and the PEDI questionnaire have remained stable.

The overall level of handicap (RHS) decreased slightly and the patient is now able
to perform domestic activities outdoors and leisure activities independently (Table
1). He became less fatigued (FSS) (Table 1), leads an active life, and he experiences
no limitations in participating in social activities. Quality of life (SF-36) improved,
especially on the domains bodily pain and general health.

Patient 3 was 11 years at initiation of ERT. He had become wheelchair dependent 2
years earlier but could bear some weight on his legs. His pulmonary function was
normal for age and height (FVC: 94% of normal).

During the first 3 years of treatment the patient showed an enormous improvement
in muscle strength and function. Muscle strength (Figure 2) increased significantly
in all muscle groups tested (p<0.01) except for the elbow extensors, but the total
muscle sum score remained below the average of the general population (Figure
3). Muscle function assessed by GMFM reached a 100% score, but it was noted that
he had difficulties rising from a squatting position.

Over the last 5 years muscle strength has reached normal values for age for all
muscle groups (Figure 3) and rising from a squatting position is no longer difficult.
Cycling against resistance, a measure for endurance, improved slightly (180 to
220 W). Currently there are no limitations in sports and other social activities. The
patient works as a gardener. Pulmonary function remained within normal limits

(Figure 1).
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Figure 3. Effect of enzyme therapy on muscle strength as measured by Hand Held
Dynamometry in patient 3. Age related reference values? are plotted for comparison.
=patient 3

The y-axis represents the sum score of the following muscle groups: neck flexion, shoulder

----- =reference values

abduction, elbow flexion, wrist extension, hip flexion and abduction, knee extension and
flexion and ankle dorsiflexion.

Muscle biopsies

The baseline muscle biopsy of patient 3 showed a homogeneous pattern of
abnormalities (Figure 4A and C). Most muscle fibers contained small PAS positive
deposits of glycogen over the entire fiber length, but the gross muscle morphology
was well preserved. In addition, fibers stained positive for acid phosphatase. After
3 (start extension phase) and 5.5 years of treatment, acid phosphatase reactive foci
had decreased in number (Figure 4D and E). Also the PAS-stained section obtained

after 5.5 years of treatment showed diminished staining intensity (Figure 4B). Fiber
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size increased with age (Figure 4C-E) and cross-striation was normal (Figure 4B).
In comparison to patient 3, muscle biopsy sections from patient 1 and 2 taken at
start of therapy showed more severe pathology. Most fibers contained multiple
vacuoles, numerous glycogen deposits (PAS positive material) and stained strongly
positive for acid phosphatase. The muscle pathology varied substantially between
fibers. The pathology after 6 months of treatment had not changed.

Figure 4. Effect of enzyme therapy on muscle morphology for patient 3. The upper two panels
are stained with Periodic Acid Schiff reagent (PAS), the lower three panels for lysosomal acid
phosphatase activity. (A and C) Sections obtained at baseline; (D) section obtained after 3

years of treatment; (B and E) sections obtained after 5.5 years of treatment.

Safety

Treatment with recombinant human a-glucosidase derived from CHO cells was
tolerated well during the 5-year extension phase. In the first few months after
transition, one patient experienced mild infusion related reactions, namely chills,
during part of the infusion. No prophylactic medication was required and side
effects disappeared gradually. Two patients are currently receiving the enzyme

infusions at home.
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DISCUSSION

The present study shows the long-term effects of enzyme therapy in patients with
an attenuated form of Pompe disease. Three patients with different severities of
disease who completed a 3-year pilot study were followed for another 5 years.
All three patients had substantially more residual a-glucosidase activity than
measured in classic infantile Pompe patients and two of the three patients had
the c.-32-13T-->G mutation in combination with a null allele. The latter genotype is
most common among children (53%) and adults (77%) with a protracted course of
disease,?>2* and not found in patients with the classic infantile form.

At initiation of therapy, two of our patients (patient 1 and 2) were severely affected
with respect to motor function and pulmonary function. During the first 3 years of
treatment, further loss of muscle function was prevented and pulmonary function
stabilized. Both patients showed some decrease in mechanical ventilation hours.
This situation was maintained during the 5-year follow-up. Most remarkable was
that patients became more confident about their physical condition and more
independent in daily life activities. This was reflected by a better score on the
Rotterdam 9-item Handicap Scale, the SF-36 and the Fatigue Severity Scale.

The third and least affected patient, who had shown significant improvements in
muscle strength and function over the first 3 years of therapy, needed 2 more years
of enzyme therapy to catch up with healthy peers.

The functional gains of the three patients were reflected by changes in muscle
morphology. Unlike the severely affected patients, most of the glycogen deposits
of the best responder disappeared during treatment. The fact that minimal residual
lysosomal staining remained present in this patient, illustrates the continuous
balance between glycogen storage and clearance.

In untreated patients with the attenuated form of Pompe disease, muscle strength
and pulmonary function deteriorate over time,”®?>2¢ the odds for wheelchair use
increase by 13%, and for respiratory support by 8% per year since diagnosis.? In a
2-year follow-up study four out of 52 adult patients died at a relatively young age.”
The three patients described here had followed a similarly progressive course prior

to treatment. Two of them had shown a steady decrease of 2.6% and 4% FVC per
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year. All three had become wheelchair dependent and one patient had progressed
to end stage disease, he was bed ridden and completely ventilator dependent. The
long-term stabilization and sustained improvement of the three patients after the
start of enzyme therapy is therefore a significant finding.

None of the patients experienced severe side effects during the enzyme infusions
and two are currently receiving enzyme therapy at home. During the 5-year
extension period they received 30-40 mg/kg recombinant human a-glucosidase
every other week. This dose was based on the amount of rabbit-AGLU that was
administered every week during the first 3 years of treatment and is higher than
the registered dosage of 20 mg/kg every other week. The results of this study
indicate that even a higher dose may have limits in changing the clinical course of
severely affected patients.

Obviously, our limited observations cannot be taken as proof that enzyme therapy
exerts long-term beneficial effects in children and adults with Pompe disease,
but they provide an important guideline for the broader application of enzyme
replacement therapy.

The results of an 18-months randomized placebo-controlled trial in a large cohort
of older children and adults are awaited soon. Our report indicates that follow-up

should be continued for several years to assess the full effect of therapy.
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ABSTRACT

Pompe disease is a rare neuromuscular disorder caused by deficiency of acid
a-glucosidase. Treatment with recombinant human a-glucosidase recently
received marketing approval based on prolonged survival of affected infants. The
current open-label study was performed to evaluate the response in older children
(age 5.9-15.2 years). The five patients that we studied had limb-girdle muscle
weakness and three of them also had decreased pulmonary function in upright and
supine position. They received 20 mg/kg recombinant human a-glucosidase every
two weeks over a 3-year period. No infusion-associated reactions were observed.
Pulmonary function remained stable (n=4) or improved slightly (n=1). Muscle
strength increased. Only one patient approached the normal range. Patients
obtained higher scores on the Quick Motor Function Test. None of the patients
deteriorated. Follow-up data of two unmatched historical cohorts of adults and
children with Pompe disease were used for comparison. They showed an average
decline in pulmonary function of 1.6% and 5% per year. Data on muscle strength

and function of untreated children were not available. Further studies are required.
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INTRODUCTION

Pompe disease (glycogenosis type I, acid maltase deficiency) (OMIM 232300)
is a rare neuromuscular disorder caused by deficiency of the lysosomal enzyme
acid a-glucosidase. As a result, glycogen accumulates in lysosomes of many cell
types, but predominantly in skeletal muscle fibers. The process is progressive and
finally destroys the muscle architecture and function.* The disease encompasses a
clinical spectrum.>® The classic infantile form is characterized by progressive cardiac
hypertrophy and rapid loss of muscle function. Symptoms manifest shortly after
birth and patients usually die within the first year of life.**%” Childhood, juvenile
and adult phenotypes may present any time from infancy to late adulthood. The
disease course is less progressive and cardiomyopathy is usually absent. Patients
eventually become wheelchair and ventilator dependent. Respiratory failure is the
major cause of early demise.®** An intermediate non-typical infantile variant with
cardiac hypertrophy and respiratory failure in early childhood has been described
as well.?2 The nature of the acid a-glucosidase gene mutations is largely decisive for
the degree of enzyme deficiency and clinical severity.>*3

Until recently there was no therapy for patients with Pompe disease other than
supportive care. This has changed with the introduction of Enzyme Replacement
Therapy. So far clinical trials with recombinant human acid a-glucosidase have
mainly focused on infants and there have been incidental reports on effects in
adults.**?2 Treatment of infants was shown to increase survival, to diminish cardiac
hypertrophy and to improve motor outcome. Based on positive results recorded
in these trials, enzyme therapy with recombinant human acid a-glucosidase was
approved for all patients, but it was explicitly stated that the safety and efficacy of
the therapy still had to be proven across the clinical spectrum. The present study
was designed to test the safety and efficacy of enzyme therapy in juvenile patients

over a three-year treatment period.
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MATERIALS AND METHODS

Study design

This study was conducted as an 18-month single-center, open-label, phase Il study
followed by an 18-month extension period and was approved by the Institutional
Review Board of the Erasmus MC-Sophia Children’s Hospital. Informed consent was
obtained from patients and parents.

The endpoints of the study were exploratory and included safety, and the effect of
treatment on pulmonary function, muscle strength and function. All assessments

were performed at baseline and every three months thereafter.

Inclusion and exclusion criteria

Inclusion criteria were:

— Confirmed diagnosis of Pompe disease documented by deficient a-glucosidase
activity in fibroblasts and/or DNA analysis

— Age between 5 and 18 years

— Demonstrable muscle weakness by manual muscle testing

— Able to provide 3 reproducible FVC measurements in sitting position (within 5%
of one another)

— Abletowalk 10 m

Patients were excluded if they required invasive ventilation or non-invasive
ventilation whilst awake or in upright position. None of the patients had previously

received enzyme therapy. Patient characteristics are described in Table 1.

Treatment

Patients received every other week, intravenously, 20 mg/kg recombinant human
a-glucosidase from Chinese hamster ovary cells (Genzyme Corporation, Cambridge)
in a step-wise manner: 0.2, 0.8, and 3.5 mg/kg/h each for 30 min and 10 mg/kg/h
for the remainder of the infusion. Total duration of the infusion was approximately
3.5h.
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Safety variables

Physical examination, vital signs, and adverse event recording were performed
at every visit. Echocardiograms and standard 12 lead electrocardiograms (ECG)
were performed at baseline and at regular intervals thereafter along with safety
laboratory measurements (complete blood count with differential, blood urea
nitrogen, creatinine, glucose, uric acid, calcium, phosphorus, albumin, total
protein, sodium, potassium, chloride, serum glutamic oxaloacetic transaminase/
aspartate transaminase (SGOT/AST), serum glutamic pyruvic transaminase/alanine
transaminase (SGPT/ALT), alkaline phosphatase, total bilirubin, creatine kinase
(CK), creatine kinase with MB fraction (CK-MB), and urinalysis). Anti-recombinant
human a-glucosidase IgG antibodies were measured from week 0 through week 74.

Pulmonary function

Pulmonary function (Forced vital capacity (FVC)) was assessed by spirometry?® in
the upright and supine position. The maximum value of three reproducible tests
was used for analysis. The effect of therapy on pulmonary function in patients with
an FVC <80% predicted at baseline was compared with two cohorts of untreated
patients. Historical cohort 1 comprised 8 untreated children with Pompe disease
that had an FVC <80% predicted at their first visit to our hospital. Historical cohort
2 consisted of 16 adult patients that were followed for a mean duration of 16+7
years (published in part by?*).

Muscle strength

Muscle strength was assessed by Manual Muscle Testing (MMT)?* and Hand-Held
Dynamometry (HHD).262® MMT was scored by an 11-point modified version of the
Medical Research Council (MRC) scale.?® HHD was conducted using a hand-held
dynamometer (CT3001, C.I.T. Technics, Groningen, the Netherlands). Muscle groups
tested by HHD and MMT were: neck flexors, shoulder abductors, elbow flexors,
wrist extensors, hip flexors, hip abductors, knee extensors, knee flexors, foot dorsal
flexors. Individual scores for each muscle group were summed to calculate a total
score for MMT (maximum score 45) and for HHD (Newton). The HHD sumscore was

compared with reference values of age related peers.?®
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Muscle function

A 6-min walk test (6BMWT) was performed according to the guidelines of the
American Thoracic Society.® The maximum walking distance achieved in 6 min was
measured at comfortable pace and at fast speed. Functional activity assessments
included two timed tests: 10 meter running and rising from supine position to
standing position.* The Quick Motor Function Test, a test that was specifically
designed and validated for Pompe patients, was performed on regular intervals.3!
The scale consists of 16 specific motor function items. A total score is achieved by

summing the scores for each item.

Patient and parent reports

All patients and their parents were interviewed at baseline and every three months
thereafter. The interviews were scheduled before the different assessments and
consisted of relevant issues such as mobility, fatigue, muscle pain, and self-reported

changes from baseline.

Statistical analysis

The individual relationships between various outcomes and treatment duration for
the different patients were evaluated using least-squares regression. In case of non-
linear relations, Spearman’s correlation coefficients’ were used. For each patient,
HHD% predicted values were estimated by linear interpolation of the reference
data. Mean values of FVC % predicted according to age in an untreated historical
control group was calculated by repeated measures ANOVA. On group level the
various repeated measurements were analyzed by mixed model ANOVA (random
coefficients models) (SAS PROC MIXED 8.2). p-values <0.05 were considered
significant.
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RESULTS

Patient characteristics study group

Five juvenile patients, three males and two females, were enrolled in the study
(Table 1). They ranged in age from 5.9 to 15.2 years. All presented with mobility
problems early in life (0.8-6.5 years). They were diagnosed between 1.1 and
11.6 years of age. The diagnosis was confirmed by mutation analysis (see Table
1 for details), and deficient a-glucosidase activity in cultured fibroblasts (range
2.8-17.9 nmol/mg/h). The a-glucosidase activity was clearly below the normal
range (45-160 nmol/mg/h).

Safety

Patients were treated with 20 mg/kg a-glucosidase every two weeks. The three
years of treatment were well tolerated. No infusion-associated reactions occurred
during 390 infusions in total. None of the patients received premedication with
antihistamines or corticosteroids. All patients developed IgG antibodies against the
recombinant human enzyme between week 8 and week 38. The highest titers were
observed between week 38 and week 74 and ranged from 800 to 6400 units (Figure
1). Lab safety parameters remained stable. There were no apparent changes in the

condition of the patients in the two weeks between sequential infusions.

Pulmonary function

At baseline, two of the five patients (patient 1 and 3) had normal pulmonary
function in both sitting and supine position (Figure 2). Their ‘postural drop’, defined
as the difference between the forced vital capacity in sitting and supine position
(AFVC), was 4% and 3%.

The other three patients (patient 2, 4 and 5) had a decreased pulmonary function
(Forced Vital Capacity (FVC) of <80% predicted) at baseline (Figure 2), with a
postural drop of 9.9%, 18.0%, and 33.3%. According to the ATS/ERS guidelines a
postural drop of >25% is indicative for weakness of the diaphragm.*3 Patient 5

required nocturnal non-invasive ventilation (Bi-level Positive Airway Pressure).
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Figure 1. Anti-recombinant human a-glucosidase IgG antibody titers over 74 weeks of treatment. 0=patient
1, M=patient 2, #=patient 3, A=patient 4, o=patient 5.

During treatment, pulmonary function of patients 1 and 3 remained within normal
limits (Figure 2A and B). The FVC predicted remained stable in patients 2 and 4 and
increased significantly in patient 5 (p=0.01, sitting and p<0.01, supine, Figure 2A

and B). The postural drop remained unchanged.

Muscle strength

At baseline, muscle weakness was more pronounced in the proximal muscles than
the distal muscles and more in the lower extremities than the upper extremities.
Hip muscles (flexors, extensors and abductors) and neck flexors were most affected.
Table 2 shows the results of the individual patients obtained over three years
therapy. On a group level, both muscle strength assessed by MMT and HHD
increased significantly (MMT 0.07% (=0.08 MMT point)/week (p=0.007), HHD 3.0
Newton/week (p=0.01)).

However, whilst all patients reached near-normal sum scores applying MMT,
muscle strength measured with HHD remained below that of healthy peers. One
patient showed significant catch-up growth towards normal values (Figure 3), the

other patients did not but did not deteriorate either.
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Table 2. Results of the individual patients at baseline and after three years of treatment.

Baseline 3 year ERT
Patient1 HHD sumscore (Newton) 521.5 750 p=0.008
MMT sumscore (%) 86 92 p=0.015
6MWT (km/hr) 3.4 53 p=0.006
Rising (sec) 4.4 3.94 n.s.
Running (sec) 4.1 4.0 n.s.
QMFT (%) 70.3 95.3 p=0.001
Patient2 HHD sumscore (Newton) 521 865 p=0.004
MMT sumscore (%) 79 93 p=0.07
6MWT (km/hr) 4.7 5.8 p=0.07
Rising (sec) 5.1 4.13 n.s.
Running (sec) 4.2 4.0 n.s.
QMFT (%) 73.4 92.2 p=0.002
Patient 3 HHD sumscore (Newton) 605 1202 p=0.002
MMT sumscore (%) 87 100 p=0.001
6MWT (km/hr) 5.2 5.9 n.s.
Rising (sec) 4.4 3.0 p=0.06
Running (sec) 3.9 3.0 p=0.005
QMFT (%) 89.1 100 p=0.006
Patient4 HHD sumscore (Newton) 608 1158 p=0.006
MMT sumscore (%) 79 100 p=0.06
6MWT (km/hr) 4.0 5.7 p=0.06
Rising (sec) 6.2 3.2 p=0.01
Running (sec) 4.5 3.8 p=0.037
QMFT (%) 67.2 92.2 p<0.001
Patient 5 HHD sumscore (Newton) 992 1505 p=0.01
MMT sumscore (%) 83 96 p=0.016
6MWT (km/hr) 5.5 6.5 n.s.
Rising (sec) 3.91 2.8 p=0.011
Running (sec) 3.59 2.9 p=0.024
QMFT (%) 79.7 92.2 p<0.001

All assessments were performed at baseline and at three months intervals thereafter. The individual
changes over the three-year treatment period were evaluated using least-squares regression. All data
points gathered every three months over three years time were used in this analysis. ERT=enzyme
replacement therapy, HHD=Hand-Held Dynamometry, MMT=Manual Muscle Testing, 6MWT=Six-Minute
Walk Test, QMFT=Quick Motor Function Test, n.s.=not significant.
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Figure 3. Effects of enzyme therapy on muscle strength measured by Hand-Held
Dynamometry. Results of nine muscles were grouped together to calculate a total sum score.
The sum score was plotted for all patients: ¢=patient 1 (boy), M=patient 2 (girl), #=patient
3 (girl), A=patient 4 (boy), o=patient 5 (boy). Age related reference values are plotted for
comparison [27]. Reference values boys: —e—e—e—e—e—e  Reference values girls - - - - - - .
Patients’ muscle strength was measured with an upper limit of testing of 180 Newton per
muscle group. The resulting outcomes for these patients therefore underestimate the
true outcome (right-censored values). Data points representing right-censored values are
represented by arrows.

Muscle function

Walking at comfortable pace appeared insufficiently challenging for the children
and the results did not show any consistency over the different assessment days.
This was different for the 6MWT at fast pace. At baseline the patients ran with an
average speed of 3.4 to 5.5 km/h (see Table 2 for individual data). At the end of
the study they managed to increase their distance with 64—-184 m (mean increase
120 m). This increase was significant on group level (0.7 m/week (p=0.045)).
Unfortunately there are very few data available to compare with. One study
reported healthy children between 12 and 14 years of age to run with mean
velocities of 11.8 km/hour (range 10.3—13.4 km/h)** during a 6 min test. Three of

our patients were in or above this age category.
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At baseline, rising from supine to standing position took on average 4.4 times
longer for the patients compared to healthy peers (see® for reference values age
5-12 years and Table 2 for individual data). On a group level, the results showed a

trend towards significance (p=0.07 for rising and 0.096 for running).

Quick motor function test (QMFT)

Patients were regularly tested on 16 motor items that were specifically difficult for
patients with Pompe disease.

Before start of treatment, patients had difficulty with most motor items tested,
except for reaching hands over midline in supine position and stretching both arms
simultaneously upward in sitting position.

Over three years of therapy, there was a significant increase in QMFT score on a
group level (p=0.04, Table 2). Improvements were predominantly found in lifting
head 45° in supine position (patients 1, 2, and 4), flexing hips through full range in
supine position (all patients), doing a sit-up from supine position (patients 1, 2, 3,
and 4), attaining standing position through half knee on the other knee (patients 1,

2, 4, and 5) and climbing four steps (patients 1, 2, 4, and 5).

Cardiac evaluation

Cardiac evaluation showed no signs of hypertrophic cardiomyopathy. Cardiac
dimensions and diastolic and systolic function were normal. Cardiac ultrasound
revealed a quadricuspid aortic valve in one patient. A second patient showed minor
deformations of the tricuspid valve with a slight prolapse of the anterior leaflet,
leading to minimal tricuspid regurgitation. A third patient showed the following
ECG abnormalities: an intermittent sinus and atrial rhythm, a delta wave and a non-
specific interventricular conduction block. These findings did not change during
the study.

Patient and parent reports
Parents reported that their children had become more active during the day. They
were able to participate more easily in activities such as running, playing sports,

playing outdoors and cycling and had more energy left in the evening. Regular
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headaches, muscle pain and fatigue present at start of therapy subsided. Two

patients reported that frequent loose stools no longer occurred.

Surgical interventions

During the study, two patients (patient 2 and 4) received a unilateral Achilles tendon
release. For patient 4, this was performed 6 months after start of treatment and for
patient 2, 1.5 years after start of treatment. They recovered well without sequelae.
To judge the significance of our findings we compared the FVC data of the study
cohort with those of two untreated historical cohorts. Follow-up data on muscle
strength and function of untreated children with Pompe disease were insufficiently

available.

Patient characteristics historical cohort 1

Eight patients with Pompe disease, six males and two females, who did not receive
treatment comprised historical cohort 1 (Table 3). All patients in this cohort had
a decreased FVC (less than 80%) when first seen in our hospital. Age range of the
patients at their first pulmonary function test was 5.4 to 14.1 years. In total 30
FVC measurements were performed in sitting position. Patients were ambulant
and presented with mobility problems between 0.8 and 13 years (mean 5.8). They
were diagnosed between 1.1 and 14 years. Two of the patients required respiratory

support at night. Mutations and a-glucosidase activities are shown in Table 3.

Patient characteristics historical cohort 2

Sixteen untreated patients with Pompe disease, ten females and 6 males comprised
historical cohort 2. Full details of this cohort have been published in [24]. Fifteen
of these patients were compound heterozygotes (c.-32-13T>G in combination with
a severe mutation (c.525delT (n=8), c.1548G>A (n=2), c.1115A>T (n=2), c.172C>T
(n=2), c.925G>A (n=1))). The genotype of the remaining patient was c.1634C>T
(intermediate) /c.525delT (severe) functionally comparable to genotype c.1634C>T/
delexon18 of patient 1 of the study group. Cohort 2 included patients with normal
and decreased pulmonary function at first assessment. Mean age at first symptoms

was 24+11 years (range 1-40 years); mean age at diagnosis was 2712 years. All
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were ambulant at their first visit, and one patient required respiratory support at
night. Four patients were diagnosed before they were 18 years old. Age range at
the first pulmonary function test was 11-57 years. In total 95 measurements of
vital capacity (VC) in sitting position were performed. Mean follow-up duration of
pulmonary function was 9 years (range 2—15 years).

For only one patient pulmonary function measurements were available before the
age of 18 years. The first test was performed when the patient was 11 years old.
VC at that time was 70% of predicted. Over the next 5 years, his VC decreased to
32%. The patient with genotype ¢.1634C>T/c.525del, had a VC of 24% predicted at
the first available measurement when she was 22 years old. These patients became

ventilator dependent at the age of 15, and 20 years.

Comparison of pulmonary function
The average decline of FVC predicted was 5% per year for historical cohort 1 (Figure
1C) and 1.6% per year for cohort 2. This was significantly different from the study

group.

DISCUSSION

The present study assessed safety and efficacy of three years treatment with
recombinant human a-glucosidase in five juvenile Pompe patients. All patients
were ambulant and free of ventilator support during the day.

Treatment with recombinant human a-glucosidase was well tolerated. In a recent
study on enzyme therapy in 18 patients with classic infantile Pompe disease,
infusion-associated reactions were reported to occur in approximately 60% of the
cases.'® In the present study none of the patients experienced infusion-associated
reactions, even though all five patients developed antibodies. The antibody titers
did not reach the high levels that were observed in some infants. These differences
might be explained by residual a-glucosidase activity expressed in juvenile patients,

as opposed to the virtual absence of enzyme activity in classic infantile patients.
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The presence of residual activity also explains the more slowly progressive disease
course of the study patients prior to start of therapy.

Insight in the natural course of Pompe disease is essential to evaluate effects of
treatment. There are several reports on pulmonary function in untreated adults
with Pompe disease. They all indicate that pulmonary function declines with
disease duration.%3¢% [imited data have been published on children. For that
reason we compared the pulmonary function of the patients in this study with two
historical cohorts. Both cohorts were unmatched. Historical cohort 1 consisted of
eight children who all had an FVC predicted of <80% at their first visit. Mean age
at first symptoms, age at diagnosis, time lag between diagnosis and age at first
assessment were comparable with the study cohort. Five of 8 patients in cohort 1
compared to 3 of 5 patients in the study group had the common c¢.-32-13T>G/null
genotype, that is found in 53% of children over 1 year of age and 77% of adults.34°
The other genotypes of patients in cohort 1 and the study group are more severe
and clinical effects difficult to compare. It can therefore not be ruled out that the
5% predicted FVC decline per year in untreated children is slightly overestimated.
On the other hand, historical cohort 2, which consisted of 15 patients with the
milder c.-32-13T>G/null genotype and only one patient with a combination of a
severe and intermediate mutation, showed an average decline of 1.6% predicted
FVC per year. Also this course was significantly different from the study cohort.

All five patients in our study group had moderate muscle weakness at baseline.
During treatment, improvements in strength were recorded with MMT and HHD.
All children reached near-normal scores on MMT. Muscle strength assessed with
HHD remained below the strength of healthy peers and confirms that MMT is
less reliable and sensitive than HHD to give full information about the strength of
muscles.*** In particular this is the case for MMT grade 4 that covers a wide range
of forces (10—-250 Newton).*? Applying HHD, one child significantly caught up with
healthy peers, while the others did not. Earlier we found that a moderately affected
11-year-old patient needed five years of enzyme therapy before he reached normal
strength.*® This may indicate that long-term treatment may be required to obtain
full effects.
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Despite the fact that muscle strength remained below normal values, several
functional improvements were observed in the patients. They were able to run
longer distances in 6 min, or were able to rise faster from the floor. In addition,
all patients performed significantly better according to QMFT scores. Part of these
improvements may be explained by growth or by the Achilles tendon release
operation that was performed in two patients. The fact that several patients
learned to lift their head from the surface or to do a sit-up without use of hands,
skills particularly difficult for untreated Pompe patients®, cannot be explained by
growth or surgery.

The results of the present study extend previously reported effects of treatment in
classic infantile patients,'#*82%22 byt should be interpreted with caution.
Limitations of our study are the small number of patients and the fact that our
study was not placebo controlled. To overcome the latter problem we used two
historical cohorts that only partly matched the treated patients. Cohort 2 mainly
comprised adults. Historical data of untreated children with Pompe disease were
only available for pulmonary function and not for muscle strength and function. We
could therefore not fully rule out that untreated children might also have shown
improvements of muscle strength and function over a certain period of time, for
example with onset of puberty.

We found it encouraging, that none of the patients deteriorated over a three-year
period. Some patients showed moderate improvements. All patients tolerated
the enzyme infusions well. Long term follow-up studies with more patients are

required.
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ABSTRACT

Background

Pompe’s disease is a metabolic myopathy caused by a deficiency of acid alpha-
glucosidase (GAA), an enzyme that degrades lysosomal glycogen. Late-onset
Pompe’s disease is characterized by progressive muscle weakness and loss of
respiratory function, leading to early death. We conducted a randomized, placebo-
controlled trial of alglucosidase alfa, a recombinant human GAA, for the treatment
of late-onset Pompe’s disease.

Methods

Ninety patients who were 8 years of age or older, ambulatory, and free of invasive
ventilation were randomly assigned to receive biweekly intravenous alglucosidase
alfa (20 mg per kilogram of body weight) or placebo for 78 weeks at eight centers
in the United States and Europe. The two primary end points were distance walked
during a 6-minute walk test and percentage of predicted forced vital capacity (FVC).
Results

At 78 weeks, the estimated mean changes from baseline in the primary end points
favored alglucosidase alfa (an increase of 28.1+13.1 m on the 6-minute walk test
and an absolute increase of 3.4+1.2 percentage points in FVC; p=0.03 and p=0.006,
respectively). Similar proportions of patients in the two groups had adverse events,
serious adverse events, and infusion-associated reactions; events that occurred
only in patients who received the active study drug included anaphylactic reactions
and infusion-associated reactions of urticaria, flushing, hyperhidrosis, chest
discomfort, vomiting, and increased blood pressure (each of which occurred in 5
to 8% of the patients).

Conclusions

In this study population, treatment with alglucosidase alfa was associated with
improved walking distance and stabilization of pulmonary function over an
18-month period. (ClinicalTrials.gov number, NCT00158600.)
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BACKGROUND

Pompe’s disease is a rare, autosomal recessive, progressive neuromuscular disease
caused by a deficiency of acid a-glucosidase (GAA), which degrades lysosomal
glycogen. In patients with the classic infantile form, the deposition of glycogen
in the heart, skeletal, and respiratory muscles causes severe cardiomyopathy,
hypotonia, and respiratory failure, typically leading to death within the first year of
life.*> Children and adults, in contrast, have variable rates of disease progression.
Glycogen deposition is confined mainly to skeletal and respiratory muscles, causing
progressive limb-girdle myopathy and respiratory insufficiency.>>® Respiratory
failure is a major cause of death.®%!

No disease-specific treatment was available for Pompe’s disease until 2006, when
enzyme-replacement therapy with alglucosidase alfa (Myozyme, Genzyme) was
approved for all patients with Pompe’s disease in the United States and the European
Union, on the basis of open-label studies of infantile-onset Pompe’s disease.!?
Trials involving infants showed improvements in survival and motor outcomes
as compared with untreated historical controls.>*® Preliminary studies showed
positive effects in children and adults but were small and not controlled.**"%° We
report the results of a randomized, controlled trial of alglucosidase alfa in late-

onset Pompe’s disease.

METHODS

Study design

The protocol was designed by Genzyme, with input from the authors and an
independent statistical center (Cytel). The protocol and all amendments were
approved by local review boards, ethics committees, and health authorities.
Genzyme employees analyzed the data in accordance with the statistical plan and
with additional suggestions from the investigators. Study conduct was monitored
by an independent data and safety monitoring board. Primary efficacy analyses

were ratified by the independent statistical center. All the authors collected the
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data, had access to the data, and decided to submit the manuscript for publication.
The first author and the coauthors wrote the manuscript, with the assistance of
medical writers at Genzyme, and the first author determined the final content of
the manuscript. All authors vouch for the completeness and veracity of the data
and analyses.

This was a randomized, double-blind, placebo-controlled, multicenter study of
the safety and efficacy of alglucosidase alfa in 90 patients with late-onset Pompe’s
disease. The study began in early September 2005 and was completed at the end
of September 2007. Patients were screened and, after providing written informed
consent (by patients 18 years of age or older and by guardians for younger
patients), underwent a full baseline evaluation. Those who qualified were randomly
assigned in a ratio of 2:1 to receive biweekly infusions of alglucosidase alfa (20 mg
per kilogram of body weight) or placebo. The Pocock and Simon minimization
algorithm?® was used to balance the baseline distance walked on a 6-minute walk
test (<300 or 2300 m) and the baseline percentage of the predicted forced vital
capacity (FVC) in an upright position (<55 or 255%) between study groups at each
site.

Patients

All eligible patients had a confirmed diagnosis of Pompe’s disease (GAA deficiency
and two GAA gene mutations); were 8 years of age or older; were able to walk 40 m
on the 6-minute walk test (with assistive devices permitted); had a percentage
of the predicted FVC within the range of 30% to less than 80% in the upright
position, with a postural drop in FVC (in liters) of 10% or more (from upright to
supine); and had evidence of muscle weakness in the lower extremities, defined
as bilateral knee extension less than 80% of predicted performance, as measured
by quantitative muscle testing (QMT). Patients were excluded if they required any
invasive ventilation or if they required noninvasive ventilation while awake and

upright (see the Supplementary Appendix).
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Assessments of clinical efficacy

Coprimary efficacy end points were meters walked on the 6-minute walk test and
percentage of the predicted FVC in the upright position. Secondary and tertiary
efficacy end points included changes in the percentage of the predicted QMT leg
score and QMT arm score, maximum inspiratory pressure, and maximum expiratory
pressure. Changes in walking distance on the 6-minute walk test were evaluated
according to American Thoracic Society guidelines.?!

Spirometric and manometric assessments of pulmonary function and respiratory
muscle strength were performed according to American Thoracic Society and
European Respiratory Society guidelines.?%

The quantitative measurement system of the Cooperative International Neuro-
muscular Research Group was used to perform QMT to assess muscle force
production during maximal voluntary isometric contraction of bilateral shoulder
and hip adductors, elbow and knee flexors and extensors, and grip.?>% Data were
reported as composite QMT leg and arm scores (i.e., the average of the percentage
of predicted scores for bilateral knee flexors and extensors and bilateral elbow
flexors and extensors).?

The Medical Outcomes Study 36-ltem Short-Form Health Survey (SF-36) was
administered to patients 14 years of age or older. The scores for the Physical

Component Summary are reported.”

Antibody monitoring

Serum samples were obtained every 4 weeks for the first 52 weeks and again at
weeks 64 and 78. IgG antibodies to alglucosidase alfa were assessed by means of
the enzyme-linked immunosorbent assay (ELISA), and results were confirmed on
radioimmunoprecipitation, as described previously.?® Patients who tested positive
for 1gG antibodies were evaluated for antibodies that inhibit enzyme activity or
uptake into cells.?® Twofold dilution series of serum samples were preincubated
with a fixed amount of enzyme. These samples were then analyzed to determine
whether the antibodies interfered with the enzyme-substrate interaction. Similarly
diluted samples were also preincubated with fluorescence-labeled enzyme and

analyzed by means of flow cytometry to determine their ability to interfere with
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enzyme internalization into fibroblasts (an easily grown cell type that expresses
mannose-6-phosphate receptors, which mediate enzyme uptake). The last serum
dilution that inhibited enzyme activity relative to the established assay cutoff point

was recorded as the titer.

Safety assessments
All adverse events, serious adverse events, and infusion-associated reactions were
recorded. The site investigator and the study sponsor determined whether an

adverse event was related to the study drug.

Statistical analysis

We calculated that a minimum sample of 63 patients would be required to
detect a treatment difference of 0.75 SD with 80% power (on the basis of a two-
sample t-test with a significance level of 5% and a 2:1 ratio for randomization).
Enrollment of at least 72 patients was planned, assuming a 10 to 15% dropout
rate. The planned model for the primary efficacy analysis was a linear mixed-effects
model with random intercepts and slopes. The estimated treatment effect was the
absolute difference in the linear slopes of change between the alglucosidase alfa
and placebo groups.

An adaptive design was implemented (under a protocol amendment) in which the
initial 52-week treatment period could be extended by 3 or 6 months on the basis
of an interim estimate of the standard error of the treatment effect on the 6-minute
walk test; the estimate was used to determine the length of follow-up required to
ensure adequate power for assessment of this end point. Because only the interim
estimate of the standard error was used, no adjustment of the type | error rate
was needed (see the Supplementary Appendix).3® An interim analysis of the data
on the 6-minute walk test was performed by an independent statistical center
after all patients had completed week 38. On the basis of this interim analysis, the
data and safety monitoring board recommended that the study be extended to 78
weeks; there were no interruptions in the study regimens during the 78-week trial.
Neither the study sponsor nor the investigators had access to the interim results

until the conclusion of the study.
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The efficacy analysis was performed for the intention-to-treat population, defined
as all patients randomly assigned to either alglucosidase alfa or placebo. A fixed-
sequence testing procedure was used to account for multiple testing and to
preserve the overall significance level of 5% for both coprimary end points. Formal
testing for a treatment effect on FVC in the upright position was performed only
after the significance of the treatment effect on the 6-minute walk test had been
shown by means of a two-sided test. Prespecified testing of the assumptions for
the linear mixed-effects model indicated that use of this model was not warranted;
therefore, the primary efficacy analysis was an analysis of covariance (ANCOVA) for
the change from baseline to week 78. The last-observation-carried-forward method
was used for the ANCOVA model, with adjustment for randomization strata and
baseline scores. Treatment effects were also estimated in predefined subgroups,
and a post hoc sensitivity analysis with the use of mixed models for repeated
measures and nonparametric tests was conducted to assess the robustness of the
efficacy findings (see the Supplementary Appendix). Secondary and tertiary end
points were analyzed by means of ANCOVA. The reported p values are two-sided

and were not adjusted for multiple testing.

RESULTS

Characteristics of the patients

A total of 90 patients between 10 and 70 years of age were randomly assigned to
either alglucosidase alfa (60 patients) or placebo (30 patients). Of this group, 81
completed the study; 5 in the alglucosidase alfa group and 4 in the placebo group
dropped out (see Figure 1 in the Supplementary Appendix). The demographic
and baseline characteristics of the patients are summarized in Table 1. In the
alglucosidase alfa group, there were more men, the patients were slightly older,
and fewer patients used a walking device at baseline. The only significant difference
between the groups in disease-related characteristics was age at symptom onset
(p=0.02). In both groups, the mean SF-36 Physical Component Summary scores
were more than 1.5 SD below the norm for the U.S. general population (50+10),

indicating that baseline physical health status was substantially diminished.
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Table 1. Demographic and baseline characteristics of the study population®

Characteristic Alglucosidase Alfa Placebo Group P value
Group (n=60) (n=30)

Age at first infusion, years

Mean 45.3+12.4 42.6+11.6 0.32
Range 15.9-70.0 10.1-68.4
Sex, no. (%)
Male 34 (57) 11 (37) 0.12
Female 26 (43) 19 (63)
Race, no. (%)°
White 57 (95) 27 (90) 0.40
Other 3(5) 3(10)
Age at onset of symptoms, years
Mean 30.3+12.3 23.9+11.0 0.02
Range 5.3-58.6 2.7-42.6
Duration of disease, years
Mean 9.0+6.3 10.1+8.4 0.48
Range 0.3-24.8 0.5-31.3
Normal GAA activity, %
Mean 10.8+8.2 10.1+£7.8 0.71
Range 0-47.4 0-32.2
Use of walking device, no. (%) 23 (38) 16 (53) 0.19
Use of ventilatory support, no. (%) 20(33) 11 (37) 0.82
Score on SF-36 Physical Component Summary 34.33+8.93 34.91+7.26 0.23

Performance on 6-min walk test

Distance walked, m

Mean 332.2+126.7 317.9+132.3 0.62
Range 77.0-626.0 41.0-608.0

% of predicted value
Mean 52.5+19.0 50.3+20.5 0.61
Range 9.8-82.2 6.2-99.0

FVC, % of predicted value
Mean 55.4+14.4 53.0+15.7 0.47
Range 31.0-78.0 30.0-78.0

2 Plus-minus values are means +SD. Fisher’s exact test was used for comparisons of binary variables, and
Student’s t-test for comparisons of continuous variables. FVC denotes forced vital capacity, GAA acid a
glucosidase, and SF-36 Medical Outcomes Study 36-ltem Short-Form Health Survey.

b Race was reported by the patient.
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Efficacy

By 78 weeks, treatment with alglucosidase alfa had significantly increased both the
distance walked on the 6-minute walk test and the percentage of the predicted
FVC (Table 2 and Figure 1). The alglucosidase alfa group had a mean increase of
25.1 m on the 6-minute walk test (the average baseline was 332.2 m), whereas the
placebo group had a decrease of 3.0 m (the average baseline was 317.9 m), for an
estimated differential treatment effect of 28.1 m (p=0.03). The estimated change in
FVC, expressed as a percentage of each patient’s predicted value, was an increase
of 1.2 percentage points for the patients who received alglucosidase alfa and a
decrease of 2.2 percentage points for the patients who received placebo, for an
estimated treatment effect of 3.4 percentage points (p=0.006).

For each subgroup evaluated, the patients who received alglucosidase alfa had
numerically better results (Figure 2 in the Supplementary Appendix). Subgroup
analyses showed a greater difference between the study groups among patients
with better baseline status — that is, patients whose baseline distance on the
6-minute walk test was 300 m or greater and whose baseline FVC was 55% or more
of the predicted value. In addition, sensitivity analyses with the use of alternative
statistical methods showed that the results were consistent and robust across
analytic methods (Table 1 in the Supplementary Appendix).

The pattern of response with respect to QMT leg and arm scores and the percentage
of the predicted maximum expiratory and inspiratory pressures support the findings
for the two coprimary end points, although only the change in the percentage of
the predicted maximum expiratory pressure differed significantly between the
groups (Table 2 and Figure 2).

Safety

Patientsinthe two groups had similar frequencies of adverse events, serious adverse
events, treatment-related adverse events, and infusionassociated reactions. Most
adverse events were mild or moderate in severity and were not considered to be
related to the study drug (Table 3, and Table 2 in the Supplementary Appendix).
The most frequently reported events (falls, nasopharyngitis, and headache)

were similar between groups. Infusion-associated reactions occurred in 28% of
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Table 2. Results of analysis of covariance for changes from baseline to week 78 for primary
and secondary end points*

Alglucosidase Alfa Placebo Group Difference between P Value
Group (n=60) (n=30) Groups

End Point

Distance walked on 6-min walk test —m

Baseline 332.2+126.7 317.9+132.3

Week 78 357.9+141.3 313.1+144.7

Change (95% Cl) 25.13 (10.07 to 40.19) -2.99 (-24.16 to 18.18) 28.12 (2.07 to 54.17) 0.03
Forced vital capacity — % of predicted

Baseline 55.4+14.4 53.0+15.7

Week 78 56.7+16.3 50.7+14.9

Change (95% CI) 1.20 (-0.16 to 2.57) -2.20(-4.12t0-0.28) 3.40(1.03 to 5.77) 0.006
Quantitative muscle testing, leg — % of predicted

Baseline 37.7¢18.9 32.5+18.2

Week 78 39.1+21.8 30.4+20.5

Change (95% Cl) 1.18 (-1.07 to 3.42) -2.00(-5.16 t0 1.17)  3.18(-0.73t0 7.08) 0.11
Quantitative muscle testing, arm — % of predicted

Baseline 55.9+20.4 56.9+18.2

Week 78 60.9+21.7 58.3+20.9

Change (95% CI)  5.05 (1.91 to 8.18) 1.47 (-2.92 t0 5.87) 3.57(-1.83t08.97) 0.19

Maximum inspiratory pressure — % of predicted

Baseline 40.0+19.7 42.6%21.0

Week 78 43.7+21.0 41.7+19.3

Change (95% CI) 3.48 (0.91 to 6.04) -0.35(-3.95t03.25)  3.83(-0.60t08.26) 0.09
Maximum expiratory pressure — % of predicted

Baseline 32.0+12.1 30.84£12.0

Week 78 35.1+13.3 30.5£13.1

Change (95% CI) 3.24 (1.19 to 5.29) -0.56 (-3.43t02.31)  3.80(0.27 to 7.33) 0.04
Score on SF-36 Physical Component Summaryt

Baseline 34.3+8.9 34.947.3

Week 78 35.149.8 36.5£9.6

Change (95% Cl) 0.80(-1.22t02.82)  1.16 (-1.64t03.97)  0.37(-3.83t03.09) 0.83

* Plus-minus values are means SD. Cl denotes confidence interval.

t The Medical Outcomes Study 36-Item Short-Form Health Survey (SF-36) consists of an interview and
self-administered questionnaire designed to assess generic health-related quality of life in healthy and ill
adult populations.
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Figure 1. Changes from baseline in distance walked and in Forced Vital Capacity, according
to study group.

The graphs show the changes from baseline to week 78 for the two study groups. On the 6-minute walk
test (Panel A), the alglucosidase alfa group had an increase of 25 m, whereas the placebo group had a
decrease of 3 m — a difference of 28 m. The percentage of predicted forced vital capacity (FVC) (Panel
B) increased by 1.2% in the alglucosidase alfa group but decreased by 2.2% in the placebo group — a
difference of 3.4%. These values represent estimates of the mean on analysis of covariance.
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alglucosidase alfa recipients and 23% of placebo recipients. Most of the reactions
were not serious or were mild to moderate in severity and resolved with no
need to withdraw the study treatment (Table 3 in the Supplementary Appendix).
Anaphylactic, allergic, and infusion-associated reactions that involved urticaria,
flushing, hyperhidrosis, chest discomfort, vomiting, and increased blood pressure
occurred in 5 to 8% of the patients treated with alglucosidase alfa but were
not reported in the placebo group. Of the 60 patients in the alglucosidase alfa
group, three (5%) had anaphylactic reactions, two of whom tested positive for IgE
antibodies to alglucosidase alfa; two had respiratory and cutaneous reactions, and
the third had severe tongue edema. Two of these three patients withdrew from the
study. One patient in the placebo group withdrew owing to headaches. During the
study, one patient in the alglucosidase alfa group who was receiving clinical care
for two broad-based basilar-artery aneurysms died from brain-stem ischemia due
to basilar-artery thrombosis.

Anti-alglucosidase alfa IgG antibodies developed in all 59 patients in the treatment
group who underwent at least one post-treatment assessment, with a median time
to seroconversion of 4 weeks (range 3.6 to 12). After seroconversion, the median
time to the peak titer was 12 weeks; the median peak titer was 6400, and the
median final titer (last sample or sample at week 78) was 1600. The geometric
mean titer of anti-alglucosidase alfa IgG antibodies on ELISA increased from
baseline through week 44 (2925) and declined slightly through week 78 (1607)
(Figure 3 in the Supplementary Appendix). In 36 of 59 patients (61%) with one or
more post-treatment assessments, there was a trend toward decreasing titers by
a factor of t