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Summ a r y

Patients with early-onset lysosomal storage diseases are ideal candidates for pre-
natal therapy because organ damage starts in utero. We report the safety and ef-
ficacy results of in utero enzyme-replacement therapy (ERT) in a fetus with CRIM 
(cross-reactive immunologic material)–negative infantile-onset Pompe’s disease. The 
family history was positive for infantile-onset Pompe’s disease with cardiomyopa-
thy in two previously affected deceased siblings. After receiving in utero ERT and 
standard postnatal therapy, the current patient had normal cardiac and age-appro-
priate motor function postnatally, was meeting developmental milestones, had 
normal biomarker levels, and was feeding and growing well at 13 months of age.

Several early-onset lysosomal storage diseases have multiorgan 
involvement,1 sometimes even manifesting prenatally. Newborn screening 
has led to early initiation of enzyme-replacement therapy (ERT) with recom-

binant enzymes, but this strategy does not completely prevent irreversible organ 
damage. On the basis of the results of in utero ERT in a mouse model of muco-
polysaccharidosis type VII,2 we obtained approval to perform a phase 1 clinical 
trial of in utero ERT in eight lysosomal storage diseases with antenatal onset for 
which a recombinant ERT is available (In Utero Enzyme Replacement Therapy for 
Lysosomal Storage Diseases [IUERT]; ClinicalTrials.gov number, NCT04532047).

Infantile-onset Pompe’s disease, a rapidly progressive lysosomal storage disease 
caused by acid α-glucosidase (GAA) enzyme deficiency, is a compelling disease to 
treat in utero because patients have hypertrophic cardiomyopathy prenatally3 and 
hypotonia at birth; if the disease is untreated, patients typically die by 2 years of 
age. Infantile-onset Pompe’s disease affects 1 in 138,000 to 226,600 live births 
worldwide (with a higher incidence in some populations, such as 1 in 50,000 in 
Taiwan).4-6 Initiating ERT with alglucosidase alfa early after positive newborn 
screening improves clinical outcomes,7,8 but residual myopathy persists.7,9 Persons 
with infantile-onset Pompe’s disease have a high degree of sibling concordance.10 
Those with a genotype that results in the absence of cross-reactive immunologic 
material (CRIM-negative) are at the most severe end of the disease spectrum,11,12 
and the development of high and sustained levels of IgG antidrug antibodies re-
sults in a lack of efficacy of ERT. The induction of immune tolerance concurrent 
with the initiation of ERT decreases or prevents the formation of antidrug antibodies 
and can be lifesaving.13 Antidrug antibodies occur in other lysosomal storage dis-
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eases, but they are particularly deleterious and 
well characterized in CRIM-negative infantile-
onset Pompe’s disease.14 We treated a fetus with 
CRIM-negative infantile-onset Pompe’s disease 
in the context of the early postnatal demise of 
two previous siblings.

Me thods

Case Presentation

A 37-year-old woman (gravida 12, para 4) with a 
known history of three previous pregnancies 
that were affected with CRIM-negative infantile-
onset Pompe’s disease presented for antenatal 
care in the first trimester. Infantile-onset Pompe’s 
disease was diagnosed prenatally in the current 
patient (also referred to as “Sibling 3”) by means 
of chorionic villus sampling. The fetus was homo-
zygous for the familial known pathogenic variant 
NM_000152.5(GAA):c.525_526del (p.Asn177fs).

Family History and Clinical Course  
of Affected Siblings

The parents are of Pakistani descent and consan-
guineous (Fig. 1A). Their first child with infan-
tile-onset Pompe’s disease (Sibling 1) received a 
diagnosis at 5.5 months of age and received im-
mune tolerance induction (four doses of rituximab, 
nine doses of methotrexate, and monthly intra-
venous immune globulin)13 concurrent with ERT 
initiation at 6.6 months of age and again be-
tween 17 and 21 months. Treatment with ERT 
(alglucosidase alfa, 20 mg per kilogram of body 
weight per dose every other week) was stopped 
at 24 months, and she died of progressive disease 
at 29 months. A second pregnancy with an affected 
fetus was electively terminated. A third affected 
child (Sibling 2) received a diagnosis prenatally by 
means of amniocentesis (cardiac hypertrophy was 
subsequently noted on prenatal echocardiograms), 
was treated palliatively, and died at 8 months of 
age from cardiorespiratory failure.

Ethics Approval for Provision  
of Clinical Care

The current patient received a diagnosis prena-
tally and was referred for inclusion in the newly 
launched phase 1 clinical trial of in utero ERT. 
Nondirective counseling regarding all options 
for the pregnancy and the rationale for prenatal 
therapy was provided by the physician teams at 

the Ottawa Hospital, Children’s Hospital of East-
ern Ontario, the University of California, San 
Francisco, and Duke University. The family chose 
to proceed with fetal therapy. Given that chal-
lenges with travel during the coronavirus disease 
2019 pandemic prevented participation in the 
trial, a clinical ethics approval was obtained to 
provide in utero ERT locally at the Ottawa Hos-
pital in the same manner as in the clinical trial.

In Utero ERT Protocol

Alglucosidase alfa (20 mg per kilogram of esti-
mated fetal weight) was administered under ultra-
sonic guidance through the umbilical vein be-
ginning at 24 weeks 5 days of gestation and 
continued at 2-week intervals through 34 weeks 
5 days of gestation (six infusions total). The 
2-week dosing interval is consistent with routine 
practice for in utero blood transfusions and the 
recommended package-insert administration in-
terval for alglucosidase alfa.15 At each infusion, 
a small volume of blood was drawn back to con-
firm successful entry into the umbilical vein; this 
blood was used to measure plasma trough levels 
of GAA enzyme activity and serum antidrug 
antibody titers. (Details of sample collection and 
analysis are provided in the Methods section in 
the Supplementary Appendix, available with the 
full text of this article at NEJM.org.)

After birth, the infant was treated with im-
mune tolerance induction on day 1,13 consistent 
with standard-of-care treatment for CRIM-nega-
tive infantile-onset Pompe’s disease and the Food 
and Drug Administration–approved investigation-
al new drug protocol of the IUERT trial. On day 4 
and every other week thereafter, the patient re-
ceived an infusion of alglucosidase alfa (20 mg per 
kilogram per dose). In light of recent studies,16 
the patient was transitioned to a dose of 40 mg 
per kilogram every 2 weeks at 9.6 months of age 
and a weekly dose of 40 mg per kilogram at 11.3 
months of age.

R esult s

Prenatal Safety and Infant Delivery

There were no adverse reactions to any of the six 
infusions in the mother or the fetus. Labor was 
induced at 37 weeks 3 days of gestation (3 weeks 
after the last infusion), and the patient was de-
livered vaginally at 37 weeks 4 days of gestation.
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Figure 1. Case Presentation and Skeletal-Muscle and Cardiac Outcomes.

Panel A shows the family pedigree. Squares indicate male family members, circles female family members, triangles pregnancies not 
carried to term, double bars consanguinity, open symbols unaffected, filled black symbols affected, and diagonal slashes deceased. 
CRIM denotes cross-reactive immunologic material, IOPD infantile-onset Pompe’s disease, and neg negative. Panel B shows creatine 
kinase levels at 4 days or more of life in patients with CRIM-negative IOPD (gray dashed curves) treated after newborn screening (NBS) 
(treated at ≤4 weeks of age)7 as compared with the levels in Sibling 3 (green). IUERT denotes in utero enzyme-replacement therapy. 
Panel C shows fetal echocardiograms, four-chamber (a and c) and short-axis (b and d), of Sibling 2, who was untreated (top row), and 
Sibling 3, who received IUERT (bottom row) performed at 34 weeks of gestation. The ventricular-wall thickness, quantified as diastolic 
measurement of the interventricular septum (IVSd) (asterisk), was 5.7 mm (z score, 7.0) in Sibling 2, whereas it remained normal in 
Sibling 3 (3.4 mm; z score, 0.6) during fetal therapy. The z scores were calculated according to the methods of Firpo et al.18 LV denotes 
left ventricle, and RV right ventricle. Panel D shows the left ventricular mass index in Sibling 3 (green) as compared with patients with 
CRIM-negative IOPD treated after NBS (gray dashed curves)7 and the patient’s two previous affected siblings (Siblings 1 [orange] and  
2 [purple]). The first data point for Sibling 1 is just before the initiation of enzyme-replacement therapy (ERT), and the plot shows pro-
longed time to improvement; Sibling 2 never received ERT.
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Skeletal-Muscle Outcomes

Creatine kinase levels can be a marker of long-
term muscle damage, and elevated levels often 
help in the initial diagnosis of infantile-onset 
Pompe’s disease.17 Creatine kinase levels in the 
current patient were normal from day 4 through 
the most current assessment (13 months), in 
contrast to those of a newborn cohort of four 
CRIM-negative patients,7 all of whom had elevat-
ed creatine kinase levels before receiving ERT 
(Fig. 1B).

Patients with infantile-onset Pompe’s disease 
can have motor deficits7,9 as early as baseline as-
sessment after newborn screening ascertainment. 
These deficits were not present in our patient, in 
contrast to those seen in two of four patients 
among the CRIM-negative early-treated newborn 
screening cohort7 (Table S1 in the Supplemen-
tary Appendix). The current patient consistently 
demonstrated age-appropriate gross and fine 
motor development, muscle tone, and power. 
Specifically, the score on the Children’s Hospital 
of Philadelphia Infant Test of Neuromuscular 
Disorders (a standardized measure of infant 
strength; range, 0 to 64) was 42 at 3 days and 
appropriately increased to the maximum score 
of 64 by 5 months 24 days. She was at the 50th 
percentile for the Alberta Infant Motor Scale 
score at a chronologic age of 7 months 5 days. 
At this age, she was able to roll, reach and pivot 
from prone forearm support, sit (unsustained 
without arm support), and stand with support. 
At 10 months 13 days of age, she was at the 50th 
to 75th percentile and was able to actively resist 
or oppose testing with more vigor than previ-
ously; she was able to transition to and from the 
floor through a half-kneel with hands on furni-
ture, cruise, and creep reciprocally (Table S2). 
She walked independently at 11.5 months of age. 
These findings contrast with the development of 
Sibling 1, who had (according to the parents’ 
report) poor head control shortly after birth and 
who presented with clinically notable hypotonia 
and head lag at 2 months of age, and with the 
development of Sibling 2, in whom hypotonia 
and increased work of breathing first manifest-
ed in the second month of life.

Cardiac Outcomes

Each of the patient’s echocardiograms (including 
prenatal) was normal. Sibling 2 had a fetal echo-
cardiogram that showed severe left ventricular 

hypertrophy (z score, 7.0) at 34 weeks of gesta-
tion; a fetal echocardiogram for Sibling 3 at 34 
weeks of gestation showed an absence of left 
ventricular hypertrophy (z score, 0.6) (Fig. 1C). 
On day 1, the current patient had a normal left 
ventricular mass index (39.47 g per square meter 
of body-surface area; z score, −2.54), in contrast 
to both previous siblings’ first echocardiograms 
and to a CRIM-negative newborn screening cohort 
treated with postnatal ERT initiation at 4 weeks 
of age or younger7 (Fig. 1D). Figure S1A and S1B 
and Video 1 compare the echocardiograms of all 
three siblings at similar ages. In addition, electro-
cardiograms showed severe biventricular hyper-
trophy with T-wave inversion in the inferolateral 
leads in Siblings 1 and 2. The electrocardiograms 
of the current patient were normal (Fig. S2).

Placental Pathological Analysis

Glycogen deposits are evident in the placentas of 
patients with infantile-onset Pompe’s disease, 
supporting the early onset of storage disease and 
providing a readily accessible tissue for monitor-
ing the potential benefit of in utero ERT. Two 
previous reports of placental pathological features 
in fetuses with infantile-onset Pompe’s disease 
showed membrane-bound glycogen, unbound cy-
toplasmic glycogen rosettes, and glycogen-filled 
lysosomes on electron microscopy.19,20 These fea-
tures were absent in the placenta of the current 
patient (Fig. 2A). On light microscopy, periodic 
acid–Schiff–positive granules were notable in the 
villi of an untreated infantile-onset Pompe’s dis-
ease placenta and absent in the current patient 
(Fig. 2B).

IgG Antidrug Antibody Levels

We detected antidrug antibodies after the third 
in utero infusion; these peaked at 1:3200 at 34 
weeks 5 days of gestation (Fig. 3A). Postnatally, 
antibody levels peaked at 1:6400 and decreased 
to 1:3200 by 8 weeks. Titers remained lower than 
1:12,800, a level at or above which, if persistent, 
is considered to be clinically significant.12 Month-
ly rituximab was given as a precaution at 11 weeks 
of age and then subsequently every 2 months be-
ginning at 27 weeks of age, with the most recent 
antibody titers ranging from negative to 1:400. 
Given the persistently low titers, the adminis-
tration of rituximab was changed to once every 
3 months at 43 weeks of age. Monthly intrave-
nous immune globulin was continued to provide 

Echocardiogram 
videos from 

Siblings 2 and 3 
are available at 

NEJM.org
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passive immunity.13 In contrast to the current pa-
tient, the proband (Sibling 1, who started immune 
tolerance induction and ERT at 6.6 months of age) 
had antibody titers of 1:6400, which persisted for 
a longer duration and decreased only after a sec-
ond full course of immune tolerance induction. 
Assays of maternal IgG with reactivity against ERT 
that were performed during pregnancy, 2 days 
after delivery, and 7 months after delivery yielded 
negative results.

Pharmacokinetics

Plasma trough levels of GAA enzyme activity were 
batch-analyzed after the course of in utero ERT. 
Trough GAA levels were higher in the first 6 weeks 
after the initial in utero ERT infusion (Fig. 3B and 

Fig. S3A) but decreased to near zero before the 
final two in utero ERT infusions and remained 
at this level postnatally.

Glucose Tetrasaccharide Levels

Glucose tetrasaccharide (Glc4) is a biomarker of 
accumulated glycogen and can be measured in 
amniotic fluid prenatally or urine postnatally.21 
In healthy fetuses, liver glycogen accumulation 
begins during the first trimester and continues 
throughout gestation.22 Figure 3C and Figure S3B 
show the patient’s Glc4 trajectory in utero as com-
pared with the levels for gestational age–matched 
unaffected controls, findings that indicate con-
cordance with unaffected controls. The initial 
postnatal level of urine Glc4 for Sibling 3 (obtained 

Figure 2. Placental Pathological Analysis.

Panel A shows electron microscopic images from previously studied patients with IOPD who did not receive IUERT19,20 (left column) 
and from the current patient, who received IUERT (right column). The top row shows numerous membrane-bound glycogen lobules (L) 
in a stromal cell as well as unbound cytoplasmic glycogen rosettes (black arrow) in the untreated patient, which are not present in the 
patient who received IUERT. The bottom row shows that the capillary endothelium and pericytes contain glycogen-filled lysosomes (as-
terisks) in a fetus with IOPD, which are not present in the current patient. Panel B shows periodic acid–Schiff (PAS) staining (without 
diastase digestion) of placental villi. The top row shows photomicrographs from an untreated IOPD placenta at term with PAS-positive 
granules throughout, which are not present in the current patient (middle row) or the healthy unaffected placenta (bottom row) at a 
gestational age similar to that of the current patient at term. The right column of images shows the same at higher magnifications; the 
red arrow highlights PAS-positive granules.
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3 weeks after the last in utero infusion) was similar 
to that of a cohort of patients with CRIM-positive 
infantile-onset Pompe’s disease23 and two patients 
with CRIM-negative infantile-onset Pompe’s dis-
ease,7 with all cases diagnosed by means of 
newborn screening. The patient’s level decreased 
rapidly after postnatal ERT and subsequently 
remained normal (Fig. 3D).

Discussion

We describe a protocol for in utero ERT that 
showed safety for both the mother and fetus, as 
well as efficacy in decreasing placental glycogen 
deposits. Although cardiomyopathy was present 
in the patient’s two previous affected siblings, 
cardiac manifestations did not develop in this 
patient, who was thriving at 13 months of age. 
Our results are consistent with in utero ERT at-
tenuating or even halting the disease process in 

the fetal period. Furthermore, although it is ac-
cepted that starting treatment as early as possi-
ble improves outcomes in patients with lyso-
somal storage diseases (e.g., when the diagnosis 
is established after newborn screening), our re-
sults suggest that moving the window for thera-
peutic intervention into the prenatal period may 
further improve postnatal outcomes.

Glycogen is known to accumulate in utero 
and leads to the clinical sequelae that are pres-
ent by the time of birth in patients with infan-
tile-onset Pompe’s disease. The placental patho-
logical features in our patient, as compared with 
those in untreated patients, suggest that in utero 
ERT prevented glycogen buildup. The improved 
cardiac results in our in utero ERT–treated pa-
tient in the third trimester and at birth (as com-
pared with those in the untreated sibling and in 
previously studied cohorts3), together with nor-
mal creatine kinase levels and age-appropriate 
motor function, are consistent with an overall 
cardiac and musculoskeletal benefit of in utero 
ERT. Although cardiomyocytes tend to be most 
responsive to postnatal ERT owing to their ro-
bust expression of mannose-6-phosphate (M6P) 
receptors24 (to which the normalization of left 
ventricular mass index in patients with infantile-
onset Pompe’s disease with clinically significant 
hypertrophy7 has been attributed), cellular glyco-
gen accumulation persists in cardiac conduction 
cells,25 and patients may still be at risk for life-
threatening arrhythmias.26

It is important to accurately predict a severe 
phenotype for potential candidates for in utero 
ERT with the use of clinical information on pre-
vious affected family members or published cases 
with the same genotype. The availability of 
prenatal treatment options may affect parental 
decisions about prenatal carrier screening and 
prenatal genetic diagnosis. Although newborn 
screening programs have improved outcomes for 
infants receiving a diagnosis at birth, newborn 
screening is not available for all conditions, and 
we think that there is a strong rationale for pre-
natal therapy for conditions in which organ 
pathologic processes start before birth and in 
which immune responses to replaced proteins 
complicate therapy.

Although there is evidence in preclinical 
models that in utero administration of a new 
antigen will induce tolerance,2 one theoretical 
risk of in utero ERT in CRIM-negative infantile-

Figure 3 (facing page). Laboratory Monitoring.

Panel A shows the time course for antidrug antibody 
levels and immune tolerance induction in the current 
patient (Sibling 3, green; left graph) and the proband 
(Sibling 1, red; right graph). The antidrug antibody lev-
els of Siblings 1 and 3 reached the same peak, with 
Sibling 1 having a longer duration of titers at this lev-
el. Sibling 3 received immune tolerance induction as 
previously published,13 followed by monthly rituximab 
alone, then rituximab alone every other month, and 
later every 3 months; Sibling 1 received immune toler-
ance induction as previously published,13 followed by 
a repetition of a full course of immune tolerance in-
duction (three medications), owing to her persistent 
titers at 1:6400. Pharmacokinetic and clinical con-
cerns are present when titers reach a level of 1:12,800 
or greater.12,15 IVIG denotes intravenous immune glob-
ulin. Panel B shows plasma trough levels of acid 
α-glucosidase (GAA) enzyme activity (obtained before 
each ERT infusion) in Sibling 3’s fetal plasma over the 
course of IUERT. Panel C shows glucose tetrasaccha-
ride (Glc

4
) levels in amniotic fluid samples for Sibling 

3 (green) over the course of IUERT infusions as com-
pared with the levels for gestational age–matched un-
affected controls (gray). These findings show concor-
dance with unaffected controls and a rise in the levels 
of this biomarker with older gestational age. Panel D 
shows the Glc

4
 levels in neonatal urine samples ob-

tained postnatally from Sibling 3 (green), as compared 
with baseline values in a previously studied CRIM-pos-
itive cohort in the neonatal period at less than 1 
month of age (light blue)23 and with values in patients 
with CRIM-negative IOPD (gray dashed curves) treat-
ed after NBS (treated at ≤4 weeks of age).7 CR de-
notes creatinine, and pos positive.
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onset Pompe’s disease (arguably the subset of 
disease with the highest risk of the development 
of antidrug antibodies14) is sensitization to the 
enzyme in utero. Accordingly, we monitored IgG 
antidrug antibodies with each prenatal infusion. 
The patient received six ERT infusions in utero 
without having a clinically significant antibody 
response. Of note, without immune tolerance 
induction, a CRIM-negative patient receiving six 
doses (12 weeks) of postnatal ERT could expect the 
development of high sustained antibody titers.11,12

Our administration schedule was extrapolated 
from postnatal experience with ERT, given the 
lack of knowledge of fetal pharmacokinetics. We 
observed elevated GAA trough levels early in ges-
tation, possibly owing to the diminished expres-
sion of M6P receptors in fetal tissue early in 
gestation.27 Later in gestation, when M6P recep-
tors are known to be more abundant,27 GAA 
enzyme activity reached a trough close to zero.

Direct umbilical-vein administration of thera-
peutic compounds can be accomplished safely by 
physicians experienced with in utero blood trans-

fusions. Like any fetal intervention, this procedure 
carries a risk of preterm delivery. Nondirective 
counseling for parents of affected pregnancies is 
critical to ensure informed choices regarding the 
risk–benefit profile of this new therapy. Our 
phase 1 clinical trial of in utero ERT for fetuses 
with genetically confirmed early-onset lysosomal 
storage diseases will enable the collection of ad-
ditional safety and efficacy data in a larger cohort.
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