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Introduction

WMI is mainly caused by demyelination of central 
neuronal cells, which can lead to motor, visual and cognitive 
disorders. Oligodendrocytes are the only cell type to form 
myelination. Late oligodendrocyte progenitors at GW24-32  
in humans are susceptible to hypoxia-ischemia (HI) or 
inflammation, therefore resulting in demyelination in 
periventricular, subcortical and callosal white matters (1). 
There are some guidelines for WMI treatments, basically 

supporting or symptomatic treatments. Erythropoietin and 
hypothermia are also used for treating WMI (2). These 
treatments can promote neurons regeneration, reduce 
neuronal loss and axonal injury, but none of them can repair 
myelin loss. There are growing evidences from clinical 
and pre-clinical studies that stem/progenitor cells have 
multiple roles in treating neurological diseases including 
WMI. Stem cells are undifferentiated cells that include two 
broad categories: embryonic stem cells (ESCs)/induced 
pluripotent stem cells (iPSCs) and adult stem cells. ESCs are 
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isolated from the inner cells mass of blastocysts, which have 
the capacity of self-renewal and multilineage differentiation. 
iPSCs are a type of pluripotent stem cells that can be 
obtained by reprogrammed somatic cells and have similar 
properties to ESCs (3). Adult stem cells can be obtained 
from many tissues, such as brain, adipose and bone marrow. 
Depending on their tissue sources, they can be classified as 
NSCs, MSCs, hematopoietic stem cells, etc., and they all 
have been widely used in clinical and pre-clinical researches. 
As early as 1981, NSCs isolated from animal brain tissue 
were transplanted for treating neurological diseases, 
after that, human fetal brain tissue was used (4). In 1997, 
researchers transplanted glia cells which were obtained 
from the spinal cord of a normal dog into a neonatal or 
adult canine with myelin mutant. They found that the graft 
could survive for a long term and form myelin sheath in 
the transplantation site (5). After that, many types of cells 
such as NSCs, MSCs, and oligodendrocyte progenitor cells 
(OPCs) isolated from primary tissue or derived from ESCs/
iPSCs were used for transplantation to treat encephalopathy 
of prematurity (6). In recent years, with the development of 
stem cell technology, stem cell transplantation has become 
a potential therapeutic approach for many neurological 
defects including WMI. Different types of stem cells proved 
to be therapeutic in WMI. However, the clinical application 
of stem cell-based therapy for WMI still faces many 
challenges, such as immune rejection and limited effect (7). 
This paper reviewed the progresses and the challenges of 
stem cell therapy for WMI.

WMI pathology

WMI in preterm infants is mainly caused by perinatal 
HI, and could lead to a long-term neurologic disability 
or even death. With the development of perinatology, 
the survival  rate  of  premature infants  increases , 
accompanied by the increasing incidence of WMI. In 
the rat model of HI, it was found that the mechanism of 
white matter damage in premature infants caused by HI 
was related to the maturation dependent vulnerability of 
oligodendrocytes. White matter maturation in rats/mice 
are at postnatal day (PND) 3–5, which corresponds to 
24–30 gestational week (GW24-30) in humans. During 
this period, oligodendrocytes are at the late progenitor 
(O4+/O1−) stage and are highly susceptible to HI (8). Late 
oligodendrocyte progenitors are the main apoptosis cells in 
the oligodendrocyte lineage when HI occurs. Early OPCs 
(NG2+/O4−) and mature oligodendrocytes (MBP+) are 

more tolerant to HI. Besides, some late oligodendrocyte 
progenitors which survived from HI damage, will go 
through an accelerated differentiation process and become 
activated oligodendrocytes. However these activated 
oligodendrocytes have lost the ability of myelination, 
resulting in demyelinating lesions in the white matter (9).  
Next, immaturity of the cerebral blood supply in the 
deep periventricular regions such as basal ganglia of the 
brain, making it vulnerable to cerebral ischemia. When 
hemodynamics change, the underdeveloped cerebral 
vascular system cannot steady blood flow, thus aggravating 
the vulnerability of white matter to HI. In addition, free 
radical formation and excitotoxicity of glutamate also 
contribute to WMI (9).

NSCs transplant

NSCs are pluripotent stem cells with the potential of 
self-renewal and multi-differentiation. It can be obtained 
from the fetal/adult brain tissue, ESCs/iPSCs, or direct 
reprogrammed by astrocytes (10)/fibroblasts (11). NSCs 
are the most commonly used cell type for WMI treatment 
because of its potential to differentiate into neurons and 
glial cells in vivo and in vitro. In some primitive studies, 
mouse primary NSCs were isolated for cell transplantation 
to treat WMI. Rumajogee et al. (12) transplanted adult 
NSCs isolated from transgenic adult mice expressing 
yellow fluorescent protein (YFP) into the corpus callosum 
(CC) of HI mice at PND21. Treated mice in this study 
demonstrated repair of lesioned structures by histology 
and magnetic resonance imaging (MRI), and remyelination 
of the CC by endogenous oligodendrocytes. Behaviors 
such as cylinder and Cat-Walk tests were qualitatively 
improved in transplanted mice. Researchers found 
that NSCs derived from human ESCs obtained similar 
therapeutic effects (13). Besides, Daadi et al. (14) found 
that the axon of transplanted cells can grow into the lesion 
site. This suggests that the transplanted NSCs have the 
potential of integrating into the host’s neural circuits, 
but it requires more electrophysiology evidence. They 
also observed that neurogenesis, glial regeneration, and 
neurotrophic support related gene expression upregulated 
by microarray analysis. These studies have found that 
NSCs can improve the outcome of WMI caused by HI 
both in structure and function. As for myelination repair, 
the mechanism of NSCs transplantation for remyelination 
is mainly to promote endogenous myelination, rather than 
to directly differentiate into oligodendrocytes to replace 
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the lost myelin sheath, because these transplanted NSCs 
are hardly differentiate into oligodendrocytes in a default  
environment (12). Recently, due to the development of 
gene editing technology, genetically modified NSCs have 
been used to improve the therapeutic effect of NSCs. Tian 
et al. (15) strengthened therapeutic effects of NSCs by 
overexpressing leukemia inhibitory factor (LIF), which has 
neuroprotective effect on NSCs. They found that LIF-
NSCs could reduce neuron apoptosis in vitro. In vivo, LIF-
NSC reduced the infarction area, increased nerve and glia 
cell regeneration. In the future, gene editing technology 
and stem cell therapy will be combined to optimize the 
therapeutic effect of NSCs.

Mesenchymal stem cells (MSCs) transplant

MSCs are pluripotent stem cells that obtained from tissue 
such as umbilical cord blood (UCB), bone marrow, adipose 
tissue or placenta. Under certain culture conditions, they 
can differentiate into many cell types include neurons and 
glia cells. Studies have confirmed that in the sheep model 
of WMI, white matter damage caused by HI was reduced 
after transplantation of UCB-derived MSCs via resisting 
inflammatory and modulating immune response (16). 
van Velthoven et al. (17) established the animal model of 
WMI in PND9 rats, and then transplanted bone marrow 
derived MSCs into the lateral ventricle of WMI rats. They 
found that the loss of neurons and oligodendrocytes were 
significantly reduced, and the motor function of the rats 
in the transplantation group was improved significantly. 
In addition, after bone marrow derived MSCs being 
transplanted for 2 weeks, the proliferated neurons (BrdU

+
/

NeuN
+
), oligodendrocytes (BrdU

+
/Olig2

+
) and astrocyte 

(BrdU
+
/S100b

+
) in the HI + MSC-treated animals were 

increased, while the proliferated microglial cells (BrdU
+
/

Iba1
+
) were decreased compared with HI animals. These 

studies demonstrated that MSCs in the WMI animal models 
promoted the regeneration of neural and glial cells, inhibited 
the inflammatory response. Clinical application of MSCs-
based therapy has been developed due to its accessibility and 
low immunogenicity (18,19). A recent clinical study reported 
that, in their phase I study, intraventricular transplantation 
of allogeneic human UCB-derived MSCs into severe 
intraventricular haemorrhage (IVH) preterm infants was safe 
and feasible. Nine premature infants received cell transplants 
at 11.6±0.9 postnatal days, three received low-dose injections 
(5×106 cells/kg) and six received high-dose injections  
(1×107 cells/kg), no serious side effects and dose-

limiting toxicities were observed. Cerebrospinal fluid 
(CSF) biomarkers like vascular endothelial growth factor 
(VEGF), and brain-derived neurotropic factor (BDNF) 
exhibited increase in some infants after MSCs intervention 
compared with baseline values (18). These data support 
the neuroprotective activity of transplanted MSCs in the 
treatment of WMI.

Oligodendrocyte precursor cells (OPCs) 
transplant

OPCs are widespread in central nervous system, most of 
them differentiate into oligodendrocytes and a few into 
astrocytes. Oligodendrocytes loss or dysfunction will cause 
demyelination, which is the main pathological feature of 
WMI. Myelin regeneration is mediated by OPCs, thus 
they are considered as seed cells for treating demyelinating 
diseases including WMI. OPCs can be obtained from 
fetal brain tissue or derived from ESCs/iPSCs, NSCs, 
or transdifferentiated from somatic cells like fibroblast  
(20-22). In early stem cell studies, mouse primary OPCs 
were isolated and transplanted into WMI mouse/rat brain. 
Experimental data suggested that rat primary OPCs can 
survive and migrate in the host brain and promote the 
secretion of neurotrophic factor (23). Proliferated NSCs 
(BrdU

+
/Nestin

+
) increased in treated animals and these 

animals showed relived behavior deficits compared to 
sham operated controls (24). These studies suggest that 
the transplantation of OPCs have neuroprotective effects 
and can promote endogenous nerve regeneration. More 
important, it served as a source for myelin repair has been 
repeatedly reported. Porambo et al. (25) reported that 
intra-callosal injection of glia progenitor cells derived from 
embryonic spinal cord 17 days after HI in PND5 mice 
was associated with increased MBP density in cell treated 
WMI mice despite limited cell survival. Human ESCs 
derived OPCs were not applied in that time because of 
oligodendrocytes differentiation from human ESCs were 
not possible in the past. Transplantation of human primary 
NSCs derived OPCs seems like more feasible (26). Wu  
et al. (26) transplanted OPCs which were isolated from 
human aborted embryo into the forebrain of HI rats. They 
found that the myelinated axons were increased significantly 
in lesion site 90 days after transplantation. These results 
also showed long term survival of transplanted human 
OPCs in WMI rats. As the technical difficulties of human 
ESCs differentiation have been overcome, preclinical 
studies on human oligodendrocytes transplantation have 
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also been carried out. Kim and his colleagues showed that 
neurobehavioral performance were improved when human 
NSCs derived OPCs being transplanted for 3 days in HI 
animal models. Transplanted cells migrated to the injury 
site, differentiated into mature oligodendrocytes, expressing 
MBP and wrapped the neuronal cells to form new myelin 
sheaths (27).

Discussion

WMI is primarily caused by perinatal hypoxia and ischemia. 
Full-term infants and premature infants have different 
patterns of injuries when exposed to HI owing to late 
oligodendrocyte progenitors’ selectively vulnerable. Preterm 
infants are characterized by periventricular leukomalacia 
while the gray matter is predominantly injured in full-term 
infants (9). At present, the therapeutic methods of WMI in 
premature infants are mainly symptomatic support and mild 
hypothermia, while the effect of these treatments is limited 
in some severe cases. Cell transplantation is a promising 
treatment for these cases. The therapeutic mechanisms of 
cell transplant include replacing the lost cells, secreting 
neurotrophic factors, modulating inflammatory process, 
promoting endogenous neurogenesis ,  st imulating 
angiogenesis, and so on. However, the determined 
mechanisms are not fully revealed. Understanding the 
mechanism of stem cell therapy will be much more 
conducive to the future utilization. MSCs transplantation 
for WMI has been demonstrated to be safe in clinical  
trials (18). Gene editing in combination with stem cell 
therapy is also under pre-clinical researches (15). Although 
OPCs can specifically supplement the lost oligodendrocytes, 
its clinical application has not yet been developed due to the 
difficulty of obtaining OPCs. With the development of cell 
differentiation technology, OPC differentiated from ESCs/
iPSCs will be wildly used in the treatment of WMI.

Conclusions

Preclinical studies have confirmed the safety and feasibility 
of different cell types for transplantation. NSCs and MSCs 
transplantation therapy has entered clinical trial processes, 
whereas OPCs transplant has not been used in clinical 
studies yet owing to its differentiation difficulties (18). In 
addition, more experimental data is needed so that we can 
choose the optimal cell type, transplant dose and transplant 
site to enhance the treatment effects and avoid immune 
rejection.

Acknowledgments

Funding:  National Natural Science Foundation of 
China (81974174); Excellent Medical Talents Training 
Program of Shanghai (2017YQ074); Shanghai Rising-Star 
Program (17QA1400600); Shanghai Rising-Star Program 
(17QA1400600).

Footnote

Conflicts of Interest: All authors have completed the ICMJE 
uniform disclosure form (available at https://pm.amegroups.
com/article/view/10.21037/pm-20-49/coif). WZ serves as 
an Executive Editor-in-Chief of Pediatric Medicine. The 
other authors have no conflicts of interest to declare.

Ethical Statement: The authors are accountable for all 
aspects of the work in ensuring that questions related 
to the accuracy or integrity of any part of the work are 
appropriately investigated and resolved.

Open Access Statement: This is an Open Access article 
distributed in accordance with the Creative Commons 
Attribution-NonCommercial-NoDerivs 4.0 International 
License (CC BY-NC-ND 4.0), which permits the non-
commercial replication and distribution of the article with 
the strict proviso that no changes or edits are made and the 
original work is properly cited (including links to both the 
formal publication through the relevant DOI and the license). 
See: https://creativecommons.org/licenses/by-nc-nd/4.0/.

References

1. Back SA. White matter injury in the preterm infant: 
pathology and mechanisms. Acta Neuropathol 
2017;134:331-49.

2. Jiang YB, Wei KY, Zhang XY, et al. White matter repair 
and treatment strategy after intracerebral hemorrhage. 
CNS Neurosci Ther 2019;25:1113-25.

3. Takahashi K, Tanabe K, Ohnuki M, et al. Induction of 
pluripotent stem cells from adult human fibroblasts by 
defined factors. Cell 2007;131:861-72.

4. Dunnett SB, Bjorklund A, Stenevi U, et al. Behavioural 
recovery following transplantation of substantia nigra 
in rats subjected to 6-OHDA lesions of the nigrostriatal 
pathway. II. Bilateral lesions. Brain Res 1981;229:457-70.

5. Archer DR, Cuddon PA, Lipsitz D, et al. Myelination 
of the canine central nervous system by glial cell 

https://pm.amegroups.com/article/view/10.21037/pm-20-49/coif
https://pm.amegroups.com/article/view/10.21037/pm-20-49/coif
https://creativecommons.org/licenses/by-nc-nd/4.0/


Pediatric Medicine, 2020 Page 5 of 5

© Pediatric Medicine. All rights reserved. Pediatr Med 2020;3:11 | http://dx.doi.org/10.21037/pm-20-49

transplantation: a model for repair of human myelin 
disease. Nat Med 1997;3:54-9.

6. Romantsik O, Bruschettini M, Moreira A, et al. Stem cell-
based interventions for the prevention and treatment of 
germinal matrix-intraventricular haemorrhage in preterm 
infants. Cochrane Database Syst Rev 2019;9:CD013201.

7. Borghesi A, Cova C, Gazzolo D, et al. Stem cell therapy 
for neonatal diseases associated with preterm birth. J Clin 
Neonatol 2013;2:1-7.

8. Choi EK, Park D, Kim TK, et al. Animal models of 
periventricular leukomalacia. Lab Anim Res 2011;27:77-84.

9. Back SA, Han BH, Luo NL, et al. Selective vulnerability 
of late oligodendrocyte progenitors to hypoxia-ischemia. J 
Neurosci 2002;22:455-63.

10. Liu Y, Miao Q, Yuan J, et al. Ascl1 Converts Dorsal 
Midbrain Astrocytes into Functional Neurons In Vivo. J 
Neurosci 2015;35:9336-55.

11. Treutlein B, Lee QY, Camp JG, et al. Dissecting direct 
reprogramming from fibroblast to neuron using single-cell 
RNA-seq. Nature 2016;534:391-5.

12. Rumajogee P, Altamentova S, Li L, et al. Exogenous 
neural precursor cell transplantation results in structural 
and functional recovery in a hypoxic-ischemic hemiplegic 
mouse model. eNeuro 2018;5:ENEURO.0369-18.2018.

13. Bennet L, Tan S, Van den Heuij L, et al. Cell therapy for 
neonatal hypoxia-ischemia and cerebral palsy. Ann Neurol 
2012;71:589-600.

14. Daadi MM, Davis AS, Arac A, et al. Human neural stem 
cell grafts modify microglial response and enhance axonal 
sprouting in neonatal hypoxic-ischemic brain injury. 
Stroke 2010;41:516-23.

15. Tian L, Zhu W, Liu Y, et al. Neural stem cells transfected 
with leukemia inhibitory factor promote neuroprotection 
in a rat model of cerebral ischemia. Neurosci Bull 
2019;35:901-8.

16. Li J, Yawno T, Sutherland AE, et al. Preterm umbilical 
cord blood derived mesenchymal stem/stromal cells 
protect preterm white matter brain development against 
hypoxia-ischemia. Exp Neurol 2018;308:120-31.

17. van Velthoven CT, Kavelaars A, van Bel F, et al. 
Mesenchymal stem cell treatment after neonatal hypoxic-
ischemic brain injury improves behavioral outcome and 

induces neuronal and oligodendrocyte regeneration. Brain 
Behav Immun 2010;24:387-93.

18. Ahn SY, Chang YS, Sung SI, et al. Mesenchymal stem cells 
for severe intraventricular hemorrhage in preterm infants: 
Phase I dose-escalation clinical trial. Stem Cells Transl 
Med 2018;7:847-56.

19. Song Y, Du H, Dai C, et al. Human adipose-derived 
mesenchymal stem cells for osteoarthritis: A pilot study 
with long-term follow-up and repeated injections. Regen 
Med 2018;13:295-307.

20. Najm FJ, Lager AM, Zaremba A, et al. Transcription 
factor-mediated reprogramming of fibroblasts to 
expandable, myelinogenic oligodendrocyte progenitor 
cells. Nat Biotechnol 2013;31:426-33.

21. Yang N, Zuchero JB, Ahlenius H, et al. Generation of 
oligodendroglial cells by direct lineage conversion. Nat 
Biotechnol 2013;31:434-9.

22. Liu C, Hu X, Li Y, et al. Conversion of mouse fibroblasts 
into oligodendrocyte progenitor-like cells through a 
chemical approach. J Mol Cell Biol 2019;11:489-95.

23. Yue Y, Zhang L, Qu Y, et al. Neuroprotective effects of 
oligodendrocyte precursor cells on white matter damage 
in preterm infants. Zhongguo Dang Dai Er Ke Za Zhi 
2018;20:326-31.

24. Chen LX, Ma SM, Zhang P, et al. Neuroprotective effects 
of oligodendrocyte progenitor cell transplantation in 
premature rat brain following hypoxic-ischemic injury. 
PLoS One 2015;10:e0115997.

25. Porambo M, Phillips AW, Marx J, et al. Transplanted glial 
restricted precursor cells improve neurobehavioral and 
neuropathological outcomes in a mouse model of neonatal 
white matter injury despite limited cell survival. Glia 
2015;63:452-65.

26. Wu CJ, Wang ZY, Yang YX, et al. Long-term effect 
of oligodendrocyte precursor cell transplantation on a 
rat model of white matter injury in the preterm infant. 
Zhongguo Dang Dai Er Ke Za Zhi 2017;19:1003-7.

27. Kim TK, Park D, Ban YH, et al. Improvement 
by human oligodendrocyte progenitor cells of 
neurobehavioral disorders in an experimental model of 
neonatal periventricular leukomalacia. Cell Transplant 
2018;27:1168-77.

doi: 10.21037/pm-20-49
Cite this article as: Ma L, Ji X, Tang C, Zhou W, Xiong M. 
Therapeutic approach of stem cell transplantation for neonatal 
white matter injury. Pediatr Med 2020;3:11.


