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Abstract

Imagine the profits in quality of life that can be made by treating inherited diseases

early in life, maybe even before birth! Immense cost savings can also be made by

treating diseases promptly. Hence, prenatal stem cell therapy holds great promise for

developing new and early-stage treatment strategies for several diseases. Successful

prenatal stem cell therapy would represent a major step forward in the management

of patients with hematological, metabolic, or immunological disorders. However, treat-

ment before birth has several limitations, including ethical issues. In this review, we

summarize the past, the present, and the future of prenatal stem cell therapy, which

includes an overview of different stem cell types, preclinical studies, and clinical

attempts treating various diseases. We also discuss the current challenges and future

strategies for prenatal stem cell therapy and also new approaches, which may lead to

advancement in the management of patients with severe incurable diseases.
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1 | INTRODUCTION TO STEM CELL
THERAPY

Cell therapy is by definition the administration of living cells to

patients to replace or repair damaged or dysfunctional organs or tis-

sue. The cells can originate from the patients themselves (autologous)

or from human leukocyte antigen (HLA) matched or mis-matched

donors (allogeneic). The cells used for therapy can have different

potentiality (Table 1 and Figure 1), and can be unstimulated or in vitro

differentiated.1,2 The cells can be administered intravenously or

directly applied into the damaged organ or tissue. The main mecha-

nism of action for stem cell therapies is donor cell engraftment and

subsequent differentiation and replacement of damaged tissue or sec-

ondly, and more recently investigated, via trophic effects by secretion

of soluble factors such as cytokines, growth factors, or chemokines,

by the donor cell.

2 | POTENTIAL FOR PRENATAL STEM CELL
THERAPIES

Many congenital diseases manifest early and thus prenatal diagnosis is

often possible as early as 10-12 weeks of gestation. Our knowledge

about the natural history of prenatally diagnosed disorders is often

limited but at least in some cases it is known that damage continues

to develop as gestation advances. Hence, there is a rationale for treat-

ment to be initiated as early as possible, thereby ameliorating pathol-

ogy or even preventing it from occurring. An improved situation for

the fetus at birth might hypothetically benefit the transition from fetal

to neonatal life and thus improve perinatal survival. Even though a sin-

gle prenatal infusion may not be clinically sufficient for permanent

improvement, a prenatal treatment approach is still justifiable since

the immunological naïveté of the fetus may allow for the development

of immune tolerance toward the donor cells, rendering postnatal

booster treatments more efficient. Benefits of initiation of treatment
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of for example severe types of osteogenesis imperfecta (OI) during

fetal life compared to postnatally include reduced risk of additional

fractures and bowing of long bones before birth, improvement in

intrauterine growth, and earlier engraftment and hence increased

effect of the transplanted cells. Lastly, during fetal life there are better

physiological conditions for systemic distribution of the infused cells

because of the presence of circulatory shunts. When the donor cells

are administered into the umbilical vein of the fetus, the cells will

bypass the pulmonary circulation via two fetal shunts, the ductus arte-

riosus and the foramen ovale. This ensures that the donor cells go

directly into the systemic circulation and widely into the peripheral

organs. Administration of cells after birth is performed into a periph-

eral vein, with many cells becoming trapped in the microcirculation of

the lungs,3–7 resulting in fewer cells reaching the systemic circulation.

Other benefits of prenatal treatment include a better psychosocial sit-

uation for the mother and father from the birth of a child who has

already been treated, and possibly an improved parent and family

quality of life. Some of these benefits might also hold true for other

types of inherited congenital disorders.

The use of high-resolution ultrasound has paved the way for early

gestational diagnosis and cellular transplants and the procedure can

be considered as safe, both for the fetus and the pregnant woman.

The prenatal infusion procedure is comparable to intrauterine blood

transfusions, which are routinely performed in expert fetal therapy

centers and where procedure safety (currently a procedure complica-

tion rate of 1.2% and a procedure loss rate of 0.6%) has improved sig-

nificantly during the last 20 years due to improved transfusion

techniques.8

3 | STEM CELLS

Ever since Alexander Maksimov proposed the existence of stem cells in

the beginning of the 1900s,9 researchers have been searching for and

identified stem cells from human tissue sources. There is a hierarchical

capacity of self-renewal and differentiation ability of human stem cells

ranging from the immature totipotent fertilized egg capable of forming

all embryonic and extraembryonic tissues, the pluripotent embryonic

cells that forms all cells in the developing fetus, the multipotent lineage

restricted tissue residing stem cells, the oligopotent more restricted pro-

genitor cells, to the mature unipotent precursor cells which only forms

one cell type.10 In addition to conventional stem cells, the work by Taka-

hashi and Yamanaka demonstrated that induced expression of four

embryonic transcription factors could transform terminally differentiated

somatic cells into induced pluripotent stem cells (iPSC, Table 1 and

Figure 1).11 An increasing number of distinctive stem cell populations

have been identified and isolated from almost all tissues in the human

body. These cells have different potential, which includes their respective

“stemness” potential (Figure 1). The proposed clinical applications

increases as new categories of severe clinical conditions becomes

prospective candidates for stem cell therapies. Currently there are

approximately 1000 registered clinical trials with human stem cell thera-

pies (ClinicalTrials.gov, September 2019). The different types of stem

cells relevant to stem cell therapy, as of now and in the nearest future,

are described in detail below and in Table 1 together with their source

and possible clinical potential.

3.1 | Totipotent stem cells

The first four cells in the embryo are totipotent and hence possess

great potential, but are not eligible candidates for stem cell therapies

and will not be further discussed here.

3.2 | Pluripotent stem cells

Embryonic stem cells (ESCs) are derived from the inner cell mass of

the early embryo. Both the ESC and the iPSC in the immature pluripo-

tent state form teratomas if transplanted and must be differentiated

to a more mature and safe state before transplantation (Table 1 and

Figure 1).

3.3 | Multipotent stem cells

Multipotent stem cells have good self-renewing potential but not to

the same extent as pluripotent cells. Importantly, they do not form

teratomas and do not necessarily need to be differentiated before

transplantation.

Hematopoietic stem cells (HSC) derived from bone marrow (BM),

mobilized into peripheral blood, umbilical cord blood (UCB), or fetal

liver was the first stem cell type to be discovered, and is the most

extensively investigated stem cell population, both experimentally and

clinically. During the last 30 years, allogeneic HSC transplantation has

become the major therapeutical approach for treatment of hemato-

poietic disorders such as leukemias, disorders of the immune system,

and metabolic disorders and more than 40 000 transplantations using

HSC are performed annually in Europe (www.ebmt.org).12,13 After

transplantation, HSC migrate to the BM, where they self-renew and

reconstitute the defect hematopoietic system.

BM or peripheral blood from HLA matched donors are the most

frequently used sources for HSC transplantation. These sources rely

Significance statement

This review summarizes the past, the present progress, and

the future potential of prenatal stem cell therapy. Recent

and previous studies are discussed, focusing on both pre-

clinical and clinical data, highlighting both the drawbacks

and the novel findings leading to the progress of prenatal

stem cell therapies into the clinic.
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TABLE 1 Different stem cell populations, their sources. and respective clinical potential and usability

Cell populations Sources Clinical potential and usability

Adipose-derived stem cells

(ADSC)

White adipose tissue Adipose tissue is abundant in the human body and large amount of

ADSC can easily be isolated with minimal donor site morbidity. The

vast number of published preclinical studies of the ADSC reveals

among other things the pro-angiogenic properties, and that the cells

promote wound healing and tissue regeneration.77 ADSC displays

mesenchymal features but are more abundant and possess greater in

vitro anti-inflammatory effects than bone marrow mesenchymal stem

cell (BM-MSC).77 These preclinical studies also provided evidence on

the safety and efficacy of ADSC and several clinical trials regarding, for

example, immune, orthopedic or soft tissue defects are currently

ongoing.77,78

Cardiac progenitor cells Heart tissue Fetal cardiac progenitor cells drive the growth of the developing heart

through proliferation and possess regenerative properties. After birth

both the proliferative and regenerative properties are diminished and

the cells may exit the cell cycle. The existence of adult cardiac

progenitor cells is controversial. Scientists discovering proliferative and

thereby regenerative cells have most often detected DNA synthesis in

polynucleated cardiomyocytes, which did not re-enter the cell cycle.79

Postnatal c-KIT+ cardiac progenitor cells (CPC) have been reported to

give rise to cardiomyocytes, smooth muscle cells and endothelial cells,

and autologous c-KIT+ CPC has entered a phase I study while other

studies suggest that 90%-100% of all of the cardiac c-KIT+ cells are

actually mast cells.80 For cell therapeutic purpose, cardiac progenitor

cells seem unsuitable and other stem cells are being investigated, such

as lineage-specified cardiopoietic MSC or stem cells differentiated from

embryonic stem cell (ESC) or iPSC from heart fibroblasts.81

Endothelial progenitor cells

(EPC)

Peripheral blood, spleen, vessel

walls, and bone marrow

EPC are matured from basal cells, and home to sites of vascular injury

to restore vascular homeostasis and promotes neovascularization. After

intracardiac injection of EPC in animal models of ischemia, blood

perfusion was improved and intravenously administered autologous

EPC increased cardiac function and reduced ventricular scarring after

induced myocardial infarction, indicating promising therapeutic

potential of the EPC. However, clinical studies with EPC as cellular

therapy for ischemia could indeed present improved pathological

features, although little or no clinical benefit could be observed.

Therefore, potential clinical applications of EPC as cell therapy should

await further safety, feasibility and efficacy studies before moving

further toward the clinic.82

Hepatic stem cells Liver tissue Hepatic stem cells have shown promising results as cell therapy for

liver diseases when distributed via the portal vein. The cells homed and

integrated into the lobes with cumulative decreased disease severity

index (Mayo's Model for End-Stage Liver Disease) after stem cell

distribution. The suggested source of stem cells is fetal tissues, as

pediatric and adult livers are preferred as subjects for organ

transplantation due to the constant lack of donor organs.83

iPSC Somatic cells iPSC can in theory replace any pluri- or multipotent stem cell

population for cell therapy and enables development of personalized

treatment based on an autologous cell source. The challenge is to

develop a robust differentiation method producing pure and uniform

differentiated populations and to apply safety requirement to avoid

teratoma formations.84 Another concern is that the iPSC maintain the

methylation state or epigenetic memory associated with their somatic

cell-of-origin state which may influence their potential to differentiate

into the cell type of interest.85

(Continues)
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on the availability of family donors and worldwide registries with vol-

unteer donors. UCB, on the other hand, is readily available from cord

blood banks and complete HLA-matching is not needed.13 However,

one UCB unit may not be sufficient for an adult recipient, and infusion

of donor lymphocytes is not possible due to the one single collection

of a restricted volume of UCB.

Another promising multipotent cell is the mesenchymal stem or

stromal cell (MSC). MSC can differentiate into mesodermal lineages,

which is favorable in tissue reconstruction. MSC can be isolated from

various tissues such as adipose, placenta (PL), umbilical cord (UC),

UCB, amniotic fluid (AF), pre- and postnatal skin, and fetal liver, but

the most common source is still adult BM.14 MSC are minimally

TABLE 1 (Continued)

Cell populations Sources Clinical potential and usability

Neural stem cells (NSC) Central nervous system NSC are rare populations in the brain and the access of human brain

tissue is very limited. Previous isolations of viable NSC from human

postmortem brain tissue showed reduced number of NSC with reduced

proliferative capacity in the adult brains compared to prenatal brain

tissue.86 In contrast, NSC are more abundant in the developing early

fetal brain and have been used in several clinical trials for treating

neurodegenerative diseases.87 To obtain a sufficient number of cells,

multiple donors are required and hence with limited access to suitable

donors and due to ethical considerations, scientists are considering

using ESC or iPSC as an alternative source for replacement therapies

for neurodegenerative diseases.88 Recently a FDA-approved stem cell

line (NSI-566) derived from first trimester fetal spinal cord was

established and the use has led to promising results in phase I and II

clinical studies of neurodegenerative diseases and spinal cord injuries.89

Satellite cells Skeletal muscle tissue Satellite cells, the muscle stem cells, possess self-renewal capacity and

lineage commitment toward myogenic tissue, making them attractive

for therapeutic purposes. The need for harvesting large amount of

tissue to obtain sufficient material for muscle stem cell therapy

however, made this approach unachievable. The successful collection

of viable satellite cells from postmortem tissue may circumvent that

obstacle.90

Included in the table are selected stem cell types with a possible relevance to stem cell therapy. MSC and hematopoietic stem cell (HSC) are not included

in the table since they are discussed extensively in the article.

F IGURE 1 Different sources for isolation of stem cells and their shift in stemness during aging. Stem cells can be isolated from many sources
during development. In general, the earlier in development, that is, the younger the donor tissue is, the more potential and stemness the isolated
stem cells exhibit. Induced pluripotent stem cells (iPS) are the exception to this concept. Illustrations from https://commons.wikimedia.org
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immunogenic and do not induce an immune response at

transplantation,15 hence an off-the-shelf transplantation approach is

possible using allogenic nonmatched MSC. After transplantation, MSC

home to sites of injury and inflammation and secrete trophic factors

that enhances angiogenesis and endogenous tissue repair.16 MSC

have a good safety profile and there are no reports on transformation

after expansion. These properties make MSC clinically interesting and

have been used for treatment for, for example, hematological patholo-

gies, cardiovascular, neurological, bone, cartilage, autoimmune, and

inflammatory diseases and for support of solid organ transplants.17

Up to date, thousands of patients have received treatment, mostly

with adult BM-MSC, with few adverse events reported.18

MSC isolated from fetal tissues have more potential in comparison

to adult sources and have advantages for cell therapy compared to

adult MSC, as discussed in the section below. The main issues with

fetal tissue as a cellular source is the ethical considerations and the

scarce accessibility of tissue. Another source is perinatal tissues,

which are easily accessible high-abundant sources for isolation of

MSC and do not pose any major ethical concerns. MSC isolated from

umbilical cord (UC-MSC) and the fetal part of the placenta (PL-MSC)

possess a MSC phenotype equal to adult BM, but UC-MSC have

higher colony forming capacity and differentiation potential, whereas

PL-MSC display reduced colony forming capacity and equal or less

differentiation potential when compared to adult BM-MSC.19

AF-derived MSC (AF-MSC) can be isolated from mid- to late-

gestational AF samples with low risk for the woman and fetus.20 AF

cells is an attractive source for autologous cell therapy with low ethi-

cal considerations coupled to the collection, and many preclinical cell

therapy studies have presented promising results for, for example,

cardiovascular, neuronal, and respiratory injury or damage.21 The

drawback with AF is the heterogeneity of the cell content and the

high donor variation.22

The skin is the body's largest organ and skin-residing stem cells

are rather accessible. MSC has been successfully isolated from both

pre- and postnatal human dermis and subcutaneous tissue.23,24 Fetal

subcutaneous MSC-like cells show high proliferative capacity which is

favorable for the cell yield, but still within the Hayflick limit indicating

stable, non-embryonic cell phenotypes.24,25 Adult dermal MSC pro-

motes wound healing and modulates immune responses in mice,26

which show that these cells have similar characteristics as adult

BM-MSC.

Other clinical relevant tissue specific stem and progenitor cells are

presented in Table 1.

3.4 | What are the advantages of using fetal cells in
prenatal cell therapy?

Fetal stem cells possess an intermediate phenotype between embry-

onic and adult cells that makes them ideal candidates for regenerative

medicine since they have more potential but are not tumerogenic.

Also, transplanting fetal cells to a fetus may produce higher engraft-

ment than transplanting adult cells to a fetus. One preclinical study

indicate that the recipient microenvironment may regulate the

engraftment efficiency of a given stem cell source (read donor age).27

Prenatal transplantation of fetal liver cells (the blood forming organ

during fetal life) had a 10-fold competitive engraftment advantage rel-

ative to adult BM HSC in allogeneic fetal severe combined immunode-

ficient (SCID) recipients compared with adult recipients. In contrast,

adult BM HSC engrafted slightly better than fetal liver cells in alloge-

neic adult SCID transplant recipients. Fetal liver cells repopulated 8.2

times better than adult BM HSC in fetal recipients, but only 0.8 times

as well in adult recipients. Therefore, a fetal-to-fetal transplantation

approach may be preferred in prenatal cell therapy.

Fetal-derived MSC are similar to adult BM-derived MSC displaying

the same phenotype and low immunogenicity,28,29 but have a number of

potential advantages over adult MSC relevant to their potential use in

cell therapy. Fetal MSC are found at a higher frequency, have a greater

colony-forming capacity, and have longer telomeres and a superior prolif-

erative potential compared to MSC from adult sources.29–32 Further-

more, fetal MSC differentiate more readily into bone, muscle, and

oligodendrocytes compared to adult MSC.31,33–35 In direct comparison

of fetal MSC (liver, blood, and BM cells from the first trimester) and adult

BM-MSC, fetal MSC had higher levels of 16 osteogenic genes under

basal conditions (noninduced to bone) than adult BM-MSC.33 Upon oste-

ogenic differentiation, fetal MSC displayed a more robust osteogenic

gene expression and induced more calcium production in vitro and

reached higher levels of osteogenic gene upregulation in vivo and

in vitro than adult BM-MSC.33 In another direct comparison, fetal first-

trimester BM-MSC were compared to MSC derived from the term UC,

adult adipose tissue, and adult BM. It was shown that all MSC had equiv-

alent immunophenotype but that the fetal MSC exhibited the greatest

osteogenic capacity, as assessed by von Kossa staining, alkaline phospha-

tase activity, calcium deposition, calcium visualized on microcomputed

tomography and scanning electron microscopy, and osteogenic gene

induction.31 These characteristics of fetal MSC makes them an interest-

ing source for treatment of bone-related diseases.

4 | PRECLINICAL STUDIES AND CLINICAL
TRIALS IN FETAL THERAPY

4.1 | Past discoveries

The result of allogenic prenatal transplantations in experimental small

and large animal models generated interest early on since engraftment

was achieved and hence the potential for clinical therapy was under-

stood. Mouse studies showed that it was possible to achieve deriva-

tion of myeloid and lymphoid lineages from HSC and tolerance in

nondefective fetal mice after prenatal transplantation.36–38 Several

studies investigated prenatal allogenic transplantation of HSC to

sheep and nonhuman primates and showed long-term engraftment of

donor cells with multilineage differentiation (erythroid, myeloid, and

lymphoid).39–42 Donor cell engraftment was achieved without the use

of cytoablation or immunosuppression and without the development

of GvHD. Taken together, stem cell transplantation in larger animal

models demonstrated tolerance and engraftment, paving the way for

prenatal transplantation in humans.
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This was followed by several attempts around the world to clini-

cally treat various hematologic disorders with prenatal transplanta-

tion. The targeted disorders were were immundeficiencies, alpha-

and beta-thalassemia, and some inherited metabolic disorders. The

first successful prenatal transplantation in humans was performed

for bare lymphocyte syndrome, a rare immunodeficiency disorder,

and was reported by Touraine et al.43 Following this case, transplan-

tation of fetuses with other immunological disorders such as SCID

was carried out in a number of centers, but with varying grade of

success.44–47 In these cases, fetal liver, paternal BM, or maternal

BM-derived CD34+ cells were transplanted between 16 and

26 weeks of gestation and resulted in engraftment of donor cells at

birth and T-cell recovery, but often failing B-cell reconstitution. The

cases vary in regard to mode of transplantation, transplant source,

and gestational age and, therefore, it is cumbersome to make any

general conclusions with regard to efficiency of the treatment in

these cases. One could conclude that although these results to a

certain extent looked promising, the method did not move into clini-

cal practice, and the prevailing treatment for these children is post-

natal BM transplantation.

To date, prenatal transplantation has been performed on

46 human patients for 14 different genetic disorders, including

hemoglobinopathies, chronic granulomatous disease, Chediak-

Higashi syndrome, and inborn errors of metabolism48–53 (reviewed

in Reference 50). These studies have collectively provided evidence

that the early human fetus can be accessed multiple times with a

low procedure-related risk, assuming that a minimally invasive,

ultrasound-guided approach is used.52–57 With the notable excep-

tion of patients with SCID, the clinical experience thus far with

prenatal transplantation using HSC has been largely disappointing.

SCID is a unique disorder that provides a survival and proliferative

advantage for donor T-cells, and the engraftment achieved in these

patients has only been documented to reconstitute the T-cell line-

age (split chimerism),55 just as was observed in the early experi-

mental work in mice performed by Blazar et al.38 The results of

the 46 clinical prenatal transplantation cases performed to date

have clearly demonstrated that prenatal transplantation, using cur-

rently used methods, is not able to establish clinically relevant/

therapeutic levels of engraftment in recipients whose hematopoi-

etic system exhibits a normal level of competitiveness. Thus, cur-

rent development in this field focus on finding new strategies for

the donor cells to achieve a competitive advantage over the

endogenous stem cells of the fetal recipient. For example, a recent

study showed that fetal injection of antibodies against the c-Kit

receptor and CD47 effectively depleted host HSC in immunocom-

petent mice, which led to improved long term donor cell engraft-

ment after neonatal HSC transplantation at postnatal day 0.58 This

may be applied to prenatal transplantation. Also, better under-

standing of the fetal-maternal interactions may improve the out-

come after prenatal transplantation. It has been shown that

maternal alloantibodies limit the long-term engraftment following

prenatal HSC transplantation in mice.59,60 Maternal alloantibodies

are transferred to pups through breast milk, which induce a

postnatal adaptive immune response by the recipient, which in turn

result in the ablation of engraftment after postnatal transplantation

of HSC. When the recipients were fostered by surrogate mothers,

they all maintained long-term engraftment.

4.2 | Present applications

Below, examples of preclinical investigations, case studies as well as

clinical trials where prenatal cell therapy is an option for treatment of

two selected diseases (Alpha-Thalassemia Major and Osteogenesis

Imperfecta) are presented.

4.2.1 | Alpha-thalassemia major

As described above, most effort has been put into research on prena-

tal transplantation of HSC for their use in hematological derived dis-

eases, but with little therapeutic success. The first systematic clinical

investigation of prenatal HSC transplantation is currently performed

for treatment of alpha-thalassemia major and is led by Professor Tippi

C. MacKenzie at the University of California, San Francisco. Alpha-

thalassemia major is almost uniformly fatal in utero without interven-

tion. These fetuses have little circulating hemoglobin, and the

hemoglobin that is present is all tetrameric γ chains, which are poor

carriers of oxygen. The fetuses develop severe anemia, which result in

hydrops fetalis that includes heart failure. The phase I trial aims to

demonstrate the safety, feasibility and efficacy of administrating one

dose of CD34+ enriched HSC to fetuses affected with alpha-

thalassemia major. The HSC are derived from the mother's BM and

are infused into the umbilical vein between gestational week 18 to

25 just before one of the clinically indicated blood transfusions in

utero. The rationale for using HSC from the mother is that the fetus

will tolerate the mother's cells during pregnancy and the fetus will

therefore not require any immune suppression. The trial will include

10 participants and is currently recruiting (ClinicalTrials.gov ID:

NCT02986698).

4.2.2 | Osteogenesis imperfecta

OI, also known as brittle bone diseases, is a group of genetic disorders

that mainly affect the bones. Diagnosis of OI is usually made mid-

pregnancy using ultrasound, where the characteristic shortened long

bones and fractures are already present and detectable. An analysis of

the DNA confirms the diagnosis. The severity ranges from mild over

severe to lethal. Individuals with OI suffer from multiple fractures,

sometimes hundreds in a lifetime, osteopenia, short height, scoliosis,

and chronic pain. The underlying mechanism is most commonly

(>90%) a problem with connective tissue due to a lack of type I colla-

gen that is caused by a mutation in the COL1A1 or COL1A2 genes.

There is no cure or efficient treatment of OI.

A number of preclinical studies demonstrate that in mouse models

of OI, MSC transplanted prenatally or in early neonatal life, equivalent

to a late pregnancy human fetus, results in widespread distribution

and engraftment of donor cells, and homing to the bones where the
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cells contribute to the osteoprogenitor population (donor cell engraft-

ment between 0.3% and 28%), with improvement in collagen content,

bone mineralization, and new bone formation.61–66 In addition, one

study showed that prenatal BM transplantation eliminated the perina-

tal lethality of the OI mice.61

One clinical trial has investigated postnatal transplantation of

adult BM-derived MSC in six children with severe types of OI and

showed low-level MSC engraftment in bone (<1%), reduced fracture

frequency and growth stimulation (from a median of 20% increase

6 months before MSC transplantation to 60%-94% increase 6 months

after MSC transplantation) in five of six children.67 The effect was

transient and lasted for approximately 6 months. Case studies of pre-

natal MSC transplantation for the treatment of OI also show clinical

potential. We have reported the clinical course of two patients with

OI types III and IV who received human fetal MSC transplantation

prenatally with subsequent postnatal boosting with same-donor MSC,

resulting in low-level engraftment in bone (0.003%-16.6%) and

improved linear growth, mobility, and fracture incidence, particularly

when compared to individuals with an identical OI-causing muta-

tion.68 Neither patient demonstrated alloreactivity toward the donor

MSC or manifested any evidence of toxicities after transplantation.

Two more children suffering from severe OI have been treated prena-

tally or postnatally with fetal MSC with good results.69 These findings

suggest that prenatal and postnatal transplantation of allogeneic fetal

MSC in OI appears safe and is of likely clinical benefit and that

retransplantation with same-donor cells is feasible.

Postnatal or a combination of prenatal and postnatal treatment of

severe types of OI with fetal MSC will be investigated in the phase I/II

safety and efficacy Boost Brittle Bones Before Birth (BOOSTB4) trial

(ClinicalTrials.gov ID: NCT03706482), which is supported by the

European Union's Horizon 2020 research and innovation program

under grant agreement 681045 and the Swedish Research Council.

Regulatory and ethical approval has been granted in Sweden and the

United Kingdom, and recruitment has commenced.

4.3 | Future perspectives

The therapeutic effect of MSC is not only related to their ability to

engraft and differentiate into, for example, osteoblasts, chondrocytes,

stroma, and adipocytes, and hence aid in regenerating different types

of damaged tissue. Emerging data also indicate that soluble factors

released by MSC are responsible for the beneficial outcomes; the so-

called paracrine effect, that triggers the body's own regenerative

machinery. Part of this effect is assigned to extracellular vesicles (EVs,

also called exosomes); nanometer-sized, lipid membrane-enclosed

vesicles that are secreted by most cells and contain macromolecular

material of the source cell including lipids, proteins, and various

nucleic acid species. EVs act as important mediators of intercellular

communication that influence both physiological and pathological

conditions.70,71 Owing to their ability to transfer bioactive compo-

nents and surmount biological barriers, EVs are increasingly being

explored as therapeutics, both for their innate abilities in tissue

regeneration and immune modulation as potential alternatives to stem

cell therapy.

A recent concise review found that there are over 200 preclinical

studies of EV-based therapies in a number of different animal

models.72 For example, a recent paper showed that EVs derived from

human AF-derived stem cells could enhance cardiac function in

mice.73 Also, MSC derived from the human UC have been shown to

reduce neuroinflammation and induce neuroregeneration in perinatal

brain injury in 3-day old Wistar rat brains.74 A follow-up study

showed similar results with EVs derived from the same cell type, thus

implying EVs as a promising therapy to prevent and treat perinatal

brain injury.75

The possibility of harnessing and/or predict paracrine factors,

including the secretome of EVs would be of great benefit to the field

of stem cell therapy as a whole, providing possibilities to steer regen-

eration of tissues and organs in the desired direction while possibly

avoiding graft rejection. A combination of cell transplantation includ-

ing cell-derived paracrine factors such as EVs, material science and

bioengineering to construct new functional organs would be an

attractive alternative instead of having to rely on organ and tissue

transplantation and would open up endless possibilities for the future

of regenerative medicine. Approaches to make use of engineered EVs

as technology platforms in therapeutics have been evaluated. EVs are

easy to manufacture and to bioengineer with multiple factors while

maintaining their biostability. Furthermore, since they are small and

acellular, they might avoid entrapment in different organs, for exam-

ple, the lungs and may potentially also be able to cross biological

barriers.76

5 | ETHICAL CONSIDERATIONS

One cannot underestimate neither the need for a well-controlled

production of stem cells to be used as a medicinal product, nor the

ethical considerations surrounding prenatal stem cell therapy and

stem cell treatments. First, the source of the stem cells need to be

well controlled so that the material is obtained with respect of ethi-

cal principles toward the donors. Furthermore, the cells need to be

isolated, expanded, and quality controlled according to high-quality

standards under Good Manufacturing Practice conditions, as would

any Advanced Therapy Medicinal Product. Clinically, prenatal diag-

nosis must be accurate and reliable and must be communicated in

such a way that the parents are able to make a well informed and

well-founded decision of whether to agree to a prenatal stem cell

therapy or not. Even though the outcome of a prenatal cell therapy

may be very uncertain, the availability of a treatment before birth

may affect the parents decision to continue or terminate the preg-

nancy. Lastly, one must keep in mind that apart from the fetus being

treated, also the woman carrying the fetus might be affected by the

treatment, further widening the need for a relevant ethical

discussion.
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6 | CONCLUSION AND LOOKOUT INTO
THE FUTURE

Prenatal stem cell therapy, with all their in-built possibilities, can be a

powerful tool to cure the incurable, already before birth. However,

the limited clinical experience to date, often on heterogeneous case

studies, means that it is not possible to be conclusive, and systematic

clinical trials are vital to evaluate if a prenatal cell therapy approach is

a realistic therapeutic alternative in specific diseases. In summary,

establishment of prenatal stem cell therapy as a part of fetal therapy

looks promising but bears several ethical and medical issues that must

be addressed.

CONFLICT OF INTEREST

The authors indicated no potential conflicts of interest.

AUTHOR CONTRIBUTIONS

The authors have contributed equally to this review.

DATA AVAILABILITY STATEMENT

Data sharing is not applicable to this article as no new data were cre-

ated or analyzed in this study.

ORCID

Åsa Ekblad-Nordberg https://orcid.org/0000-0002-1716-5931

REFERENCES

1. Enblad G, Karlsson H, Loskog AS. CAR T-cell therapy: the role of

physical barriers and immunosuppression in lymphoma. Hum Gene

Ther. 2015;26:498-505.

2. Zarbin M. Cell-based therapy for degenerative retinal disease. Trends

Mol Med. 2016;22:115-134.

3. Gao J, Dennis JE, Muzic RF, Lundberg M, Caplan AI. The dynamic

in vivo distribution of bone marrow-derived mesenchymal stem cells

after infusion. Cells Tissues Organs. 2001;169:12-20.

4. Niyibizi C, Wang S, Mi Z, Robbins PD. The fate of mesenchymal stem

cells transplanted into immunocompetent neonatal mice: implications

for skeletal gene therapy via stem cells. Mol Ther. 2004;9:955-963.

5. Schrepfer S, Deuse T, Reichenspurner H, et al. Stem cell transplanta-

tion: the lung barrier. Transplant Proc. 2007;39:573-576.

6. Gholamrezanezhad A, Mirpour S, Bagheri M, et al. In vivo tracking of

111In-oxine labeled mesenchymal stem cells following infusion in

patients with advanced cirrhosis. Nucl Med Biol. 2011;38:961-967.

7. Erkers T, Kaipe H, Nava S, et al. Treatment of severe chronic graft-

versus-host disease with decidual stromal cells and tracing with (111)

indium radiolabeling. Stem Cells Dev. 2015;24:253-263.

8. Zwiers C, Lindenburg IT M, Klumper FJ, et al. Complications of intra-

uterine intravascular blood transfusion: lessons learned after 1678

procedures. Ultrasound Obstet Gynecol. 2017;50:180-186.

9. Konstantinov IE. In search of Alexander A. Maximow: the man behind

the unitarian theory of hematopoiesis. Perspect Biol Med. 2000;43:

269-276.

10. Singh VK, Saini A, Kalsan M, et al. Describing the stem cell potency:

the various methods of functional assessment and in silico diagnos-

tics. Front Cell Dev Biol. 2016;4:134.

11. Takahashi K, Yamanaka S. Induction of pluripotent stem cells from

mouse embryonic and adult fibroblast cultures by defined factors.

Cell. 2006;126:663-676.

12. Passweg JR, Baldomero H, Bader P, et al. Hematopoietic stem cell

transplantation in Europe 2014: more than 40 000 transplants annu-

ally. Bone Marrow Transplant. 2016;51:786-792.

13. Lafarge X. What compatibility in 2017 for the haematopoietic stem

cell transplantation? Transfus Clin Biol. 2017;24:124-130.

14. Salem HK, Thiemermann C. Mesenchymal stromal cells: current

understanding and clinical status. STEM CELLS. 2010;28:585-596.

15. Qi K, Li N, Zhang Z, Melino G. Tissue regeneration: the crosstalk

between mesenchymal stem cells and immune response. Cell

Immunol. 2018;326:86-93.

16. Heldring N, Mager I, Wood MJ, Le Blanc K, Andaloussi SE. Therapeu-

tic potential of multipotent mesenchymal stromal cells and their

extracellular vesicles. Hum Gene Ther. 2015;26:506-517.

17. Squillaro T, Peluso G, Galderisi U. Clinical trials with mesenchymal

stem cells: an update. Cell Transplant. 2016;25:829-848.

18. Lalu MM, McIntyre L, Pugliese C, et al. Safety of cell therapy with

mesenchymal stromal cells (SafeCell): a systematic review and meta-

analysis of clinical trials. PLoS One. 2012;7:e47559.

19. Beeravolu N, McKee C, Alamri A, et al. Isolation and characterization

of mesenchymal stromal cells from human umbilical cord and fetal

placenta. J Vis Exp. 2017;122:e55224.

20. Odibo AO, Gray DL, Dicke JM, et al. Revisiting the fetal loss rate after

second-trimester genetic amniocentesis: a single center's 16-year

experience. Obstet Gynecol. 2008;111:589-595.

21. Loukogeorgakis SP, De Coppi P. Concise review: amniotic fluid stem

cells: the known, the unknown, and potential regenerative medicine

applications. STEM CELLS. 2017;35:1663-1673.

22. Ekblad A, Qian H, Westgren M, et al. Amniotic fluid—a source for clin-

ical therapeutics in the newborn? Stem Cells Dev. 2015;24:1405-

1414.

23. Vaculik C, Schuster C, Bauer W, et al. Human dermis harbors distinct

mesenchymal stromal cell subsets. J Invest Dermatol. 2012;132:

563-574.

24. Ekblad A, Westgren M, Fossum M, Gotherstrom C. Fetal subcutane-

ous cells have potential for autologous tissue engineering. J Tissue

Eng Regen Med. 2018;12:1177-1185.

25. Hayflick L. The limited in vitro lifetime of human diploid cell strains.

Exp Cell Res. 1965;37:614-636.

26. Schatton T, Yang J, Kleffel S, et al. ABCB5 identifies immunoregula-

tory dermal cells. Cell Rep. 2015;12:1564-1574.

27. Taylor PA, McElmurry RT, Lees CJ, Harrison DE, Blazar BR. Allogenic

fetal liver cells have a distinct competitive engraftment advantage

over adult bone marrow cells when infused into fetal as compared

with adult severe combined immunodeficient recipients. Blood. 2002;

99:1870-1872.

28. Götherström C, Ringden O, Tammik C, et al. Immunologic properties

of human fetal mesenchymal stem cells. Am J Obstet Gynecol. 2004;

190:239-245.

29. Götherström C, Ringden O, Westgren M, Tammik C, Le Blanc K.

Immunomodulatory effects of human foetal liver-derived mesenchy-

mal stem cells. Bone Marrow Transplant. 2003;32:265-272.

30. Guillot PV, Gotherstrom C, Chan J, Kurata H, Fisk NM. Human first-

trimester fetal MSC express pluripotency markers and grow faster

and have longer telomeres than adult MSC. STEM CELLS. 2007;25:

646-654.

31. Zhang ZY, Teoh SH, Chong MS, et al. Superior osteogenic capacity

for bone tissue engineering of fetal compared with perinatal and adult

mesenchymal stem cells. STEM CELLS. 2009;27:126-137.

PRENATAL STEM CELL THERAPY 155

https://orcid.org/0000-0002-1716-5931
https://orcid.org/0000-0002-1716-5931


32. Götherström C, West A, Liden J, et al. Difference in gene expression

between human fetal liver and adult bone marrow mesenchymal STEM

CELLS. Haematologica. 2005;90:1017-1026.

33. Guillot PV, De Bari C, Dell'Accio F, et al. Comparative osteogenic

transcription profiling of various fetal and adult mesenchymal stem

cell sources. Differentiation. 2008;76:946-957.

34. Chan J, Waddington SN, O'Donoghue K, et al. Widespread distribu-

tion and muscle differentiation of human fetal mesenchymal stem

cells after intrauterine transplantation in dystrophic mdx mouse.

STEM CELLS. 2007;25:875-884.

35. Kennea NL, Waddington SN, Chan J, et al. Differentiation of human

fetal mesenchymal stem cells into cells with an oligodendrocyte phe-

notype. Cell Cycle. 2009;8:1069-1079.

36. Mintz B, Anthony K, Litwin S. Monoclonal derivation of mouse myeloid

and lymphoid lineages from totipotent hematopoietic stem cells experi-

mentally engrafted in fetal hosts. Proc Natl Acad Sci USA. 1984;81:7835.

37. Carrier E, Lee TH, Busch MP, et al. Induction of tolerance in non-

defective mice after in utero transplantation of major histocompatibil-

ity complex-mismatched fetal hematopoietic stem cells. Blood. 1995;

86:4681.

38. Blazar BR, Taylor PA, McElmurry R, et al. Engraftment of severe com-

bined immune deficient mice receiving allogeneic bone marrow via In

utero or postnatal transfer. Blood. 1998;92:3949-3959.

39. Flake AW, Harrison MR, Adzick NS, et al. Transplantation of fetal

hematopoietic stem cells in utero: the creation of hematopoietic chi-

meras. Science. 1986;233:776-778.

40. Zanjani ED, Almeida-Porada G, Ascensao JL, MacKintosh FR, Flake

AW. Transplantation of hematopoietic stem cells in utero. STEM CELLS.

1997;15:79-92. discussion 93.

41. Harrison MR, Slotnick RN, Crombleholme TM, et al. In-utero trans-

plantation of fetal liver haemopoietic stem cells in monkeys. Lancet.

1989;2:1425-1427.

42. Zanjani ED, Mackintosh FR, Harrison MR. Hematopoietic chimerism

in sheep and nonhuman primates by in utero transplantation of fetal

hematopoietic stem cells. Blood Cells. 1991;17:349-363. discussion

364-6.

43. Touraine JL, Raudrant D, Royo C, et al. In-utero transplantation of

stem cells in bare lymphocyte syndrome. Lancet. 1989;1:1382.

44. Flake AW, Roncarolo M-G, Puck JM, et al. Treatment of X-linked

severe combined immunodeficiency by in utero transplantation of

paternal bone marrow. N Engl J Med. 1996;335:1806-1810.

45. Touraine JL, Raudrant D, Laplace S. Transplantation of hemopoietic

cells from the fetal liver to treat patients with congenital diseases

postnatally or prenatally. Transplant Proc. 1997;29:712-713.

46. Wengler GS, Lanfranchi A, Frusca T, et al. In-utero transplantation of

parental CD34 haematopoietic progenitor cells in a patient with X-linked

severe combined immunodeficiency (SCIDX1). Lancet. 1996;348:1484-

1487.

47. Westgren M, Ringdén O, Bartmann P, et al. Prenatal T-cell reconstitu-

tion after in utero transplantation with fetal liver cells in a patient

with X-linked severe combined immunodeficiency. Am J Obstet

Gynecol. 2002;187:475-482.

48. Flake AW, Zanjani ED. In utero hematopoietic stem cell transplanta-

tion: ontogenic opportunities and biologic barriers. Blood. 1999;94:

2179-2191.

49. Roybal JL, Santore MT, Flake AW. Stem cell and genetic therapies for

the fetus. Semin Fetal Neonatal Med. 2010;15:46-51.

50. Vrecenak JD, Flake AW. In utero hematopoietic cell transplantation—
recent progress and the potential for clinical application. Cytotherapy.

2013;15:525-535.

51. Merianos D, Heaton T, Flake AW. In utero hematopoietic stem cell

transplantation: progress toward clinical application. Biol Blood Mar-

row Transplant. 2008;14:729-740.

52. Troeger C, Surbek D, Schoberlein A, et al. In utero haematopoietic

stem cell transplantation. Experiences in mice, sheep and humans.

Swiss Med Wkly. 2006;136:498-503.

53. Tarantal AF, Lee CCI. Long-term luciferase expression monitored by

bioluminescence imaging after adeno-associated virus-mediated fetal

gene delivery in rhesus monkeys (Macaca mulatta). Hum Gene Ther.

2010;21:143.

54. Tiblad E, Westgren M. Fetal stem-cell transplantation. Best Pract Res

Clin Obstet Gynaecol. 2008;22:189-201.

55. Touraine J. Transplantation of human fetal liver cells into children or

human fetuses. In: Bhattacharya PSN, ed. Human Fetal Tissue Trans-

plantation. London: Springer Verlag International; 2013:205-218.

56. Tarantal AF, Lee CC, Jimenez DF, Cherry SR. Fetal gene transfer using

lentiviral vectors: in vivo detection of gene expression by microPET

and optical imaging in fetal and infant monkeys. Hum Gene Ther.

2006;17:1254-1261.

57. Blazar B, Taylor PA, Vallera D. In-utero transfer of adult bone-marrow

cells into recipients with severe combined immunodeficiency disorder

yields lymphoid progeny with T-cell and B-cell functional capabilities.

Blood. 1995;86:4353-4366.

58. Witt RG, Wang B, Nguyen QH, et al. Depletion of murine fetal hema-

topoietic stem cells with c-Kit receptor and CD47 blockade improves

neonatal engraftment. Blood Adv. 2018;2:3602-3607.

59. Merianos DJ, Tiblad E, Santore MT, et al. Maternal alloantibodies

induce a postnatal immune response that limits engraftment following

in utero hematopoietic cell transplantation in mice. J Clin Invest.

2009;119:2590-2600.

60. Nijagal A, Wegorzewska M, Le T, et al. The maternal immune

response inhibits the success of in utero hematopoietic cell transplan-

tation. Chimerism. 2011;2:55-57.

61. Panaroni C, Gioia R, Lupi A, et al. In utero transplantation of adult

bone marrow decreases perinatal lethality and rescues the bone phe-

notype in the knockin murine model for classical, dominant osteogen-

esis imperfecta. Blood. 2009;114:459-468.

62. Guillot PV, Abass O, Bassett JH, et al. Intrauterine transplantation of

human fetal mesenchymal stem cells from first-trimester blood

repairs bone and reduces fractures in osteogenesis imperfecta mice.

Blood. 2008;111:1717-1725.

63. Wang X, Li F, Niyibizi C. Progenitors systemically transplanted into

neonatal mice localize to areas of active bone formation in vivo: impli-

cations of cell therapy for skeletal diseases. STEM CELLS. 2006;24:1869-

1878.

64. Li F, Wang X, Niyibizi C. Bone marrow stromal cells contribute to

bone formation following infusion into femoral cavities of a mouse

model of osteogenesis imperfecta. Bone. 2010;47:546-555.

65. Vanleene M, Saldanha Z, Cloyd KL, et al. Transplantation of human

fetal blood stem cells in the osteogenesis imperfecta mouse leads to

improvement in multiscale tissue properties. Blood. 2011;117:1053-

1060.

66. Jones GN, Moschidou D, Abdulrazzak H, et al. Potential of human

fetal chorionic stem cells for the treatment of osteogenesis imper-

fecta. Stem Cells Dev. 2014;23:262-276.

67. Horwitz EM, Gordon PL, Koo WK, et al. Isolated allogeneic bone

marrow-derived mesenchymal cells engraft and stimulate growth in

children with osteogenesis imperfecta: implications for cell therapy of

bone. Proc Natl Acad Sci USA. 2002;99:8932-8937.

68. Götherström C, Westgren M, Shaw SW, et al. Pre- and postnatal

transplantation of fetal mesenchymal stem cells in osteogenesis

imperfecta: a two-center experience. STEM CELLS TRANSLATIONAL MEDICINE.

2014;3:255-264.

69. Sagar R, Walther-Jallow L, David AL, Gotherstrom C, Westgren M.

Fetal mesenchymal stromal cells: an opportunity for prenatal cellular

therapy. Curr Stem Cell Rep. 2018;4:61-68.

156 EKBLAD-NORDBERG ET AL.



70. Zhang B, Yeo RW, Tan KH, Lim SK. Focus on extracellular vesicles:

therapeutic potential of stem cell-derived extracellular vesicles. Int

J Mol Sci. 2016;17:174.

71. Rani S, Ryan AE, Griffin MD, Ritter T. Mesenchymal stem cell-derived

extracellular vesicles: toward cell-free therapeutic applications. Mol

Ther. 2015;23:812-823.

72. Elahi FM, Farwell DG, Nolta JA, Anderson JD. Concise Review: pre-

clinical translation of exosomes derived from mesenchymal

stem/stromal cells. STEM CELLS. 2019 [Epub ahead of print].

73. Balbi C, Lodder K, Costa A, et al. Reactivating endogenous mecha-

nisms of cardiac regeneration via paracrine boosting using the

human amniotic fluid stem cell secretome. Int J Cardiol. 2019;287:

87-95.

74. Oppliger B, Joerger-Messerli M, Mueller M, et al. Intranasal delivery

of umbilical cord-derived mesenchymal stem cells preserves mye-

lination in perinatal brain damage. Stem Cells Dev. 2016;25:1234-

1242.

75. Thomi G, Surbek D, Haesler V, Joerger-Messerli M, Schoeberlein A.

Exosomes derived from umbilical cord mesenchymal stem cells

reduce microglia-mediated neuroinflammation in perinatal brain

injury. Stem Cell Res Ther. 2019;10:105.

76. Riazifar M, Pone EJ, Lotvall J, Zhao W. Stem cell extracellular vesicles:

extended messages of regeneration. Annu Rev Pharmacol Toxicol.

2017;57:125-154.

77. Kapur SK, Katz AJ. Review of the adipose derived stem cell secret-

ome. Biochimie. 2013;95:2222-2228.

78. Gimble JM, Guilak F, Bunnell BA. Clinical and preclinical translation of

cell-based therapies using adipose tissue-derived cells. Stem Cell Res

Ther. 2010;1:19.

79. Zhang Y, Mignone J, MacLellan WR. Cardiac regeneration and stem

cells. Physiol Rev. 2015;95:1189-1204.

80. Laflamme MA, Murry CE. Heart regeneration. Nature. 2011;473:

326-335.

81. Bulatovic I, Mansson-Broberg A, Sylven C, Grinnemo KH. Human

fetal cardiac progenitors: the role of stem cells and progenitors in the

fetal and adult heart. Best Pract Res Clin Obstet Gynaecol. 2016;31:

58-68.

82. Bianconi V, Sahebkar A, Kovanen P, et al. Endothelial and cardiac pro-

genitor cells for cardiovascular repair: a controversial paradigm in cell

therapy. Pharmacol Ther. 2018;181:156-168.

83. Lanzoni G, Oikawa T, Wang Y, et al. Clinical programs of stem

cell therapies for liver and pancreas. STEM CELLS. 2013;31:2047-

2060.

84. Buzhor E, Leshansky L, Blumenthal J, et al. Cell-based therapy

approaches: the hope for incurable diseases. Regen Med. 2014;9:

649-672.

85. Moerkamp AT, Goumans MJ. Cardiac regeneration: stem cells and

beyond. Curr Med Chem. 2012;19:5993-6002.

86. Palmer TD, Schwartz PH, Taupin P, et al. Progenitor cells from human

brain after death. Nature. 2019;411:42-43.

87. Yeon JY, Hwang JY, Lee HW, et al. Optimized clump culture methods

for adult human multipotent neural cells. Int J Mol Sci. 2018;19(11):

3380.

88. Parmar M, Torper O, Drouin-Ouellet J. Cell-based therapy for

Parkinson's disease: a journey through decades toward the light side

of the Force. Eur J Neurosci. 2019;49:463-471.

89. Curtis E, Martin JR, Gabel B, et al. A first-in-human, phase I study of

neural stem cell transplantation for chronic spinal cord injury. Cell

Stem Cell. 2018;22:941-950.e6.

90. Wang YX, Dumont NA, Rudnicki MA. Muscle stem cells at a glance.

J Cell Sci. 2014;127:4543-4548.

How to cite this article: Ekblad-Nordberg Å, Walther-

Jallow L, Westgren M, Götherström C. Prenatal stem cell

therapy for inherited diseases: Past, present, and future

treatment strategies. STEM CELLS Transl Med. 2020;9:

148–157. https://doi.org/10.1002/sctm.19-0107

PRENATAL STEM CELL THERAPY 157

https://doi.org/10.1002/sctm.19-0107

	Prenatal stem cell therapy for inherited diseases: Past, present, and future treatment strategies
	1  INTRODUCTION TO STEM CELL THERAPY
	2  POTENTIAL FOR PRENATAL STEM CELL THERAPIES
	3  STEM CELLS
	3.1  Totipotent stem cells
	3.2  Pluripotent stem cells
	3.3  Multipotent stem cells
	3.4  What are the advantages of using fetal cells in prenatal cell therapy?

	4  PRECLINICAL STUDIES AND CLINICAL TRIALS IN FETAL THERAPY
	4.1  Past discoveries
	4.2  Present applications
	4.2.1  Alpha-thalassemia major
	4.2.2  Osteogenesis imperfecta

	4.3  Future perspectives

	5  ETHICAL CONSIDERATIONS
	6  CONCLUSION AND LOOKOUT INTO THE FUTURE
	  CONFLICT OF INTEREST
	  AUTHOR CONTRIBUTIONS
	  DATA AVAILABILITY STATEMENT
	REFERENCES


