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Abstract
Purpose—Enzyme replacement therapy with rhGAA (Myozyme®) has lead to improved
survival, which is largely attributable to improvements in cardiomyopathy and skeletal muscle
function. However, crossreactive immunologic material-negative patients have a poor clinical
response to enzyme replacement therapy secondary to high sustained antibody titers. Furthermore,
although the majority of crossreactive immunologic material-positive patients tolerize or
experience a downtrend in anti-rhGAA antibody titers, antibody response is variable with some
crossreactive immunologic material-positive infants also mounting high sustained antibody titers.

Methods—We retrospectively analyzed 34 infants with Pompe disease: 11 crossreactive
immunologic material-negative patients, nine high-titer crossreactive immunologic material-
positive patients, and 14 low-titer crossreactive immunologic material-positive patients. Clinical
outcome measures were overall survival, ventilator-free survival, left ventricular mass index,
Alberta Infant Motor Scale score, and urine Glc4 levels.

Results—Clinical outcomes in the high-titer crossreactive immunologic material-positive group
were poor across all areas evaluated relative to the low-titer crossreactive immunologic material-
positive group. For the crossreactive immunologic material-negative and high-titer crossreactive
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immunologic material-positive groups, no statistically significant differences were observed for
any outcome measures, and both patient groups did poorly.

Conclusions—Our data indicate that, irrespective of crossreactive immunologic material status,
patients with infantile Pompe disease with high sustained antibody titer have an attenuated
therapeutic response to enzyme replacement therapy. With the advent of immunomodulation
therapies, identification of patients at risk for developing high sustained antibody titer is critical.

Keywords
Pompe disease; enzyme replacement therapy (ERT); crossreactive immunologic material (CRIM);
CRIM negative (CN); high sustained antibody titers (HSAT); high-titer CRIM-positive (HTCP);
low-titer CRIM-positive (LTCP); therapeutic proteins

Pompe disease (glycogen storage disease type II, acid maltase deficiency) is an autosomal
recessive lysosomal storage disorder caused by a deficiency of acid α-glucosidase, resulting
in accumulation of glycogen in multiple cell types including skeletal, cardiac, and smooth
muscles.1 Glycogen accumulation in these tissues can occur rapidly and has been detected in
fetuses as young as 16–18 weeks’ gestational age.2 The infantile form of Pompe disease is
the most severe within the spectrum of Pompe phenotypes and is characterized by
cardiomyopathy, hypotonia, and respiratory insufficiency. Death typically occurs secondary
to cardiorespiratory failure within the first 1–2 years of life.1,3,4 Since the introduction of
enzyme replacement therapy (ERT) with alglucosidase alfa (Myozyme®), many patients
with infantile Pompe disease are living longer and are experiencing an enhanced quality of
life.5–7 However, the response to ERT is very heterogeneous. Various factors known to
impact the response to ERT include age on ERT initiation, extent of preexisting pathology,
degree of muscle damage, muscle fiber type (i.e., type I versus type II), and defective
autophagy.5,8–10 It has also been shown that baseline crossreactive immunologic material
(CRIM) status is highly correlated with treatment response.11

Relative to most CRIM-positive (CP) patients, CRIM-negative (CN) patients tend to do
poorly on ERT with death or invasive ventilation by age 27.1 months.11 In CN patients,
there exist two deleterious GAA mutations, which lead to absence of native GAA enzyme
production and, therefore, lack of exposure of the developing immune system to the GAA
protein. Consequently, these patients are not immune tolerant to GAA and mount an
antibody response to the native enzyme when given as ERT. Often these responses
neutralize either enzyme uptake into cells or the catalytic activity of the enzyme. Thus, it is
not surprising that high sustained antibody titers (HSAT) herald clinical decline in CN
patients.11,12 In contrast, most CP patients produce some enzyme which, although
nonfunctional or greatly reduced in function, establishes some degree of immune tolerance,
and therefore, a robust antibody response is not elicited with exposure to the normal GAA
enzyme. Consistent with this is the observation that anti-rhGAA antibody titers for most CP
patients either remain relatively low or decline following a plateau at a modest titer (1:1200)
with continued exposure to enzyme.11

However, as a subset of CP patients also develops high antibody titers,8,11,12 we were able
to examine more critically the role of HSAT, as opposed to CRIM status per se, in the
clinical course of Pompe disease.
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METHODS
Study design

We retrospectively analyzed patients who met criteria for infantile Pompe disease. Inclusion
criteria were confirmed diagnosis of Pompe disease, <1% of normal GAA activity (in skin
fibroblasts and/or muscle biopsy), cardiomyopathy (left ventricular mass index [LVMI] ≥65
g/m2 by echocardiogram), and age at symptoms <12 months. Exclusion criteria included
invasive ventilation at baseline and any major congenital anomaly. Thirty-four infantile
patients, who included 23 CP and 11 CN patients, met the inclusion criteria. These 11 CN
patients have been reported in our previous study.11 CP patients were further subdivided into
two groups based on their antibody titers at different time points as shown in Figure 1.

It was noted that CP patients who tolerized or showed a downward trend did not maintain
titers at or above 1:51,200 for more than one time point. In contrast, the group that showed
increasing titers had titers consistently above 1:51,200 (Fig. 1). This was the basis of
selecting the antibody titer level of 1:51,200 as the cutoff value which was chosen
conservatively. Patients with titers ≥1:51,200 on two or more occasions at or beyond 6
months (26 weeks) on ERT were defined as high-titer CP (HTCP) patients (red-dashed line
in Fig. 1). CP patients who never had titers of 1:51,200 on two or more occasions at or
beyond 26 weeks (6 months) on ERT and showed a downward trend/tolerized were defined
as low-titer CP (LTCP) patients (green dashed line in Fig. 1). The study was approved by
the institutional review board, and parental written informed consent was obtained. All
patients received rhGAA (Myozyme®) supplied by Genzyme Corporation (Cambridge, MA)
at a cumulative or total dose of 20 or 40 mg/kg every other week in accordance with
previously published reports.5,6,8,12

Clinical outcomes
Clinical outcomes used were overall survival, ventilator-free survival, LVMI, Alberta Infant
Motor Scale (AIMS), and urine Glc4 (Hex4), where available. The clinical response to ERT
was evaluated across the three groups (11 CN, 9 HTCP, and 14 LTCP). Patients included in
this analysis were followed up for at least 52 weeks since start of ERT or until death. We
summarize these data and also present updated overall and ventilator-free survival data
through December 2009. Two-dimensional, M-mode, and Doppler echocardiography were
used to assess LVM index at baseline, at Weeks 26 and 52, and where possible beyond 52
weeks on ERT. Motor function evaluation was performed using the AIMS13 by an
experienced physical therapist at baseline, at Weeks 26 and 52, and where possible beyond
52 weeks on ERT.

Laboratory methods
CRIM status was determined as described previously based on reactivity of a pool of
monoclonal and polyclonal anti-GAA antibodies capable of recognizing both native and
recombinant GAA.8,14 Anti-rhGAA IgG antibodies were assessed at baseline and at Weeks
4, 8, 12, 26, 38, 52, and 64. Moreover, in surviving infants, serotiters were also followed
through Weeks 90, 104, and 130. Antibody status was ascertained using enzyme-linked
immunosorbent assays and confirmed using radio-immunoprecipitation as described
previously.8 Additional testing to determine the presence of inhibitory antibodies toward
enzyme uptake or enzyme activity was performed in patients according to the respective
clinical trial protocols and the requirements of the Genzyme Pharmaco-vigilance
Department. An inhibitory antibody assay (enzyme activity) was used to measure inhibition
of rhGAA enzyme activity by antibodies present in patient serum, and a flow cytometry-
based assay (enzyme uptake) was used to evaluate whether patient antibodies interfere with
uptake of rhGAA by human fibroblast cells in culture. Urine oligosaccharides were obtained
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to assess and follow Glc4 (Hex4), a biomarker for Pompe disease at baseline, at Weeks 26
and 52, and where possible beyond 52 weeks on ERT. Urine Glc4 was measured by HPLC–
UV and tandem mass spectrometry, as described previously.15,16

Statistical analysis
Survival data were analyzed using the Kaplan–Meier method with two-tailed P values
generated using the log-rank test.17 Other reported P values were generated by the Wilcoxon
rank sum test for continuous variables and Fisher’s exact test for categorical variables, as
well as Kruskal Wallis test for nonparametric analysis between the three groups. Analyses
were performed with STATA version 11.0 (StataCorp LP, College Station, Texas). Because
of the limited sample size, all group outcome variable data are presented as medians.

RESULTS
CRIM status stratification and baseline demographics

Of 23 CP patients, nine and 14 patients met the criteria for HTCP and LTCP, respectively.
Baseline demographics and disease-related parameters (i.e., age, age at ERT, LVM index,
AIMS score, and urine Glc4 levels) were comparable between the CN, HTCP, and LTCP
groups (Table 1). Median age at start of ERT was 3.8 months (range: 2.1–7 months) for the
CN group (n = 11), 6.9 months (range: 5.4 –13.0 months) for the HTCP group (n = 11), and
5.7 months (range: 1.9 –14.3 months) for the LTCP group (n = 14).

Anti-rhGAA antibody titers
Titers for CN, HTCP, and LTCP patients at different time points are shown in Figure 1.
Three patients in the CN group had different methods of antibody determination and were
excluded from this analysis although they did exhibit high antibody titers by the other
method. All patients (8 CN, 9 HTCP, and 14 LTCP) developed IgG antibodies to rhGAA.
Although no apparent association was observed between the level of antibody titers and the
dose of alglucosidase alfa (20 vs. 40 mg/kg/biweekly), the limited number of patients within
each of the three groups receiving 40 mg/kg every other week did not permit statistical
evaluation. In antibody titer analyses, the HTCP patients did not significantly differ from the
CN patients, whereas the LTCP patients differed greatly from both HTCP and CN patients.
All eight CN patients and six of seven HTCP patients seroconverted by 4 weeks of ERT,
whereas only 4 of 14 LTCP patients did so: the median time to seroconversion after
commencement of ERT in the CN and HTCP patients was 4 weeks, whereas it was 8 weeks
for the LTCP patients (Fig. 1). Median antibody titers at 26 weeks were identical (1:51,200)
between the CN (n = 7) and HTCP (n = 9) groups, whereas that for the LTCP group (1:400;
n = 14) significantly differed from both (P = 0.0010) and remained significantly different at
52 weeks (median titer of 1:153,600 for CN [n = 6]; 1:51,200 for HTCP [n = 11]; and 1:200
for LTCP [n = 14] groups; P = 0.0010). Median peak titers were higher in the HTCP (n = 9)
and CN (n = 8) patients, whose median peak titers were each 1:204,800 vs. a peak titer of
1:800 in LTCP (n = 14) patients, although several LTCP patients did have peak titers
≥1:12,800. However, the most significant difference between HTCP and CN patients versus
the LTCP patients was in the persistence and trend of the response, with all LTCP patients
exhibiting a downward trend beginning at approximately 26 weeks. Both the HTCP and CN
groups showed a continued increase in serotiters, with a doubling of median titers (from
1:51,200 at 26 weeks to 1:102,400 at 64 weeks) for the HTCP and a tripling median titers
(from 1:51,200 at 24 weeks to 1:153,600 at 52 weeks) for the CN. In marked contrast, of the
14 LTCP patients, 12 (85.7%) had titers ≤1:800 at 52 weeks and all subsequent time points,
whereas two (14.3%) had titers of 1:3200 or 1:6400 at 52 weeks, with subsequent titers
staying at or below 1:1600. No HTCP or CN patient showed a consistent decline in titer
levels, and all HTCP patients developed titers of at least 1:51,200 and all CN patients
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developed titers of at least 1:25,600. Interestingly, no LTCP patient developed a titer
>1:25,600.

Although HTCP and CN patients had highly similar patterns of response, the most marked
difference between them regarded the development of neutralizing antibody (NAbs), which
either abrogated rhGAA uptake into target cells or abrogated the catalytic activity of the
enzyme. Such testing was performed on samples from most patients who developed anti-
rhGAA antibodies and experienced infusion-associated reactions or showed signs of clinical
decline. Twenty-two patients (five CN, eight HTCP, and nine LTCP) were tested for
enzyme activity inhibition, and 21 patients (five CN, seven HTCP, and nine LTCP) were
tested for uptake inhibition. Although uptake inhibition was detected in three of five CN
patients, none of the HTCP or LTCP patients had detectable levels of uptake inhibition.
With respect to inhibition of catalytic activity, two of five CN patients tested positive for
activity inhibition, but only one of four HTCP patients and none of the LTCP patients tested
showed detectable levels of activity inhibition. Thus, NAbs seem to develop commonly in
CN patients but not in HTCP patients. The basis for this finding is not clear but may relate to
the location of the mutations which, in CN, may be in epitopes centered in the catalytic or
uptake domains. Alternatively, the development of NAbs may pertain to the intensity of the
immune response, which may drive epitope spreading. Five CN, one HTCP patient, and five
LTCP patients in this study were never tested for activity or uptake inhibition, and an
additional one HTCP patient was never tested for uptake.

Survival
Figure 2, A and B shows overall and ventilator-free survival outcomes within the three
groups (CN, HTCP, and LTCP). Overall survival in the HTCP group was highly similar to
the CN patients (P = 0.84) but was dramatically different from the LTCP group (P < 0.0001;
Fig. 2A). In terms of invasive ventilator-free survival, there was a statistically significant
difference between the CN, HTCP, and LTCP groups (P < 0.0001; Fig. 2B). HTCP and CN
groups mirrored one another in terms of overall and ventilator-free survival (Fig. 2, A and
B). By Week 52, six of 11 (54.5%) CN patients were either deceased (n = 1) or invasively
ventilated (n = 5), four of nine HTCP patients were deceased (n = 2) or invasively ventilated
(n = 2), versus only one of 21 LTCP patient who was invasively ventilated (P < 0.0001). All
11 CN patients and all nine HTCP patients were either deceased (CN = 5 and HTCP = 6) or
invasively ventilated (CN = 6 and HTCP = 3) by 118 weeks (27.1 months) and 147 weeks
(33.8 months) of age, respectively, whereas no LTCP patients died and only three were
invasively ventilated (median age of invasive ventilation = 97 weeks [24.4 months]; range =
19.7–70.3 months).

Cardiac function: LVMI
The upper limit of normal LVMI for infants is 64 g/m2 (≥2 SD higher than the age
appropriate normal mean).18 In this study, all three groups showed similarly elevated LVMI
at baseline (CN, 202.1 g/m2; HTCP, 207.5 g/m2; and LTCP, 179.42 g/m2; P = 0.60) (Fig.
3A). After 26 weeks on ERT, all three groups demonstrated a net decrease in median LVMI
(CN, 126 g/m2 [n = 10]; HTCP, 121.9 g/m2 [n = 7]; and LTCP, 79.01 g/m2 [n = 12]) (Fig.
3B). There were no significant differences in LVMI at 26 weeks among CN, HTCP, and
LTCP groups (P = 0.22). In marked contrast, at 52 weeks, the LTCP group (n = 13)
demonstrated additional reduction in median LVMI to near-normal levels (LVMI = 66.2 g/
m2), which was significantly different (P = 0.04) from the median LVMI in surviving CN (n
= 9) and HTCP (n = 6) patients, which increased to 129 and 89.9 g/m2, respectively (Fig.
3C). No significant difference in median LVMI was observed between the HTCP and CN
groups at Week 52 (P = 0.13), although the variance in this measure was much greater in the
CN compared with the HTCP patients.
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Gross motor development: AIMS
At baseline, gross motor development was delayed and essentially the same for all three
groups. The average age of CN (n = 10), HTCP (n = 6), and LTCP (n = 14) patients on ERT
initiation was 3.0, 7.0, and 6.7 months, respectively; the median AIMS score for CN, HTCP,
and LTCP patients was 5.2 (age equivalent [AE] = 0.75 months), 6.5 (AE = 1.2 months),
and 9 (AE = 2.3 months), respectively (Fig. 4A). After 26 weeks of ERT, gross motor
function improved from baseline in all three groups. However, the median AIMS score for
the CN (10; AE = 2.5 months; n = 9) and for the HTCP (21; AE = 5.1 months; n = 5) groups
was less than that for the LTCP group (34; AE = 7.8 months; n = 12) (P = 0.041; Fig. 4B).
Consistent with previous similarities, no significant difference in median AIMS score was
observed between the HTCP and CN groups (P = 0.42) at Week 26. After 52 weeks of ERT,
the median AIMS score for HTCP (14; AE = 3.9 months; n = 4) and for CN (5.5; AE = 0.75
months; n = 10) patients showed a remarkable decline and was significantly less than the
median score for the LTCP (57; AE = 14.6 months; n = 13) group (Fig. 4C) (P = 0.03), who
in contrast showed continued motor gains versus their baseline and Week 26 values.
Although the HTCP patients maintained small gains in AIMS score at Week 52, when
compared with baseline, CN patients showed a continued decline; this was not clinically or
statistically significant (P = 0.83). Furthermore, at Week 52, the HTCP patients lost the
small gains made at Week 26.

Biomarker urinary Glc4 (Hex4)
At baseline, no significant difference in urine Glc4 levels was observed among CN (n = 8),
HTCP (n = 7), and LTCP (n = 11) groups (P = 0.31) (Fig. 5A). At 26 weeks, all groups
showed an adequate response to ERT with no statistical difference among them (P = 0.28)
(Fig. 5B). In marked contrast, at 52 weeks of ERT, median Glc4 levels in the CN (42.9
mmol/mol creatinine; n = 9) and HTCP (48.5 mmol/mol creatinine; n = 6) groups increased
substantially, whereas Glc4 levels for LTCP patients remained low (13.4 mmol/mol
creatinine; n = 9) (Fig. 5C). The difference in median Glc4 levels at Week 52 on ERT
between the HTCP and LTCP as well as between the CN and LTCP groups achieved
statistical significance (P = 0.01 and P = 0.0036, respectively). There was no significant
difference (P = 0.91) in median Glc4 levels at Week 52 between the HTCP and CN groups.

DISCUSSION
ERT with alglucosidase alfa has been shown to significantly improve survival, quality of
life, and motor outcomes in most patients with infantile Pompe disease.5–7 A previous study
by our group showed that CN status is a poor prognostic factor in patients with Pompe
disease treated with ERT.11 CN patients develop HSAT after exposure to ERT, which is
thought to be a key factor in the poor response to ERT. Some CP patients also develop
HSAT, the impact of which on clinical outcome had not been evaluated. This study is the
first to systematically evaluate the role of antibodies on clinical outcomes in CP patients
with infantile Pompe disease and to see how they compare with CN patients. CP patients
were divided into two groups: HTCP and LTCP based on antibody titers (see “Methods”).
There were dichotomous outcomes among HTCP and LTCP patients on ERT in all
parameters assessed. Similar to what has been observed in CN patients, HTCP patients
showed a period of improvement in the first 6 months of enzyme replacement, after which
they declined across all outcome measures. Furthermore, similar to CN patients, antibody
titers persisted above at ≥1: 51,200 at or beyond 6 months post-ERT initiation, irrespective
of initial levels. This persistence of high titer antibody significantly correlated with the
observed clinical decline in HTCP patients. In contrast, LTCP patients, in whom antibody
titer was either persistently low or declining by 26 weeks, had a more favorable clinical
outcome. The antibody response observed in CN and HTCP patients which preceded clinical
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decline and persisted thereafter and the converse, the decline of antibody titers associated
with a favorable outcome in LTCP patients, further substantiates the contention that the
initial clinical response to treatment with the exogenous enzyme is terminated by the
increased and persistent antibody response.

The major differences between HTCP and CN patients with respect to the antibody response
pertained to the peak titer levels, which were higher in CN and to the presence of
neutralizing activity. Neutralization of uptake or catalytic activity signifies that antibodies
are directed to specific determinants of the enzyme in or close to the uptake and catalytic
domains, respectively. Although CN patients demonstrated the presence of such antibodies,
only one of four HTCP patients demonstrated neutralization of the catalytic domain but not
uptake activity. However, high titers of binding antibodies, such as were present in the
HTCP patients, although not specific for the uptake/catalytic domains, may also abrogate
product efficacy by several mechanisms: diversion of enzyme uptake from intended muscle
target into FcR positive cells, such as macrophages, by binding of the Fc portion of enzyme
bound antibody and altered subcellular trafficking of enzyme within the cell, away from
lysosomes and into early endosomes.19 Thus, the same poor clinical outcome experienced
by CN and HTCP pertaining to sustained high titer immune responses may involve similar
and some different antibody-mediated mechanisms.

One of two outliers for LVMI at baseline in the LTCP group (Fig. 3A) had a baseline LVMI
of 417.6 g/m2, which is one of the highest LVMI values seen in an infant with Pompe
disease. The same patient was an outlier at Week 26 (Fig. 3B) and Week 52 (Fig. 3C) with
LVMI values of 211.6 and 139.6 g/m2. Although an outlier when compared with the LVMI
values seen in other LTCP patients at baseline, Week 26, and Week 52, this patient
ultimately had a decrease in LVMI value at Week 90 to an almost normal value (64 g/m2) of
65.1 g/m2 (data not shown). This patient was seronegative from Week 38 onward (LTCP 12
in Fig. 1). Although an outlier in LTCP group for LVMI values at different time points, this
patient was not an outlier for Glc4 or AIMS score values at any time points. Two outliers
with low AIMS score in LTCP group at Week 52 (AIMS scores, 2 and 6) started ERT at 9.8
and 5.9 months of age and became ventilator dependent at Week 26 (age 19.7 months) and
Week 60 (age 70.3 months), respectively. One of these patients was also an outlier for Glc4
results at Week 52. Glc4 results for the other patient were not available for analysis. Age at
start of ERT is a known prognostic factor of clinical outcome in infantile Pompe disease.20

Low AIMS score for these two patients could be due to starting ERT at a later age with
irreversible muscle damage already having taken place.

The impact of the immune response on disease outcome is further substantiated in animal
models of Pompe disease. Indeed, in GAA knock out mouse models, antibody formation to
rhGAA reduced the efficacy of ERT.20 More recently, immune tolerance induction with an
adeno-associated virus vector containing a liver-specific promoter in GAA knock out
revealed enhanced target tissue penetration of enzyme compared with antibody positive
counterparts.21 Moreover, clinical data, in which an ongoing immune response was
abrogated,22 or immune responses were prevented coincident with onset of ERT in CN
patients with Pompe disease, significantly improved outcomes (Priya S. Kishnani, Duke
University Medical Center, personal communication, 2011). Clinically relevant inhibition of
ERT by antibodies should be a consideration when there is evidence that a patient is
responding poorly or deteriorates after an initial positive response to an expected therapeutic
regimen.23

Antibodies to therapeutic proteins have been described in patients with late-onset Pompe
disease as well other LSDs, such as Gaucher disease, Fabry disease, and
mucopolysaccharidosis type I.24–30 In a canine model of mucopolysaccharidosis type I, the
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enzyme (alpha-L-iduronidase) was mistargeted to organs containing a high number of
phagocytes, suggesting uptake of immune complexes by the macrophages.31 In Fabry
disease, the variable nature and slowly progressive course of the disease and the limited
efficacy of ERT in reversing established disease make it difficult to assess the influence on
clinical outcome, but it is not unlikely that the antibodies do have a negative effect.26

Furthermore, beyond LSDs, antibodies have been shown to complicate treatment in other
conditions where replacement proteins are administered, such as in the use of Factor VIII
and IX for hemophilia A and B, respectively,32 erythropoietin for chronic kidney failure,33

beta-interferon in multiple sclerosis,34 insulin for diabetes,35 and growth hormone for short
stature.36

Establishing relationships among genotype, phenotype, protein structure, immunogenicity,
and clinical outcome is key to predicting which patients will require tolerance-inducing
therapies before treatment with ERT so as to preclude the types of responses that sabotage
efficacy. Although CN status can be easily identified by Western blot and mutation analysis,
the current challenge is the early identification of CP patients at risk for developing HSAT.
Rapid identification of at-risk patients is of paramount importance, so tolerance-inducing
treatment can be started either before or at the same time as starting treatment with
therapeutic protein. Abrogating the immune response will not only help in improving
clinical outcomes but may also potentially minimize the amount of enzyme necessary to
achieve acceptable clinical outcomes.

Although there are likely many factors contributing to the establishment of HSAT hitherto
observed in a subset of CP patients, two very important considerations are (a) which
sequences in rhGAA are seen as foreign by a given individual’s immune system (likely
influenced by the underlying mutation(s) and any downstream three-dimensional structural
impact on endogenously synthesized GAA) and (b) whether the individual has an major
histocompatibility complex phenotype that can bind cognate peptide sequences derived from
rhGAA with such affinity that presentation of peptide sequences to key players in the
immune system is sufficient for recognition as “nonself.” The extent to which endogenously
transcribed GAA (if any) is recognized as “self” depends in large part on the amount of
protein produced and capacity for presentation of derived peptide sequences to immature T
cells. In this setting, the sequence of GAA actually translated (if any) is likely to induce
tolerance to the portion of GAA molecule it represents. These considerations have potential
implications for both HTCP and LTCP patients in addition to CN patients. Indeed, although
HTCP patients by definition produce some protein (being CP), the high titers observed may
be explained, at least in part, by the possibility that the resulting protein product does not
proceed to enter relevant endocytic pathways as a result of its instability and/or rapid
degradation; as a result, the otherwise expected process of antigen presentation may not
proceed to completion and thus preclude immune tolerization and in essence behaving
similar to a CN patient. On subsequent initiation of ERT with recombinant enzyme,
immature T cells (by their T-cell receptors) interact with processed rhGAA peptides on
antigen-presenting cells; intracellular signaling pathways ultimately activate these T cells
which in turn activates B cells. Antibodies complicating therapy are ultimately produced by
the resulting transformation of immature B cells to antibody-producing plasma cells. This is
in contrast to the likely scenario occurring in LTCP patients, whereby the GAA protein
produced endogenously could be sufficiently stable to enter into endocytic pathways
ultimately leading to presentation with major histocompatibility complex class II and
tolerization of nascent T cells. In this situation, subsequent initiation of rhGAA ERT would
not be as likely to induce a robust and potentially deleterious IgG immune response toward
such exogenous GAA given the “familiarity” of the immune system to the complement of
epitopes so derived.
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Advancements in bioinformatics tools, most especially epitope prediction platforms, would
provide further support for the merits of screening for Pompe disease (manuscript under
preparation) and for other orphan diseases where successful therapeutic interventions are
available for altering the disease trajectory. Although an important factor in predicting
antibody formation to ERT, additional patient-related and treatment-related factors are
known to potentially modulate antibody response in diseases treated with therapeutic
protein.37 GAA mutations for CN patients have been described elsewhere.11 Table,
Supplemental Digital Content 1, http://links.lww.com/GIM/A175 shows GAA mutations for
HTCP and LTCP patients.

In summary, our study clearly shows the negative impact of HSAT on clinical outcomes in
patients receiving a therapeutic protein, using infantile Pompe disease as a model. Most
specifically, it identifies a subset of CP patients who, although typically having a good
response to ERT, remain at high risk for development of immune responses which abrogate
its efficacy. Indeed, there were no significant differences in clinical outcomes between CN
and HTCP. Thus, identifying CN status and the CP patients at risk for development of
HSAT through mutation and epitope analysis would represent a significant advancement in
the field of therapeutic proteins. Furthermore, there remains a need to develop and
implement additional immune tolerance-inducing strategies for both prophylactic purposes
(to preclude antibody development in ERT) and for therapeutic purposes to treat after the
development of antibodies. Although clinical trials of immunomodulation are currently
underway, further emphasis on such studies is needed as the outcome is otherwise poor for
CN and HTCP patients.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Antibody titers for CN (black), HTCP (red), and LTCP (green) at various time points.
Primary y axis shows antibody titers, and secondary y axis shows corresponding log-
transformed antibody titer value. CN, CRIM negative; HTCP, high-titer CRIM positive;
LTCP, low-titer CRIM positive.
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Fig. 2.
Kaplan-Meier curves for (A) overall survival and (B) ventilator-free survival for CN (black),
HTCP (red), and LTCP (green). CN, CRIM negative; HTCP, high-titer CRIM positive;
LTCP, low-titer CRIM positive.
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Fig. 3.
Left ventricular mass index (LVMI) in g/m2 at baseline (A), 26 weeks (B), and 52 weeks (C)
of rhGAA treatment in CRIM negative (CN), high-titer CRIM-positive (HTCP) patients, and
low-titer CRIM-positive (LTCP) patients.
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Fig. 4.
Alberta Infant Motor Scale (AIMS) scores at baseline (A), 26 weeks (B), and 52 weeks (C)
of rhGAA treatment in CRIM negative (CN), high-titer CRIM-positive (HTCP) patients, and
low-titer CRIM-positive (LTCP) patients.
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Fig. 5.
Urine Glc4 in mmol/mol creatinine at baseline (A), 26 weeks (B), and 52 weeks (C) of
rhGAA treatment in CRIM negative (CN), high-titer CRIM-positive (HTCP) patients, and
low-titer CRIM-positive (LTCP) patients.
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Table 1

Baseline demographics

CRIM
negative (CN),

n = 11

High-titer
CRIM positive

(HTCP),
n = 9

Low-titer
CRIM positive

(LTCP),
n = 14

Gender

  Male 5 (45%) 4 (44%) 11 (79%)

  Female 6 (55%) 5 (56%) 3 (21%)

Race

  White 4 (36%) 5 (56%) 4 (29%)

  Black 3 (27%) 1 (11%) 3 (21%)

  Hispanic 1 (9%) 1 (11%) 2 (14%)

  Asian 1 (9%) 1 (11%) 3 (21%)

  Other 2 (18%) 1 (11%) 2 (14%)

Age at symptom onset (mo)

  Mean (SD) 1.2 (0.9) 3.2 (2.0) 2.2 (2.1)

  Median 1.45 3 1.8

  Min, Max 0, 2.4 0, 6 0, 5.4

Age at first ERT (mo)

  Mean (SD) 3.55 (1.93) 7.7 (3.0) 7 (3.8)

  Median 3 7 6.7

  Min, Max 0.25, 7.0 5, 13 1.9, 15

Adjusted at first ERT (mo)

  Mean (SD) 3.19 (1.81) 7.5 (3.0) 6.6 (3.9)

  Median 3.15 6.7 5.7

  Min, Max 0, 6.1 4.8, 13 1.9, 15
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