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Abstract
We report the clinical course of a patient with severe infantile onset Pompe disease [cross-reactive
immunologic material (CRIM) negative, R854X/R854X] who was diagnosed prenatally and
received standard dosing of alglucosidase alfa (Myozyme®) enzyme replacement therapy (ERT)
from day 10 of life until she passed away at the age of 3 years 9 months. In the immediate
neonatal period there was cardiomegaly on chest X-ray, cardiac hypertrophy by echocardiogram,
and development of a wide complex tachycardia. CRIM negative (CN) status was suspected based
on her family history, and the available data at the time indicated that CN patients had limited
survival even with ERT. However, given the opportunity for very early treatment, the treating
provider and family elected to initiate treatment with ERT, without immune modulation. By 9
months of age echocardiogram was normal. Early motor development was within normal limits
but by 2 years of age her developmental progress had slowed. She seroconverted by the 4th month
of ERT, and anti-rhGAA antibody titers peaked at 25,600 in the 27th month. Immunomodulatory
therapy was considered but declined by family. She acquired Influenza A at 2 years 6 months,
which led to a prolonged hospitalization with invasive respiratory support, and placement of
tracheostomy and gastrostomy tube. Her developmental progress ceased, and she died suddenly at
home from a presumed cardiac event at age 3 years 9 months. The poor outcomes observed in CN
patients have been attributed to the development of high sustained antibody titers. Although this
CN patient’s anti-rhGAA response was elevated and sustained, it is unlike any of the 3 patterns
that have been previously described: high titer CN, high titer CRIM positive (HTCP), and low titer
CP (LTCP) patients. This patient’s clinical course, with achievement of 24 months of motor gains,
30 months of ventilator-free survival and 45 month survival, is like that of only a fraction of ERT
treated CN patients, yet it is identical to other reported CN patients in its relentless progression
and early fatality. The immunologic response (moderate sustained antibody titers) described here
has not been previously reported and may have played a role in the overall pattern of
developmental decline. In light of proposed universal newborn screening for Pompe disease, there
is an urgent need for improved understanding of the interplay between immunologic responses to
the only available treatment, ERT, and the relentless nature of this disease in CN patients.
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1. Introduction
Pompe disease (glycogen storage disease type II) is an autosomal recessive lysosomal
storage disorder caused by a deficiency of acid α-glucosidase, resulting in glycogen
accumulation in multiple cell types, but affecting skeletal and cardiac muscle most severely
[1]. Varying levels of residual enzymatic function result in disease onset ranging from the
neonatal period through adulthood and a continuum of disease phenotype. The infantile form
is the most severe, and is characterized by cardiomyopathy, hypotonia, and respiratory
insufficiency. Without treatment, death typically occurs secondary to cardiorespiratory
failure within the first 1 to 2 years of life [1-3]. Since the introduction of enzyme
replacement therapy (ERT) with alglucosidase alfa (rhGAA, Myozyme®), many infantile
Pompe disease patients are living longer[4-6]. However, response to ERT is heterogeneous
and several poor prognostic factors have been identified. Among infants, cross-reactive
immunologic material (CRIM) negative status is strongly correlated with a poor outcome
[7,8]. In a majority of CRIM-negative (CN) infants, continuous use of ERT achieves early
clinical improvement followed by a resurgence of the natural progression of the underlying
disease process. These CN infants develop high sustained anti-rhGAA IgG antibody titers
(HSAT) in the range of 102, 400–409, 600. These very HSAT are believed to play a major
role in these patients’ poor clinical outcomes [7,8]. Here, we describe a new pattern of
immunologic response to ERT in a severely affected Pompe patient. This case is unique, as
this CN patient never tolerized to ERT, but rather had a persistence of antibody titers
throughout her life that were outside of the typical range previously observed in CN patients.

2. Subjects and methods
Dried blood spot (DBS) GAA enzyme assays and anti-rhGAA IgG antibody titer
measurements were performed at Genzyme Corporation (Cambridge, MA). Determination
of CRIM status, fibroblast and amniocyte GAA enzyme activity assays, and urinary glucose
tetrasaccharide biomarker (Glc4) measurements were performed at the Duke University
Hospital Biochemical Genetics Laboratory, as previously described [10]. GAA mutation
analysis was performed at Cincinnati Children’s Hospital Medical Center.

3. Results
3.1. Clinical course

Based on a positive family history (three older brothers with a confirmed diagnosis of
infantile onset Pompe disease, each of whom had died between the ages of 6 and 9 months
secondary to cardiorespiratory failure, and prior to availability of ERT), prenatal diagnosis
was achieved via biochemical analysis of amniocytes: enzymatic activity of GAA was 0
nmol/min/mg protein. In the immediate postnatal period, diagnostic confirmation was made
based on deficient GAA activity in a dried blood spot, and later in skin fibroblasts. On day
10 of life, ERT with rhGAA was initiated at a dose of 20 mg/kg, administered IV every
other week. Homozygosity for the R854X/R854X mutation was identified; confirming a
severe genotype [7,11,12].

The patient received standard treatment with rhGAA until her death at the age of 3 years, 9
months. Her clinical course was complicated by a number of hospital admissions for asthma,
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pneumonia, and central line sepsis, but most notably, at age 2 years 6 months, she presented
to an outlying hospital in cardiopulmonary arrest. Upon transfer to our institution, infection
with Influenza A was confirmed and the patient was hospitalized for 5 weeks. This event
was notable for the requirement of prolonged invasive ventilation and tracheostomy, and
gastrostomy tube placement. Subsequent to this event, she was unable to regain her pre-
hospitalization gross motor skills, and she showed some motor regression with time. At age
3 years and 9 months she passed away unexpectedly, at home, not associated with a known
illness. Aggressive resuscitation measures at an outlying hospital were unsuccessful. The ED
physician noted no evidence of pulmonary disease in the resuscitation attempts.

3.2. Cardiac status
At birth, a chest X-ray from an outlying hospital revealed cardiomegaly. Echocardiogram
performed at day one of life showed a left ventricular mass index of 141.5 g/m2(upper limit
of normal for infants, 64 g/m2[13]). She had normalization of her echocardiogram by 9
months of age. Regular echocardiograms continued to show ventricular mass within normal
limits. Following her cardiopulmonary arrest associated with Influenza A infection, her
echocardiogram revealed some left ventricular hypertrophy as well as mild pulmonary
hypertension, but returned to baseline with normal interventricular septum thickness when
repeated 3 months later. Holter monitor on the 4th day of life showed frequent wide
complex tachycardia representing monomorphic VT or SVT with aberrant conduction. Her
arrhythmias were successfully treated with amiodarone (prescribed during the first 4 months
of life) and with propranolol (for the duration of her life). Holter monitor studies from 1
month of age to 3 years of age were normal. EKGs showed normal sinus rhythm with right
atrial enlargement and biventricular hypertrophy by voltage criteria. At age 3 years and 9
months she was found unresponsive at home. Given this patient’s early history of cardiac
arrhythmia, the lack of evidence for acute respiratory disease, and the belief that Pompe
disease patients on ERT are at increased risk for arrhythmias [14], it is presumed that this
patient’s sudden cardiac death resulted from arrhythmia.

3.3. Musculoskeletal, developmental and neurologic status
At birth, this patient exhibited mild, generalized hypotonia as well as left arm weakness
secondary to shoulder dystocia. At 5½ months of age she was moving well against gravity
and reaching for objects with both hands. Her tone was normal, she had good head control,
and had no residual left arm weakness. At 12 months, she had myopathic facies, could sit
well unsupported, scoot on her buttocks, stand and cruise. At 18 months, her neurological
exam revealed myopathic facies with little facial expression, but good muscle tone and
strength, with a normal toddler gait and age-appropriate fine motor skills; she could say
several words. At 22–23 months of age, she was at the 90th percentile for a 19 month old on
the Alberta Infant Motor Scale (AIMS). By age 2 years, her progress had slowed and there
was some early evidence of decline: she had speech delay, a persistent cough, and was
suspected to have a swallowing disorder. At 2 years, 4 months she exhibited low muscle
tone and had some difficulty getting up from the floor, and walked with a wide-based gait.
She experienced a cardiopulmonary arrest at age 2 years 6 months associated with
Influenza-A infection. It is notable that following this event, brain MRI revealed no
evidence of acute ischemia.

She could not be weaned from invasive ventilation, and required tracheotomy; because of
inconsistent swallow she also required gastrostomy tube. She was unable to regain the
ability to walk. On exam at 3 years of age she had very significant facial weakness with
bilateral ptosis; she had good strength proximally and distally in her arms, but moved her
legs little. Thereafter, she received physical therapy at home, and maintained the ability to
sit unassisted, pull to a stand, and move a scooter with her feet. At this point she showed
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little developmental progress, and experienced some decline in functioning. Her expressive
language skills remained delayed throughout her lifetime; she utilized of a number of signs
and gestures, but did not use oral language after the tracheostomy. She passed her newborn
hearing screen and there was never parental concern about her hearing or vision.

3.4. Urinary glucose tetrasaccharide biomarker (Glc4) response
The urinary biomarker Glc4has previously been shown to correlate with skeletal muscle
glycogen content and the clinical response to treatment [10,15]. During this patient’s later
clinical course, as motor decline was suspected, urinary Glc4 levels were obtained from 92
to 188 weeks on treatment (22 to 44 months of age) and were found to be markedly elevated
(median: 56; range: 36 to 71 mmol/mol creatinine; n=4; control range <4.4), with the highest
level observed 1 month before her demise. The marked elevation of Glc4 in this patient’s
second and third year of treatment was comparable with levels reported for 6 patients (2 CN
and 4 CP) treated at or before 6 months of age who made motor gains during the first year of
treatment, but then suffered a clinical decline or plateau after 2 to 3 years of treatment [10].
Patients in the low titer CRIM positive (LTCP) group maintained lower Glc4 levels during
years 2 and 3 (mean Glc4 value 29.5, n=10 and 34.6 mmol/mol creatinine, n=10,
respectively) [8] than this patient (53.4 and 47.5 mmol/mol of creatine, respectively).

3.5. Immunologic response (anti-rhGAA antibody titers)
Fig. 1 shows anti-rhGAA IgG antibody titers seen in this patient at different time-points
throughout her course. She seroconverted within the first 4 months following initiation of
ERT, developing elevated antibody titers (1600). At age 2 years, she developed maximal
titers of 25,600, which then declined and were sustained in the range of 6400 to 12,800.
Titers remained moderately elevated (6400) during her final 9 months of life. Tolerization to
ERT was never achieved. There was no evidence of neutralizing antibodies: fourteen serum
time-points over the course of treatment, including the peak titer and last serum sample,
were evaluated for the ability to inhibit enzyme uptake into cells and all were found to be
negative. Of note, she received standard childhood vaccinations, including RSV prophylaxis
during her first year of life, and testing of immunologic competence at 3 years, 7 months
indicated that she had developed normal antibody responses to Streptococcus pneumoniae
(protective responses to 12 of 14 IgG types) and Clostridium tetani, but remained in the
unprotected range for Corynebacterium diphtheriae. Total IgG, IgA and IgM levels were in
the normal to elevated range. Fig. 2 illustrates that the pattern of immunologic response seen
in the CN patient described in this case report is different from the immunologic responses
in previously described CN, HTCP and LTCP groups [8].

4. Discussion
The availability of ERT for Pompe disease has significantly altered the clinical progression
of the disease for affected individuals. For affected infants, particularly those with CP status,
ERT has been shown to be beneficial with prolonged ventilator-free survival and overall
survival [7]. Recent studies have shown that CP patients have dichotomous immunologic
responses which correspond to their clinical outcomes. High titer (<51,200) CP (HTCP)
patients develop HSAT and experience poor clinical outcomes, not dissimilar to the CN
group, whereas low titer CP (LTCP) patients typically tolerize to rhGAA, or have antibody
titers ≤1600 at or beyond 52 weeks of ERT, and have the best clinical outcomes with
continued motor gains [8]. Although the overwhelming majority of CN patients are either
ventilator-dependent or deceased by age 27.1 months [7], a single case report has described
a CN infant whose ventilator-free survival reached 42 months [9]. Of particular interest is
the immunologic profile of the patient described in that report: there was treatment with a
course of omalizumab (anti-IgE mAb) for IgE mediated anaphylactic episodes related to
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ERT, and the anti-rhGAA antibody titers remained very low (<800) [9]. Maintaining
sustained benefit from ERT in patients who have developed, or are at-risk of developing
HSAT, appears to require immune modulation [7,8,16].

The immunologic response of our CN infantile Pompe disease patient is atypical in that her
antibody response was blunted in comparison to other reported CN patients, without the use
of immunomodulatory therapies (Fig. 2). While this patient did not develop the very HSAT
typical of a CN patient, she did have a sustained antibody titer (≥6400) and did not tolerize
to continued ERT. Her clinical course of an extended period of motor gains and ventilator-
free survival is at the upper limits of what has been described previously in rare CN patients
[17], but follows the relentless pattern common to CN patients [7,8]. Like most of the CN
patients with typical clinical courses and very HSAT, she did not test positive for
neutralizing antibody (NAbs), which can either abrogate rhGAA uptake into target cells or
the catalytic activity of the enzyme.

It may be the persistence of titers, sustained over a prolonged period of time above a certain
threshold, rather than the absolute values of the titers, that determines clinical outcomes.
Elegant studies in animal models show that persistently elevated antibody titers over time
can sabotage the therapeutic activity of ERT [18,19]. Moderate antibody levels may be of
sufficient magnitude to coat rhGAA molecules and mistarget them to off-target tissues such
as those expressing FcR, rather than to mannose-6 phosphate (M-6P) receptor bearing
tissues such as muscle [20].

This case describes a new pattern of immunologic response to ERT in a severely affected
Pompe patient, and highlights the limitations of our current understanding about the specific
role that a patient’s immunologic response will have on clinical outcome. It may be that
blunted nature of this patient’s absolute antibody response allowed for a comparatively
prolonged clinical course, yet the persistent nature of her significant antibody response
determined her ultimate early demise. Although her specific immunologic response is likely
to have contributed to her outcome, the limitations of a single case report preclude
conclusive determinations about the factors that contributed to her clinical course. Non-
immunologic factors may also have played a crucial role in her clinical course. Severe
respiratory infections are known to be correlated with rapid clinical decline in CN patients;
her response to Influenza A is different from LTCP patients who are able to recover from
acute respiratory illness without requiring prolonged invasive ventilation (personal
experience, PSK). Alternatively, it could be speculated that emergence of CNS disease, a
complication that has been shown to develop in longer term CN survivors, could have
contributed to the demise of this patient [17]. It is important to note that a specific cause of
death was not determined.

Our report does suggest that early treatment is insufficient to protect a CN patient from the
development of clinically relevant immunologic responses. In light of the proposed
universal newborn screening for Pompe disease, and the corresponding potential for very
early treatment, additional data from patients who have moderate, sustained antibody
responses is needed in order to understand the role of immunologic responses in patient
outcomes. The identification of interventions that can achieve immunotolerance to ERT may
be necessary to substantially affect the outcomes for these severely affected patients.
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Fig. 1.
Patient anti-rhGAA IgG antibody titers over time.
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Fig. 2.
Patient anti-rhGAA antibody titers compared with those from previously described CRIM
negative (CN), high titer CRIM positive (HTCP) and low titer CRIM positive (LTCP)
groups on log y-axis [8].
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