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ARTICLE INFO ABSTRACT
Keywords: Advances in ultrasound and prenatal diagnosis are leading an expansion in the options for parents
Fetal gene therapy whose fetus is identified with a congenital disease. Obstetric diseases such as pre-eclampsia and

Fetal stem cell transplantation
Fetal gene editing

Fetal ultrasound

Prenatal diagnosis

Prenatal therapy

fetal growth restriction may also be amenable to intervention to improve maternal and neonatal
outcomes. Advanced Medicinal Therapeutic Products such as stem cell, gene, enzyme and protein
therapies are most commonly being investigated as the trajectory of treatment for severe genetic
diseases moves toward earlier intervention. Theoretical benefits include prevention of in utero
damage, smaller treatment doses compared to postnatal intervention, use of fetal circulatory
shunts and induction of immune tolerance. New systematic terminology can capture adverse
maternal and fetal adverse events to improve safe trial conduct. First-in-human clinical trials are
now beginning to generate results with a focus on safety first and efficacy second. If successful,
these trials will transform the care of fetuses with severe early-onset congenital disease.

1. Introduction

An ever-expanding knowledge base, along with advances in high resolution ultrasound technology and prenatal diagnostic tech-
niques, means that single gene disorders are increasingly diagnosed prenatally. Additionally, obstetric conditions such as pre-
eclampsia and early-onset fetal growth restriction are increasingly predictable. Alongside standard options, this presents the oppor-
tunity for in utero treatment with Advanced Medicinal Therapeutic Products such as stem cell, gene, enzyme and protein therapies.
Theoretical benefits include the amelioration of in utero damage, requirement of smaller treatment doses compared to postnatal
intervention, making use of circulatory shunts permitted by the fetal circulation, possible induction of immune tolerance, and
improved outcome. Indeed, for some very specific single gene disorders, carefully timed in utero protein exposure during the critical
developmental stage may correct the effects of an inherited condition that is not possible after birth. Recently completed clinical trials
have investigated in utero stem cell transplantation for osteogenesis imperfecta and alpha thalassaemia. Two current clinical trials are
studying protein and enzyme replacement for genetic disease. However, in utero intervention is not without risks, and maternal and
fetal wellbeing must always be prioritised, as well as consideration of the potential for generational effects on both the mother’s other
potential offspring and her treated fetus. Internationally agreed terminology is now available to capture adverse events for the mother
and her fetus which will increase the safety of genomic medicinal trials. This review considers the latest clinical developments in the
development of fetal therapies.
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Fig. 1. Types of fetal genetic therapies. a, In vivo methodology (left) involves direct delivery of the gene therapy agent into the fetus. Ex vivo
strategies (right) involve isolation of cells from the fetus, in vitro manipulation of the cells to correct the genetic abnormality and, finally, re-infusion
of the modified cells back into the donor fetus. b, Genetic therapies can also be classified into silencing, editing or replacement approaches
depending on the type of correction required. Gene silencing (left) aims to suppress or reduce the expression of a protein that has acquired a toxic
gain of function. A commonly used gene-silencing technology employs antisense oligonucleotides (ASOs), which target mRNAs and alter their
translation. Alternatively, short hairpin RNAs (shRNAs) can be used to initiate RNA interference. Gene editing (middle) involves correction of a
genetic mutation using engineered nucleases such as CRISPR-Cas9. A guide RNA (gRNA), which is complementary to a specific target sequence that
needs to be modified, is combined with the nuclease Cas9, which introduces DNA double-strand breaks that are repaired via non-homologous end
joining. Gene replacement therapy (right) is mostly used to correct loss-of-function mutations and consists of delivery of genetic material to replace
the defective gene and restore expression of the normal protein. Modified from Ref. [94].

2. Advanced therapy medicinal products as fetal therapies

Advanced therapy medicinal products, or ATMPs, are medicines for human use that are based on genes, tissues or cells. The first
ATMPs to be used in utero were stem cells, of which there are broadly two main groups; haematopoietic stem cells (HSCs) and
mesenchymal stem cells (MSCs). HSCs were the first stem cell type to be discovered and are the most extensively investigated stem cell
population, both experimentally and clinically. HSC transplantation is the mainstay of treatment of haematological conditions such as
leukaemias and immune disorders, with over 40,000 HSC transplantations performed annually in Europe alone [1,2]. However, there
remain significant immunological barriers to postnatal allogeneic HSC transplantation, meaning that myeloablation, along with its
associated safety concerns, is required for successful transplantation.

MSCs are multipotent stem cells with the potential to differentiate along the osteogenic, chondrogenic and adipogenic lineages.
Their good safety profile and low immunogenic risk means they can be transplanted across major histocompatibility barriers without
immunosuppression [3,4]. The first clinical infusion of MSCs was performed over 20 years ago and MSCs have since been used in a
diverse range of conditions, from osteoarthritis to Graft versus Host Disease [3,5,6]. Two meta-analyses of randomised controlled trials
investigating administration of MSCs to 321 and 2696 subjects respectively, found the only significant association with MSC
administration was transient fever, with no increase in thrombotic events, infection, death or malignancy [5,7].

Gene therapy modifies a person’s genes to treat or cure disease (Fig. 1). Often this works via gene supplementation, where a vector
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Advantages of fetal gene therapy vs
postnatal gene therapy

e Timing:
e Intervention at the time for genes expressed during development
¢ Intervention to prevent irreversible damage by disease
e Target:
e Access to cells or organs inaccessible in adult life
¢ More efficient gene transfer/engraftment
¢ Functional immaturity of immune system to facilitate tolerance to
new proteins and vectors
e Prevent immune response and promote long-term transgene
expression
¢ Biodistribution
¢ Different blood brain barrier permeability compared to postnatal life
to access the developing neurological system
e Advantageous small fetal size to reduce cost of cell/drug production

Fig. 2. Advantages of a fetal versus a postnatal gene therapy approach.

delivers additional working copies of a gene to produce a therapeutic transgenic protein. The vector is often coupled with a specific
promoter that only activates transgenic protein expression in target cells. Physiological expression to all target cells is uncommon but
overexpression in some cell populations is usually sufficient to have a beneficial effect. This is seen in adult gene therapy for hae-
mophilia B where supraphysiological expression of the factor IX protein in a small proportion of hepatocytes creates sufficient
circulating protein concentrations for therapeutic benefit [8]. Most often a viral vector is used, the most common being
adeno-associated virus (AAV) and lentivirus [9]. The virus is modified to prevent its ability to cause infectious disease, with all viral
protein-coding sequences removed so that it cannot replicate. Alternatively, plasmid DNA or non-viral vectors have been used.

Gene silencing can also be used to suppress or reduce expression of a protein that has acquired a toxic gain of function. A commonly
used gene-silencing technology employs antisense oligonucleotides (ASOs), which target mRNAs and alter their translation. Gene
editing involves correction of a genetic mutation using engineered nucleases such as CRISPR-Cas9 which break the DNA at the site of
the mutation, allowing the correct DNA to be inserted. In this way, only the gene of interest should be amended.

In addition to in vivo gene therapy, where genetic material is delivered directly into the patient, ex vivo gene therapy is an
alternative option in which a patient’s cells are removed, modified with gene therapy or editing and then replaced. This is most
commonly performed with a patient’s own haematopoietic stem cells, such as in treatment of severe combined immune deficiencies
(SCID). In the fetus, this can be performed using amniotic fluid stem cells which have haematopoietic characteristics and stable
multilineage haematopoietic engraftment [10].

Finally, the simplest technique may be to provide the missing protein itself, with for example in utero fetal vascular enzyme
replacement or intra-amniotic protein therapy.

3. Rationale

The fetus possesses a number of unique characteristics which theoretically make it an ideal recipient for advanced therapies
(Fig. 2). The small size of the fetus allows one to maximize the product dose per recipient weight. The average fetal weight at 20 weeks
is 300 g, compared to a 3.5 kg newborn or a 70 kg adult (1:12:233 wt ratio). The ability to give a 200 fold lower number of cells or
vector particles to achieve the same concentration is important from a practical point of view, as, for example, expansion of stem cells
to obtain larger numbers whilst maintaining ‘stem-ness’ is a major difficulty. Physiological conditions for systemic distribution of
therapeutic products are better in the fetus due to circulatory shunts including the foramen ovale and ductus arteriosus, which reduce
distribution of product to the pulmonary circulation, avoiding sequestration of stem cells in the lungs [11]. Systemic expression of viral
vector-derived transgenic protein has been achieved in preclinical models using intraperitoneal or intravenous umbilical vein injection
[12]. If delivery to the airways is required, this is possible via intra-amniotic injection making use of fetal breathing movements, or via
tracheal injection using fetoscopic or ultrasound-guided delivery [13]. Direct injection of fetal organs may also be useful for vector
targeting for example to the gut via intra-gastric injection or the diaphragm via thoracic injection [14,15].

Another anatomical advantage of prenatal treatment is the immaturity of the blood-brain-barrier, which permits transfer of product
across to the brain and may be beneficial in conditions such as lysosomal storage diseases where neurodegeneration is of great sig-
nificance [16]. Fetal life is a time of stem cell proliferation and migration to different anatomic compartments. Transplantation of stem
cells at this time may permit migration alongside affected recipient cells. Higher levels of engraftment during fetal life have also been
reported, especially when a fetal-to-fetal transplantation approach is applied [17]. The fetal immune system is relatively naive,
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Candidate single gene disorders for fetal genetic therapy.
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Disease Gene (s) Prenatal diagnosis Current treatments Target cells/ Incidence Benefit to treat in utero
organ
Homozygous HBAI and Ultrasound (hydrops) IUT HSCs in liver 1:10,000, higher Prenatal onset/Lethal in
a-thalassaemia HBA2 Family history/carrier IUSCT clinical trial in in SE Asian utero
parents analysis: populations
ClinicalTrials.gov
Identifier:
NCT02986698
Severe osteogenesis COL1Al, Prenatal ultrasound/ Supportive/ Bone 1:100,000 Prenatal onset/Lethal in
imperfecta COL1A2 NIPD bisphosphonates utero
Family history/carrier IUSCT clinical trial in
parents analysis:
ClinicalTrials.gov ID
NCT03706482
Hurler syndrome IDUA Family history/carrier =~ ERT/HSCT CNS, liver, 1:100,000 Permeable BBB/need to
(MPS1) parents IUERT in clinical trial: heart access the developing
Clinicaltrials.gov brain
Identifier:
NCT04532047
Pompe disease GAA Ultrasound ERT Liver, heart, 1:40,000 Outcomes are improved
(infantile onset) (cardiomyopathy) IUERT in clinical trial: skeletal muscles with earlier treatment
Family history/carrier  Clinicaltrials.gov suggesting that in utero
parents Identifier: treatment is optimal
NCT04532047
Neuronopathic GBA Family history/carrier ~ Supportive CNS, liver, 1:1,000,000 Permeable BBB/need to
Gaucher parents IUERT in clinical trial: heart access the developing
Clinicaltrials.gov brain
Identifier:
NCT04532047
X-linked EDA-A1 Absent dentition on Supportive Sweat glands, 4:100,000 males Prenatal onset/access to
hypohydriotic ultrasound/MRI In utero protein teeth skin and oral cavity via
epidermolysis Family history/carrier ~ replacement therapy in amniotic fluid
bullosa parents clinical trial:
ClinicalTrials.gov ID
NCT04980638
Factor VII deficiency — FVII Family history/carrier ~ FVII replacement CNS 1:500,000 Prenatal onset
parents
Congenital myotonic =~ DMPK Polyhydramnios, Supportive CNS, heart, 1:50,000 Prenatal onset
dystrophy type 1 reduced fetal muscles
movements
Family history/carrier
parents
Spinal muscular SMN1/ Family history/carrier ~ Supportive Nervous system 1:20,000 Prenatal onset/Lethal in
atrophy type 0/1 SMN2 parents utero
Niemann-Pick C NPC1// Ultrasound (hydrops) Supportive CNS, liver, 3: 1,000,000 Prenatal onset
disease NPC2 Family history/carrier spleen, lungs
parents
Rett syndrome MECP2 Family history/carrier ~ Supportive CNS 1:10,000 females ~ Permeable BBB/need to
parents access the developing
brain
Angelman syndrome UBE3A Family history/carrier ~ Supportive CNS 1:15,000 Permeable BBB/need to
parents access the developing
brain
Tay-Sachs disease HEXA Family history/carrier ~ Supportive CNS 1:3500 in Permeable BBB/need to
parents Ashkenazi access the developing
population brain
X-linked myotubular ~ MTM1 Family history/carrier ~ Supportive Skeletal 1:50,000 males Prenatal onset
myopathy parents muscles
Infantile ARSA Family history/carrier ~ Supportive CNS 1:40,000 Permeable BBB/need to
metachromatic parents access the developing
leukodystrophy brain
Dystrophic COL7A1 Polyhydramnios, skin Supportive keratinocytes 1:120,000 Prenatal onset/access to
epidermolysis desquamation, skin via amniotic fluid
bullosa Family history/carrier

parents

IUT: Intra-uterine transfusion; IUSCT: in utero stem cell transplantation; HSC: haematopoietic stem cells; MPS: mucopolysaccharidosis; ERT: enzyme
replacement therapy; HSCT: haematopoietic stem cell transplantation; BBB: blood brain barrier; IUERT: in utero enzyme replacement therapy; NIPD:
non-invasive prenatal diagnosis; MRI: magnetic resonance imaging.
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Fig. 3. Summary of gene targets being developed for the prevention and treatment of obstetric conditions. For FGR and pre-eclampsia, the aim is to
reduce the fetoplacental pathology in both disorders; either to enhance uteroplacental perfusion, angiogenesis (VEGF) and/or to improve nutrient
transport across the placenta (IGF-1). Targets include the systemic circulation, placenta and uterine arteries. For preterm birth, the antimicrobial
peptide HBD3 has been delivered to the cervix to enhance cervical immunity and prevent bacteria in the vagina from accessing the uterine cavity.
VEGF: vascular endothelial growth factor; IGF-1: insulin-like growth factor 1; HO-1: heme oxygenase 1; PAR-1: Protease-activated receptor-1; HBD3:
human beta defensin 3.

meaning there may be no need for myeloablation prior to stem cell transplantation, and also a decreased likelihood of rejection. A
significant benefit is the potential for development of immune tolerance towards the therapeutic product, meaning that further
postnatal booster doses may be given without immune reaction [18-21]. Similarly, prenatal gene therapy may access proliferating
progenitors, rather than quiescent cells in adult patients, providing a significant advantage to increase the efficiency of CRISPR-Cas9
mediated homology directed repair [22]. In diseases with perinatal onset, prenatal treatment may ameliorate in utero damage, or the
possibility of treating before the development of irreversible pathology. This may offer significant psychological benefit to carefully
counselled parents who do not wish to terminate the pregnancy or to adopt a ‘watch and wait’ mentality but prefer a proactive in utero
approach [23]. Finally, from an economic point of view, giving smaller product doses to a more responsive recipient with a potentially
larger beneficial effect would have significant implications.

3.1. Target diseases

Table 1 summarises the potential candidate single gene disorders for fetal genetic therapy, including those conditions for which
there are currently clinical trials ongoing. For a disease to be amenable to in utero treatment with an advanced therapeutic product, it
must be possible to make a reliable diagnosis prenatally. For some women, a family history of a recessive or X-linked condition may
mean they are aware their fetus is at higher risk of a condition, and they will have decided if they wish to proceed with invasive testing
to obtain confirmation of the diagnosis. For others, a suspected diagnosis may be made at the mid-trimester anomaly scan and
counselling regarding molecular diagnosis, pregnancy options and potential trial participation will need to take place within a much
shorter period of time. Currently, most disorders amenable to in utero clinical trials with ATMPs will need to be confirmed molecularly
via invasive testing. Whole exome or genome sequencing is increasingly available, giving the option of making a diagnosis of a single
gene disorder sufficiently early in gestation for feasible genetic correction of the disorder. The field of free fetal DNA testing for
monogenic disorders is also advancing rapidly, with reliable non-invasive prenatal diagnosis available for conditions such as
achondroplasia and thanatophoric dysplasia, and likely to be available for more conditions shortly [24].

The natural history of the condition should be known, so that fetuses receiving in utero products can be compared with the un-
treated population, and it should be considered that the fetus will obtain benefit from prenatal administration. Single gene disorders
that are most likely to be suitable for in utero treatment are those with prenatal effects or perinatal lethality such as severe osteogenesis
imperfecta or alpha thalassaemia major, and those with critical in utero developmental stages such as XLHED or metabolic storage
disorders.

There is also great opportunity in treating severe obstetric pathologies using genetic therapies such as viral vectors, nanoparticles
and siRNA (Fig. 3). As these conditions are more prevalent and often as life-threatening as many single gene disorders it is surprising
that more progress has not been made in therapeutic development. This is likely due to the inherent problems in defining the un-
derlying pathogenesis of pre-eclampsia, fetal growth restriction and spontaneous preterm labour which commonly have a mixed
aetiology of a syndrome rather than a close phenotype/genotype relationship that is necessary for genetic therapies. Research to define
the natural history of severe obstetric pathologies to inform tight inclusion and exclusion criteria for clinical trials is required such as
that developed for early-onset fetal growth restriction [25,26].
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4. History of fetal advanced therapies

Initial research into the possibility of fetal genetic therapies focussed on the transplantation of haematopoietic stem cells. The first
report of successful in utero haematopoietic transplantation for a genetic condition was published in the late 1980s detailing a patient
whose first child died of Bare Lymphocyte Syndrome, a form of Severe Combined Immunodeficiency. Cordocentesis confirmed that her
second child was also affected by the condition, thus at 30 weeks of pregnancy she underwent an in utero infusion of fetal liver
haematopoietic cells and thymic cells into the placental umbilical vein cord insertion. There were no adverse effects and the remainder
of the pregnancy was uneventful until normal vaginal birth at term. The diagnosis was confirmed at birth. Subsequently engraftment
was confirmed, with T cells expressing donor HLA class 1, but the child had no B cell development and had seven further stem cell
infusions within the first few months of life [27]. Following this seminal case, a number of in utero transplantations for fetuses with
SCID were performed [28-33]. Eight out of nine fetuses who underwent HSC transfusion were born alive and appeared well, without
evidence of graft versus host disease. These successful cases opened the doors for in utero stem cell transplantation to be considered a
possible treatment for myriad conditions. In the 1990s and 2000s, IUHSCT was attempted for the haemoglobinopathies, but whilst
tolerance to donor antigens was found in some of the cases, thus suggesting a postnatal stem cell transplant from the same donor
without pre-conditioning may be possible, all surviving children were transfusion dependent [18]. The storage diseases were another
potential target group for IUSCT, but all published case reports show no alteration to the expected clinical course, and it was concluded
this was not an appropriate treatment for this group of conditions [18].

The possibility of in utero stem cell transplantation with mesenchymal cells then arose. A trial of postnatal MSC administration to a
group of infants with severe osteogenesis imperfecta showed that five of six patients demonstrated engraftment of cells and accelerated
growth velocity; compared with an average of 20% of the growth rate of age and sex matched unaffected infants pre transplant, growth
velocity reached 70% over the 6 months immediately following the infusion [34]. In utero administration of MSCs was then performed
in two fetuses with severe OI with some evidence of benefit [35,36]. Further details can be found below. There are no published reports
of in utero transplantation of MSC for conditions other than OI.

Similarly, research into the field of gene therapy exploded in the 1990s, with 43 clinical trial protocols for postnatal gene therapy of
genetic disease approved by the NIH RAC by the end of the decade [37]. However, the death of a participant in a clinical trial of in vivo
gene therapy for ornithine transcarbamylase (OTC) deficiency, along with the development of leukaemia in 5 of 20 infants who
received ex vivo gene therapy for X-linked Severe Combined Immune Deficiency meant that the safety of the field as a whole was called
into question [38,39]. Following safety improvements, there have since been promising results, for example in patients with hae-
mophilia. Current treatment is replacement therapy with human FVIII (hFVIII) or hFIX, with benefit seen when only 1% of the normal
levels of clotting factor are reached. Therapy is expensive but mostly effective, yet a proportion of patients develop antibodies to
treatment. Postnatal gene therapy in six haemophilia B patients was found to be safe, and patients showed partial correction following
intravenous injection of AAV8 carrying human factor IX to hepatocytes [40]. Prenatal animal studies have shown that permanent
phenotypic correction and tolerance can be induced in immune-competent haemophilia B mice by fetal intra-vascular injection of
lentiviral or AAV-1 vectors encoding the hFIX protein [41,42]. This has been translated to large animals with successful transduction of
sheep and non-human primates; injection of an AAV system in late gestation produced clinically relevant levels of hFIX sustained for
more than 6 years without toxicity [43-46]. However, as haemophilia only manifests after birth, and postnatal gene therapy appears
effective, it is unlikely that human fetal gene therapy for haemophilia will be justified.

In comparison, congenital FVII deficiency, the most common autosomal bleeding disorder, can lead to life-threatening neonatal
central nervous system hemorrhage prior to birth. Increasing FVII expression above 1% substantially reduces the risk and incidence of
spontaneous hemorrhage. Neonatal intravenous delivery of an AAV8 vector to a mouse FVII knockout model protected against fatal
hemorrhage, significantly improving survival in these animals [47]. The same study also demonstrated significant human FVII (hFVII)
expression (20.4% + 3.7%) in fetal monkeys after in utero vector delivery. A fetal gene therapy to prevent catastrophic perinatal
bleeding in patients with FVII deficiency is therefore a more likely prospect for fetal gene therapy. A summary of the history of fetal
gene therapy is available in this review [37].

5. Current clinical trials of fetal advanced therapies

Four clinical trials of in utero stem cell, enzyme and protein administration are currently recruiting or in follow up. In addition to
investigating replacement of stem cells or genes, attention is also now being placed on in utero delivery of the faulty proteins or
enzymes directly, with ongoing studies detailed below. The most developed product to date is protein replacement therapy for XLHED
which is in Phase 2 trials, whilst there are three phase 1 trials investigating in utero transplantation of HSC for alpha thalassaemia or
MSC for osteogenesis imperfecta, and in utero enzyme replacement therapy for lysosomal storage diseases.

5.1. Protein therapy for XLHED

Edelife, an open label international multicentre phase 2 clinical trial, is now in progress to investigate the prenatal treatment of X-
linked hypohidrotic ectodermal dysplasia (XLHED) (https://pro.edelifeclinicaltrial.com). In the trial, recombinant ectodysplasin A
protein, termed Fc-EDA or investigational treatment ER004, is delivered via three intra-amniotic injections to affected male fetuses
between 26 and 32 weeks of pregnancy. XLHED is a rare developmental disorder of ectodermal derivatives including hair, sweat
glands, and teeth caused by a genetic deficiency of ectodysplasin Al (EDA1). Life threatening hyperthermia can result due to the
absence of sweat glands and perspiration. In affected families, prenatal diagnosis can be made non-invasively based on ultrasound scan
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findings of oligodontia and mandibular hypoplasia [48]. Results from a previous clinical trial and compassionate cases are extremely
promising [49,50]. Nine male patients with a diagnosis of XLHED were treated with Fc-EDA; three shortly after birth and six pre-
natally. Prenatal patients received the recombinant protein via intra-amniotic injection at 26 week’s gestation, with some participants
receiving multiple doses. In patients who received Fc-EDA postnatally, neither sweat glands nor sweating ability were detected at the
age of 12-60 months. In contrast, prenatal replacement resulted in appropriate sweat gland development and pilocarpine-inducible
sweating in all treated subjects, who also attained more permanent teeth than their untreated affected relatives. Long term follow
up of these patients has now reached 6 years (n = 2), with all prenatally treated boys continuing to sweat normally. It appears that
provision of the recombinant protein at the appropriate developmental stage is sufficient to allow normal sweat gland development,
whilst postnatal administration is ineffective. The phase 2 trial, which aims to determine the effectiveness of the treatment in a further
20 participants, is currently recruiting and results are awaited.

5.2. Enzyme replacement therapy for lysosomal storage diseases

In Utero Enzyme replacement therapy for fetuses with lysosomal storage diseases (LSDs) is being investigated in a Phase 1 Clinical
Trial at UCSF (https://fetus.ucsf.edu/in-utero-enzyme-replacement-therapy/#educational_information).

Lysosomal storage diseases (LSDs) are a group of inborn errors of metabolism caused by genetic mutations coding for critical
enzymes. Abnormal build-up of toxic materials throughout the body results in severe multi-organ damage, including neuro-
degeneration, cardiac problems, and impaired growth. While each LSD is a rare disease, collectively LSDs affect 1 in 5000 births. The
standard of care is for postnatal enzyme replacement therapy (ERT), however, infants often develop antibodies against the enzyme, the
blood brain barrier prevents delivery to the brain, and some infants do not survive into the postnatal period to receive therapy. It is
hoped that in utero ERT may permit development of immune tolerance, allow delivery to the brain during fetal development of the
blood brain barrier and ameliorate in utero damage. Treated neonates would need to continue receiving ERT or could if available,
receive a postnatal stem cell transplant. A preclinical study has demonstrated increased survival, improved immune tolerance and
decreased morbidity for mice treated pre-rather than postnatally [51].

A female infant with infantile-onset Pompe disease (IOPD) and two previously affected siblings received six infusions of Alglu-
cosidase alfa (20 mg per kilogram of estimated fetal weight) under ultrasonic guided umbilical vein injection between 24 weeks 5 days
and 34 weeks 5 days of gestation. The infant received Rituximab for immune tolerance induction postnatally. Unlike both her siblings,
who had left ventricular hypertrophy and abnormal motor development, and who succumbed to the condition in infancy, the recipient
had normal cardiac and musculoskeletal findings and was doing well aged one year. Importantly, she had persistently low antibody
titres against Alglucosidase alfa, suggesting immune tolerance [52].

A phase 1 clinical trial of in utero enzyme replacement (ERT) for fetuses with LSDs (Mucopolysaccharidosis types 1,2,4a, 6 and 7,
IOPD, Gaucher disease types 2 and 3 and Wolman disease) is currently recruiting in the US (“PEARL trial” Clinicaltrials.gov Identifier:
NCT04532047). The trial aims to recruit 10 pregnant women carrying fetuses with these disorders to investigate the safety and
feasibility of in utero ERT. Diagnosis must be made on chorionic villus sampling (CVS) or amniocentesis prior to inclusion in the trial.
ERT will be given every 2-4 weeks between 18 and 35 week’s gestation, by umbilical vein injection. After birth, the baby will receive
standard care, including ERT, induction of immune tolerance and possibly stem cell transplantation with clinical trial follow up until
age 5.

5.3. HSC transplantation for alpha thalassaemia

A trial of in utero blood transfusion and haematopoietic stem cell (HSC) transplantation for fetuses with alpha thalassaemia major
has reported the birth of the first two participating infants [53]. (https://fetus.ucsf.edu/intrauterine-therapy-alpha-thalassemia-
major/#educational_information).

Alpha thalassaemia major was previously thought to be perinatally lethal, with progressive fetal anemia leading to heart failure and
fetal hydrops, and the potential for development of maternal mirror syndrome. Successful neonatal outcomes have been reported with
serial in-utero blood transfusions, with survival to birth and subsequent normal neurological outcomes [54]. However, children
require myeloablation and stem cell transplantation to enable long term survival without being transfusion dependent. The in-
vestigators hypothesized that fetuses would tolerate a maternal HSC transplant without conditioning and would develop low level
engraftment with sustained tolerance to maternal alloantigens; and that this would enable them to receive a postnatal booster maternal
transplant with minimal immunoablative conditioning, thus achieving a cure without the requirement for full myeloablation. This
hypothesis is being tested in a phase 1 clinical trial (ClinicalTrials.gov Identifier: NCT02986698). Here, HSCs retrieved from the
maternal bone marrow during pregnancy are used for transplantation; these are delivered to the fetus once during the pregnancy, at a
gestation of 18-26 weeks. The HSC transplant is given at the same time as an ultrasound-guided intrauterine blood transfusion for fetal
anemia, meaning that no additional needling procedures are required for the purpose of the transplant. In utero blood transfusions are
then repeated every 3 weeks until delivery [53]. Two cases have been reported to date. Both were diagnosed with severe hydrops on
ultrasound and received an initial blood transfusion prior to the HSC transplant. After transplantation at 23 and 25 weeks respectively,
both fetuses received four more IUTs prior to birth. Prenatal hydrops resolved in both and neonatal hospitalizations were 16 and 13
days, respectively. Maternal chimerism was detected in both patients, but levels only persisted throughout the year in the first patient.
The parents of the first patient have decided against a further maternal bone marrow transplant. Both patients receive monthly
transfusions and have had normal development and Bayley neurologic testing at 1 year. There were no unanticipated safety events in
either mother/child pair. These results have led the study team to confirm that a two-step strategy of prenatal blood transfusions with a
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maternal HSC transplant, followed by a postnatal booster transplant, may be required for a definite cure. The trial is currently closed
for analysis and further results are awaited.

5.4. MSC transplantation for osteogenesis imperfecta

The BOOSTB4 trial aims to investigate the safety and efficacy of pre- and postnatal MSC transplantation for fetuses with osteo-
genesis imperfecta (https://www.boostb4.eu). ClinicalTrials.gov Identifier: NCT03706482.

Osteogenesis imperfecta (OI) is a rare clinically and genetically heterogenous group of heritable disorders of connective tissue
characterised by osteopenia, growth restriction, bone deformities, fractures and chronic pain [55]. Around 90% of people with OI will
have one of the four classical types, where type 1 is mild, type 2 perinatally lethal, type 3 the most severe form compatible with life, and
type 4 an intermediate severity [56]. The condition is caused by > 1500 different sequence variations in the genes coding for type I
collagen (COL1A1 or COL1A2), whilst rarer types of OI are caused by mutations in other associated genes [55-57]. Diagnosis is
suspected when there are in utero fractures and deformities, and a femur length more than 2 standard deviations below the mean, and
can be confirmed with amniocentesis. There is currently no curative treatment. Bisphosphonates are used to reduce bone resorption
and increase bone mass, but have no effect on fracture rates, reduction of pain or improved functional mobility[58-61].

There are two published cases of fetuses with type 3 and 4 OI who received prenatal and postnatal transplantation of MSCs [35,62].
The limited data show that the procedures were safe and clinically promising when comparing the clinical course to other individuals
with identical OI sequence variants. The patient with type 3 OI has a COL1A2 variant identical to three other reported cases; one of
whom died from OI despite bisphosphonate treatment, and two individuals who are described clinically as having type 2/3 OI [63,64].
She received one dose of MSCs prenatally and four postnatal booster doses. Bone biopsies showed the presence of donor cells at 9 m of
age. She has continued to grow along her growth chart at around 5SD below the mean, and had decreased fracture frequency following
booster does (from 2/year to 0/year over two years) [35,62]. It is difficult to determine the definitive impact of MSC transplantation in
these two heterogeneous cases, but the findings suggest a potential clinical benefit, and there has been no evidence of any early or late
adverse reactions in over 21 and 14 years of follow up respectively.

The BOOSTBA4 trial was thus set up to investigate pre- and postnatal MSC transplantation for severe OI and received regulatory and
ethical approval in Sweden and the UK [65]. The clinical trial has completed recruitment. First trimester human fetal liver-derived
MSCs were administered once under ultrasound guidance into the umbilical vein for prenatal participants, with three postnatal
intravenous booster doses given every 3 months after birth. Participants are being compared with historical and untreated prospective
controls. Infants under 18 months of age and pregnant women whose singleton fetus had severe OI with a confirmed glycine sub-
stitution in COL1A1 or COL1A2 were potential candidates. Short term follow up has been completed, and long term follow up until
participants are aged 10 years is underway. The primary outcome measures are safety and tolerability of repeated BOOST cell
administration. The secondary outcome measures are number of fractures from baseline to primary and long-term follow-up, growth,
change in bone mineral density, clinical OI status and biochemical bone turnover.

6. Clinical trials in development for obstetric pathologies

There are no current clinical trials of prenatal gene therapy but two potential genetic therapies are being taken towards clinical trial
for severe obstetric conditions. A recent review of the field is here [66].

6.1. RNAi modulation of placental sFlt1 for pre-eclampsia

An effective treatment of preterm pre-eclampsia is urgently required to improve maternal and fetal/neonatal outcomes of this
complex and life-threatening disorder. The clinical manifestation of the disease result from excess circulating soluble receptor FLT1
(SFLT1 or sVEGFR1) of placental origin. Apheresis, which filters maternal blood through a dextran sulfate column, can lower sFLT1
and other circulating factors, controlling both blood pressure and proteinuria to extend preeclamptic pregnancies short term [67].

A potential genomic approach uses short interfering RNAs (siRNAs) that target nucleic acids to selectively silence the three sFLT1
mRNA isoforms primarily responsible for placental overexpression of SFLT1. In a baboon pre-eclampsia model, a single dose of siRNAs
suppressed sFLT1 overexpression and clinical signs of preeclampsia, with results suggesting that a single injection might suppress
sFLT1 levels for several weeks, potentially extending pregnancy duration with likely beneficial effects [68]. Dosing will need to be
carefully titrated to modify sFLT1 silencing to the desired level, as excessive silencing could potentially be disadvantageous, reducing
blood pressure and thereby reduced uterine blood flow.

A randomised placebo-controlled Phase I trial (ClinicalTrials.gov NCT05881993) in healthy non-pregnant volunteers has
completed, and the intervention is now being taken forward into clinical trial in pregnant women with pre-eclampsia and elevated
sFlt1 levels.

6.2. Maternal gene therapy for severe early onset growth restriction

The EVERREST consortium is planning a phase I/IIa clinical trial to examine the safety and efficacy of maternal VEGF gene therapy
as a treatment for severe early-onset fetal growth restriction. Preclinical studies have shown that maternal VEGF gene therapy,
delivered locally via an adenoviral vector into the maternal uterine arteries, increases uterine artery volume blood flow and vasodilates
the uterine arteries in pregnant sheep through increased expression of endothelial nitric oxide synthase and perivascular adventitial
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angiogenesis [69-71]. In two animal models of FGR, this intervention has also been shown to safely increase fetal growth velocity and
neonatal outcome [72-74]. The EVERREST clinical trial would involve vector administration, via interventional radiology, into the
maternal uterine arteries in pregnancies affected by severe early-onset FGR between 22 and 26 weeks’ gestation. This therapeutic
approach was, in 2015, the first to be granted European Medicines Agency orphan status for placental insufficiency leading to fetal
growth restriction. The scheme offers incentives and benefits to encourage the development of therapies for rare conditions [75].
Ethical review with multinational stakeholder patient input did not identify any fundamental or insurmountable objections to a trial of
maternal gene therapy for severe early-onset FGR [25,76] In order to proceed to a phase I/Ila clinical trial to evaluate the safety and
efficacy of maternal VEGF gene delivery, the multicentre EVERREST Prospective Study (NCT02097667) appraised various strategies to
identify which FGR pregnancies would be most suitable for a clinical trial [25]. At diagnosis of severe, early-onset FGR, ultrasound
measurements, such as abnormal umbilical artery (UmA) Doppler velocimetry, and maternal serum placental growth factor (P1GF)
concentration demonstrated robust prediction of fetal or neonatal death and delivery at or prior to 28 + 0 weeks of gestation, allowing
the selection of a population with at least a 50% perinatal loss rate and 50% severe neonatal morbidity [26].

7. Risks of the procedure

In utero therapies carry known and theoretical risks, relating to both the products themselves and the way in which they are
administered. The International Fetal Transplantation and Immunology Society (IFeTIS; https://www.fetaltherapies.org) facilitated a
panel discussion of international experts in 2019 to define the key safety aspects of in utero clinical trials [77].

The risks of an in utero injection procedure itself are likely to be similar to those of amniocentesis and fetal blood transfusion.
Ultrasound guided injection into the umbilical vein is technically very similar to fetal blood transfusion, a procedure performed
worldwide for decades. Zwiers et al. reported a large series of 937 fetal blood transfusions for fetal anaemia performed in a single
national referral centre between 2001 and 2015, with a 1.2% complication rate and 0.6% fetal loss rate per procedure [78]. Recognised
complications of fetal blood transfusion include emergency Caesarean section (0.4%), fetal bradycardia (0.3%), preterm prelabour
rupture of the membranes (PPROM, 0.1%), infection (0.1%), and preterm birth (0.1%) [78]. Having experienced operators perform the
procedure, administering fetal paralysis, and avoiding administration into free umbilical cord loops reduces the complication rate
[78]. The risk of fetal bleeding falls almost 40-fold by accessing the intrahepatic umbilical vein rather than the placental cord insertion
[79]. Avoiding transplacental needling decreases the risk of fetal-maternal bleeding 4-fold, which is an important consideration to
reduce maternal exposure to an Advanced Therapy Medicinal Product (ATMP). In the trial of fetal blood transfusion plus HSC
transplantation for alpha major thalassaemia, the HSCs are given at the time of blood transfusion. However, for other trials such as the
BOOSTB4 trial, the cell product is given in a much smaller volume than a blood transfusion, into a non-anaemic fetus, and thus the
changes in circulatory volume are likely to be less pronounced and the risk of complications may be even lower. Intra-amniotic
administration of medication, as is performed in the XLHED trial, is likely to have similar procedural complications to those of
ultrasound-guided amniocentesis. A recent meta-analysis found the risk of pregnancy loss following amniocentesis at 15-24 weeks to
be around 0.11% [80].

All invasive procedures carry the risk of materno-fetal transfer of infectious disease. Whilst transmission of hepatitis B, hepatitis C,
or HIV in mothers on highly active antiretroviral therapy (HAART) via amniocentesis is minimal, there is little data on the risk of
vertical transmission for other invasive procedures, and excluding seropositive women from current fetal therapy trials is sensible [81,
82]. Maternal exposure to fetal or donor antigens may cause sensitization, placing future pregnancies at risk of haemolytic disease of
the newborn or affecting maternal blood transfusion. Rho(D) globulin should be given to the 15% of pregnant women who are Rhesus
blood group-negative to reduce sensitization risk to 0.35% [83]. Sensitization to other red cell antigens, especially outside of the
context of women undergoing fetal transfusion for Rh incompatibility who are already sensitized to one antigen, is rare. Maternal
venous thromboembolism rates are unlikely to be increased by short in utero procedures with minimal recovery times. Care should be
taken to avoid follow up protocols which prevent women from having adequate time to mobilise whilst inpatient after the trial
procedure, as immobility is far more likely to be a risk factor for VTE than the procedure itself. Performing procedures under strict
aseptic technique minimises the risk of infection, which is of importance as the majority of maternal deaths reported following
amniocentesis have been due to Escherichia coli infection. Finally, ultrasound guidance will minimise the possibility of maternal bowel
injury, which is quoted to occur in <0.1% of amniocentesis procedures [84,85].

All of the therapeutic products described above may cause an allergic or immune reaction to the product itself or a component part
involved in its manufacture. Additionally, despite extensive microbiological testing and production in accordance with good
manufacturing practice, an advanced therapy drug product could theoretically transmit an infectious disease from the donor or itself
could be a source of microbiological contamination. Additional theoretical concerns are that an ATMP could disrupt normal fetal
development in a way not predicted by preclinical studies, it may have off target effects in other fetal organs or even cross the placenta
and have an effect upon the mother, with potential to affect her future offspring via the germline.

Ectopic tissue formation or oncogenesis is a concern often raised with stem cell and gene therapies. A recent meta-analysis of
randomised controlled trials of adult and childhood MSC transplantation did not observe acute toxicity, organ system complications,
infection, death, or malignancy; the only significant association detected was transient fever [5]. Postnatal HSC transplantation is
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associated with increased risk of cancer, but this is related to the pre-transplant ablative conditioning and treatments that the recipient
may have had for their condition prior to transplant, including chemotherapy and radiotherapy. None of the published cases of IUSCT
with HSC, or the current alpha thalassaemia trial have used myeloablation prior to HSC transplant, thus this risk is minimised. Gene
therapy was associated with oncogenesis in early clinical trials of gammaretroviral vectors. This was thought to occur due to their
tendency to integrate within the vicinity of transcriptional start sites in the host genome resulting in oncogene activation or
tumour-suppressor gene inactivation [86]. Since then, clinical trials of integrating vectors have focussed on lentivirus vectors that have
a better oncogenic profile, and non-integrating lentivirus vectors have been developed. In vivo gene therapy also carries the potential
risk of germline transfer of genetic modification causing transgenerational effects. Conventional gene therapy is still a blunt tool; since
the genetic payload often remains episomal or integrated semi-randomly, native regulation of expression is lost. Therefore, not only
can inappropriate expression occur in the wrong tissues, but it may also occur at the wrong time in development, if delivered early.
Furthermore, the semi-random integration, which has recently also been demonstrated to occur with AAVs, raises safety concerns.

Postnatal HSC transplantation may result in development of Graft versus Host Disease. This remains a potential complication after
in utero transplantation, but the tolerogenic environment of the fetal immune system is believed to increase the threshold for this
complication.

8. Monitoring strategies

A great deal of discussion between clinical trial investigators and national regulatory authorities has taken place on the most
appropriate monitoring strategies surrounding in utero administration of ATMPs. The timescales outlined below were formed during
the development of the BOOSTB4 Clinical Trial and feedback from the UK MHRA and Swedish Lakemedelsverket, and were agreed at
the iFeTiS meeting of international fetal therapy experts [77].

As adverse events are most likely to occur in the short-term following fetal injection, an inpatient monitoring period of both mother
and fetus of 24-48 h is recommended. This will enable detection of both procedure-related complications and toxic or allergic reactions
to the product administered. Fetal monitoring should be similar to that recommended after standard fetal needling procedures. This
will include the procedure taking place under ultrasound guidance, which permits not only technical accuracy but also timely action
for possible fetal resuscitation or delivery by emergency Caesarean if a suitable gestational age has been reached. Fetal ultrasound
assessment should also assess for fetal hemorrhage, effusions, and hydrops, with Doppler evaluation of fetal middle cerebral and
umbilical arteries for vascular perfusion and fetal anaemia. Fetal monitoring plans will need to be individualised depending upon the
gestational age, underlying condition and parental preference, but are likely to involve cardiotocography (CTG) monitoring to confirm
fetal wellbeing if carried out in the third trimester. Maternal observations should also be regularly recorded during this initial
monitoring period, with blood sampling likely to be required according to trial protocols.

Regular follow-up with ultrasound examination to assess fetal growth and wellbeing, fetal Doppler blood flow, organ-specific
growth and echotexture is indicated for the remainder of the pregnancy. At each visit the mother should be asked about develop-
ment of any side effects. The timing and mode of delivery will likely depend upon the underlying fetal congenital disorder. Regardless
of mode of delivery, umbilical cord blood can be collected at birth for fetal biochemistry, immune reaction to the therapeutic products,
cell engraftment, donor-specific immune tolerance, or expression of the target protein.

Long-term follow-up of the baby will depend upon the underlying congenital condition and should be planned carefully. Maternal
health should also be monitored postpartum to collect information on any adverse events. Current clinical trials require long-term
follow-up of both mother and infant, for example the BOOSTB4 Clinical Trial Protocol specifies a long term follow up period of 10
years. Maternal blood testing will enable exclusion of maternal engraftment or donor-specific antibody formation. In the same way that
subsequent pregnancies do not appear to be affected by amniocentesis or cord blood transfusion, it is not expected that future
pregnancies will be affected by the administration of in utero advanced therapies. Even in cases of fetal surgery, high live birth rates in
subsequent pregnancies are seen [87].

In recent years, grading systems for maternal and fetal, and neonatal, adverse events have been developed and these should be used
for adverse event reporting [88,89]. Admission for routine maternal and fetal monitoring in the absence of pathology is common in
pregnancy and should not be documented per se as an adverse event. Likewise, there is often an increased likelihood of preterm
delivery in pregnancies where the baby is affected by a severe congenital disorder, and this will need to be anticipated during in utero
trials.

9. The patient perspective

Patient groups have provided input during protocol development of the clinical trials detailed above. Additionally, investigators
involved in the BOOSTB4 trial carried out research into stakeholder views on the acceptability of in utero stem cell treatment for babies
with osteogenesis imperfecta [23]. Participants underwent 30-40 min semi structured interviews where they discussed their expe-
riences of living or working with the condition, their views on current treatments and their views on in utero stem cell treatment. 27
patients, parents of patients and patient advocates were interviewed, along with 29 health professionals. Three common themes
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emerged during the interviews. Firstly, participants felt there were potential benefits to in utero treatment, with early interventions
viewed positively from both a clinical and psychosocial point of view. Common concerns were that research during pregnancy was
complicated, with potential risks to both mother and child, that there was uncertainty and potential for false hope and disappoint-
ments. Finally, participants discussed decision making, explaining that parents face a difficult decision when it comes to prenatal
treatment, especially in families without prior history of the condition. They felt it was difficult to ‘do nothing” and so wanted to ensure
there would be support for informed decision making and no potential pressure to choose prenatal treatment.

10. Ethics of fetal genetic therapies

A number of ethical issues must be considered in the field of experimental advanced prenatal therapies. Firstly, non-directive
counselling must be carefully provided by experienced independent practitioners who ensure there is no therapeutic misconcep-
tion. It should be made clear that taking part in a trial is experimental rather than necessarily therapeutic, and all potential risks and
benefits explained. As products pass through clinical trial phases and become licensed as treatments, with risks and benefits
increasingly understood, this will become simpler. Consent for prenatal interventions is also important from an ethical point of view.
Whilst only the pregnant mother is required to consent for prenatal procedures, if postnatal ‘booster’ doses are required, it would seem
good practise to confirm the consent of the non-birthing partner for the ongoing participation of their child [76,90,91]. It is theo-
retically possible that for some fetuses, inclusion within a trial may not be in their best interests. For example, a fetus who would
otherwise have died from a perinatally lethal condition may receive the prenatal experimental treatment, and be rescued from the
perinatal lethality of the condition, but survive with a very impacted quality of life. This should be accounted for in the design of
prenatal trials, with appropriate inclusion and exclusion criteria, but will also form a cornerstone of discussion with potential par-
ticipants prior to enrolment in the trial. Finally, regulations surrounding termination of pregnancy in different countries should also be
considered within clinical trials of ATMPs. Participants travelling from countries without access to legal termination of pregnancy may
well view participation in a trial differently from women who have access in their home country. For example, if a woman is found to
have a fetus with a very severe form of the condition where trial participation may not be in their best interests, and termination of
pregnancy would be an alternative option, the team will need to be very clear on whether termination of pregnancy is possible at the
trial site, knowing it is not possible in the woman’s home country.

11. Outstanding issues

A number of issues remain outstanding in terms of moving advanced therapies into clinical practice, from both knowledge base and
practical perspectives. Current clinical trials, including prospective control arms, are ideally placed to discover and solve these issues.
For example, previously, no maternal and fetal adverse events reporting criteria were available in the MedDRA dictionary. The
EVERREST International Adverse Event Consensus Group of fetal therapy, obstetric, neonatal, and pharmaceutical industry experts
developed the Maternal Fetal Adverse Event Terminology (MFAET) which is now mapped with the Medical Dictionary of Regulatory
Activities (MedDRA) [89,92]. Other gaps in our knowledge include what the effect on the fetal heart rate is of intrauterine intra-
vascular administration of medication and how best to categorise fetal heart rate monitoring prior to the third trimester.

A neonatal adverse event severity scale has been developed to help researchers use a common approach when reporting AEs in
neonates after trial interventions [88]. Finally a gap in AE terminology for lactation and breast/chestfeeding has been filled by an
international group of experts, based on the generic Common Regulatory Criteria for Adverse Events (CTCAE) structure. Three new
definitions were developed and mapped to MedDRA (March 2023) to improve assessment of postpartum complications after fetal
therapeutic trials [93].

Often with rare diseases, recruitment needs to be multinational in order to reach sufficient patient numbers. This is challenging
from a practical perspective for parents, not least with language barriers, funding and the practicalities of travelling with an unwell
child. It is also challenging practically for trial organisers who will need to mitigate for differing standards of care and follow up
policies in different countries, and to form agreements with local sites to provide specific parts of care required for the clinical trial.
Insurance provision for advanced therapy trials in rare diseases, particularly prenatally, can often be difficult, with regulations country
dependent. Indeed for trials with multiple sites, obtaining insurance which can cover all sites can be a major stumbling block. Reg-
ulatory and ethical approval can also be challenging to obtain for prenatal trials, with requirements varying wildly even across
different European countries. Finally the costs of clinical trials for prenatal treatments for rare diseases are often significant and routes
to market are not well paved. Obtaining orphan disease designation can be very helpful in obtaining funding provision for trials in rare
diseases.

12. Summary

Four clinical trials of in utero therapies are currently in progress. For specified rare single gene diseases these therapies hold
promise for in utero correction of disease and improved postnatal outcome. However, the potential benefits must be carefully balanced
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against the risks to both mother and child and compared with the option of postnatal treatment. Current clinical trials will demonstrate
whether the benefits sufficiently outweigh the risks in order to justify introducing in utero administration as standard treatments and
will inform on appropriate monitoring strategies.

MCQs with answers and explanations

1) X-linked hypohidrotic ectodermal dysplasia (XLHED):
a. Is a rare developmental disorder of ectodermal derivatives including hair, sweat glands, and teeth
b. Is caused by a genetic deficiency of ectodysplasin A1 (EDA1).
c. Can only be diagnosed in utero by invasive molecular diagnostic techniques
d. Is currently being investigated in a phase 2 clinical trial in which serial intra-amniotic injections of Fc-EDA are given to affected
fetuses
e. Is treated equally successfully prenatally and postnatally

aTb.TcFdTeF

c. In families affected by XLHED, diagnosis can be made by ultrasound or magnetic resonance imaging findings of oligodontia and
mandibular hypoplasia.

e. There is a specific developmental window in which replacement of the missing protein results in appropriate sweat gland
development, and postnatal administration is not effective.

2) Alpha thalassaemia:
a. Is an autosomal dominant condition found mostly in people of Chinese and southeast Asian descent
b. Presents on ultrasound with findings of hydrops fetalis
c. Is always perinatally lethal
d. Is currently being investigated in a phase 1 clinical trial of in utero blood transfusion and HSC transplantation
e. Is amenable to treatment with postnatal bone marrow transplantation

a.Fb.TcFd.Te.T

a. Alpha thalassaemia is an autosomal recessive condition caused by deletion of the alpha globin genes. With a single gene deletion,
no abnormalities are detected. Two deleted genes result in alpha thalassaemia minor in which patients experience mild anaemia. Three
deleted genes, Haemoglobin H disease, result in a neonate which may appear well at birth but will go on to develop haemolytic
anaemia. When all four genes are deleted, known as alpha thalassaemia major, the fetus presents with severe hydrops and other
associated abnormalities.

c. Successful neonatal outcomes have been reported with serial in-utero blood transfusions, with survival to birth and subsequent
normal neurological outcomes. Definitive postnatal treatment can be achieved using stem cell transplantation.

3) Osteogenesis imperfecta:
a) Is always caused by mutations in the COL1A1 gene
b) Presents with in utero fractures, deformities and short long bones
¢) Postnatal bisphosphonate administration increases bone mass, decreases fracture rates and reduces pain
d) Is being investigated in a phase 1 clinical trial of prenatal and postnatal MSC administration
e) Is never perinatally lethal

a.F,b.T,c. F,d.T,e. F

a. OI'is most commonly caused by mutations in the COL1A1 and COL1A2 genes, but rarer types have been found and are caused by
other associated genes.

c. Bisphosphonates have only been shown to increase bone mass, with no improvement in fracture rates, pain or mobility.

e. Type II OI is perinatally lethal.

4) Stem cell transplantation:
a. The stem cells are classed as an advanced therapy medicinal product
. With haematopoietic stem cells can be administered to immune competent postnatal patients without prior myeloablation
. Is under investigation in a clinical trial as a prenatal treatment for alpha thalassaemia
. Is under investigation in a clinical trial as a prenatal treatment for osteogenesis imperfecta
. Is under investigation in a clinical trial as a prenatal treatment for XLHED

o an o
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a.T, b.F, c.T,d.T, e.F
b. Myeloablation is required for postnatal HSC transplantation and is associated with significant morbidity and mortality
e. A clinical trial is investigating prenatal intra amniotic injection of recombinant protein for XLHED.

5

-

Fetal gene therapy/gene editing:

a. Has already been applied in humans clinically

b. Does not have a risk of fetal germline gene transfer

c. Gene therapy or gene editing of autologous fetal stem cells may potentially provide a more targeted therapeutic approach than
systemic fetal gene therapy

d. Is designed to target genetic disorders that manifest as severe and life-threatening before birth.

e. Has no ethical concerns

a.F, b.F, c.T, d.T, e.F

b. Preclinical studies suggest that the germline may be transduced if gene therapy viral vectors are injected into the peritoneal
cavity or umbilical vein. Transduction of both male and female germline has been reported.

c. Correcting autologous fetal stem cells such as those present in the amniotic fluid has been tested as a therapeutical approach pre-
clinically. It may avoid the concerns about germline gene transfer/gene editing as the genetic correction of the fetal stem cells would
occur in the laboratory before transplantation into the fetus.

f. Ethical concerns about fetal gene therapy/gene editing include ensuring non-directive counselling and that patients have suf-
ficient time to make an informed decision about participation in a clinical trial; concerns about the intervention affecting fetal
development, maternal safety and the maternal and fetal germline. Nevertheless, if parents with fetuses affected by severe, life-
threatening congenital diseases are asked about whether they would participate in a clinical trial of a fetal gene therapy, many ex-
press positive support.
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Practice Points

e Improvement in ultrasound and genetic prenatal diagnosis technologies are permitting the testing of fetal genetic treatments
for severe life-threatening single gene disorders such as osteogenesis imperfecta, metabolic storage disorders and inherited
skin conditions in clinical trials.

e Currently there are as yet no clinically approved therapies and pregnant people with an affected fetus should be referred to
clinical trial sites to consider trial recruitment.

e New terminology to define and grade safety signals for the mother, fetus, neonatal and lactation are improving the assessment
of safety in clinical trials during pregnancy.

Research Agenda

e Improvements in prenatal diagnosis of single gene disorders using non-invasive prenatal diagnosis, whole exome and whole
genome sequencing.

e Assessment of the safety, and short and long-term efficacy for both mother and fetus/neonate of in utero protein/enzyme
replacement approaches to treat single gene disorders.

e Preclinical development and clinical translation of novel genomic strategies to prevent or to treat severe life-threatening
obstetric diseases such as preterm pre-eclampsia and/or severe early-onset fetal growth restriction.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.bpobgyn.2024.102542.
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