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Abstract

Advances in prenatal imaging, molecular diagnostic tools, and genetic screening have unlocked 

the possibility to treat congenital diseases in utero prior to the onset of clinical symptoms. While 

fetal surgery and in utero stem cell transplantation can be harnessed to treat specific structural 

birth defects and congenital hematological disorders, respectively, in utero gene therapy allows for 

phenotype correction of a wide range of genetic disorders within the womb. However, key 

challenges to realizing the broad potential of in utero gene therapy are biocompatibility and 

efficiency of intracellular delivery of transgenes. In this review, we outline the unique 

considerations to delivery of in utero gene therapy components and highlight advances in viral and 

non-viral delivery platforms that meet these challenges. We also discuss specialized delivery 

technologies for in utero gene editing and provide future directions to engineer novel delivery 

modalities for clinical translation of this promising therapeutic approach.
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1. In Utero Therapy: Clinical Relevance and Therapeutic Avenues

Congenital disorders are a set of structural or functional anomalies that originate during 

prenatal development and result in significant morbidity, mortality, and health care resource 

utilization. These conditions affect ~2% of live births and are the leading cause of infant 

mortality in the United States, accounting for approximately 20% of all infant deaths.1,2,3 

Globally, the World Health Organization estimates that 303,000 newborns perish prior to 

reaching 4 weeks of age as a result of congenital disorders or their associated complications.
4 Structural and functional birth defects impact patients throughout their lives, leading to 

debilitating disabilities, disproportionally high healthcare costs, psychological trauma, and 

diminished quality of life.5,6

The majority of congenital disorders originate at conception and are due to genetic 

abnormalities. While cytogenic abnormalities and copy number variants (CNVs) are 

responsible for many congenital disorders, single-gene defects are also significant 

contributors. To date, more than 3500 monogenic congenital diseases have been 

characterized.7 Prenatal diagnosis of congenital diseases, including monogenic disorders, 

has expanded exponentially in recent years with the advent of high-resolution 

ultrasonography, ultrafast fetal MRI, and high sensitivity, high-throughput genetic testing.8,9 

In particular, fetal whole exome sequencing (WES), coupled with image-guided ultrasound 

and digital PCR testing of cell-free DNA present in maternal blood, has emerged as a 

powerful diagnostic triad, unlocking the potential to diagnose and thus treat congenital 

disorders in utero prior to the onset of clinical symptoms.10

Scientific, clinical, and ethical considerations should be evaluated prior to prenatal treatment 

of genetic diseases.11 In brief, a strong correlation between genotype, phenotype, and 

clinical prognosis should exist before in utero therapy is considered. In addition, in utero 
therapy should be driven by the presence of a correctable anomaly, which, if untreated 

prenatally, would result in significant morbidity and/or mortality. Finally, there should be a 

favorable risk-to-benefit ratio for intervention, taking into account both maternal and fetal 

safety. If these clinical prerequisites are satisfied and diagnosis of congenital disease is 

confirmed, one of three in utero therapeutic avenues can be explored, as visualized in Figure 

1.

Open and minimally invasive fetal surgery for congenital anatomical malformations is a 

rapidly evolving field, born from the idea that irreversible end-organ damage resulting from 

a structural defect identified early in gestation can be alleviated by prenatal surgical 

correction.12 After nearly 40 years of translational small and large animal research studies 

and clinical practice, fetal surgery now exists as a viable and promising option for a select 

group of patients with anatomical malformations, including myelomeningocele (MMC), 

sacrococcygeal teratoma and congenital diaphragmatic hernia. The promise of fetal surgery 

for select patients is highlighted by the Management of Myelomeningocele Study (MOMS), 

a multi-institutional randomized control trial, which demonstrated improved outcomes 

following prenatal compared to postnatal repair in fetuses with a MMC in which specific 

maternal and fetal criteria were met.13 However, in utero surgical correction is highly 

invasive and poses risks to both mother and fetus, such as preterm delivery, 
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chorioamnionitis, chorioamniotic membrane separation, placental abruption, uterine rupture, 

and the potential need for all subsequent pregnancies to be delivered via caesarian delivery. 

Moreover, fetal surgery is intrinsically limited to the correction of congenital structural 

abnormalities and does not address traditional genetic diseases.14

In utero stem cell transplantation (IUSCT) is a less invasive approach for the treatment of 

congenital disorders that often result from a defect in a specific hematopoietic or 

mesenchymal cell type. IUSCT takes advantage of normal developmental properties of the 

fetus, including its small size and immunologic immaturity, to facilitate allogenic stem cell 

engraftment and reconstitution of pathologically afflicted cell types. Transplantation of stem 

cells in utero circumvents typical immune barriers of postnatal bone marrow transplant via 

induction of donor-specific tolerance and avoids the toxic complications of myeloablative 

conditioning.15 In utero hematopoietic cell transplantation has been successful in the 

treatment of fetuses with X-linked severe combined immunodeficiency (SCID), but, up till 

now, has had minimal success in other hematologic disorders in which a selective donor cell 

engraftment advantage does not exist.16 More recently, the Boost Brittle Bones Before Birth 

(BOOSTB4) trial (NCT03706482) has sought to treat osteogenesis imperfecta with in utero 
mesenchymal stem cells, following promising preclinical and initial clinical cases, although 

data collection is still ongoing.17

In utero gene therapy offers the promise of a minimally invasive and broadly generalizable 

treatment for genetic disorders at their root causes. By transferring a functional exogenous 

copy of a gene to compensate for the dysfunction of a pathologic variant, in utero gene 

therapy aims to achieve sustained phenotype correction prior to the onset of disease 

pathogenesis. Building on this treatment modality, novel in utero gene editing technology 

presents an opportunity to therapeutically correct monogenic disorders.18 While the 

potential benefits of in utero gene therapy and gene editing are tremendous, efficient and 

long-term delivery of gene products to target locations in the body pose major challenges to 

clinical translation.19–21

In this review, we outline the unique advantages to and considerations for the delivery of 

gene therapy components in utero and highlight advancements in viral and non-viral delivery 

platforms that could be utilized to achieve fetal gene transfer. We also discuss specialized 

delivery technologies for in utero gene editing and provide future directions to engineer 

novel, non-viral delivery modalities to clinically translate this therapeutic approach.

2. Considerations for Delivery of In Utero Gene Therapy

2.1: Advantages of In Utero Gene Therapy

The delivery of genetic material to target cells in a developing fetus has several physiologic 

advantages, as depicted in Figure 2. The small size of the fetus (~100 g at 14-16 weeks) 

compared to a postnatal recipient (e.g. ~3.5 kg newborn, ~60 kg adult) maximizes delivery 

vector titer per weight of recipient, which facilitates efficient gene transduction.22 In 

addition, small recipient weight minimizes large-scale manufacturing constraints of delivery 

vectors.18
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The immunologic immaturity of the fetus allows for introduction of antigens (e.g. vector 

materials, transgenes) without a limiting immune response and with the induction of 

antigen-specific immune tolerance.23 This advantage is demonstrated in a study by Chan et 

al., who utilized viral vectors to achieve curative levels of human factor IX in a fetal 

macaque model of Hemophilia B, while demonstrating a high degree of immune tolerance 

and no long-term adverse effects of vector or transgene expression after four years.24 For 

target diseases that require serial doses of therapeutic vector, tolerance to gene therapy 

components is also favorable, since it avoids diminishing returns due to a gradual immune 

blockade. In contrast, multiple animal and clinical studies have described the presence of 

serum anti-vector antibodies and immune cells in recipients treated with postnatal gene 

therapy.25 Of particular note, Charlesworth et al. identified a high prevalence of anti-SaCas9 

and anti-SpCas9 antibodies and Cas9 specific T cells in adult serum, which may preclude 

postnatal gene editing with CRISPR-Cas9 systems.26

The fetus also has a highly accessible and abundant population of stem and/or progenitor 

cells, which are ideal targets for long-term therapeutic genetic correction given their 

enhanced potential for expansion with propagation of the genetic correction, migration, and 

distribution in the fetal microenvironment.27 These highly proliferative cell populations have 

been effectively targeted in several animal studies. For instance, Porada et al. demonstrated 

successful modification of hematopoietic cells and long-term transgene expression following 

direct injection of a retroviral vector in utero.28 Kim et al. delivered MsrB3, a key gene 

associated with auditory function, to inner ear otocysts in MsrB3−/− knockout mice with 

congenital hearing loss at embryonic day 12.5 and observed hearing recovery at postnatal 

day 28.29 Similarly, Ito et al. targeted neural stem cells via a vector expressing the PQBP1 

gene to rescue a mouse model of microcephaly.30 In fetal sheep, Tran et al. displayed 

transgene expression 40 months post-injection after targeting hematopoietic stem cells in 
utero.31 In adults, the vast majority of stem cells undergo quiescence, reducing both the 

efficiency and longevity of postnatal gene transfer in target tissues.32

The unique anatomy that supports the developing fetus during pregnancy may assist in 

delivery of transgenes to specific tissues via various routes of administration. Direct access 

to fetal circulation has been safely established via ultrasound-guided puncture of the 

umbilical vein in the late second trimester or even direct intracardiac injections earlier in 

gestation.21 Due to fetal vascular shunting via the ductus venosus, umbilical vein injections 

not only target the fetal liver but also provide the potential for a more robust systemic 

delivery approach.33,34 Importantly, during development, the liver also functions as a major 

site of fetal hematopoiesis and thus prenatal hepatic targeting provides a potential route for 

in vivo targeting of hematopoietic stem cells.35 An alternative route of administration to a 

different set of tissues involves injection into the amniotic fluid. While intra-amniotic 

delivery takes advantage of fetal breathing and swallowing mechanisms to target the 

developing lungs and GI tract respectively, this method is limited by dilution of vector 

concentration in the large volume of amniotic fluid.21 In large animals and clinical 

applications, direct fetal intratracheal injections provides an option to bypass this potential 

limitation. The routes of administration for in utero gene therapy detailed above, along with 

other, less common modes of delivery, have distinct advantages and disadvantages in the 

fetus, as outlined in Table 1.
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Fetal permeability of the blood-brain barrier (BBB) permits potential treatment of central 

nervous system (CNS) disorders with gene therapy via systemic delivery, which is a difficult 

endeavor postnatally. Mattar et al. showed expression of green fluorescent protein (GFP) up 

to 14 weeks after birth in the majority of neurons transduced intravascularly with gene 

therapy; although, diminished response was observed in astrocytes and the peripheral 

nervous system.44 Systemic delivery across the BBB is particularly advantageous in the 

treatment of neurodegenerative disease. Massaro et al. rescued lethal neurodegeneration in a 

knockout mouse model of Gaucher disease via in utero systemic delivery of a vector with 

reconstituted neuronal glucocerebrosidase expression.45 Thus, fetal gene delivery could 

allow early enough correction to prevent irreversible pathological changes in the brain.

2.2: Considerations for Fetal Delivery of Gene Therapy

As shown in Figure 3, there are several unique considerations for the delivery of gene 

therapy in utero, which can be explored by following the therapeutic course of a gene 

transfer vector. The vector must first enter the fetal circulation in a manner that is non-

disruptive to both the mother and the fetus. Given the importance of ensuring maternal 

safety during in utero gene therapy, fetal gene delivery platforms must also achieve a 

delicate balance of transduction between its two recipients, maximizing transfer to the fetus 

and minimizing transfer to the mother. Of particular note, the potential for transplacental 

trafficking of viral vectors has been disputed in the literature, highlighting the need for 

further studies to explore this phenomenon prior to clinical translation.24,46

Once in fetal circulation, gene therapy vectors must reach their designated target tissue(s). 

This is complicated by the close physical proximity of developing embryologic tissues and 

the sensitivity of progenitor cells to incremental changes in their environment. The current 

repertoire of delivery platforms for fetal gene transfer has a relatively broad biodistribution, 

evidenced by the results of multiple studies that aimed to transduce a specific population of 

cells but reported widespread, albeit lower levels, of transduction in other tissues.34,47 To 

avoid unintended disruption to other tissues, delivery of the gene therapy vector should be 

tightly regulated. Moreover, expression of a transgene at an inappropriate place or time 

within the fetal environment could have particularly deleterious consequences (e.g. 

carcinogenesis, germline modification), although this has been described in only a few 

studies.48–50 Nevertheless, these findings motivate the development of highly specific 

delivery platforms for fetal gene transfer, along with tissue or cell-type specific promoters to 

control the expression of transgenes.

The delivery vector must then be successfully taken up by the target fetal tissue, which is 

mediated by ligand-cell surface receptor interactions and subsequently endosomal processes. 

In the fetal environment, the distribution of cell membrane molecules, receptors, and tissue 

factors is in constant flux, given the dynamic nature of neonatal ontology. Moreover, the 

internal body temperature of the human fetus has been observed to be 0.2°C higher than that 

of the mother, which may contribute to the alteration of the membrane state.51 Endosomal 

internalization, transport, and uncoating are all pH dependent processes. Given the pH 

sensitivity of both the endosome and the delivery vectors themselves, the marginally lower 
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pH of the fetus (7.25-7.35) in comparison to a human adult (7.35-7.45) may pose a barrier to 

maximal gene transfer.52

Following transport into the nucleus, the vector genome must persist within the fetal cell to 

achieve therapeutic efficacy for a gene therapy. Depending on the choice of vector, the gene 

product can exist as an episome, an active exogenous DNA molecule lost during cell 

division, or can integrate into the host chromosome and persist in daughter cells. Most 

conventional gene therapies utilize episomal vectors, since they can persist long-term if 

delivered to relatively quiescent tissues.53 However, given the highly proliferative nature of 

fetal cells, these vectors may be disadvantaged by rapid turnover of cells. While insertional 

vectors may last longer in target progenitor cells, they have the potential to activate or 

disrupt nearby genes via insertional mutagenesis.19 Although this is not well elucidated in 

the literature for prenatal delivery applications, one study has reported a high incidence of 

hepatocellular carcinoma in mice after in utero gene therapy.54 Thus, delivery vectors for in 
utero gene therapy must be optimized to maximize gene persistence and minimize risk of 

downstream complications. In contrast, episomal vectors are actually preferable vehicles for 

in utero gene editing, given the heightened risk of insertional vector integration into cut 

sites.

To achieve lifelong expression, the vector genome must sustain transcriptional expression in 

light of epigenetic modifications. Especially prominent in neonatal ontology, dynamic 

regulation of the epigenome underlies cellular plasticity and provides a response to 

developmental cues.55 Epigenetic programming has been observed in the transitions 

between different states of embryonic stem cells and during lineage differentiation of tissue-

resident stem cells.56 Given this, there may be an enhanced likelihood of epigenetic 

modification to the vector genome in fetal tissues, along with indirect modulation of 

neighboring epigenetic signatures. While the interaction between the fetal epigenome and 

gene therapy has not been well characterized, studies of metabolic syndrome have 

implicated in utero epigenetic programming in disease pathogenesis.57

A final consideration for gene transfer delivery vehicles is their clearance from the body. A 

study of fetal morphine uptake in late gestation demonstrated that the fetus has an elevated 

intrinsic metabolic clearance for this substance.58 If this result holds true for gene therapy 

delivery vehicles, which is especially likely for non-viral vectors, the highly active clearance 

machinery in the fetal liver and bloodstream could decrease the potential for cellular uptake 

of a transgene and increase required therapeutic dosage. However, it should be 

acknowledged that no sophisticated pharmacokinetic studies have been conducted in utero 
with gene therapy delivery vehicles.

3. Viral Delivery Platforms for In Utero Gene Therapy

Therapeutic transgenes are unable to directly pass through the cell membrane because of 

their large size and negative charge.59 As such, transgenes are introduced via delivery 

vectors. The vast majority of gene therapies utilize viral delivery platforms, given their 

naturally high efficiency of gene transduction to eukaryotic cells, developed over the course 

of evolution.60–62 In fact, 70% of ongoing gene therapy clinical trials worldwide are using a 
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viral vector.63 While the spectrum of viral vectors is very broad, there are four major classes 

of viral gene therapy methods: retroviruses, lentiviruses, adenoviruses, and adeno-associated 

viruses.

3.1: Retroviruses

Retroviruses are a class of enveloped, single-stranded RNA viruses, which retrotranscribe 

their genome to DNA via reverse transcriptase.64 Simple retroviruses, such as the murine 

leukemia virus (MLV), were once thought to be ideal vectors for gene therapy, since they 

integrate into the genome and provide long-term stable expression of a large transgene in 

transduced cells and their progeny.53 Retroviruses also display minimal immunogenicity due 

to low viral reproduction and a predilection for immune evasion.65 Since the retrotranscribed 

genome of simple retroviruses is unable to pass the nuclear membrane, integration only 

occurs during mitosis, limiting viral transduction to dividing tissues.59 This characteristic of 

simple retroviruses is decidedly advantageous in the fetus due to the proliferative nature of 

constituent cell populations.

In the early 2000s, several in utero studies in animal models, including sheep and non-

human primates, demonstrated successful transduction of fetal progenitor cells and 

amelioration of clinical phenotype with retroviral-based gene therapy.31,66 However, work 

was stymied following the results of the first gene therapy trial in children with X-linked 

severe combined immunodeficiency (X-SCID), which showed the oncogenicity of retroviral 

vectors that undergo insertional mutagenesis at gene regulatory sites.67 To reduce the 

genotoxicity of retroviral vectors, researchers have generated self-inactivating (SIN) vectors 

that lack enhancer or promoter regions of the long terminal repeat (LTR), decreasing the 

potential for insertional mutagenesis through transcriptional inactivation.68 Although SIN-

MLV vectors have been shown to possess reduced transduction capability, their integration 

profile is shifted to disfavor cell growth genes, transcription start sites, and epigenetically-

defined promoters.69 These vectors are currently being tested in clinical trials for SCID, and 

further studies are necessary to determine the suitability of simple retroviruses for fetal 

applications.70 As discussed in the next section, viral gene therapy within this family of 

vectors has moved towards the use and optimization of lentiviruses.

3.2: Lentiviruses

Lentiviruses are a subclass of retroviruses that are primarily distinguished by their ability to 

transduce both dividing and non-dividing cells, since they encode proteins required to permit 

nuclear localization of viral DNA.53 In addition, engineered complex lentiviruses, such as 

those constructed from a human immunodeficiency virus (HIV), are self-inactivating due a 

deletion of the LTR, which limits their genotoxicity.71 Taken together, these qualities make 

lentiviruses useful for gene therapy in adults, who have relatively quiescent tissues. Indeed, 

third-generation, self-inactivating lentiviral vectors have recently been used in multiple 

clinical trials to correct immunodeficiencies and hemoglobinopathies in vivo without 

adverse events.72 Lentiviruses have also been used to successfully facilitate ex-vivo gene 

therapy of autologous stem cells, although it is unlikely that such a procedure could be 

adapted in utero due to the inability to safely obtain adequate numbers of an autologous cell 

source.73
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The safety and efficacy of in utero gene delivery using lentiviral vectors in multiple animal 

models has been well characterized.74–77 Recently, Shangaris et al. injected a humanized 

mouse model of β-thalassemia with a β globin-expressing lentiviral vector in utero and 

noted postnatal normalization of blood hemoglobin levels.36 While this result demonstrates 

the applicability of lentiviral vectors for fetal applications, the researchers found unintended 

integration sites, including the Peg12 gene, which is associated with tumorigenesis. In this 

study, animals were sacrificed 32 weeks after birth at which time no carcinoma was 

observed. Thus, while lentiviral vectors appear to hold promise for in utero gene therapy, 

further research into tissue-restricted promoters, enhanced efficiency, and overall safety is 

necessary prior to their usage in fetuses.72,78

3.3: Adenoviruses

Adenoviruses are large, nonenveloped viruses with icosahedral nucleocapsids and double-

stranded DNA genomes.53 The vector genome of adenoviruses remains episomal unlike in 

integrating viruses.71 Without rapid turnover of cells, adenovirus gene constructs are able to 

endure long-term and sustain gene expression, making these viruses particularly useful in 

adult gene therapy. In fact, adenoviruses are the most frequently used vectors in adult 

clinical trials.79 However, rapid cell division in the fetus may make an adenovirus less 

desirable for gene therapy applications in which episomal persistence of the therapeutic 

transgene is required.21

The high immunogenicity of adenoviruses is another significant concern.37,47 While less 

toxic and less inflammatory third-generation, helper-dependent adenoviral vectors have been 

constructed, these delivery platforms still prompt an immediate innate immune response and 

a secondary antigen-dependent response.80 Thus, the clinical translation of adenoviruses for 

in utero applications may be limited, although it should be noted that the relatively immuno-

naïve fetus may be able to better tolerate adenoviral antigens. Certainly, the large packing 

capacity and high gene transduction efficiency of adenoviruses make these delivery vectors 

strong candidates for proof-of-principle in utero studies in animal models.

3.4: Adeno-associated viruses (AAVs)

AAVs are single-stranded, episomal DNA viruses that can transduce both dividing and 

quiescent cells.81 AAVs are easily pseudotyped with 13 serotypes currently identified, each 

of which uses a different receptor repertoire on host cell surfaces for infection.53 

Consequently, AAVs can be used to transduce specific sets of cells or tissue types. In 

comparison to adenoviruses, AAVs are non-pathogenic and are less immunogenic.82 As 

such, AAVs have been used in landmark adult gene therapy clinical trials for hemophilia A 

and B, and in utero therapy for these disorders has been shown to be promising in non-

human primates.24,83,84 However, AAVs have a small packaging capacity of ~4 kb, which 

restricts the pool of transgenes that can be carried.85

Both the safety and long-term efficacy of AAVs have been well characterized in a number of 

in utero studies across target organs. For instance, an AAV-mediated in utero gene therapy 

was used to rescue a mouse model of acute neuronopathic Gaucher disease.86 In a macaque 

model, in utero transfer of AAVs expressing factor IX produced long-term gene expression 
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without toxicity.24 The use of AAVs versus other viral vectors for in utero gene therapy has 

also been directly compared. In a mouse model, Joyeux et al. found that lung cells 

transduced with an AAV2/9 vector expressing GFP in utero had expression for up to 6 

months, while lentiviral-mediated gene transfer resulted in no observed GFP expression.87 

While these results are promising for clinical translation in utero, the potential for AAV 

integration in the fetal environment needs to be fully evaluated to ensure adequate safety.

4. Non-Viral Delivery Platforms for In Utero Gene Therapy

The underlying mutagenicity and immunogenicity of viruses are barriers to their use in 

postnatal gene therapy.63 Consequently, non-viral vectors have emerged as safer alternatives.
88–90 Some of the potential benefits of postnatal non-viral gene therapy approaches are also 

highly applicable to in utero applications, making these delivery platforms useful for gene 

therapy and gene editing before birth. There are four large classes of non-viral gene delivery 

platforms: physical methods, inorganic nanoparticles, polymer-based nanoparticles, and 

lipid-based nanoparticles.

4.1: Physical Methods

A naked nucleic acid injection into local tissues or the systemic circulation without a carrier 

is the simplest fetal delivery platform. However, due to rapid degradation by endonucleases 

and clearance by the mononuclear phagocyte system, transfection efficacy is limited.91 

Consequently, research has shifted toward a number of physical manipulations to improve 

the efficiency of gene delivery.92 For instance, electroporation introduces nucleic acids into 

cells via an electric field that causes transient destabilization of the cell membrane.93 New 

electroporation technologies, which could be adapted for in utero brain applications, deliver 

large transgenes rapidly with high protein expression and very little cellular toxicity.94 

While this approach works well for solid tissues, delivery to the vast majority of soft organs 

is currently not possible and thus approach is not currently clinically relevant.95

Despite this limitation, in utero electroporation may be used in the delivery of transgenes to 

specific cell populations in the central nervous system. Tabata and Nakajima report gene 

expression of GFP in more than 80% of newborn mice after fetal electroporation.96 Similar 

work has shown transfection of other brain structures, including the hippocampus and the 

frontal cortex.97,98 The ability of this technique to specifically target progenitor neurons is a 

major advantage in comparison to other methods, which require cell-specific targeting 

factors. Extending the scope of this procedure, Takeda et al. utilized electroporation-

mediated gene transfer in utero to partially rescue hearing and vestibular function in mice.99 

However, large animal studies have not yet been performed, risk of electric shock to the 

fetus is ethically challenging, and low-level release of immune system-inducing cytokines 

has been reported.95

4.2: Inorganic Nanoparticles

Inorganic nanoparticles are well-suited for gene delivery due to their biocompatibility and 

unique physical and chemical properties.100,101 In particular, gold nanoparticles (AuNPs) 

are highly modular, have strong surface plasmon resonance, and are easily functionalized.102 

Palanki et al. Page 9

Adv Drug Deliv Rev. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Owing to their high payload, low toxicity, efficient uptake, and fast endosomal escape, 

AuNPs are increasingly being employed for adult gene therapy purposes in vitro and in vivo.
103,104

For instance, Conde et al. developed DNA-complexed AuNPs that induced RNA 

interference against the C-MYC proto-oncogene in a mouse model.105 Moreover, 

dendrimer-entrapped gold nanoparticles (Au DENPs) complexed with HIC1 gene were 

shown to inhibit cancer cell migration and metastasis in vitro.106 Recent work has 

demonstrated the ability of a gold nanocarrier platform to deliver gene editing technology in 
vivo, as described in the subsequent section.107 However, to date, no gene therapy 

experimentation has been conducted in utero with these delivery vehicles.

4.3: Polymer-based Nanoparticles

Biodegradable polymers and their copolymers are co-blocked with poly(ethylene glycol) 

(PEG) to form polymer-based nanoparticles (PNPs) that encapsulate and transport nucleic 

acids.63 PNPs have great chemical diversity and are easily functionalized, priming them to 

be conjugated with basic chemistry to target specific cells.108 Nonetheless, common PNPs, 

like polyethyleneimine (PEI) and poly-L-lysine (PLL), are cytotoxic, limiting their 

application to the fetus.109

Recently, safer biodegradable polymers have been developed and tested. For instance, 

poly(b-amino esters) (PBAEs) are degradable poly-cations with demonstrated potential as 

delivery platforms for nucleic acids both in vitro and in vivo.110–113 Hyperbranched PBAEs 

have also been synthesized, which enable the nanoformulation of stable and concentrated 

mRNA polyplexes suitable for inhalation.114 These PNPs may be promising candidates for 

fetal delivery, although further animal studies are required to characterize their safety and 

efficacy. The potential use of PNPs for in utero gene editing is also being explored with 

poly(lactic-co-glycolic acid) (PLGA) nanoparticles, as detailed in the subsequent section.34

4.4: Lipid-based Nanoparticles

Lipid nanoparticles (LNPs) are self-assembled nanostructures with the ability to encapsulate 

and deliver nucleic acids.115 LNPs possess incredible modularity, are minimally 

immunogenic, and have high carrying capacity, which permits large nucleic acids and 

protein delivery.63 Moreover, like non-integrating viral vectors and other nonviral delivery 

systems, LNPs enable transgene expression without risk of insertional mutagenesis or 

germline transmission.116,117 In adult animal models, studies have exhibited safe LNP-

assisted delivery of nucleic acids for cancer therapy.118–122 However, LNPs have low 

transfection efficacy owing to poor stability and rapid clearance.63

LNPs may have enhanced delivery efficacy in utero due to the distinct plasma lipoprotein 

profile of fetal blood, which is skewed towards high-density lipoprotein that contains a high 

proportion of apolipoprotein E (apoE).123 Given that apoE is the principal endogenous 

targeting ligand for LNPs, this delivery modality may overcome transfection limitations 

observed in adults.124 Strong biosafety also makes LNPs exciting candidates for fetal 

applications, although no studies have utilized these vehicles to deliver gene therapy in 
utero. In postnatal studies, it has been observed that LNPs tend to accumulate in the liver, 
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which could be intrinsically beneficial for a wide range of congenital metabolic and 

hematopoietic disorders. For extrahepatic fetal applications, this accumulation in the liver 

could be a limitation, although a liposome designed to transiently occupy liver cells may 

allow for broader systemic delivery.125 The targeting specificity of LNPs may also be 

improved by the addition of chemical moieties, including cell adhesion molecules, 

antibodies, or tissue factors.126 LNPs are at the cutting-edge of biomaterial research, and 

their full potential for both gene delivery and gene editing applications has yet to be 

elucidated.

5. Delivery Platforms for In Utero Gene Editing: Progress and Prospect

The type II microbial clustered, regularly interspaced, palindromic repeats (CRISPR)-

associated (Cas) system has been engineered into a powerful genome editing tool consisting 

of the Cas9 nuclease and a single guide RNA (sgRNA).127,128 Cas9 targets regions of the 

genome complementary to the sgRNA and generates double-stranded DNA breaks, allowing 

cellular DNA machinery to repair them via nonhomologous end-joining (NHEJ) or 

homology-directed repair (HDR). Since the sgRNA sequence can be engineered to target 

virtually any site in the genome with some sequence limitations, this system is distinguished 

by its incredible specificity and versatility.128 Importantly, CRISPR-Cas9 has made 

therapeutic editing of the genome a possibility and facilitated the development of new, more 

sophisticated technologies.129 For instance, base editing is a novel genome editing approach 

that uses components from CRISPR-Cas9 systems along with other enzymes to directly 

generate point mutations into cellular DNA without creating double-stranded DNA breaks, 

thereby reducing the potential for indels, translocations, and genomic rearrangements.130 

The in vivo therapeutic potential of genome editing technology has been demonstrated for a 

broad spectrum of diseases in preclinical models, including Leber congenital amaurosis type 

10 and Hutchinson-Gilford progeria syndrome.131,132

To maximize its potential, genome editing technology must be specifically and efficiently 

delivered within the body.133 Alongside conventional challenges for gene delivery, transport 

of genome editing technology is complicated by the large size and charge of its components.
134 Furthermore, for fetal applications, targeted delivery of gene editing technology is 

paramount, as the consequences of off-target effects are potentially more consequential than 

in ex vivo or postnatal gene editing. However, if the system is safely delivered, genome 

editing technology holds tremendous potential to remove or correct pathogenic mutations 

early in development prior to the onset of irreversible pathology, especially given the highly 

proliferative nature of fetal cells and the ability to harness the relatively error-free HDR 

pathway. Several platforms have been developed to deliver genome editing technology in 
utero, as described below.

5.1: Current Delivery Platforms for In Utero Gene Editing

For proof-of-principle experiments, researchers have turned to adenoviral vectors for 

delivery of genome editing technology due to their larger carrying capacity and efficient 

transduction of multiple cell types. Specifically, Rossidis et al. utilized an adenoviral vector 

to deliver base editor 3, an SpCas9-based cytosine base editor, in utero to precisely introduce 
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a nonsense mutation in the Hpd gene of a hereditary tyrosinemia type 1 mouse model and 

rescue its neonatal lethal phenotype. This study was one of the first to demonstrate the 

feasibility of CRISPR-mediated in utero gene editing.47 Similarly, Alapati et al. used an 

adenoviral delivery approach to excise the mutant SftpcI73T gene via CRISPR-mediated 

NHEJ in gestational day 16 fetuses in the mouse model of surfactant protein C deficiency, 

rescuing its neonatal lethal phenotype in a subset of mice.37 However, both studies 

acknowledge the immunogenicity of adenovirus vectors and their limitations for clinical 

translation, while pointing towards AAV and novel non-viral delivery platforms as potential 

replacements.

Multiple studies in neonatal and adult mouse models have demonstrated the feasibility of 

delivering Cas9 and gene editing technology for in vivo editing via AAVs, highlighting their 

potential as a prenatal delivery approach. Given the limited packaging capacity of AAVs, 

Nelson et al. used a dual-AAV approach to deliver Cas9 and two sgRNAs, designed to excise 

exon 23 from the DMD gene, in the neonatal Duchenne muscular dystrophy (DMD) mouse 

model.135 They showed successful genome editing and dystrophin protein restoration for 1 

year after a single intravenous administration of the AAVs. Given that genome editing 

technology induces novel DNA breaks, the risk of AAV genotoxicity is heightened.136 

Indeed, researchers in the aforementioned study detected several AAV genome integrations. 

Furthermore, the requisite multi-virus approach due to the low packaging capacity of AAV 

also has the potential for lower gene editing efficiency.

Given their large carrying capacity and low immunogenicity, non-viral platforms have 

tremendous potential for the delivery of genome editing technology in vivo and more 

specifically in utero. Shinmyo et al. used electroporation to deliver Cas9 in utero in order to 

knock out the Satb2 gene from the mouse brain.137 Their technique is efficient but is likely 

limited for human applications given the high voltage that must be applied. A clinically 

translatable recent innovation is CRISPR-Gold, a gold nanoparticle conjugated with DNA 

and complexed with donor DNA, Cas9 ribonucleoprotein, and an endosomal disruptive 

polymer.107 In a mouse model, CRISPR-Gold was shown to lower mGluR5 levels in the 

striatum and prevent exaggerated repetitive behaviors due to Fragile X syndrome.138

Nanoparticles are an alternative, generalizable delivery platform. Riccardi et al. exhibited in 
utero delivery of PLGA nanoparticles loaded with triplex-forming peptide nucleic acids and 

donor DNAs for complete postnatal amelioration of β-thalassemia in a humanized mouse 

model.34 This study noted a discernable phenotype improvement with gene editing 

frequency of ~6% in target cells. To produce higher gene editing frequencies, which may be 

required clinically, the investigators suggest the delivery of multiple treatments, which is 

made possible by the reported low toxicity of each dose. PBAEs have also recently been 

shown to efficiently co-deliver DNA plasmids encoding Cas9 and sgRNA in utero.139 It 

remains to be seen if this technology could be successful in utero. To date, there are no 

reported in utero gene editing studies that utilized LNPs. However, given their modularity, 

LNPs are potentially strong candidates to deliver therapeutic gene editing technology to the 

fetus.
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5.2: Optimizing LNPs for In Utero Gene Editing

Studies in adult mice and non-human primates have reported successful LNP-mediated 

delivery of mRNA.121,140,141 A dual-delivery approach with LNP-mediated delivery of Cas9 

mRNA and AAV-mediated delivery of sgRNA was applied to repair a Fah-splice mutation in 

a mouse model of hereditary tyrosinemia type 1.142 Recently, LNPs were shown to deliver 

both Cas9 mRNA and sgRNA to adult mice and rats to edit the Ttr gene and result in knock 

down of transthyretin serum protein to levels that would be therapeutically beneficial in 

amyloidosis.143 While these studies demonstrate that LNPs have the potential to deliver 

gene editing components, they highlight the need to improve on cell transfection and gene 

editing efficacy. In Figure 4, we outline a component-directed rationale for low LNP gene 

transfer and discuss optimization strategies to overcome these pitfalls.

Conventionally, LNPs are formulated with four components: ionizable lipids, phospholipids, 

cholesterol, and polyethylene glycol (PEG)-lipid conjugates. Ionizable lipids are responsible 

for LNP cellular uptake via endocytosis.144 However, the limited capacity of LNPs to 

undergo endosomal escape diminishes their transfection efficacy, since only a small fraction 

(<2%) of their nucleic acid cargo is able to reach the cytoplasm.145 In recent work, our 

group screened a library of 24 ionizable lipids for delivery potential, optimized the top 

performer for transfection of primary T cells, and encapsulated chimeric antigen receptor 

(CAR) mRNA to generate functional CAR-T cells.146 A similar systematic methodology 

could be used to facilitate Cas9 mRNA endosomal escape in order to enhance delivery to a 

user-defined subset of fetal progenitor cells. At a cellular level, the interaction between 

ionizable lipids and the endosome is beginning to be understood. Maugeri et al. have posited 

that a neutrally charged 1:1 molar ratio between ionizable lipid and mRNA could facilitate 

an alternative extracellular vesicle pathway to improve endosomal escape and enhance 

cellular transfection.147

Phospholipids provide aid in endosomal escape and provide structure to the LNP bilayer.148 

There are a variety of phospholipids used for LNP synthesis, each with its own 

encapsulation efficiency. While higher encapsulation efficiency may be beneficial during 

LNP production, it is a hindrance to release of mRNA into the cytosol and inhibits the onset 

of translation. These competing effects are captured in work by Kauffman et al., who 

reported that LNP formulations that utilized DSPC (36% encapsulation efficiency) instead of 

DOPE (51% encapsulation efficiency) have significantly higher transfection efficiency in 
vivo.149 Inclusion of phosphocholine-containing phospholipids and minimization of the 

scaffold length difference between phospholipids and ionizable lipids appear to improve 

LNP delivery potency. Such an optimization strategy may facilitate transfer of gene editing 

components in utero.150

Cholesterol enhances LNP stability and promotes membrane fusion. Recently, Patel et al. 

showed that incorporating cholesterol analogs, such as β-sitosterol, into LNPs can improve 

their nucleic acid delivery by facilitating alternative endosomal escape pathways.151 

Structural analysis of these enhanced LNPs (eLNPs) revealed that they had a polyhedral 

surface morphology, instead of spherical, which may facilitate fusion with cellular 

membranes. Moreover, eLNPs were hypothesized to modulate the activity of cholesterol 

trafficking machinery, reducing eLNP efflux into the extracellular space, improving 
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intracellular availability, and increasing delivery. Optimization of LNPs with naturally 

occurring materials, especially those with potential health benefits like β-sitosterol, is 

favorable for fetal applications.

PEG-lipid conjugates coat LNPs to reduce LNP aggregation, improve stability, and increase 

circulation time via reduced particle uptake by the mononuclear phagocyte system.152 

However, a limitation of PEGylated delivery systems is the induction of accelerated blood 

clearance (ABC), a phenomenon of immune activation and rapid clearance upon repeated 

administration that results in massive accumulation of LNPs in the liver.153 Minimizing 

ABC would be beneficial since, despite improvements to transfection efficiency, LNP-

mediated treatments to the fetus may have to be repeated for long-term therapeutic effect. 

Moreover, ABC is presumably counterproductive to LNP targeting to extrahepatic fetal 

tissues. PEG-lipid derivatives with varying pharmacokinetic profiles have been synthesized 

to meet this challenge. For example, increasing PEG molecular weight alleviated production 

of anti-PEG IGM and reduced the ABC phenomenon but lowered circulation times.154 As 

seen in this study, PEG modulation may result in a direct conflict between desirable and 

undesirable properties in LNPs.

Recent studies have motivated the addition of a fifth component to the standard LNP 

formulation to optimize targeting specificity and increase transfection efficiency to a 

selected tissue. Supplementation of a well-known quaternary amino lipid, DOTAP, during 

LNP synthesis altered the in vivo RNA delivery profile and mediated tissue-specific gene 

delivery as a function of the percentage of added DOTAP.155 The investigators hypothesized 

that this novel selective organ targeting (SORT) strategy may be due to a change in LNP pKa 

and surrounding protein corona. While further work is required to fully characterize this 

technology, these findings clearly demonstrate that the optimal solution to deliver in utero 
gene editing components may require more sophisticated LNP engineering than the current 

four-factor methodology.

6. Conclusion

In utero therapies have the potential to cure monogenic disorders prior to birth. While fetal 

surgery and IUSCT have exciting clinical applications, they are limited in scope. In contrast, 

in utero gene therapy offers a minimally invasive solution to prevent pathogenesis of 

congenital genetic disease. The fetus is uniquely equipped to receive gene therapy, although 

there are several physiological barriers that challenge therapeutic delivery. Viral vectors have 

been developed to overcome these barriers, possessing strong gene transfer profiles but also 

potential genotoxicity. Given their success in clinical gene therapy trials for monogenic 

diseases, it is likely that viral vectors will be among the first delivery modalities to be used 

in utero. However, non-viral vectors are also promising and potentially safer candidates for 

fetal delivery, given several intrinsic advantages in comparison to viral vectors. With further 

optimization of their safety and transfection efficacy, non-viral vectors may allow in utero 
gene therapy to become a clinical reality.
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Figure 1 |. Therapeutic avenues for fetal therapy of congenital disease.
Prenatal diagnosis of congenital disease has been facilitated by the development and 

sophistication of fetal ultrasound, exome sequencing of fetal DNA, and molecular testing of 

maternal-fetal blood. Fetal surgery offers the opportunity to correct structural anomalies 

prior to birth after they are identified via fetal ultrasound and MRI. Combining fetal imaging 

with genetic testing allows for early diagnosis of congenital disease. In utero stem cell 

transplantation (IUSCT) may be used to treat congenital disorders that result from a defect 

in a specific hematopoietic or mesenchymal cell type. For monogenic disorders, in utero 
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gene therapy may be an effective tool to introduce physiologically deficient genes and even 

use editing to correct or remove disease-causing variants.
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Figure 2 |. Advantages of the fetus for delivery of gene therapeutics.
The fetus possesses several unique characteristics that make it well-suited to receive gene 

therapy: (1) Small size provides a significant dose advantage; (2) Highly accessible 

population of progenitor cells allows for long-term proliferation of transduced cells; (3) 

Tolerogenic immune system limits a robust immune response to exogenous genetic material 

and delivery vehicle; (4) Fetal shunts maximize bioavailability of transgenes in the systemic 

circulation; and (5) Permeable blood-brain barrier (BBB) permits treatment of postnatally 

inaccessible central nervous system disorders.
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Figure 3 |. Considerations for successful in utero delivery of gene therapeutics.
In utero gene therapies must be administered in a manner safe for both the mother and the 

fetus. Once inside the fetus, there is a potential for the delivery vehicle to disrupt the 

developmental processes of adjacent tissues, as well as to travel into the maternal blood 

stream via the placenta. At the cellular level, the delivery vehicle may also be sensitive to 

fetal pH or temperature variation, especially within the endosome. Once the encapsulated 

transgene is released and transported into the nucleus, there is potential for the transgene or 

delivery vehicle to modulate the function of nearby genes, for the transgene to be lost during 

rapid cellular division, or for the transgene to be silenced during fetal epigenetic 

reprogramming. Finally, clearance of gene transfer vectors may be hastened in the fetal 

environment.
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Figure 4 |. Optimization strategies for enhanced LNP gene transfection.
LNPs are synthesized from four components: ionizable lipids, phospholipids, cholesterol, 

and PEG-lipids. These combine to form liposome-like nanocarriers that encapsulate nucleic 

acids. While each of these components contributes to the overall functionality of the LNP, 

they have distinct drawbacks that may limit gene transfection of genome editing systems in 
utero. To improve the efficiency of gene transfer, an array of modified components has been 

proposed, as described in the text and summarized above. Additionally, a targeting molecule 

can be added to LNPs in order to improve the targeting specificity of gene delivery.
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Table 1 |

Routes of Administration for In Utero Gene Therapy

Routes of Administration Advantages Disadvantages Reference

Intra-venous Vast biodistribution, established clinical 
procedure Lack of specificity 28, 30

Intra-amniotic High transduction to tissues bathed by amniotic 
fluid (e.g. skin, GI tract, lungs)

Limited set of transfectable tissues, high 
therapeutic dosage due to dilution

30, 31

Intra-tracheal High lung transduction Possibly high procedure risk 39

Intra-cardiac High tissue specificity, targeted delivery Possibly high procedure risk 40

Intra-muscular Ease of administration, established clinical 
procedure

Variable absorption rates and limited gene 
transfer efficacy

41

Intra-peritoneal Effective gene transfer Limited organ selectivity 31, 42

Intra-organ High organ specificity Possibly high procedure risk 43
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