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Prenatal Interventions for the Treatment
of Congenital Disorders 12
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12.1 Introduction

Regenerative medicine definition includes the use of diverse approaches to repair,
replace or restore the functional loss of cells, tissues, or organs due to any etiology
(Greenwood et al. 2006). Treating diseases as early as possible by correcting the
defective tissues or replacing the defective cells is the primary concept behind
regenerative medicine. The intent of treating the diseases before the onset of
irreversible damage to the body has been the reason for the early intervention at
the fetal stage. Moreover, the development of early diagnostic methodologies—
imaging and molecular diagnosis—has provided us the opportunity to detect the
disease-causing events early and consequently, intervene promptly to ameliorate the
diseases.

There has been significant development in the field of in utero treatment
approaches. On PubMed search, 29,665 search results appear for this systematic
search (Table 12.1 and Fig. 12.1). About 70% of these articles have been published
in this century (since 2000). With the development of gene replacement and gene
editing technologies (targeted nucleases, base editors), the potential ability to correct
severe and debilitating diseases are better than any time in the past.

Certain characteristics inherent to the fetus make it an ideal candidate for early
intervention and modern advanced therapeutic strategies, for example, gene therapy
and gene editing. Small size, less developed biological barriers (e.g., blood–brain
barrier), accessible progenitor, and stem cells and immature immune response are
some of the properties of the fetus which we can utilize for treating fatal genetic
disorders (Flake 2003).
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The small size of the fetus allows us to maximize the dose per unit weight of the
recipient and also provides a practical advantage in terms of the pharmaceutical dose
we can deliver. For example, a fetus weighs 600 g compared to a 60 kg adult. So, less
dose is needed to treat a fetus than an adult human, especially for advanced
biological therapies, such as gene and cell therapy, where mass manufacturing is
challenging. With the same amount of biological therapeutic product, we can treat
more patients. Along similar lines, in a fetus, progenitor and stem cells are more
prevalent and if we can correct these cells with advanced therapeutics, we can treat
the diseases for the lifetime of the patient. Moreover, immunological and physical
barriers are not well-developed in the fetus, which can allow us to deliver therapeu-
tics early and help protect the patient when it comes out from the protective
environment of the mother’s womb.
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Table 12.1 PubMed search results for in utero transplantation, gene therapy, and gene editing

No. of
search
results

Identify literature of
in utero
transplantation, gene
therapy and gene
editing

(((transplantation) OR
(gene therapy)) OR (gene
editing)) AND ((fetal)
OR (“in utero”))

PubMed Search
formatted link:
https://pubmed.ncbi.nlm.
nih.gov/?term=%28%28%
28transplantation%29+OR
+%28gene+therapy%29%2
9+OR+%28gene+editing%
29%29+AND+%28%2
8fetal%29+OR+%28%22
in+utero%22%29%29&
ac=no&sort=relevance

29,665
(Accessed
on March
13, 2022)

Fig. 12.1 Number of
publications between 1935
and 2021 referring to fetal
gene therapy and
transplantation (PubMed
search in Table 12.1)

The aim of this chapter is to summarize the preclinical research for in utero
approaches (prenatal surgery, cell therapy, and gene therapy) for the treatment of
genetic diseases.
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12.2 Technological Advances in Early Diagnosis

Cutting-edge diagnostic, minimally invasive surgical approaches, and research
methodologies reveal the mechanisms and etiologies of the diseases. Barcoded
cells tracking helps in defining nesting locations of cells within the fetus (Wang
et al. 2021a). Tracing developing fetal cells and identifying the trajectory of cells
after transplantation are significant for the design of rational therapeutics. Barcoding
the cells can be one such approach, as next-generation sequencing approaches have
raised the sensitivity and specificity of detecting the minuscule amounts of nucleic
acids (Wang et al. 2021b). Progress in predictive technology for the quality control
of isolation of specific cell types opens prospects for future clinical applications (Zia
et al. 2021). Several surgical and minimally invasive methods (e.g., fetoscopy) are
already being used in the fetus to overcome severe anatomic and inflammatory
anomalies, such as heart syndromes, twin-to-twin transfusion syndrome,
myelomeningocele, and sacrococcygeal teratoma (Lin et al. 2021).

Early diagnostic methodologies such as non-invasive prenatal detection of
disease-causing mutations in maternal plasma using digital droplet Polymerase
Chain Reaction (PCR) (D’Aversa et al. 2022), next-generation sequencing, prenatal
rapid exome sequencing (Mellis et al. 2022; Wei et al. 2022), copy-number variation
detection (Cai et al. 2021), DNA methylation studies (reference-free and reference-
based cell type estimation) (Dieckmann et al. 2022), non-invasive prenatal fetal
blood group testing and coelocentesis will help in early detection of severe and
incurable disorders (Clausen et al. 2022; Giambona et al. 2022; Wu et al. 2022).
Couples (one or both) harboring chimeric heterozygous mutations may specifically
be benefitted from early preimplantation genetic testing. In the study by Li et al.
(2022a), the authors screened the embryos of a couple with heterozygous pathogenic
mutation for osteogenesis imperfecta and then, implanted the wild-type embryo.
Certain syndromes, such as Aicardi syndrome lack genetic tests to confirm the
diagnosis of the disease, the development of early diagnostic methodologies, and
mechanistic understanding may guide novel treatment strategies (Pomar et al. 2022).
An increase in accessibility of modern fetal diagnostic and therapeutic approaches
will allow for expanding the treatments to more patients in the future (Poojari et al.
2022).

12.3 Prenatal Pharmacotherapy

Fetal alcohol spectrum disorders (FASD) are a common cause of physical, cognitive,
and behavioral abnormalities. A study into the mechanisms of this is divulging that
early interventions based on the principles of central nervous system development
and regeneration can ameliorate the damage (Gomez and Abdul-Rahman 2021).
Administration of choline prenatally has shown to reduce the effects of prenatal
alcohol exposure and leads to improved cognitive and behavioral outcomes
(Wozniak et al. 2020).
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For prenatally detected cardiac rhabdomyomas, transplacental sirolimus admin-
istration has been explored as a safe therapeutic option. However, there is a risk of
sirolimus-associated growth restriction (Wozniak et al. 2020).

12.4 Prenatal Surgery

In utero surgery is commonly performed for photocoagulation of placental anasto-
mosis in twin-twin transfusion syndrome to allow for equal sharing of blood between
the twins (Codsi and Audibert 2019). Additionally, fetal surgery can be a potential
option for the diseases like severe congenital diaphragmatic hernia with ineffective
postnatal treatments and potential preclinical evidence of benefit by early surgical
intervention. For example, it has been advocated that prenatal myelomeningocele
repair in the carefully selected patient can have improved functional outcomes
(Adzick et al. 2011; Peranteau and Adzick 2016). Despite vigilant patient selection
and many parents opting for prenatal surgical intervention, a small group of parents
chooses to terminate of pregnancy because of the risk of unexpected outcomes
(Crombag et al. 2021). As more fetal therapy centers are conducting additional
studies to catalog beneficial outcomes and the risk of complications, the results
will support the decision process of stakeholders, especially parents (da Rocha et al.
2021; Lillegard et al. 2022; Moehrlen et al. 2021; Vonzun et al. 2021). Improved
surgical approaches, for example, fetoscopic repair can reduce the risks associated
with open repair (Cortes et al. 2021). However, premature delivery might be a risk
for such interventions (Diehl et al. 2021).

Prenatal fetoscopic surgeries can have improved outcomes in congenital dia-
phragmatic hernia, fetal lower urinary tract obstruction, and ultrasound-guided
fetal aortic valvuloplasty for hypoplastic left heart syndrome (Codsi and Audibert
2019). Moreover, in fetal lower umbilical tract obstruction, prenatal cystoscopy and
fetal vesicoamniotic shunt did not show a difference in perinatal survival. The
complication of urological fistula was found in 10% of patients, who underwent
laser ablation. Technological advances, which can help direct the laser energy
accurately in all fetal-placental positions, may reduce fistula-related complications
(Vinit et al. 2020). Balanced, paired use of drugs, and surgery can be therapeutically
synergistic; for example, the use of sildenafil and fetal tracheal occlusion has
preclinically been shown to be beneficial in congenital diaphragmatic hernia
(Russo et al. 2022).

In addition, knowledge gained from preclinical research in large animal models
can help in improved outcomes of these novel surgical procedures (Coons et al.
2021).
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12.5 Prenatal Cell Therapy

Prenatal mesenchymal, stromal, and epithelial stem cells transplantation is a valuable
methodology for treating congenital disorders. Recently intraamniotic injection of
amniotic mesenchymal stem cells can bring partial closure of spina bifida and
improve functional outcomes (Kunpalin et al. 2021; Shieh et al. 2019).

Human amnion-derived epithelial cells (hAEC) possess stem cell-like properties
and are capable to be differentiated into different cell types. In vitro, these cells have
been differentiated into different cell types—hepatocyte-like cells, insulin-producing
cells, islet-like cells, corneal epithelial-like cells, neural cells, osteogenic cells,
epidermal cells, Schwann-like cells, and cardiomyocyte-like cells (Zhang and Lai
2020).

Alpha thalassemia major is one of the common monogenic disorders. Early
diagnosis by percutaneous umbilical cord blood sampling, followed by in utero
blood transfusion can produce favorable outcomes (MacKenzie et al. 2021; Hui et al.
2022; Horvei et al. 2021; Demirci et al. 2021). Postnatally, the patients can be
managed with multiple transfusions or stem cell transplantation. Moreover, preclini-
cal studies have shown successful transplantation of prenatal hematopoietic stem
cells (Peranteau et al. 2002).

Fetoplacental extracellular vesicles (fEV) have been found to downregulate
innate and adaptive immunity. In utero exposure to allogenic exosomes reduced
the lymphocytic reaction to the allogenic antigens, however, it did not result in the
tolerance to allogenic graft (Chen 2021a). In another study, transamniotic stem cell
therapy using mesenchymal stem cells has been shown to reverse some of the effects
of intrauterine growth retardation (IUGR) in a rat model (Labuz et al. 2022).
Discoveries into the behavior of fetal macrophages can help in diving into novel
treatment approaches. For example, fetal CD116+CD64- macrophage precursors
thrive better than the adult counterparts in perinatal lung alveoli. Fetal mesenchymal
stromal cell extracellular vesicle can be beneficial in preventing preeclampsia-
associated lung injury and ventilation-associated lung injury (Taglauer et al. 2022;
Horie et al. 2021).

In utero mesenchymal stem cell therapy is also being investigated as a therapeutic
option to prevent spontaneous abortions, hypothetically benefitting by inhibition of
excessive complement activation and promoting the balance of angiogenic factors
(Shahgaldi et al. 2022).

12.6 Prenatal Gene Therapy and Gene Editing

Gene therapy and gene editing (e.g., CRISPR-Cas9 system) approaches involve the
administration of genetic material to modify the expression of genes and thus treat
the diseased cells and tissues. Such molecules can be delivered prenatally by diverse
routes of administration—vitelline vein, intraamniotic (Alapati et al. 2019), and
intracerebral route (MacKenzie 2018).
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CRISPR/Cas9 nucleases have shown to be therapeutically beneficial in diseases,
for example, type 1 tyrosinemia and Surfactant protein C (SFTPC) deficiency.
Moreover, recently base editors in the fetus have shown therapeutic benefits
(Singh et al. 2021). Prime editing can be beneficial to treat those mutations which
are not amenable to CRISPR-Cas9 nucleases or base editors (Anzalone et al. 2019).

Prenatal gene therapy and gene editing approaches can be beneficial in several
genetic and metabolic diseases: sickle cell disease and thalassemia (Li et al. 2022b),
spinal muscular atrophy (Rashnonejad et al. 2019), type 1 tyrosinemia (Singh et al.
2021; Rossidis et al. 2018), mucopolysaccharidoses (Bose et al. 2021), and surfac-
tant protein C deficiency (Alapati et al. 2019). Transamniotic fetal immunotherapy
can also be beneficial for some diseases (Whitlock et al. 2022).

12.7 Future Direction and Implications

The use of viral vectors for gene therapy and gene editing has been a concern among
caregivers and patients. However, alternative delivery strategies such as lipid and
synthetic polymer nanoparticles for the delivery of gene therapy and gene editing
molecules have helped in removing some of the viral vector side effects, such as viral
genome integration events (Ricciardi et al. 2018). The development of targeted fetal
and tissue specific promoters to increase the specificity of gene expression, espe-
cially for gene editors, can also help in alleviating viral vectors associated adverse
events (Singh et al. 2018).

Arguably, it has been considered that exposure of the fetus to foreign antigens can
induce tolerability; however, the response of the fetus can vary with the type of
antigenic exposure, and consequently, the results can be immunogenic or tolerogenic
(Chen 2021b; Mold and McCune 2012). Therefore, careful preclinical investigation
for the safety of the therapeutic molecules or cells should be the primary aspect of
evaluation. Some large animal gene therapy with Adeno-associated viral vector
(AAV) studies have observed an increase in the incidence of premature labor,
compared to saline control injection. However, it is still unclear whether such
premature labor is a result of specific viral vector formulations, contaminants, or
species-specific response, since, other in utero studies in large animal models such as
sheep, rhesus has been successful (Finkel and Lorson 2022). Systemic infusion of
human amniotic epithelial cells can carry a risk of embolism, so further development
of methodologies for safe transfusion (e.g., intraportal infusion) may ameliorate this
risk (Tanaka et al. 2022).

High-throughput and high-resolution profiling of stem and progenitor cells by
technological advances can increase the probability of divulging mechanisms of
diseases and effects of gene therapy approaches (Vanuytsel et al. 2022). The role of
immune checkpoint modulators (PD-1, Tim-3, VISTA) has been identified in deter-
mining the pregnancy outcome (Zhao et al. 2022). This new knowledge will help in
unraveling the side effects associated with prenatal approaches and thus control the
adverse outcomes of the diseases. Furthermore, awareness among parents and
genetic counselors about the safety and efficacy of fetal treatments can increase
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the acceptance of new fetal therapies (Scott et al. 2022). Interdisciplinary
discoveries, targeted development of devices for targeted surgical and radiation
delivery, robotics for precise surgical intervention, and understanding of biology,
gene delivery and therapeutic vectors will pave way for prenatal therapy of several
diseases, which are currently untreatable or have limited treatments. Additionally,
interdisciplinarity should not only be applied in the context of medical technologies;
however, considerations regarding the societal and ethical implications, along with
maternal-fetal health, should be paramount (Brown and Koenig 2021).
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