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Abstract: Newborn screening (NBS) aims to diagnose patients with Pompe disease earlier so that timely

treatment can be applied. We describe the evolution of the screening methods in Taiwan with a population in

which a pseudodeficiency variant is prevalent. We review and update the outcome of NBS-identified patients

and discuss the limitations of the current therapy. We also address the challenges associated with caring for

the babies with diagnosed acid alpha-glucosidase deficiency but yet without significant clinical manifestations.

Further modifications of the current treatment and better predictive biomarkers should be explored.
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Introduction

Newborn screening (NBS) is recognized as a highly
effective public health program to detect certain diseases
before long term health consequences occur. With advances
in screening technologies such as the introduction of
tandem mass spectrometric (MS/MS) analysis and available
therapeutic options, the number of diseases included in
NBS programs has undergone rapid expansion in recent
years. In Taiwan, NBS program officially started in 1985
with two screening laboratories including National Taiwan
University Hospital (NTUH) Newborn Screening Center.
The initial screening included phenylketonuria (PKU) and
congenital hypothyroidism (CH), but soon homocystinuria
(HCY), galactosemia (GAL), and glucose-6-phosphate
dehydrogenase (G6PD) deficiency were added. The
screening coverage rose exponentially and exceeded over
98% in 1996. A new screening condition—congenital
adrenal hyperplasia (CAH), and a new technique—tandem
mass spectrometry (MS/MS) were first added to the NTUH
program in 2001 and 2002, respectively, and soon were
opened to the whole population. In 2007, the government
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adapted 11 conditions as the recommended panel,
established the cost of testing and provides a subsidy. For
those with low socioeconomic status, the government covers
the full cost of testing. The government also puts emphasis
on the timeliness of newborn-screening, setting benchmarks
for the efficient collection, transportation, testing, and
reporting the results. The recommended timeliness for the
high-risk babies is to report and communicate the results to
the newborn’s healthcare provider within 6-8 days of life.

Pompe NBS

NTUH introduced the first program to implement Pompe
disease NBS in 2005 (1) to investigate the benefits of early
diagnosis and early treatment with recombinant human
acid a-glucosidase (GAA) in infantile-onset Pompe disease
(IOPD). Blood samples were collected from the 3™ day of
life. In this program, GAA, neutral a-glucosidase (NAG),
and maltase-glucoamylase (MGA) activities were measured
in separate fluorometric assays using commercially available
fluorogenic (4-methylumbelliferone) substrates (2). The
latter two enzyme activities are used to normalize the
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protein amount in extracts to help separate true Pompe-
positive from false-positive samples (1). In 2008, we first
reported NBS for Pompe disease in Taiwan and described
the identification of 3 cases of classic IOPD after screening
132,538 newborns (1). Soon after, Pompe NBS was included
in the original Taiwan NBS panel. The program also
identifies babies with GAA deficiency and biallelic (likely)
pathologic mutations but no heart involvement at birth,
a group of possible later-onset Pompe disease (LOPD)
patients (3). In 2015, we switched to the MS/MS format
because of its multiplex capacity (4).

The evolution of NBS methods

Our first report (1) noted a relatively high false positive rate
that was later confirmed to be due to the pseudodeficiency
allele (p.G576S) in the GAA gene (5). This variant is
prevalent in people of Asian descent (6,7) including
Japanese, Chinese, and Koreans. Cells from a subject
homozygous for this amino acid substitution exhibited 15%
and 11% of the normal enzyme activity levels for an artificial
substrate and glycogen, respectively (6). This variation
may modify the in cis pathologic variation (8) and result
in a severe phenotype. The prevalence of this variation in
homozygosity is around 3% in Asian populations (7,9,10).
Because we sequenced the GAA gene in all cases that
screened positive, we were able to confirm that some cases
were, indeed, false-positive based on the genotype and
biochemical phenotype (GAA enzyme activity) (5). We have
developed strict cutoffs to improve the performance of the
screen without missing LOPD diagnosis while maintaining
the timeliness of IOPD detection. The revised algorithm
using a NAG/GAA cutoff ratio >60 produced a positive
predictive value (PPV) of 63.4%, and adding the percentage
of acarbose inhibition as a second-tier test (for those with
inconclusive results) further improved the PPV to0 92.9% (9).
Similar screening algorithms and adjustment to separate
pseudodeficiency cases from true Pompe disease have
lowered the false-positive rate in Japan (11).

In 2015, we started the MS/MS LSD multiplex assay,
including Pompe disease, mucopolysaccharidosis (MPS)
I, Gaucher disease, and Fabry disease (4). Two-tier cutoffs
remained because the positive prediction value (PPV) by only
GAA activity was not satisfied. The PPV using the critical
cutoff at 0.5 pM/h would be 71.4% (5 patients out of a total
of 7 newborns who have GAA activity <0.5 pM/h), and at
0.7 pM/h be 14.7% (5 patients out of a total of 34 newborns
who have GAA activity <0.7 pM/h), respectively. Of these 5
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patients, one had IOPD and 4 were suspected to have LOPD.
However, IOPD shown in that dataset had 0.44 pM/h
GAA DBS activity, and therefore a cutoff at 0.7 pM/h
should be safer to overcome the variation of the test and the
samples. As for the 192 borderline cases with GAA activity
between 0.7-1.2 pM/h, only one individual with GAA
activity of 0.75 pM/h was predicted to be a LOPD patient.
Without our two-tier cutoffs, the MS/MS LSD multiplex
assay would have poor PPV (0.5%) and false positive rate
of 0.3%. Programs using only one tier will need to trade
between possible false negatives and high false positives.
Our 2" tier strategy increases the PPV to 9%. Alternatively,
programs need to repeat sampling (12) or applying a 2™
tier test such as genotyping (13), thus increasing the cost of
screening or risking the delay in treatment. Recently, a new
2" tier test marker—the creatine/creatinine ratio (14)—has
been proposed with promising results.

Confirmation and treatment algorithm

The timeliness requirement for Taiwan NBS (established
in 2007) has benefited the performance of Pompe NBS
program. Our revised algorithm allowed to avoid repeat
sampling and shorten the diagnosis age, especially in
LOPD. The diagnosis and treatment algorithm are shown
in Figure 1. Because the DBS enzyme activity assay cannot
predict the phenotype, cardiac involvement needs to be
evaluated. This includes chest X-ray, electrocardiogram
(EKG), creatine kinase (CK) levels, pro-B-type natriuretic
peptide (pro-BNP) levels, and heart echocardiogram (15).
Blood samples for genotyping, measuring GAA activity,
and determination of cross-reactive immunologic material
(CRIM) status are collected. For babies with heart
involvement, treatment with recombinant human GAA
(rhGAA) is initiated immediately after confirmation of GAA
deficiency and positive CRIM status either by genotyping
prediction or by western blotting using the blood sample.
Enzyme replacement therapy (ERT) is scheduled for
the next day after the heart involvement is confirmed,
unless immunomodulation therapy to prevent anti-GAA
antibodies production is planned. For babies without heart
involvement, treatment is delayed until abnormalities
appear in the follow-up period.

Treatment

The treatment initiation time and the dosage of rhGAA have
evolved with time. In 2006, the 1* IOPD patient detected
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Figure 1 The diagnosis and treatment algorithm for babies with
positive Pompe newborn screening. *, need to confirm the CRIM
status and ensure if immunomodulation therapy to prevent anti-
GAA antibodies production is needed. ERT, enzyme replacement
therapy.

through NBS program had the diagnosis at age 19 days
immediately after the 1" abnormal NBS result. ERT with
rhGAA was started at age 26 days after the complete workup.
The efficiency of NBS samples collection and transportation
has improved since 2007; the 3" IOPD patient was diagnosed
at age 9 days and started on ERT at age 17 days. The
accumulated knowledge moved us to faster confirmation
and ERT application process. Since 2009 the patients
could start ERT the day after confirmation as shown in
Figure 1. However, due to the residual muscle involvement,
persistently elevated CK, plateau in scores of muscle motor
function evaluations, ptosis, and speech disorders (see
the following section) even in this earliest ERT cohort,
the dosage of thGAA was increased to 40 mg/kg/qow (or
equally 20 mg/kg/qw) since 2012. The decision was made
at the age 4-6 years in the first 5 patients (ERT starting
in 2006 and 2007 at 12-34 days), at the age 2—4 years in
the following 5 patients (ERT starting in 2009 to 2011 at
6-16 and 48 days in the prematurity) (16,17), and at 1 year
of age in 2 patients (ERT starting in 2012 and after). The
serial muscle MRI (18) provided some helpful insights.
First, although the biopsies showed no glycogen storage
and the CK levels were (nearly) normal after 6 months
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of ERT (15), high intensity areas over the quadriceps on
T2-weighted and short-tau inversion recovery images
remained. Second, some of the signal changes appeared to
be reversible by higher rhGAA dose commenced by age
2 years. Therefore, since 2016 all newly diagnosed IOPD
patients received a double dose of the drug (40 mg/kg/qow).
Neither the dosage nor the initiation time was correlated
with the titers of anti-drug antibodies.

Survival

In 2009, we first reported the benefit of NBS for IOPD
patients. The 5 classical IOPD patients identified by NBS
were compared to a group of 10 IOPD patients who were
symptomatic at diagnosis and had been treated from the
age of 2-6 months (15). The 5 newborns came in for
confirmation at age 7-33 days and received their first
infusion of rhGAA 1-7 days after diagnosis. NBS group
showed a 100% short-term ventilator-free survival and earlier
independent walking age. With more classic IOPD patients
treated from birth and longer follower-up duration, the
benefit of NBS remained as shown in Figure 2. The overall
survival and the invasive ventilator-free survival remained as
100% in the NBS group (Figure 2). Compared to the first
5 patients (15) who have been treated at a median age of
26 days (range, 12-34 days), the following 5 patients have
been treated even earlier at a median age of 14 days (range,
6-48 days) due to the overall efficacy improvement and the
accumulated experience in the confirmation process.

It is necessary to emphasize that the patients identified by
NBS in Taiwan till now are confirmed (16) or predicted (19)
to be CRIM-positive. The anti-rhGAA antibody titers were
low in the patients in our study (median maximal titer value
of 1:1,600 over a range from undetectable to 1:12,800 (16),
which was similar to the titers in patients diagnosed clinically
and treated beyond the newborn period (20). Nevertheless,
the regular monitoring of the anti-rhGAA antibody titers is
necessary. A case in point is a patient who later developed a
sustained intermediate titer as high as 1:25,600 and therefore
received immunomodulation therapy to reduce the titer to

1:3,200.

Emerging phenotypes

Muscle weakness over the pelvic girdle gradually appeared
in the patients after 2 years of age and was correlated with
an increase in CK levels. Ptosis was present in half of the
patients, and speech disorders were common (16,17).
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Figure 2 The overall survival (A) and the invasive ventilator-free survival (B) among 3 cohorts of IOPD patients: no treatment, with ERT

only after the clinical symptoms, and ERT immediately after NBS identified. The cohorts were used previously (16), with additionally new

IOPD patients in the NBS group. IOPD, infantile-onset Pompe disease; NBS, newborn screening; ERT, enzyme replacement therapy.

Increase in the dosage of rhGAA improved partially the
speech quality (17), implying the inadequate treatment
effect. Another evidence of limited efficacy comes from the
muscle MRI studies—all of them show signal changes and
later muscle atrophy, indicating the residual myopathy (18).
Abnormalities in brain myelination (16,21-23) were a
common finding both in newborn- and non-newborn-
treated IOPD survivors. Early initiation of ERT was
correlated with a high probability of normal independent
walking age, less muscle MRI involvement scores (18), and
better speech quality (17), but the emerging pattern was still
present, even with a high dose of rhGAA (40 mg/kg/qow
or 20 mg/kg/week). The limitations of the current therapy
highlight the need to test higher dosage earlier, as well as
the need for more effective second-generation ERT or gene
therapy.

Current situation

Since DBS enzyme activity measurement can detect both
IOPD and LOPD patients, the overall incidence of Pompe
disease from our NBS data is 1 in 17,000, including an
incidence of classic IOPD of 1 in 52,000 and of other types
of 1 in 25,000 (9). The second Pompe screening program
in Taiwan used fluorescent methods followed by MS/MS
analysis, and it identified a similar incidence of Pompe
disease (approximately 1 in 15,000) (12). The incidence of
IOPD by NBS and by clinical experience is similar, making
NBS valuable not only for providing early treatment for
IOPD but also for detecting underdiagnosed LOPD or
even asymptomatic GAA-deficient individuals.

Those who tested positive but don’t present
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cardiomyopathy at birth are classified as “suspect” LOPD
patients. We recommend monitoring both muscular and
cardiac conditions closely such as every 3 months in the
first year. Although cardiomyopathy is not a common
finding in LOPD, we still need to be careful about the
atypical subtype that presents with cardiomyopathy after
the newborn stage (24). Starting from 1 year of age, the
Peabody Developmental Motor Scale, Second Edition
(PDMS-II) was administered every 12 months along with
the measurements of CK and urine Gle4. ERT was initiated
when a significant persistent elevation of CK was detected
or with the onset of considerable motor delay (3).

In our program, we identified 19 LOPD patients by
2011 (9). Six of the 19 total cases (32%) were placed on
rhGAA treatment at ages 1.5-36 months (3,25). Four of
the 6 have known genotypes and elevated CK. The other
2 patients have novel genotypes (3), normal CK, and
normal baseline urinary Glc4 (26). However, all muscle
biopsies before ERT initiation showed abnormalities
associated with glycogen storage including autophagic
defects and lipofuscin inclusions (25,27). After 6-month
of therapy, most of those changes were absent, suggesting
that these patients are the greatest beneficiaries of early
recognition. Currently they are at age of 8-13 years, with
normal motor milestones development, normal physical
activity, and normal respiratory function, although three
of them still have persistent elevation of CK. As for the
remaining 13 patients, the long-term follow-up revealed
normal CK, normal urine Glc4, and normal physical
activities. These cases are likely to represent a mild
phenotype or variants with the conflicting interpretations
of pathogenicity.
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Variants of unknown significance (VUS)

The most common VUS detected in our cohort is ¢.[752C>T;
761C>T] (p.[S251L; S254L]), or dual mutation (3). This
dual mutation is a rare variant located at the conserve
region, resulting in a very low GAA activity in vitro using
the artificial substrate or glycogen (20), and it is classified
as likely pathogenic by the latest ACMG criteria. The dual
mutation has been observed alone or in combination with
c.1411_1414del (p.E471P£s*5) in our experience. Another
VUS, ¢.1958C>A (p. T653N), also showed a significantly
reduced enzyme activity in vitro and was classified as likely
pathogenic. However, we recently encountered a 40-year-
old female presenting with mild proximal muscle weakness
who has these ¢.[752C>T; 761C>T] and ¢.1958C>A
in trans. Although GAA deficiency was demonstrated in
the lymphocytes and in fibroblasts, she had normal CK,
normal urine Glc4 levels, and normal muscle morphology on
quadriceps biopsy. We also encountered a 40-year-old male
who harbors the dual mutation in combination with another
known pathologic IOPD mutation iz trans; this asymptomatic
individual has completely normal muscle strength, normal
CK and urine Glc4, and normal muscle MRI. Therefore,
the babies with this dual mutation need a long follow-up
before the judgment can be made about the potential benign
character of this dual mutation.

Conclusions

NBS for Pompe disease can be performed by a variety of
methods, but the main method relies on enzyme activity
measurement. As a result, both classic severe IOPD and
less-severe LOPD patients are identified by screening. Early
detection and ERT are beneficial to classic severe IOPD
patients, but current therapy has limitations, in particular
with respect to the skeletal and neurologic manifestations
of the disease. A combination of early detection, close
monitoring and early ERT is likely to be beneficial to less-
severe LOPD patients, but adequate genetic counseling,
education and support for both parents and patients should
be encouraged.
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