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Purpose: Infantile Pompe disease resulting from a deficiency of 
lysosomal acid α-glucosidase (GAA) requires enzyme replacement 
therapy (ERT) with recombinant human GAA (rhGAA). Cross-
reactive immunologic material negative (CRIM-negative) Pompe 
patients develop high-titer antibody to the rhGAA and do poorly. We 
describe successful tolerance induction in CRIM-negative patients.

methods: Two CRIM-negative patients with preexisting anti-GAA 
antibodies were treated therapeutically with rituximab, methotrexate, 
and gammaglobulins. Two additional CRIM-negative patients were 
treated prophylactically with a short course of rituximab and metho-
trexate, in parallel with initiating rhGAA.

Results: In both patients treated therapeutically, anti-rhGAA was 
eliminated after 3 and 19 months. All four patients are immune toler-
ant to rhGAA, off immune therapy, showing B-cell recovery while 

continuing to receive ERT at ages 36 and 56 months (therapeutic) and 
18 and 35 months (prophylactic). All patients show clinical response 
to ERT, in stark contrast to the rapid deterioration of their nontoler-
ized CRIM-negative counterparts.

conclusion: The combination of rituximab with methotrexate  
± intravenous gammaglobulins (IVIG) is an option for tolerance 
 induction of CRIM-negative Pompe to ERT when instituted in the naïve 
 setting or following antibody development. It should be considered in 
other conditions in which antibody response to the therapeutic protein  
elicits robust antibody response that interferes with product efficacy.
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intRoduction
Infantile Pompe disease (OMIM# 232300) is a fatal disease 
resulting from a deficiency of lysosomal acid α-glucosidase 
(GAA).1 Enzyme replacement therapy (ERT) with recombinant 
human acid α-glucosidase (rhGAA) is the sole disease-specific 
treatment currently available. Patients with two  deleterious 
mutations and complete absence of GAA, as assessed by western 
blot, are classified as cross-reactive immunologic material neg-
ative (CRIM-negative). Patients with GAA protein detectable 
by western blot are classified as CRIM-positive.2–4 Whereas the 
majority of CRIM-positive patients have sustained therapeutic 
responses to ERT, CRIM-negative patients almost uniformly 
do poorly, experiencing rapid clinical decline because of the 
development of sustained, high-titer antibodies to rhGAA.4 
CRIM-negative patients therefore serve as an excellent model 
to evaluate the impact of therapies aimed at immune tolerance. 

We reported the first successful reversal of rhGAA antibod-
ies in a CRIM-negative Pompe patient treated with rituximab, 
intravenous gammaglobulins (IVIG), and methotrexate.5 We 
now report that this patient and an additional CRIM-negative 
patient treated similarly are indeed immune tolerant. Critically, 
such tolerance can be induced prophylactically, commencing 
with ERT, using a short rituximab with methotrexate regi-
men, thereby avoiding prolonged immune suppression. The 
two prophylactically treated patients and two therapeutically 
treated patients remain tolerant to continued administration 
of rhGAA, off of all immune therapy and with recovered B 
cells. All patients have achieved motor gains, in contrast to the 
relentless downhill course of nontolerant ERT-treated CRIM-
negative patients. However, like some CRIM-positive patients, 
patients are left with residual deficiencies not reversible by ERT 
due to preexisting damage prior to the start of ERT.

http://www.nature.com/doifinder/10.1038/gim.2011.4
mailto: yoav.messinger@childrensmn.org
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PAtients And metHods
This multinational collaborative effort received individual 
institutional review board or ethics committee approval. In all 
cases, motor assessment, cardiac assessment, and other clinical 
parameters were obtained from medical records. GAA mutation 
analysis was determined as previously described.6 CRIM status 
was determined as previously described.2 Briefly, cell lysates 
derived from the patient’s fibroblasts were subjected to western 
blot analysis in a single laboratory with a polyclonal antibody 
that was made against human placental GAA, which recognizes 
all GAA protein forms. A patient is considered CRIM-negative 
if no GAA is detected in the western blot assay and the patients 
have deleterious mutations in the GAA gene. IgG antibodies to 
rhGAA were measured using enzyme-linked immunosorbent 
assays and confirmed using radioimmunoprecipitation, as pre-
viously described.6 Urinary glucose tetrasaccharide (Glc4) level 
was determined as the total hexose tetrasaccharide fraction in 
urine measured by high-pressure liquid chromatography with 
ultraviolet detection and electrospray ionization–tandem mass 
spectrometry as previously described7. Flow cytometry was 
used to assess CD19-positive (B cell) percentage, using stan-
dard techniques at each local institution.

rhGAA (Myozyme, Genzyme, Cambridge, MA) adminis-
tered every 2 weeks was initiated after diagnosis of Pompe in all 
cases.2,3 Dosing ranged from 20 to 40 mg/kg every 2 weeks.

Patients 1 and 2 were treated therapeutically by rituximab, 
methotrexate, and IVIG after the development of rhGAA anti-
bodies, until antibodies were eliminated. Rituximab 375 mg/m2/  
dose was given weekly for 4 weeks followed by maintenance 
dosing. Methotrexate 0.5 mg/kg weekly was given enterally, 
based on hematologic tolerance. IVIG 0.5 g/kg was given every 
4 weeks (Figure 1a,b). Patients 3 and 4 were treated prophy-
lactically with a short course of rituximab and methotrex-
ate. Rituximab 375 mg/m2/dose was administered weekly for  
4 weeks (the first dose given 1 day before the first rhGAA 
administration), and methotrexate 0.4 mg/kg was given subcu-
taneously 3 times a week for 9–17 doses (Figure 2a,b).

ResuLts
therapeutic tolerance induction for an established Antibody
Patients 1 and 2 presented with hypotonia, cardiomyopathy, ele-
vated creatinine phosphokinase (CPK) level, and elevated urine 
Glc4 level at ages 5 weeks and 12 days, respectively. Both were 
confirmed as CRIM-negative Pompe patients (Table 1). rhGAA 
was initiated soon after diagnosis, at 7 weeks and 16 days of age, 
respectively (Table 1). IgG antibodies to rhGAA were detected 
after 4–6 weeks, escalating to maximum titers of 1:1,600 and 
1:12,800, respectively. An immune tolerance regimen of ritux-
imab, methotrexate, and IVIG was initiated as shown in Figure 
1. Antibodies to rhGAA were fully eliminated 3 months after 
commencement of immune therapy in patient 1 (Figure 1a) 
and after 19 months in patient 2 (Figure 1b), although there 
was a rapid drop in titer following the first course. Patient 1 is 
tolerant to rhGAA after more than 4.5 years of ERT and patient 
2 after 3 years of ERT. Both are off all immune therapy, with 

B-cell recovery (Figure 1). The immune tolerance regimen was 
very well tolerated with mild intermittent neutropenia requir-
ing withholding methotrexate and only mild viral infections. 
Although patient 1 became ventilator dependent after 11 months 
of ERT, he continued to improve, now requiring ventilation 
only at night, whereas patient 2 was not ventilated (Table 2). 
All medications including rhGAA, rituximab, and IVIG were 
given at home to patient 1, under strict monitoring by skilled 
nursing staff. In both patients, cardiomyopathy rapidly resolved 
after initiating rhGAA (Table 2). Patients 1 and 2, diagnosed 
and treated before 2 months of age, had high baseline urinary 
Glc4 values, which then decreased to less than those of CRIM-
negative patients who did not receive immune tolerance therapy 
(Figure 3). Clinically, both patients continue to gain develop-
mental milestones. Even though patient 1 has significant motor 
and speech deficits, he continues to improve, whereas patient 
2 has only mild deficits (Table 2). Hearing tests were initially 
normal in both patients, but patient 1 developed mild conduc-
tive hearing loss in the middle-to-high frequencies at the age of 
56 months, and patient 2 required pressure-equalizing tubes at 
the age of 26 months. At the age of 54 months, magnetic reso-
nance imaging (MRI) of the brain of patient 1 revealed new, 
extensive deep white matter changes, sparing the subcortical 
U-fibers (Figure 4), whereas MRI of the brain of patient 2 (age 
31 months) was normal (Table 2). Patient 1 is receiving rhGAA 
every 2 weeks to date, patient 2 received rhGAA every 2 weeks, 
but after 29 months of ERT, rhGAA frequency was increased to 
every week due to increased creatinine phosphokinase (CPK) 
levels, progression of ptosis, increased fatigue, and decreased 
stamina, all of which have since improved.

Prophylactic tolerance induction
Patients 3 and 4 presented with hypotonia, cardiomyopathy, and 
elevated creatinine phosphokinase (CPK) level at the ages of  
8 and 10 weeks, respectively. They were confirmed as CRIM-
negative Pompe patients (Table 1) and received the tolerance-
induction regimen simultaneously with rhGAA at 15–16 weeks 
of age (Table 1, Figure 2). Patient 3 also received one dose of 
IVIG at week 4 due to a febrile illness. Both patients continued 
to receive rhGAA without further immune therapy. Patient 3 
developed a transient anti-rhGAA antibody response, which 
reached a maximal titer of 1:1,600 and spontaneously declined 
to 1:200 after 24 months on ERT (Figure 2a) without additional 
immune tolerance therapy. In patient 3, who at diagnosis had 
significant cardiac involvement with poor function, cardio-
myopathy improved after 14 months of ERT, both in function 
and wall thickness, but did not completely resolve (Table 2).  
Ventilation was not required, and she continues to gain develop-
mental milestones (Table 2). Commensurate with her excellent 
clinical course, Glc4 levels of patient 3 remain lower than those 
of nontolerized CRIM-negative patients (Figure 3). Patient 4 
was persistently antibody negative (Figure 2b) and required 
only transient ventilation for 3 days at diagnosis. At diagnosis, 
he had significant cardiac involvement—dilated cardiomyopa-
thy with very poor function. Although the LV mass improved, 
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the function to date has not changed (Table 2). He attained 
developmental milestones, but a parainfluenza infection at the 
age of 14 months resulted in neuromotor regression. His overall 
worse disease status is reflected in high Glc4 levels, which are 
currently comparable to those of nontolerized CRIM-negative 
patients (Figure 3). Patient 3 had normal MRI of the brain at 
the age of 17 months and an inconclusive hearing test at 12 
months (which was not repeated), whereas patient 4 did not 
have an MRI or a formal hearing test (Table 2).

discussion
The clinical use of therapeutic enzymes has expanded rapidly in 
the past decade for a variety of disorders, with ERTs now available 
for several previously untreatable diseases. Therapeutic enzymes 

are potentially immunogenic, evoking antibody responses that 
may be without overt clinical significance or may lead to hyper-
sensitivity reactions, decreased bioavailability, or decreased 
efficacy.8,9 Antibody-mediated abrogation of efficacy of the thera-
peutic proteins has been described in patients with other enzyme- 
and factor-deficiency states such as mucopolysaccharidosis types 
I, II, and VI, Fabry disease, and severe hemophilia A and B.10–14

Most Pompe disease patients develop antibodies to ERT, but 
with dramatically different outcomes, depending on CRIM sta-
tus. Antibody titers in the majority of CRIM-positive patients 
diminish over time and do not appear to neutralize efficacy, 
leaving patients with a favorable clinical response. In con-
trast, CRIM-negative patients and a subset of CRIM-positive 
patients mount high-titer and sustained antibody responses 
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Figure 1 therapeutic-treated patients with antibody to eRt. Tolerance-induction regimen, with rituximab, methotrexate, and intravenous gammaglobulins 
(IVIG) showing antibody levels and B-cell percentage for patients treated therapeutically for an established antibody response. Both patients achieved tolerance 
to ongoing enzyme replacement therapy, and are off immune therapy, with negative antibody titer showing B-cell recovery. (a) Patient 1. (b) Patient 2. ERT, 
enzyme replacement therapy.
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that neutralize enzyme uptake into cells with resulting poor 
outcome: death or invasive ventilation in patients by the age of 
27 months.4,15 Therefore, there is clearly a need for immune tol-
erance induction to ERT in CRIM-negative Pompe patients and 
those CRIM-positive patients who are at risk for development 
of high sustained antibody titers. 

We have previously described patient 1,5 who was treated for 
an established antibody response, and now confirm his immune 
tolerance to the foreign protein. Remarkably, this patient and 
an additional patient treated for established antibody are off 
all immune suppressive therapy, have B-cell recovery, and are 
tolerant to rhGAA. Both patients had no significant toxicity 
or increased infections from this regimen, with the exception 
of transient leukopenia from methotrexate. Importantly, both 
patients began immune tolerance therapy relatively early after 
detection of an antibody response to rhGAA prior to develop-
ment of a very high titer and sustained response. It is certainly 
possible that patients with very high persistent antibody titers 
(more than 1:51,200) may not respond to this regimen.15

To assess whether a short course of immune tolerance induc-
tion therapy at commencement of ERT (thus avoiding pro-
longed immune suppression) would confer lasting tolerance, 
two additional CRIM-negative patients were treated prophy-
lactically with a short regimen of rituximab and methotrexate 
essentially without IVIG. Remarkably, both patients display 
ongoing tolerance to ERT: patient 3 developed a transient anti-
body response that declined over time, similar to that seen in 
CRIM-positive patients, tolerating ERT at the age of 35 months 
with clinical gains. Patient 4 did not develop rhGAA antibodies 
but has a dilated cardiomyopathy and neuromotor deficits.

This regimen was chosen for tolerance induction in both 
therapeutic and prophylactic settings on the basis of data from 
clinical trials and experimental data. Rituximab has been used 
successfully in immune-mediated diseases, such as systemic 
lupus erythematosus16 as well as hemophilia patients with high-
titer inhibitors.17 In patients with severe factor VIII deficiency 
with high-titer inhibitors, rituximab induced tolerance to ther-
apeutic factor VIII with a variable degree of success.17–20 The 
mechanism by which rituximab induces tolerance is unknown 
but, in some circumstances, appears to be related to restoration 
of T regulatory cells.21 Regardless of mechanism, the success of 
the approach suggests that B cells are critical in the induction 
and maintenance of the immune response.

Interestingly, a recently reported CRIM-negative patient 
received another monoclonal agent, omalizumab, an anti-IgE, 
to prevent anaphylaxis to rhGAA. Strikingly, this patient has 
very low-titer IgG against rhGAA (1:400) after 44 months of 
ERT.22 This suggests some heterogeneity among CRIM-negative 
patients in the nature of the immune response to rhGAA as well 
as a novel use of anti-IgE.

One of the concerns with rituximab therapy is the profound 
B-cell suppression leading to decreased serum Ig levels and the 
heightened potential for adverse outcomes. Patient 1 failed to 
respond to routine vaccination administered in the treatment 
period and even after B-cell recovery (data not shown), suggest-
ing the potency of this regimen. It suggests that following suc-
cessful treatment, vaccination response should be monitored. 
To decrease infectious complications, both patients who had 
received prolonged rituximab therapy were placed on chronic 
IVIG. Additionally, it is well known that IVIG is also an immu-
nomodulatory agent used extensively in the setting of autoim-
mune disease23,24; and thus, it is probable that the IVIG had dual 
effects in our patients: contributing to immune modulation and 
protecting against infectious agents.

Prolonged rituximab therapy with B-cell suppression has been 
associated with the development of progressive multifocal leu-
koencephalopathy (PML).25 Patient 1 developed changes of the 
brain affecting the deep white matter (detected on MRI; Figure 4),  
which are clearly different from what is seen in progressive 
multifocal leukoencephalopathy that affect the subcortical 
area.25 Additionally, this patient shows slow progressive neuro-
logic improvement rather than the clinical deterioration seen in 
progressive multifocal leukoencephalopathy.25 Thus this patient 
does not have PML. Since these MRI changes are similar to a 
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Figure 2 Prophylactic-treated patients. Tolerance-induction regimen, 
antibody levels, and B-cell percentage for patients treated prophylactically in 
the naïve setting with rituximab and methotrexate. Both patients are tolerant 
to ongoing enzyme replacement therapy, off immune therapy with B-cell 
recovery. (a) Patient 3 with remains with low-titer (1:200) antibody level, 
similar to CRIM-positive patients. (b) Patient 4 with negative antibody titer.
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previously described CRIM-negative patient, they may reflect 
the natural history of CRIM-negative Pompe disease.22

Finally, methotrexate was added to the regimen because it 
eliminates dividing lymphocytes, theoretically eliminating 
rhGAA-specific T cells and residual B cells. Methotrexate also 
minimized antibody to rhGAA when used as a sole agent in a 
mouse model of Pompe disease.26

Remarkably, all tolerized patients showed motor improve-
ment, in stark contrast to ongoing deterioration of CRIM-
negative patients, confirming the role of the immune response 
in abrogating effectiveness of ERT.4 Nonetheless, patients 
were left with residual deficiencies either due to irreversible 
changes or due to the inability of rhGAA to fully address dis-
ease manifestations. Patient 3 is left with mild cardiomyopa-
thy, and patient 4 continues to have significant residual dilated 
cardiomyopathy despite immune tolerance to ERT. Both 
patients were diagnosed and started therapy at a later age, and 
it is possible that irreversible myocardial damage occurred 
prior to the start of ERT. Patient 1, at 56 months, has shown 
a clinical response to ERT and continues to make motor and 

developmental progress; however, he has motor and speech delays.  
His pulmonary status has improved from full-time ventilation to 
requiring ventilator support only at night. The poorest outcome 
was in patient 4, who at the start of ERT already had significant 
motor involvement. Following appreciable motor improvement, 
this patient had motor deterioration with elevated urinary Glc4 
level after a parainfluenza infection, thus illustrating the fragility 
of such patients. This outcome suggests that early identification 
of infantile Pompe disease, ideally via newborn screening, may 
abrogate these irreversible changes. It is critical to note that even 
patients 1 and 4, who had significant deficits, continue to have 
neuromotor improvement in contrast to the ongoing deteriora-
tion of CRIM-negative patients with high-titer antibody.4,15

The deficits seen in patients 1 and 4 and the elevated Glc4 
level of patient 4 may be secondary to basic limitations of ERT 
in Pompe disease. These include the high levels of rhGAA 
required to achieve efficacy—approximately 30-fold to 100-fold 
greater than doses for ERT in other lysosomal disorders27—and 
the well-recognized variability of response by skeletal muscle. 
Potential factors involved in this variability include a lower 

table 1 Baseline and immunologic data for patients treated therapeutically (patients 1 and 2) for an established antibody 
response as well as patients treated prophylactically (patients 3 and 4) in parallel to starting enzyme replacement therapy

therapeutic tolerance induction Prophylactic tolerance induction

Patient 1 Patient 2 Patient 3 Patient 4

Age of diagnosis 5 weeks 12 days 8 weeks 10 weeks

Sex M F F M

Race African American Caucasian Caucasian Caucasian

Consanguinity No No Yes No

GAA mutation Homozygous c.2560C>T c.1128-1129delinsC/
c.2237G>A

Homozygous c.341insT c.1548G>A and c.525delT

GAA activity Absent Absent Absent Absent

Initiation of ERT 7 weeks 16 days 16 weeks 15 weeks

Seroconversion 6 weeks 4 weeks 38 weeks None

Onset of immune tolerance after 
ERT

18 weeks 6 weeks 0 weeks 0 weeks

Current immune therapy None None None None

Anti-rhGAA titer

 Peak titer (time after ERT) 1:1,600 (4 months) 1:12,800 (1 month) 1:1,600 (9 months) Negative

  Time to antibody elimination 3 months 19 months Not eliminated N/A

 Last titer Negative Negative 1:200 Negative

 B-cell recovery Yes Yes Yes Yes

Urinary Glc4 level (mmol/mol CN)

 Baseline 26 23 NA NA

 6 months 39 20 NA 29

 12 months 48 10 NA 38

Last 47 (53 months) 17 (35 months) 21 (33 months) 69 (22 months)

ERT, enzyme replacement therapy; GAA, acid α-glucosidase; Glc4, glucose tetrasaccharide; rhGAA, recombinant human GAA.
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table 2 Outcome clinical data

therapeutic tolerance induction Prophylactic tolerance induction

Patient 1 Patient 2 Patient 3 Patient 4

Current age 56 months 36 months 35 months 22 months

rhGAA 20 mg/kg every 2 weeks 40 mg/kg every week* 20 mg/kg every 2 weeks 20 mg/kg every 2 weeks

Ventilation From 13 months to only at 
night

None None 3 days at diagnosis

LVMI (gm/m2.7)

 Baseline 202 117 NA NA

 6 months 75 59** NA 389

 12 months 60 NA NA 273

 Last 31 (48 months) 44 (30 months) NA 194 (15 months)

FS

 Baseline 40% 36% 18% 7%

 6 months 42% 35%** 15% 10%

 12 months 64% NA 26% 4%

 Last 38% (48 months) 35% (30 months) 25% (27 months) 11% (15 months)

Cardiomyopathy Resolved (6 months) Resolved (3 months) Improved (14 months) Ongoing

Neuromotor status Scoots in sitting for 
independent floor mobility; 
pulls to stand independently, 
maintains standing with 
moderate assistance; fine 
motor skills advancing; 
communication impaired by 
poor intelligibility.

Age-appropriate gross 
motor skills, with isolated 
residual weakness, decreased 
core strength, myopathic 
facies, ptosis; no difficulty 
swallowing. Mild speech 
delay; low average overall 
cognitive abilities: gross, fine 
motor and visual reception—
average, language ability—
below average.

Walks and runs 
independently. No 
difficulty swallowing. 
Speaks, but with 
hypernasal speech as is 
seen in other children 
who survive infantile 
Pompe disease.

Prop-sit independently, sits 
briefly without hand support, 
rolls from supine to side lying, 
bears weight through lower 
extremities in supported 
standing. Swallows solid 
food and drools less than 
previously. Age-appropriate 
hand function and speech.

Sits independently Yes Yes Yes Yes

Bears weight through lower 
extremities

Yes Yes Yes Yes

Independently ambulatory No Yes Yes No

MRI of brain (age in months) New deep white matter 
changes (age 54 months)

Normal (age 31 months) Normal (age 17 months) Not done

Hearing test Mild conductive hearing 
loss—middle to high 
frequencies (age 56 months)

PE tubes (age 26 months) Inconclusive (age 12 
months)

Not done

ERT, enzyme replacement therapy FS, fractional shortening by m-mode echocardiography; LVMI, left ventricular mass index per height2.7 (gm/m2.7); MRI, magnetic resonance 
imaging; NA, not available; PE tubes, pressure-equalizing tubes; rhGAA, recombinant human acid α-glucosidase; CPK, creatinine phosphokinase.

*Patient 2 received rhGAA 20 mg/kg, which was changed to 30 mg/kg after 17 months of ERT and then to 40 mg/kg after 23 months. Frequency was increased to weekly 40 mg/
kg after 29 months of ERT due to increased CPK levels, progression of ptosis, increased fatigue, and decreased stamina, all of which have since improved.

**Patient 2 echocardiography data are for 9 months of ERT. No data for 6 or 12 months.

number of mannose-6-phosphate receptors (the principal 
receptors for enzyme uptake and lysosomal targeting) in skel-
etal muscle in comparison to the heart, inefficient targeting to 
skeletal muscle, accumulated muscle and lysosomal damage, 
and resistance to correction by type II myofibers.

In conclusion, strategic use of rituximab and methotrexate 
with or without IVIG has been effective in prophylaxis against 
an immune response and in reversing the immune response 
in CRIM-negative infantile Pompe patients treated with ERT. 
An ongoing study in treatment-naïve CRIM-negative patients 
using a similar prophylactic protocol is accruing patients (http://

clinicaltrials.gov, NCT00701129). Rituximab and methotrexate 
with IVIG should be used in CRIM-negative patients with anti-
bodies to rhGAA and should also be considered for the rare 
CRIM-positive Pompe patients at risk for a high-titer sustained 
immune response.

This successful tolerance induction to rhGAA in CRIM- 
negative Pompe patients will allow for better understanding of 
the neurological and muscular challenges facing CRIM-negative 
patients who survive longer tolerating the ERT. It allows us to com-
pare tolerant CRIM-negative versus CRIM-positive patients for 
differences, if any, in the central nervous system and other organs. 
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This tolerance-inducing strategy might also be more broadly 
applicable to other conditions treated with therapeutic proteins 
such as other lysosomal storage diseases, severe hemophilia  
A and B, and other conditions in which a foreign protein elicits  
robust antibody responses that interfere with product effi-
cacy. These lessons may also be important for gene therapy 
approaches, which may be functionally limited by immune 
responses.
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