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PERSPECTIVE

Stem cell-based in utero therapies for 
spina bifida: implications for neural 
regeneration

The history: Myelomeningocele – also known as spina bifida 
– is a devastating congenital anomaly of the central nervous 
system that is caused by the malformation of the spinal cord 
and vertebral column during embryogenesis. Depending on 
the location of the spina bifida lesion on the spine, patients 
suffer from neurological dysfunction ranging from paresis 
and incontinence to complete paralysis. The current standard 
of care for spina bifida is in utero surgical repair of the defect, 
which has been shown to minimize the secondary deficits as-
sociated with this disorder (Adzick et al., 2011). Despite these 
successes, this approach does not reliably improve neurologic 
function of affected children. Several groups, including our 
own, have performed studies aimed at augmenting the in 
utero surgical repair of spina bifida by applying principles 
of stem cell and tissue engineering to provide an enhanced 
protection of the exposed neural elements (Saadai et al., 2011, 
2013; Wang et al., 2015; Brown et al., 2016). The ultimate 
goal of these studies is to improve the neurologic function in 
patients while maintaining the benefits of the existing fetal 
surgical treatment.

The pathogenesis of spina bifida has been well studied since 
the early 1950s, and a broad consensus now exists among 
researchers and clinicians that there is a “two-hit” mecha-
nism that is largely responsible for the observed neurological 
problems associated with the disorder (Meuli and Moehrlen, 
2014). The first “hit” is the initial failure in neurulation of 
the spinal cord during development, while the second “hit” 
occurs when the exposed neural elements are progressively 
damaged due to chemical exposure to the amniotic fluid and 
mechanical trauma to the unprotected cord tissue during the 
remainder of the pregnancy. The ideal treatment for spina 
bifida would be to prevent the first hit and ensure proper 
neurulation to begin with. This was partially accomplished 
with the advent of folic acid supplementation, and it is cur-
rently estimated that proper dosages of prenatal vitamins can 
reduce the risk of neural tube defects such as spina bifida and 
anencephaly by 50% or more. However, despite the wide-
spread adoption of prenatal vitamins, spina bifida remains 
the most common cause of childhood paralysis. In contrast 
to the preventative therapy of prenatal vitamins, in utero sur-
gery aims to prevent the damage incurred in the “second hit” 
phase: after neurulation has failed but before chemical insult 
and mechanical trauma have irreversibly destroyed nervous 
tissue. In this sense, the use of stem cell and tissue engineer-
ing to enhance surgical repair of the spina bifida defect is in-
tended to exert protection and stimulate regeneration of the 
fetal spinal cord.

Therapeutic strategies: Stem cell-based strategies for spina 
bifida are similar in design to other proposed modes of stem 
cell therapy and can be grouped into two general therapy 
types: (1) Therapies capable of replacing damaged/lost cells 
and tissues; (2) Therapies capable of generating a microenvi-
ronment conducive to protection, regeneration, or enhanced 
healing of native tissues.

Lessons from preclinical and basic science research into 
parallel mechanisms of repair in adult spinal cord injury 

are particularly relevant here. A major distinction is that in 
utero spina bifida repair has the unique advantages of being 
diagnosable before irreversible nerve damage has occurred 
and being treatable during gestation when the fetus is still 
rapidly developing. While it has been theorized that the fetal 
environment may provide the additional receptivity to bioen-
gineered tissue and cell grafts that is necessary for a successful 
Type 1 therapy (Fauza et al., 2008; Saadai et al., 2013), long 
term engraftment of neural tissue may not be required if a 
Type 2 therapy can prevent irreversible damage from occur-
ring. These characteristics may make spina bifida particularly 
amenable to stem cell therapies, and working to advance the 
treatment of nerve damage in spina bifida has the potential to 
directly benefit children suffering from the disease as well as 
to generate knowledge, techniques, and technology that could 
eventually be extrapolated to other neurologic disorders.

Type 1 therapies: Replacement of damaged spinal cord tis-
sues has long been a goal of researchers and clinicians hoping 
to restore function to those who are afflicted with severe spi-
nal cord injury. In recent years, a heavy focus has been placed 
on the delivery of a stem/progenitor cell therapy that can re-
place or regrow destroyed neural tissues (Manley et al., 2017; 
Rosenzweig et al., 2018). Ideally, the transplanted stem/pro-
genitor cells would engraft into the host tissues and form new 
neural connections, thus completely restoring lost neurologi-
cal function. Despite the obvious value of this type of therapy, 
promising preclinical experiments have shown lackluster re-
sults in human clinical trials (Kim et al., 2017). Additionally, 
this approach is likely more critical to patients suffering from 
an acquired spinal cord injury than those fetuses or new-
borns afflicted with developmental birth defects such as spina 
bifida. Acquired spinal cord injury – by definition – begins 
when physical trauma disrupts the function of neurons in the 
spinal cord. Spina bifida is characterized by spinal cord inju-
ry caused by the specific gestational environment secondary 
to incomplete neural tube formation/development. Though 
Type 1 therapies may be valuable to children diagnosed with 
spina bifida after birth, or adults who have been living with 
spina bifida their entire lives, the potential exists to limit me-
chanical injury with in utero interventions before irreversible 
damage to the susceptible fetal neural tissue occurs. Thus, 
it may be unnecessary to replace damaged nervous tissue if 
sufficient native tissue can be protected from being damaged 
before birth.

Type 2 therapies: Therapies that are capable of minimizing 
the damage to the developing spinal cord are in many ways 
more promising for the in utero treatment of spina bifida 
than those aimed at replacing or rebuilding new functional 
neural tissues and connections. The developmental pathogen-
esis of the disorder and the ability for early clinical diagnosis 
by ultrasound makes it more amenable to a tissue engineering 
or stem cell therapy approach designed to salvage or regrow 
native tissues. Several research groups are currently pursuing 
Type 2 treatment therapies for spina bifida in utero, and the 
strategies they employ are varied but often contain similar 
engineering elements (Saadai et al., 2011; Wang et al., 2015; 
Brown et al., 2016). Two key elements are scaffold systems 
and stem cells. Scaffolds may be composed of synthetic ma-
terials (e.g., polymers), natural materials such as collagen or 
other extracellular matrix molecules, or created by decellular-
izing tissues of deceased animals or humans. These may then 
be used to provide secondary structural support to enhance 
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the standard of care that currently involves a simple closure 
of the defect with the patient’s skin. The improved mechani-
cal stability provided by an engineered scaffold can be further 
modified by the addition of cytokines, neurotrophic factors 
or growth factors, such as brain-derived neurotrophic factor 
or hepatocyte growth factor which are known to be important 
for neural development and protection, within or on the sur-
face of the scaffold or hydrogel. In this way, these factors can 
be localized to the site of the defect and directly influence the 
developing tissues, potentially even protecting them from ad-
ditional damage. The most sophisticated use of these scaffolds 
is as a delivery system for stem cells that are intended to fur-
ther modulate the local microenvironment. This use of stem 
cells is distinct from those described in Type 1 therapies in 
that the cells delivered are intended solely to favorably modify 
endogenous biological processes rather than engraft into the 
patient as new tissue. In the case of spina bifida, an ideal Type 
2 therapy would provide enhanced protection to the fragile 
neural tissues while simultaneously limiting inflammation 
and preventing further death of neurons.

Mesenchymal stromal cells appear well suited for this 
purpose. These cells are widely studied from several tissue 
sources across numerous species. They are characteristically 
capable of plastic adherence, trilineage multipotency, have 
a well-described immunophenotype (Dominici et al., 2006), 
and are fully compatible with delivery scaffolds. More im-
portantly, even though mesenchymal stromal cells typically 
appear to be incapable of engraftment when transplanted 
in vivo, they are capable of modulating the environment 
through secretion of growth factors, cytokines and extracel-
lular vesicles (Spees et al., 2016). In many ways, mesenchymal 
stromal cells are the ideal candidate cell type for a Type 2 
therapy. Indeed, our lab’s existing preclinical work in apply-
ing human placental-derived mesenchymal stromal cells in a 
large animal model of spina bifida suggests that this approach 
may be sufficient to restore ambulation to a fetus that would 
have otherwise been born paralyzed (Wang et al., 2015).

Conclusions: The pathogenesis of spina bifida makes it a log-
ical candidate for treatment with stem cell based therapies. 
Spina bifida is diagnosable before irreversible nerve damage 
has occurred, and can be treated while the fetus is still devel-
oping and receptive to bioengineered tissue. These character-
istics likely make spina bifida uniquely amenable to both Type 
1 and Type 2 therapies, and breakthrough made in the unique 
developmental environment of spina bifida have the poten-
tial to help spina bifida patients and lay the groundwork for 
neuroregenerative or neuroprotective therapies in other neu-
rological diseases. Though the ability to fully replace nervous 
tissue and allow paralyzed patients to walk again remains the 
elusive Holy Grail of regenerative medicine, effective thera-
pies with the potential to dramatically improve a spina bifida 
patient’s quality of life may not require the ability to generate 
new nervous tissue. Through the creative use of existing tech-
nologies including in utero surgery, bioengineered scaffolds, 
and wound healing associated growth factors and stem cells, 
clinicians and scientists are on the cusp of developing a new 
era of treatments for those affected with spina bifida.

This work was in part supported by NIH (No. 5R01NS100761-02, 
5R03HD091601-02), Shriners Hospital for Children research 
grants (No. 87410-NCA-17 and 85119-NCA-18), and March of 
Dimes Foundation (No. 5FY1682) to AW.

Connor Long, Lee Lankford, Aijun Wang*

Surgical Bioengineering Laboratory, Department of Surgery, 
University of California, Davis School of Medicine, Sacramento, 
CA, USA (Long C, Lankford L, Wang A)
Institute for Paediatric Regenerative Medicine, Shriners Hospital 
for Children, Sacramento, CA, USA (Lankford L, Wang A)
Department of Biomedical Engineering, University of California, 
Davis School of Engineering, Davis, CA, USA (Wang A)
*Correspondence to: Aijun Wang, PhD, aawang@ucdavis.edu.
orcid: 0000-0002-2985-3627 (Aijun Wang) 
Received: August 13, 2018
Accepted: October 10, 2018
 
doi: 10.4103/1673-5374.244786                 
Copyright license agreement: The Copyright License Agreement has 
been signed by all authors before publication.
Plagiarism check: Checked twice by iThenticate.
Peer review: Externally peer reviewed.
Open access statement: This is an open access journal, and articles are 
distributed under the terms of the Creative Commons Attribution-Non-
Commercial-ShareAlike 4.0 License, which allows others to remix, 
tweak, and build upon the work non-commercially, as long as appropri-
ate credit is given and the new creations are licensed under the identical 
terms.

References
Adzick NS, Thom EA, Spong CY, Brock JW, 3rd, Burrows PK, Johnson 

MP, Howell LJ, Farrell JA, Dabrowiak ME, Sutton LN, Gupta N, Tulipan 
NB, D’Alton ME, Farmer DL; MOMS Investigators (2011) A random-
ized trial of prenatal versus postnatal repair of myelomeningocele. N 
Engl J Med 364:993-1004.

Brown EG, Keller BA, Lankford L, Pivetti CD, Hirose S, Farmer DL, Wang 
A (2016) Age does matter: a pilot comparison of placenta-derived stro-
mal cells for in utero repair of myelomeningocele using a lamb model. 
Fetal Diagn Ther 39:179-185.

Dominici M, Le Blanc K, Mueller I, Slaper-Cortenbach I, Marini F, Krause 
D, Deans R, Keating A, Prockop D, Horwitz E (2006) Minimal criteria 
for defining multipotent mesenchymal stromal cells. The International 
Society for Cellular Therapy position statement. Cytotherapy 8:315-317.

Fauza DO, Jennings RW, Teng YD, Snyder EY (2008) Neural stem cell 
delivery to the spinal cord in an ovine model of fetal surgery for spina 
bifida. Surgery 144:367-373.

Kim YH, Ha KY, Kim SI (2017) Spinal cord injury and related clinical tri-
als. Clin Orthop Surg 9:1-9.

Manley NC, Priest CA, Denham J, Wirth ED, 3rd, Lebkowski JS (2017) 
Human embryonic stem cell-derived oligodendrocyte progenitor cells: 
preclinical efficacy and safety in cervical spinal cord injury. Stem Cells 
Transl Med 6:1917-1929.

Meuli M, Moehrlen U (2014) Fetal surgery for myelomeningocele is effec-
tive: a critical look at the whys. Pediatr Surg Int 30:689-697.

Rosenzweig ES, Brock JH, Lu P, Kumamaru H, Salegio EA, Kadoya K, 
Weber JL, Liang JJ, Moseanko R, Hawbecker S, Huie JR, Havton LA, 
Nout-Lomas YS, Ferguson AR, Beattie MS, Bresnahan JC, Tuszynski 
MH (2018) Restorative effects of human neural stem cell grafts on the 
primate spinal cord. Nat Med 24:484-490.

Saadai P, Nout YS, Encinas J, Wang A, Downing TL, Beattie MS, Bresna-
han JC, Li S, Farmer DL (2011) Prenatal repair of myelomeningocele 
with aligned nanofibrous scaffolds-a pilot study in sheep. J Pediatr Surg 
46:2279-2283.

Saadai P, Wang A, Nout YS, Downing TL, Lofberg K, Beattie MS, Bres-
nahan JC, Li S, Farmer DL (2013) Human induced pluripotent stem 
cell-derived neural crest stem cells integrate into the injured spinal cord 
in the fetal lamb model of myelomeningocele. J Pediatr Surg 48:158-
163.

Spees JL, Lee RH, Gregory CA (2016) Mechanisms of mesenchymal stem/
stromal cell function. Stem Cell Res Ther 7:125.

Wang A, Brown EG, Lankford L, Keller BA, Pivetti CD, Sitkin NA, Beattie 
MS, Bresnahan JC, Farmer DL (2015) Placental mesenchymal stromal 
cells rescue ambulation in ovine myelomeningocele. Stem Cells Transl 
Med 4:659-669.

 C-Editors: Zhao M, Yu J; T-Editor: Liu XL

http://orcid.org/0000-0002-2985-3627

