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Abstract Little is known about clinical symptomatology and genetics of juvenile onset Pompe

disease (JOPD). The aims of this study were to analyze how these children are
diagnosed, what clinical problems they have, and how phenotype is related to
genotype. To accomplish this, we analyzed retrospectively data of 34 patients
diagnosed after their first and before completion of their 18th birthday. Median age
at diagnosis was 3.9 (range 1.1-17) years. Eight patients (23.5%) developed initial
symptoms in the first year, 12 (35%) between 1 and 7 years, and 6 (18%) thereafter.
Eight (23.5%) had no clinical symptoms at the time of diagnosis. Indications for
diagnostics were a positive family history in three (9%), hyperCKemia in eight (23.5%),
motor developmental delay in three (9%), and muscle weakness and/or pain in 17
(50%). Rare clinical signs were failure to thrive, recurrent diarrhea, and suspected
hepatopathy with glycogen storage. Thirty-two different mutations were identified.
Twenty-seven patients (79.5%) carried the milder c.32-13T > G mutation, known to be
associated with a broad range of phenotypes. Three out of eight patients manifesting
within the first year of life showed generalized muscle weakness, hypertrophic
cardiomyopathy, and had to be ventilated during the course of disease, thereby
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Introduction

Pompe disease (glycogenosis type 2, acid maltase deficiency)
is a rare metabolic myopathy caused by biallelic mutations of
the acid a-glucosidase (GAA) gene.1 This results in reduced
activity of the lysosomal enzyme GAA with consecutive
accumulation of glycogen preferentially in muscle and im-
paired autophagy.1 -3 Pompe disease is usually divided into a
rare infantile onset Pompe disease (IOPD) and a more
frequent late onset Pompe disease type.' The latter can be
differentiated into adult Pompe disease (AOPD) and juvenile
onset Pompe disease (JOPD). The incidence of IOPD is ap-
proximately 1:140,000 and that of all types together
amounts to approximately 1:40,000 in Europe.1 Enzyme
replacement therapy (ERT) is available since 2006 and has
been shown to improve clinical symptoms in IOPD, JOPD, and
AOPD.4-6

IOPD is a multisystemic disease affecting several other
tissues including the heart. Infants present with creatinine
kinase (CK) elevation, severe hypertrophic cardiomyopathy
(HCM), muscular hypotonia, and generalized muscle weak-
ness usually during the first 6 months of life.'™ This type is
rapidly progressive and almost all subjects not treated with
ERT die within the first year of life due to respiratory and/or
cardiac failure.~* AOPD almost exclusively manifests as limb
girdle muscular dystrophy often with early diaphragmatic
involvement."® While classic IOPD and AOPD represent
relatively well characterized clinical entities, JOPD can man-
ifest at any stage of motor development such as infancy,
childhood, and adolescence."®’ In addition, the implemen-
tation of new laboratory methods within the last years such
as dried blood spot (DBS) testing and next-generation se-
quencing (NGS) has changed the diagnostic workup of sub-
jects with limb girdle muscle weakness and/or CK-elevation,
thereby facilitating identification of JOPD patients with
minor or atypical clinical symptoms.>>

Compared with IOPD and AOPD, little is known about the
clinical symptomatology and the genetics of JOPD, and only
one larger study analyzed this group of patients in more
detail.” Since detailed information is important for informed
treatment decisions and correct counselling of families, the
purpose of this study was to gain more insight in the
phenotype and genotype of JOPD. A further aim was to
analyze why and how these patients are diagnosed. To
accomplish this, we analyzed retrospectively clinical and
genetic data of a larger cohort of patients diagnosed with
Pompe disease after the age of 1 and before the age of
18 years.

Patients and Methods

This study was approved by the ethical committee of the
medical faculty of the Justus-Liebig-University GiefRen,
Germany. The parents of all patients and the patients them-
selves, if appropriate, gave formal consent for participation in
this study. Inclusion criteria were a diagnosis of Pompe
disease made after the first and before completion of the
18th birthday. A definite diagnosis was accepted if a patient
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showed a significantly reduced GAA activity in leukocytes or
dried blood in conjunction with a pathogenic mutation on
each allele of the GAA gene.

A questionnaire was designed containing items related to
the age at onset of symptoms and diagnosis, mode of
diagnostics, reasons to initiate diagnostics, symptoms pres-
ent at diagnosis and at last follow-up, as well as results of
genotyping. We contacted neuromuscular centers and insti-
tutions specialized in the care of patients with lysosomal
storage disorders in Germany and asked for their consent to
complete this questionnaire for all eligible patients. All
patients included had a thorough neurologic examination
by an experienced child neurologist or a specialist for meta-
bolic disorders of childhood onset.

The patients’ mutations were classified as very severe,
potentially less severe, less severe, potentially mild, presum-
ably nonpathogenic, and nonpathogenic according to infor-
mation deposited in the Pompe variant database of the EMC
in Rotterdam, The Netherlands (http://www.pompevariant-
database.nl). This severity rating is based on molecular
weight, amount, and residual enzymatic activity of the
mutated protein when expressed in transfected COS-7 cells.?
The effects of variants not listed in this database were
categorized as unknown.

Based on the age at onset of clinical symptoms, the cohort
was divided into four groups: patients developing definite
initial symptoms within the first year of life (infancy), from 1
to 7 years of age (childhood), after the age of 7 years (school
age/adolescence), and patients without clinical symptoms at
diagnosis. To analyze genotype-phenotype correlation in
JOPD we compared the portion of very severe and potentially
mild mutation between these groups. Statistical analysis was
performed with SigmaPlot 11. Values are reported as median
and range.

Results

Thirty-four patients from eight centers were included. Fif-
teen (44%) were female. Median age at the diagnosis was 3.9
(range 1.1-17) years and that at last follow-up was 13.0
(range 2.1-22) years. Median age at manifestation of first
clinical symptoms was 2.5 (range 0.5-17) years. Eight
patients (23.5%) showed initial clinical symptoms before
the end of the first year of life (infancy), 12 (35%) from
the second to the seventh year (childhood), and six (18%)
subjects developed clinical signs thereafter (school
age/adolescence). Eight individuals (23.5%) had no clinical
symptoms at the time of diagnosis (median age 5.9, range
1.5-17 years) and four (12%) continued to do so until their
last follow-up (median duration 2.1, range 1-3.5 years).
Twenty-seven patients (79.5%) received ERT (20mg/kg
rhGAA biweekly). In 24 subjects ERT was immediately
started after the diagnosis had been established. Reasons
to do so were overt muscle weakness in tandem with
elevated CK in 15, motor developmental delay in conjunction
with elevated CK in five, and muscle weakness together with
HCM in three individuals. In a 17-year-old patient ERT was
started because of hyperCKemia without clinical symptoms.
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Fig. 1 Symptoms/reasons prompting diagnostics in relation to age
at diagnosis of Pompe disease in 34 patients with juvenile onset.
CK, CK elevation; FH, positive family history; FMW, facial muscle
weakness; HCM, hypertrophic cardiomyopathy; MW, muscle
weakness.

The seven patients who did not receive ERT until last follow-
up included three patients with CK elevation without clinical
symptoms, one patient for whom his parents refused ERT,
and three Albanian siblings who went back to their home
country and were lost in follow-up.

~Fig. 1 depicts the main symptoms/reasons prompting
diagnostics in relation to age at diagnosis. While hyper-
CKemia or a family history positive for Pompe disease
were reasons to initiate diagnostics at any age, the combina-
tion of HCM and facial/generalized muscle weakness was
observed only in patients manifesting in infancy. Limb girdle
muscle together with facial weakness was frequent in
patients developing first symptoms during childhood,
whereas facial weakness was rarer in those manifesting later.
Indications for diagnostics were a positive family history in
three (9%), motor developmental delay in three (9%), muscle
weakness in 17 (50%), and elevated CK-values in eight
patients (23.5%). In the latter group, hyperCKemia was
noticed when taking blood because of pneumonia (n=1),
upper respiratory tract infection (n=1), gastroenteritis
(n=2), fatigue resolving without specific treatment (n=1),
and surgery (n=3). However, careful neurologic examina-
tion at the time of referral disclosed muscular hypotonia
and mild muscle weakness in two of them. All patients
had elevated CK values at diagnosis ranging from 229
to 8.390 U/L (median value 899 U/L; normal <200 U/L),
and 11 (32%) complained about muscle pain.

In 17 patients (50%) JOPD was diagnosed by GAA activity
determination in leukocytes and in 14 (41%) by DBS analysis.
Three patients (9%) were diagnosed by NGS applied to
elucidate the reason for elevated CK values and/or limb girdle
muscle weakness.
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Three patients manifesting in the first year of life had mild
HCM (left ventricular mass index less than one standard
deviation above the upper limit), four developed severe
scoliosis prompting spinal surgery, and in three ventilatory
failure necessitated assisted ventilation during follow-up. In
children manifesting during childhood, failure to thrive,
chronic diarrhea, and suspected hepatopathy with glycogen
storage was the initial sign prompting further diagnostics in
one patient each. All three also had minimal CK-eleva-
tions (229-314 U/L) and displayed mild proximal muscle
weakness when a careful neurologic examination was per-
formed. One 8-year-old boy with onset of clinical symptoms
after the age of 7 had a rigid spine.

Among the eight patients without clinical symptoms at
the time of diagnosis, diagnostics were performed because of
a positive family history in two and due to increased CK
values in six. The four patients who remained symptom-free
for at least 1 to 3.5 years were diagnosed at age 5 (two
brothers), 12, and 17 years with CK values ranging from 260
to 750 U/L. The three younger patients were not treated with
ERT. The four patients who developed clinical symptoms
were diagnosed at the age 1.5, 2, 2.5, and 10.5 years,
respectively. Their CK values varied from 295 to 760 U/L.
Limb girdle muscle weakness became obvious 0.5, 1, and 1.5
years after establishing the diagnosis despite immediate
start of ERT in the three younger patients. In the oldest
subject, difficulties in climbing were first documented
2 years after diagnosis, but the parents refused ERT until
last follow-up.

All 34 patients (100%) were alive at last follow-up. Motor
function was not assessed in a standardized manner, but
analysis of motor milestones and respiratory status revealed
that all patients achieved sitting without support, and that
28 (82%) learned to walk. Besides the three subjects remain-
ing symptom-free during the observation period, four
patients asymptomatic at diagnosis developed clinical symp-
toms (12%), another five lost ambulation (15%), and another
five became ventilator-dependent (15%). Overall, Pompe
disease was progressive in 14 patients (41%), and in 10
(30%) progression occurred despite ERT.

Thirty-two different genetic GAA variants were detected
(=Table 1). In one patient (number 28, =Table 1) with a
distinctly reduced GAA activity in leukocytes, the sequence
variant on one allele turned out not to result in an amino acid
exchange. Five mutations were novel (three single patients,
one pair of twins, and one set of triplets). Twenty-seven
patients (79.5%) carried the mild ¢.32-13T > G mutation on
one allele. Overall, 29 patients (85%) showed a mutation
listed as potentially mild in the Pompe variant database on
one allele. In 14, this was combined with a very severe, in six
with a less or potentially less severe, and in two with another
potentially mild mutation on the second allele. Four patients
had a combination of two less or potentially less severe
mutations, while one patient each had a combination of two
mutations with unknown effects, or a potentially mild
mutation on one and a novel mutation on the other allele.
CRIM status was positive in seven out of eight patients
manifesting in the first year of life and was unknown in
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“Effect on protein function according to the Pompe disease variant database of the Erasmus MC, Rotterdam (http://www.pompevariantdatabase.nl). Patients 1-8 manifested within the first year of life, patients

9-20 from age 1-7 years, and patients 21-26 after age 7 years. Patients 27-34 showed no clinical symptoms at diagnosis.
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the remaining patient harboring a homozygous intronic
splice site variant. No patient received immunomodulation.
The number of patients with very severe and potentially mild
GAA mutations in relation to age at the onset or presence of
clinical symptoms at diagnosis is shown in =Table 2.

Discussion

In this study we analyzed retrospectively phenotypic and
genotypic findings of 34 German Pompe patients diagnosed
after their first and before their 18th birthday. Our findings
confirm that JOPD is a very heterogeneous condition with a
broad phenotype and a progressive course in many patients,
which makes general comments and conclusions difficult.’

Mild HCM and ventilatory failure during follow-up in
some patients manifesting during infancy demonstrate over-
lap with IOPD. As done in this study, such patients can be
classified as JOPD since all were diagnosed after their first
birthday. Alternatively they can be catogrized as suffering
from nonclassic IOPD since first symptoms occurred during
the first year of life. The latter term was coined in the pre-ERT
era by Slonim and colleagues who delineated a group of
patients with onset of symptoms in the first year of life, mild
HCM, and an overall better prognosis from infants with
classic IOPD.? The relatively large number of individuals
showing symptoms already in the first year of life is in line
with observations made by van Capelle et al reporting 31
subjects with JOPD” and suggests that symptom onset before
the first birthday is not infrequent in JOPD. Proximal myop-
athy together with or without facial weakness, moderate CK-
elevation, and motor problems were typical features of JOPD
manifesting later. However, unusual reasons to perform
diagnostics (e.g., suspected liver disease, chronic diarrhea,
and failure to thrive) and atypical symptoms (e.g., rigid
spine) indicate that the differential of JOPD is broad and
not only restricted to neuromuscular disorders. Less than
one-fifth of our patients developed clinical symptoms after
age 7, reflecting that Pompe disease is only rarely diagnosed
in school children and adolescents.

Notably, almost one-quarter of patients was asymptom-
atic at diagnosis. Such a relatively high proportion has also
been reported by Capelle et al,’ and probably reflects
changed diagnostic practices in patients with CK-elevation.
Today, enzyme activity determination from dried blood by
fluorometry or tandem mass spectrometry is a cost-effective
and simple method that is now widely used in a variety of
metabolic diseases.'? A study screening of 3,076 adults with
CK-elevation and/or limb girdle weakness by DBS for reduced
GAA activity identified 74 patients (2.4%) with Pompe dis-
ease,'! while a similar investigation in 37 children yielded a
detection rate of 4.5%.'2 Based on such studies, GAA activity
measurement in DBS is now frequently applied to rule out
Pompe disease as a potentially treatable neuromuscular
disorder.> Similarly, NGS that allows analyzing a greater
number of genes in parallel for defects causing a similar
unspecific phenotype is increasingly performed to elucidate
the exact cause of limb girdle muscle weakness."> All
patients in our cohort had hyperCKemia, underscoring that
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Table 2 Genotype data in relation to age at onset or presence of clinical symptoms at diagnosis

Age at onset of symptoms/no symptoms at diagnosis
<ly 1-7y >7-18y No symptoms
(infancy) (childhood) (school age[adolescence) n=38
n=8 n=12 n=6
Very severe 3 (37.5%) 7 (58%) 3 (50%) 0 (0%)
Potentially mild 3 (37.5%) 11 (92%) 4 (67%) 8 (100%)

the diagnosis of Pompe disease is unlikely in children with-
out hyperCKemia.>’

In IOPD, there is no robust evidence of which ERT dosing
schedule is most effective,'* and there is an increasing amount
of arguments suggesting that higher doses of recombinant
GAAupto40 mg/kgbody weight every week are more effective
than the recommended 20 mg/kg body weight every other
week.> 17 The severe clinical symptoms and the progressive
course in some of our patients manifesting in the first year of
life raise the question whether such a high dose therapy could
also be an option for this subgroup of JOPD patients.

Criteria when to start ERT have been defined for adults
with Pompe disease but not yet for patients with JOPD.18
However, it seems to be accepted that children should be
treated when they are symptomatic, i.e.,, when they have
skeletal muscle weakness or respiratory muscle involvement
as observed using clinical assessments.> In contrast, in-
creased CK per se is not regarded as an indication for ERT.®

In principle, the effects of the underlying genetic defect
could be used as an additional criterion whether to treat or not.
In Pompe disease it is assumed that age at diagnosis reflects
disease severity and corresponds to residual GAA enzyme
activity, which in turn depends on the underlying genetic
defect.! However, the initial symptom prompting diagnostics
(e.g., CK-elevation) can lead to an early diagnosis in a preclini-
cal state, whereas failure to recognize that a specific complaint
(e.g., muscle pain) represents a symptom of disease can
substantially protract the diagnosis. Additionally, modifying
variables such as genetic, epigenetic, and environmental fac-
tors can influence manifestation of the disease'®'

In this study, comparing the rate of very severe mutations
between the different age groups (infancy, childhood, school
age/adolescence) revealed that these numbers were similar.
Although no patient without clinical symptoms at diagnosis
carried such a mutation this suggests that the finding of one
very severe mutation in a patient with JOPD is not per se
associated with an early onset of symptoms or a more severe
course of disease. Similar to what is seen in AOPD and in
marked contrast to what is found in IOPD,%° approximately 85%
of our patients carried a potentially mild mutation on at least
one allele, and in almost four-fifths this was the intronic c¢.32-
13T > C mutation. While this genetic variant results in some
residual enzyme activity probably preventing manifestation as
IOPD,?? it is known to be associated with a broad range of
phenotypes,?'~23 rendering prediction for the further course
of disease difficult. Concluding from genotype to phenotype in
our cohort was also impeded by the detection of five mutations
not yet characterized at the biochemical level. These results are
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in good congruence with the findings of Capelle et al’ and with
the study of Reuser and colleagues who analyzed GAA variants
and phenotype among more than 1,000 patients with Pompe
disease included in the Pompe registry.24

Our study has some shortcomings. Although this is the
largest JOPD cohort analyzed so far, the number of patients is
still small. In addition, this was a retrospective study collect-
ing data from different centers. Moreover, we included only
patients diagnosed until completion of their 18th birthday.
An analysis of the Pompe registry data revealed that the
median time gap between onset of symptoms and diagnosis
in individuals manifesting during adolescence (>12 years)
was 12.6 years.?> Therefore, it has to be assumed that a
substantial number of patients with first symptoms in
adolescence were missed by our approach.

In conclusion, this study showed that genotyping helps to
distinguish JOPD from IOPD, but that overall genotype-phe-
notype correlation in JOPD is poor, and that it does not add
much to predicting disease severity or making treatment
decisions. The decision when to start ERT in an individual
JOPD patient without overt clinical symptoms cannot be based
on a single parameter alone but should rather take into
consideration different aspects such as age, course of disease
in siblings if known, CK-level, other paraclinical parameters
(e.g., muscle biopsy and MRI), and genetic findings.
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