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Abstract

Lysosomal storage disorders (LSDs) are a group of monogenic condition, with many characterized 

by an enzyme deficiency leading to the accumulation of an undegraded substrate within the 

lysosomes. For those LSDs, postnatal enzyme replacement therapy (ERT) represents the standard 

of care, but this treatment has limitations when administered only postnatally because, at that 

point, prenatal disease sequelae may be irreversible. Furthermore, most forms of ERT, specifically 

those administered systemically, are currently unable to access certain tissues, such as the central 

nervous system (CNS), and furthermore, may initiate an immune response. In utero enzyme 

replacement therapy (IUERT) is a novel approach to address these challenges evaluated in a first-

in-human clinical trial for IUERT in LSDs (NCT04532047). IUERT has numerous advantages: in-

utero intervention may prevent early pathology; the CNS can be accessed before the blood-brain 

barrier forms; and the unique fetal immune system enables exposure to new proteins with the 

potential to prevent an immune response and may induce sustained tolerance. However, there are 

challenges and limitations for any fetal procedure that involves two patients. This article reviews 

the current state of IUERT for LSDs, including its advantages, limitations, and potential future 

directions for definitive therapies.

Correspondence: Akos Herzeg. akos.herzeg@ucsf.edu. 

HHS Public Access
Author manuscript
Prenat Diagn. Author manuscript; available in PMC 2024 December 01.

Published in final edited form as:
Prenat Diagn. 2023 December ; 43(13): 1638–1649. doi:10.1002/pd.6460.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://clinicaltrials.gov/ct2/show/NCT04532047


1 | INTRODUCTION

Lysosomal storage disorders (LSDs) are a group of rare genetic conditions characterized 

by the deficiency or malfunction of lysosomal enzymes, which are responsible for 

breaking down complex molecules in the cell necessary to maintain normal cellular 

function (Table 1). This deficiency leads to substrate accumulation in lysosomes, causing 

progressive cellular damage, organ dysfunction, and ultimately severe and often fatal clinical 

manifestations.1 While LSDs primarily involve lysosomal dysfunction due to substrate 

accumulation, the impact of this can extend beyond lysosomes to affect other cellular 

organelles, including the endoplasmic reticulum, the Golgi apparatus, and mitochondria.2 

The disruption of subcellular homeostasis as a secondary phenomenon in LSDs is a 

consequence of the complex interplay between organelles and key processes essential for 

maintaining cellular function3 (Figure 1). This includes the impairment of autophagy,4–6 

mitochondrial DNA damage,7 lipid metabolism dysfunction,8 altered calcium homeostasis,9 

and cellular energy imbalance.3 Mitochondrial dysfunction, for example, and the subsequent 

oxidative stress, the altered calcium signaling, as well as ATP deprivation are all involved 

in lysosomal alkalinization2 and neurodegeneration,10,11 which are components of several 

LSDs. The postnatal diagnosis of LSDs is based on enzymatic testing of neonatal blood 

samples. The specific enzyme being tested for will vary depending on the suspected LSD. In 

some cases, confirmatory tests, such as genetic testing or additional biochemical tests, may 

be required for a definitive diagnosis. In regions with newborn screening programs, certain 

LSDs might be included in the neonatal screening panel, allowing for early diagnosis and 

potential therapeutic intervention. However, not all LSDs are routinely screened for at birth, 

and the number of included diseases varies by country and region.

2 | PRENATAL DIAGNOSIS

Prenatal diagnosis of LSDs is available by genetic or enzymatic testing of chorionic villus or 

amniotic fluid samples. Earlier treatment is associated with improved outcomes,12,13 and as 

such, prenatal detection of LSDs is crucial for the success of eventual intrauterine enzyme 

replacement therapy (IUERT). This can be challenging because:

1. Many LSDs are not included in carrier screening panels, likely because their 

design is based on the prevalence of the condition and not on the actionability 

of the resulting diagnosis.14 The Recommended Uniform Screening Panel lists 

MPS I (2015), MPS II (2022), and Pompe (2013). As such, states are offering 

or developing assays to screen newborns for these conditions. The availability in 

various states is, however, not uniform.

2. Routine prenatal screening currently involves ultrasound scans, and while 

some LSDs may present as nonimmune hydrops fetalis (NIHF)15–18 during 

pregnancy (Table 1), most LSDs do not have prenatal ultrasound manifestations. 

Nevertheless, inborn errors of metabolism cause up to 15% of NIHF20,21 and 

LSDs are the most common inborn error of metabolism, responsible for 15%–

29% of unexplained NIHF22: Mucopolysaccharidosis (MPS) VII, followed by 

Gaucher disease and GM1-gangliosidosis, seem to be among the most common 
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LSDs diagnosed in NIHF.17,22,23 Although LSDs are rare disorders as a group, 

they should be considered as a possible cause of NIHF, even in the absence of 

consanguinity or of a previous family history.19 Suspected cases of NIHF should 

be confirmed with further genetic/biochemical testing.

3. Although non-invasive prenatal testing is becoming more prevalent, the advances 

in this field have yet to reach these conditions.

4. Chromosomal microarray (CMA) is particularly useful for identifying 

chromosomal causes of developmental delays. However, LSDs are typically 

caused by point mutations, small insertions/deletions at the single gene level, 

that may involve only a few nucleotides, which affect the function of specific 

enzymes in the lysosome. As such, they cannot be diagnosed with CMA.

As more prenatal and early postnatal therapies become available, early diagnosis and a clear 

understanding of the genotype-phenotype correlation, ideally in the prenatal period, will be 

critical. Even if fetal therapy is not desired/available, a prenatal diagnosis enables planning 

for the initiation of timely postnatal therapy.

3 | POSTNATAL ENZYME REPLACEMENT THERAPY

Enzyme replacement therapy (ERT) after birth is a well-established therapeutic strategy for 

many LSDs in which patients receive a recombinant version of the missing or deficient 

enzyme. When administered systemically, the ERT binds to either Mannose-6-Phosphate 

receptors or Mannose receptors,19 depending on the disease, and is trafficked to lysosomes 

(during a process called “cross correction”), where it contributes to normal function.1 

Despite promising outcomes, ERT has several limitations, such as (1) the inability to cross 

the Blood-Brain Barrier (BBB) and access other sanctuary sites such as the bone or cornea; 

(2) the potential for triggering the development of neutralizing anti-drug antibodies (ADAB) 

that limit effectiveness and (3) the limited efficacy in curbing the disease sequelae that 

develop in the prenatal period.

4 | RATIONALE FOR INTRAUTERINE ENZYME REPLACEMENT THERAPY 

IN LSDs

IUERT could potentially address the above mentioned challenges of ERT, by taking 

advantage of (1) the unique characteristics of the fetal environment, such as a more 

permissive BBB,24,25 (2) a tolerogenic immune system, (3) by acting before irreversible 

damages occur,26 and possibly allowing for a phenotypic rescue. As the enzyme is dosed 

for the fetus, IUERT also allows for (4) low initial drug doses at lower costs and (5) an 

improved drug-target ratio.

4.1 | Potential to penetrate affected tissues

The active BBB limits the access of ERT to the central nervous system (CNS), which curbs 

the uptake of systemically administered ERT into the brain. During fetal development, the 

relative immaturity of the BBB may facilitate the passage of the recombinant enzymes to 

the CNS. As such, IUERT has the potential to enable better penetration of affected tissues, 
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such as the CNS12 and other.13 Additionally, fetal cells in developing organs have a higher 

capacity to proliferate than adult cells,27,28 which may increase the uptake and utilization of 

the therapeutic enzyme, achieving higher enzyme activity levels in those tissues.

4.2 | Early treatment

In many LSDs, the pathological process begins before birth.29 IUERT can potentially 

prevent the onset or progression of irreversible damage to the developing organs. In a 

mouse model of MPS VIII,12 IUERT prevented fetal demise, and continued postnatal doses 

resulted in the prevention of multi-organ pathology (Figure 2). Similarly, IUERT in a human 

patient with infantile-onset Pompe disease (IOPD) treated per the University of California, 

San Francisco (UCSF) protocol prevented the development of cardiac hypertrophy in-utero 

in a family in which the parents are carriers, and two previous siblings had died from the 

disease.13

4.3 | Fetal immune system

Postnatal ERT can lead to the development of ADAB, which can reduce the therapeutic 

benefit and increase the risk of adverse events. In humans, naïve fetal T-cells are more 

likely to become regulatory T cells upon antigen exposure, whereas adult naïve T cells 

are more likely to become effector T cells.30,31 As such, preventing/limiting the formation 

of ADAB is paramount, and is particularly relevant for the cross-reactive immunological 

material (CRIM) negative IOPD. Although ADAB titers above 1:12,800 are considered 

clinically significant for Pompe Disease,32 for other LSDs there are no clearly defined 

thresholds. Given the capacity of the fetal immune system to develop tolerance to foreign 

antigens, the risk of developing ADAB33 in response to IUERT may be lower compared to 

ERT given postnatally, even when compared to ERT given in the first weeks of life.34 Our 

group has shown that in murine models, IUERT may result in induction of tolerance to the 

recombinant protein even after repeated postnatal doses12 (Figure 3).

5 | CURRENT APPROACHES IN IUERT FOR LSDs

For a disease to be considered for prenatal molecular therapies, icl. IUERT,35 (1) the 

benefits of the offered treatment should outweigh the risks compared to the standard of 

care, (2) there should be an accurate prenatal molecular diagnosis of the condition, (3) 

since, the treatment is given before the onset of the phenotypic disease, there should be 

a clear genotype-phenotype correlation, with a severe phenotype based on prior reports or 

family history, (4) there needs to be a multidisciplinary team experienced with all aspects 

of the specific condition and associated therapies (e.g., immune tolerance induction, IUERT 

administration, laboratory surveillance studies, follow-up).

5.1 | Preclinical studies

Preclinical investigations have provided valuable insights into the feasibility and efficacy of 

IUERT for LSDs. In a murine model of MPS VII,12 we demonstrated multiple advantages 

of IUERT versus ERT. We chose the MPS VII mouse model because this disease leads 

to hydrops in utero,29 and many patients do not survive to birth.36 Even though in the 

mouse model, the survival of affected fetuses was below the rate predicted by the breeding 
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scheme, it was restored to normal after IUERT.12 We showed that in fetal mice treated 

with IUERT at mid-gestation, followed by postnatal ERT, lysosomal deposits decreased in 

multiple organs, and bone length increased compared to untreated controls and those treated 

only postnatally (Figure 2). We also demonstrated that the humoral immune response after 

ERT was robust in naïve mice versus slightly attenuated in mice exposed to ERT starting 

at age 3 weeks, findings which demonstrate that although neonatal mice have some ability 

to develop tolerance, fetal mice exposed to IUERT had a notable lack of immune response 

when compared to untreated and postnatally only treated mice (Figure 3).

Lastly, we showed that the enzyme administered in utero when crossed the BBB and 

entered the microglia, which are the usual storehouses of the enzyme; this was not seen in 

postnatally only-treated controls. An additional experiment demonstrated green fluorescent 

protein-positive (GFP+) hematopoietic stem cells from a reporter mouse donor transplanted 

into a mid-gestation fetal mouse liver went into the CNS, where they became microglia-like 

cells. This is a significant advantage, as the closure of the BBB often precludes therapies 

from acting in the CNS after postnatal systemic administration. Behavioral testing further 

highlighted neuron targeting by showing increased grip strength in treated mice. The 

combined in-utero and postnatal treatment attenuated the degree of inflammation in the 

brain, as evidenced by CD68 staining. Collectively, these results were encouraging for the 

future use of IUERT in patients with severe LSDs.12 This study also demonstrated that 

IUERT might provide an improved clinical head start for individuals receiving postnatal 

ERT or more definitive postnatal therapies.

5.2 | Clinical trials of IUERT

Based on the available preclinical data,12 we applied to the United States Food and Drug 

Administration for an investigational new drug (IND) approval for a Phase 1 clinical trial 

testing the safety and efficacy of infusing disease-specific ERT before birth. The IND was 

approved in September 2020, and the clinical trial was launched in 2021 (NCT04532047). 

Since various LSDs share a similar pathophysiology and treatment type, the study included 

eight disorders under a single IND: MPS I, II, IVa, VI, VII, IOPD, Neuronopathic Gaucher 

(types II and III), and Wolman Disease. Each disorder has a severe, early onset phenotype 

and has an FDA-approved recombinant ERT available in the postnatal setting.

Affected fetuses are typically identified in families with a history of the genetic disease, and 

the diagnosis is confirmed with genetic testing during pregnancy through chorionic villous 

sampling or amniocentesis. Inclusion criteria for enrollment in this clinical trial are (1) 

fetuses with a confirmed diagnosis of one of the eight diseases, (2) gestational age between 

18 and 35 weeks of gestation (GW), and (3) lack of any concurrent severe fetal genetic 

or structural anomalies, or maternal comorbidities that could increase morbidity of the 

intervention. The primary objectives are safety and feasibility, and the secondary objectives 

are tolerance to the enzyme, improved biomarker levels, and improved functional outcomes. 

Participation in this trial does not prevent patients from participating in other postnatal 

clinical trials. An Enrollment Advisory Board consisting of an independent group of experts 

advises on patient inclusion, typically limited to early onset and severe phenotypes. The 
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treatment regimen comprises IUERT every 2 weeks through umbilical vein injection. The 

injected compounds are weight-adjusted doses of FDA-approved drugs for postnatal use.

Regarding safety, the enzymatic activity (trough level) is evaluated in fetal and maternal 

blood before every injection to gather data on appropriate dosing. To evaluate efficacy, 

disease-specific biomarkers are checked in the fetal blood, amniotic fluid throughout 

pregnancy and in neonatal blood and urine postnatally. After delivery, patients continue 

standard-of-care ERT (+/− Immune tolerance induction—ITI) while awaiting other possibly 

definitive therapeutic options, such as gene therapy. Fresh placental tissues are obtained 

at the time of delivery for electron microscopy (EM) evaluation and spatially resolved 

comparative analysis. Annual follow-up visits are coordinated through 5 years of age.

We recently published the results of our first patient treated using this protocol13 in a 

family where two prior children were homozygous for a pathogenic variant associated with 

IOPD (c.525_526del;p.Asn177fs) and succumbed to the disease (Figure 4A). This genotype 

correlates to a severe phenotype known as CRIM-negative IOPD due to the absence of 

residual GAA enzyme activity in the affected individual. The mother was referred during 

her fourth affected pregnancy, and after non-directive counseling of all pregnancy options, 

IUERT was initiated at 24 + 5 GW, every two weeks for a total of 6 doses and was delivered 

vaginally at 37 + 4 GW. In this patient, IUERT prevented the development of cardiac 

hypertrophy: a fetal echocardiogram at 34 + 3 GW demonstrated a normal heart, compared 

to the sibling’s prenatal echocardiogram at the same time point (34 + 4 GW), which 

showed severe thickening of the interventricular septum with a Z-score of 7 (Figure 4B). 

Unlike in late-onset Pompe disease, there appears to be minimal phenotypic and lifespan 

variation among siblings with IOPD, who demonstrate significant concordance in clinical 

phenotype.39,40

In this case, the EM of the placenta showed a lack of substrate accumulation when compared 

to untreated, affected controls—historic samples (Figure 4C).

Postnatally, this patient had been receiving ERT with alglucosidase-alfa at 20 mg/kg, 

initially every 2 weeks until 9.6 months of age, and is now receiving 40 mg/kg weekly. 

When compared to a cohort of four patients with the same condition (CRIM-negative IOPD) 

diagnosed on newborn screening and treated early after birth, this prenatally treated patient 

had lower creatine kinase levels than the age-matched patients, also demonstrated normal 

muscle function and had been meeting all developmental milestones at 11 months of age 

(Figures 5A,B).

Patients with CRIM-negative IOPD are prone to a marked development of ADABs and, 

therefore, typically receive ITI with methotrexate, rituximab, and IVIG concurrent with ERT 

initiation.26,32,42 When compared to postnatally treated patients, our patient had a milder 

ADAB response that decreased rapidly after postnatal ITI. Since we did not administer 

immune modulation inutero, we systematically tracked ADAB response during pregnancy 

by collecting fetal blood samples with each in-utero infusion. The patient developed low 

antibody titer levels after the third infusion of IUERT; the highest level in utero reaching 

1:3200 at the time of the sixth in utero infusion. The individual’s ADAB level then peaked at 
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the time of the second postnatal infusion (1:6400) and rapidly resolved with typical postnatal 

ITI and a continued course of rituximab at intermittent dosing intervals. The patient is 

currently negative for ADAB, whereas the patient’s sibling, who was treated with typical 

ITI initiated at the time of the first postnatal ERT dose and following a clinical diagnosis at 

6.6 months of age, eventually developed ADAB titers to a peak level of 1:6400. Sustained 

titers at this level required a second round of ITI. The rapid resolution after the initial 

course of postnatal ITI in the prenatally treated patient demonstrates the possible benefit 

of the IUERT in CRIM-negative patients but also the importance of IUERT being done 

by a multidisciplinary team where ADAB titers can be monitored and discussed during 

the fetal period to optimize prenatal treatment (e.g., dose adjustment), if necessary, and 

to determine optimal postnatal management, including early ITI. Although IUERT did not 

result in tolerance induction, it is important to note that the patient tolerated six doses of 

the prenatally administrated enzyme without developing clinically significant (1:12,800 or 

greater) ADAB titers (Figure 6).

6 | CHALLENGES AND LIMITATIONS OF IUERT

6.1 | Risk-benefit ratio

Novel therapies inherently carry known and unknown risks, and with prenatal therapies such 

as IUERT, the risk-benefit analysis for both the fetus and the mother must be considered. 

The benefit to the fetus is essential, which suggests that the disorder should be sufficiently 

severe, and the therapy should have the prospect of improved outcomes, even in a phase 

1 clinical trial. It should improve multiorgan pathology, and potentially induce immune 

tolerance given the unique properties of the fetal immune system. Risks and benefits should 

be openly discussed with the family as part of non-directive counseling.

6.2 | Enzyme delivery

IUERT is administered directly into the umbilical vein using the standard fetal blood 

transfusion technique.43–45 The risk of preterm labor is low in expert hands.45 While 

early administration (<20 weeks) is technically more challenging,46 after 20 weeks, the 

procedure-related complication (infection, premature rupture of membranes, fetal death) 

rate has been <1,6%.43,47 Challenges such as placenta insertion on the posterior wall or 

oligohydramnios can also add technical difficulties.

6.3 | Patient engagement

The involvement of patients and patient advocacy group is essential when planning a 

clinical trial for in-utero therapies48 to inform study design and implementation with patient 

and family interests at the core. These stakeholders can provide critical insights into the 

experience of living LSDs and the associated burden, driving the priorities for research and 

ensuring a patient-centered approach with outcomes that are meaningful to those affected 

by the disease. To improve understanding of patient and parent attitudes towards fetal 

therapy for LSDs, we surveyed parents and patients about the prospective management of 

a future affected pregnancy. Respondents were asked about their likelihood of ending a 

future-affected pregnancy; over half (54.4%) indicated they were unlikely to terminate. In 

addition, 60.1% were likely to enroll in a phase 1 clinical trial of IUERT, and 71% would 
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opt for IUERT if it were an established therapy (Figure 7).48 Despite this survey being 

limited to mostly white respondents, it suggests that the LSD community is interested in and 

supportive of IUERT.

7 | ETHICAL IMPLICATIONS OF IUERT FOR LSDS

The requirements for optimal safety assessment for in-utero interventions are becoming 

clear through discussions of clinical trial protocols with regulatory and ethical 

authorities.35,49 Safety evaluations must consider the risks to the mother and fetus during 

the administration of the injected agent, as well as ensuring local access to prenatal care 

and pregnancy management should complications arise. While IUERT has been shown to 

be safe and effective in an animal study12 and in a single patient,13 there might still be a 

potential risk of harm. Consequently, monitoring strategies have been developed to detect 

potential adverse events for enrolled patients, such as the Maternal and Fetal Adverse Event 

Terminology.50

Other ethical concerns include access issues: IUERT for LSDs is currently limited to a 

single site via the Phase 1 clinical trial at UCSF. As novel fetal molecular therapies emerge, 

health systems costs for these interventions will rise, posing unique challenges for providers 

and payers. While dosing a fetus might render (initially) lower enzyme costs, concerns 

about variable insurance coverage limiting access to new therapies are raising discussions 

worldwide.35

8 | IUERT AS A BRIDGE TOWARDS MORE DEFINITIVE THERAPIES

IUERT for LSDs has the potential to function as a bridge toward more definitive or curative 

therapies, such as fusion protein and BBB transporter molecule ERT able to cross the 

BBB, gene replacement (ex-chromosomal/non-integrating), splice-modifying approaches, 

gene editing (in-vivo or ex-vivo), and small molecule substrate inhibition. By delivering 

the missing enzyme early in development, IUERT can prevent or reduce the buildup of the 

substrate and provide an improved clinical environment for gene therapy or other definitive 

therapies, potentially rendering them more effective in the infant and child. By preventing 

or reducing organ damage, IUERT could improve the chances that a severely affected 

individual will be considered a candidate for definitive therapies and may improve the 

chance of an overall positive outcome. Clinical trials are currently evaluating gene therapies 

for LSDs in the postnatal setting (Table 2). The emergence of postnatal gene therapy and 

other novel endeavors are paving the way toward definitive therapeutic applications in the 

prenatal setting.

9 | CONCLUSION

IUERT is a promising approach for managing LSDs with several potential advantages 

over postnatal ERT or hematopoietic stem cell transplantation alone: preventing irreversible 

in-utero damage to the developing organs, improving CNS tissue penetration prenatally, 

and enhancing tolerance to foreign antigens such as the recombinant enzyme. The field is 

still developing, and some challenges, such as the need for improved prenatal diagnosis, 
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still have to be addressed. Collaborative efforts involving researchers, clinicians, ethicists, 

patients, advocacy groups, and policymakers are essential to establish comprehensive 

bioethical frameworks and regulatory guidelines for IUERT.

Our phase 1, first in human clinical trial, evaluates the safety and efficacy of IUERT 

and serves as proof of principle (NCT04532047). The results from a limited number of 

participants are encouraging, warranting the enrollment completion of 10 patients with grant 

funding available for additional domestic/international participants. In addition, a registry 

for diagnosed individuals is simultaneously enrolling (NCT05619900) new patients. While 

this trial demonstrates the potential benefit of prenatal therapy for early onset diseases, it 

is not a cure. As such, it is essential to focus on bridging these patients toward definitive/

curative therapies and to promote the advancement of definitive therapies, such as gene 

therapies, in the pre and postnatal context.
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Key points

• Postnatal treatment of lysosomal diseases is well-known and well-accepted as 

a standard of care for Lysosomal storage disorders (LSDs).

• This current review evaluates the safety and feasibility of intrauterine enzyme 

replacement therapy (IUERT) as a novel approach to treating LSDs.
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FIGURE 1. 
The pathogenic cascade of lysosomal storage disorders (LSDs) extends beyond the 

lysosomal system. Adapted from Platt, F., Sphingolipid LSDs (2014) and LSDs (2018).2,4
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FIGURE 2. 
Combination of in utero and postnatal enzyme replacement therapy (ERT) improves 

pathologic lysosomal accumulations of glycosaminoglycans (GAGs) as well as bone length. 

Mice were harvested at 8 weeks of age, and their livers, spleens, and kidneys were 

examined with a PAS stain. (A), Representative images from the liver (scale bars, 20 μm) 

demonstrating intracellular accumulations (vacuolated cells, solid arrows) of GAGs. (B), 

Representative CT images of femurs in unaffected, MPS7−/−-untreated, and MPS7−/−treated 

mice harvested at 8–10 weeks of age. Compiled data for femurs n ≥ 5 per group. *p < 

0.05, ***p < 0.001, and ****p < 0.0001 (ANOVA with Tukey’s multiple comparisons test). 

Adapted with permission from Nguyen et al., 2020(24).

Herzeg et al. Page 15

Prenat Diagn. Author manuscript; available in PMC 2024 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 3. 
In utero enzyme replacement therapy (ERT) results regarding tolerance to rhGUS. Mice 

underwent in-utero injection with either rhGUS enzyme or PBS followed by postnatal 

boosting starting at 3 weeks and continuing every other week. At 6 weeks of age, mice 

underwent intraperitoneal (IP) injection of rhGUS with complete Freund’s adjuvant (CFA). 

Plasma concentrations of antibodies against rhGUS were measured by ELISA at 8 weeks. 

Amounts of IgG1 (left graph) and IgG3 (right graph) antibodies against rhGUS. N ≥ 10 per 

group. Data are means ± SEM. *p < 0.05, **p < 0.01, and ****p < 0.0001 (Kruskal-Wallis 

with Dunn’s multiple comparisons test). Adapted with permission from Nguyen et al., 

2020(24).
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FIGURE 4. 
(A), 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, diagonal slashes deceased, single dot 

in center carrier. The arrow denotes IUERT-treated patient. Cross-reactive immunological 

material (CRIM) denotes cross-reactive immunologic material, infantile-onset Pompe 

disease (IOPD) IOPD. (B). Fetal echocardiogram performed at 34 weeks of gestation 

shows the affected untreated sibling in the top two panels (1 and 2) with thickened 

and hyperechogenic ventricular walls, with a diastolic interventricular septum z score of 

7 compared to the normal findings of the prenatally treated patient in the lower panel 

(3 and 4). The ventricular-wall thickness, quantified as the 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.,37 LV denotes left ventricle, and 

RV right ventricle. (C), Electron microscopic images from previously studied patient with 

IOPD who did not receive IUERT (top panel)38 and from the patient who received IUERT 

(lower panel). The top panel shows numerous membrane-bound glycogen lobules (L) in 

a stromal cell in the untreated patient, which are not present in the patient who received 

IUERT in the bottom panel. Red arrow showing lysosomal substrate accumulation. Adapted 

with permission from JL Cohen et al., 2022(25).
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FIGURE 5. 
(A), Skeletal-muscle outcomes: shows creatine kinase levels at 4 days or more of life in 

patients with CRIM-negative infantile-onset Pompe disease (IOPD) (gray dashed curves) 

treated with enzyme replacement therapy (ERT) after newborn screening (NBS) (treated at 

≤4 weeks of age)41 as compared with the levels in the IUERT-treated patient (green). In 

utero enzyme replacement therapy (IUERT) denotes in-utero enzyme-replacement therapy; 

neg denotes negative. (B), Motor skills assessment: the patient treated with IUERT 

(green) in comparison to previously published CRIM-negative newborn screening (NBS) 

IOPD cohort.41 m: months; d: days; AIMS: Alberta Infant Motor Scale; CHOP-INTEND: 

Children’s Hospital of Philadelphia Infant Test of Neuromuscular Disorders Adapted with 

permission from JL Cohen et al., 2022(25).
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FIGURE 6. 
Anti-Drug Antibody Monitoring: shows the time course for antidrug antibody levels and 

immune tolerance induction in the IUERT-treated patient (Sibling 3, green; left graph) and 

the proband (Sibling 1, red; right graph). The antidrug antibody levels of Siblings 1 and 

3 reached the same peak, with Sibling 1 having a longer duration of titers at this level. 

Sibling 3 received postnatal immune tolerance induction as previously published,26 followed 

by monthly rituximab alone, then rituximab alone every other month, and later every 3 

months; Sibling 1 received immune tolerance induction as previously published,26 followed 

by a repetition of a full course of immune tolerance induction (three medications), owing to 

her persistent titers at 1:6400. Pharmacokinetic and clinical concerns are present when titers 

reach a level of 1:12,800 or greater32 [Lumizyme (alglucosidase alfa), Cambridge, MA: 

Genzyme, 2016 (package insert)], IVIG denotes intravenous immune globulin. Adapted with 

permission from JL Cohen et al., 2022(25).
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FIGURE 7. 
Attitudes towards managing and treating pregnancies with Lysosomal storage disorder 

(LSD). (A), Attitudes toward continuation of a future pregnancy affected with an LSD. 

Respondents were asked the question, “If you or your partner were to become pregnant and 

the fetus was diagnosed with an MPS, how likely would you be to end the pregnancy?” 

All respondents (n = 180). (B), Attitudes toward choosing an approved fetal enzyme 

replacement therapy (ERT). Respondents were asked the question, “If you or your partner 

were to become pregnant and the fetus was diagnosed with an MPS, would you choose 

fetal enzyme replacement as an FDA-approved therapy?” All respondents (n = 191). (C). 

Attitudes toward participation in a clinical trial for fetal gene therapy. Respondents were 

asked the question, “If you or your partner were to become pregnant and the fetus was 

diagnosed with an MPS, would you enroll in a phase I clinical trial (to determine safety) for 

fetal gene therapy?” all respondents (n = 138). Adapted with permission from M. Schwab et 

al., 2022(44).
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