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1. Introduction 
Myelin is a lipid-rich insulating substance made of multiple 
layers of compacted cell membranes. Oligodendrocytes of 
the central nervous system (CNS) ensheath the axons to 
form myelin that insulates segments of an axon for faster 
action potential conduction and to provide trophic support 
(Griffiths et al., 1998; Nave, 2010; Simons and Nave, 2015). 
Oligodendrocytes are required for the proper functioning 
and survival of the neuron. Improper development of 
myelin or damage to the existing myelin leads to interrupted 
signal propagation over the axon and disrupted metabolic 
support, resulting in failure of neuronal function followed 
by atrophy of the neuron (Siegel, 2006; Peru et al., 2008; 
Nave, 2010; Miron et al., 2011). Thus, strategies to activate 
and protect the oligodendrocyte progenitor cells (OPCs) 
residing in the CNS to replace the damaged myelin and 
to supply exogenous myelination-capable cells when 
endogenous OPCs are inadequate to remyelinate have 
been in the spotlight to treat demyelination diseases (Peru 
et al., 2008; Miron et al., 2011; Potter et al., 2011; Gupta 
et al., 2012). In this review, such therapeutic approaches 
taken against Pelizaeus–Merzbacher disease (PMD), 
adrenoleukodystrophy (ALD), multiple sclerosis (MS), and 
subacute sclerosing panencephalitis (SSPE) are discussed. 

Human clinical trials for all four diseases are summarized. 
Additionally, stem cell transplantation therapy for spinal 
cord injury is investigated as demyelination of axons is one 
of the main symptoms of the injury. 

In recent years, a new tool has emerged to investigate 
neurodegenerative diseases in vitro. iPSCs carry the 
genotype of the person they are derived from. Hence, iPSCs 
derived from patients have the ability to reflect the cellular 
pathophysiology of the disease and are increasingly being 
used to study neurodegenerative diseases (Marchetto et 
al., 2008, 2010; Havlicek et al., 2014; Marchetto and Gage, 
2014). Advances have been made to use mouse ESCs 
derived from oligodendrocytes and neurons as a model 
of myelin formation in vitro and test drug candidates 
to treat demyelination diseases (Deshmukh et al., 2013; 
Kerman et al., 2015). The techniques can be adapted to 
use human iPSCs. Patient iPSCs can be differentiated 
into oligodendrocytes and neurons to monitor defects in 
myelin formation (Figure). Additionally, these models are 
ideal platforms to test candidate drugs on human cells 
before clinical trials. This review discusses such potential 
uses of iPSCs as in vitro models of myelination and myelin 
disorders.
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2. Pelizaeus–Merzbacher disease 
PMD is an X-linked recessive disorder involving mainly the 
CNS with minor effects in the peripheral nervous system 
(Hobson and Garbern, 2012; Han et al., 2013). Mutations 
in the proteolipid protein 1 gene (PLP1) are responsible 
for PMD. One in 200,000 to 500,000 live births has PMD 
(Gupta et al., 2012; Torii et al., 2014). Individuals suffering 
from PMD have deficiencies of intellectual functions and 
motor skills involving walking, muscle stiffness, problems 
with movement and balance (ataxia), and involuntary 
jerking, with an average life span of approximately 30 years 
(Hobson and Garbern, 2012; Han et al., 2013). 

Studies using transgenic mice and cells transfected with 
the PLP1 gene suggest that accumulation of the excess or 
misfolded PLP protein in the secretory pathway revealed 
the cellular basis of the disorder (Readhead et al., 1994; 
Gow and Lazzarini, 1996; Karim et al., 2010; Saher et al., 
2012). The PLP is not delivered to the myelin membrane in 
sufficient amounts. Additionally, accumulated PLP triggers 
the unfolded protein response and attenuates delivery of 
cholesterol and maybe other cargo to the cell membrane. 
The oligodendrocyte metabolism is disrupted, resulting 
in abnormal differentiation, failure to form typical myelin 
structure, and apoptosis. A human iPSC-based model of 
PMD also supports this mechanism (Numasawa-Kuroiwa 
et al., 2014). iPSCs derived from two PMD patients were 
differentiated into oligodendrocytes and neurons. Cellular 
phenotypes of oligodendrocytes were investigated in 
detail and defects in myelin morphology were recorded 
for human cells, allowing the study of correlations among 
oligodendrocyte biology, genetic mutations that people 
carry, and the pathophysiology of PMD (Figure).

Currently available treatments for PMD are rather 
restricted and focus on alleviating the symptoms rather 
than curing the myelin deficit (Uchida et al., 2012; Torii 
et al., 2014). Thus, transplantation of cells capable of 
myelination has become a target as a treatment for PMD. 
Oligodendrocyte and Schwann cell transplantation to 
donor animals has been experimentally investigated since 
the 1980s (Table 1) (Duncan et al., 1981, 1988). Recently, 
animal models are being used to test the feasibility of 
transplantation of human cells (Table 1). For example, NSCs 
isolated from donated fetal brains (Uchida et al., 2012) and 
human glial progenitor cells (GPCs), either isolated from 
donated fetal brains or from surgical samples (Windrem et 
al., 2008), are transplanted into the dysmyelinated shiverer 
mouse model. These cells spread around the CNS and 
myelinated axons restore impulse transduction across the 
axons. Since fetal tissue as a transplantation material in the 
clinic may have several limitations, including availability 
as a constant source, moral objection of the recipient, 
and immune system complications due to the allogenic 
nature of the cells, iPSC-derived cells are being tested as an 

alternative. Human iPSC-derived OPCs have been shown 
to efficiently myelinate axons of shiverer mice (Wang et al., 
2013). Importantly, neither of the transplanted progenitor 
cells showed any tumorigenic activity.

Human fetal NSCs that were not tumorigenic in mouse 
(Uchida et al., 2012) were tested for safety and efficacy in 
an open-label phase I clinical trial (Table 2) (Gupta et 
al., 2012). The 4 male patients involved in the trial had 
early-onset severe PMD due to amino acid substitution 
mutations in PLP1 and were between 14 months and 66 
months of age. The NSCs were transplanted surgically 
into the frontal lobe white matter. Patients received 
immunosuppressants for 9 months after transplantation 
due to the allogenic nature of the NSCs. No severe adverse 
effects related to the transplantation procedure or to 
immunosuppression were observed. Twelve months after 
transplantation, the mental and physical functions of all 
four patients were stable or improved, such as the ability 
to self-feed. Neurological improvements such as reduced 
nightly continuous positive airway pressure requirements 
were observed. Consistently, MRI data indicated increased 
myelination in the regions of transplantation. A long-
term follow-up of these four patients is currently ongoing 
(https://clinicaltrials.gov/ NCT01391637).

Umbilical cord blood (UCB) is a source of 
hematopoietic stem cells (HSCs) and has been successfully 
transplanted for treatment of many inherited metabolic 
diseases (Prasad et al., 2008). UCB transplantation can 
stabilize the disease progression if performed early. With 
this premise, Wishnew et al. (2014) transplanted UCB in 
two young boys with PMD (Table 2). One patient had a 
duplication of and the other had an aberrant splicing 
mutation in the PLP1 gene. At the ages of 9 months and 
29 months, the patients underwent UCB transplantation 
after myeloablative chemotherapy as the cords came 
from an unrelated donor. Both patients showed improved 
disease phenotype and no severe complications related 
to the transplantation procedure after 7-year and 1-year 
follow-ups. Modestly improved motor skills and cognitive 
skills were reported. These may be associated with increase 
in myelination observed by MRI. However, due to lack 
of MRI data on the natural course of the disease, such a 
statement is not conclusive.

The outcomes of stem cell transplantation therapies 
for PMD are very encouraging as all patients show stable 
or improved motor skills and mental abilities. Increased 
myelination within the CNS suggests that these interventions 
are, at least in part, acting through an expected mechanism. 
All patients tolerated the allogenic cells even after removal 
of immunosuppression. It is especially noteworthy that one 
of the boys who received UCB transplantation has shown 
positive results for 7 years and can attend mainstream 
schooling with some extra support. 
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3. Adrenoleukodystrophy 
ALD is caused by disruption of the ATP-binding cassette 
subfamily D member 1 gene (ABCD1) that is on the X 
chromosome (Kemp et al., 2001; Baarine et al., 2015). At 
least 517 different mutations disrupting the ABCD1 gene 
have been identified with a conservative incidence rate of 1 
in 20,000, which may be as high as 1 in 14,000 (Kemp et al., 
2001, 2010). The encoded protein (also known as ALDP) 
localizes to the peroxisomal membrane and is involved 
in transfer of very-long-chain fatty acids (VLCFAs) into 

peroxisomes, where VLCFAs are oxidized. Although 
ALD is characterized by accumulation of VLCFAs, the 
mechanism of myelin disruption is unknown. People with 
ABCD1 mutations can show a variety of phenotypes, the 
most devastating being childhood-onset cerebral ALD 
(ccALD). From 30% to 35% of ALD patients start showing 
demyelination within the cerebrum between the ages of 
3 to 10 years (Kemp et al., 2001; Miller et al., 2011). The 
neurological and cognitive decline is very quick; usually 
total disability is evident within 3 years of diagnosis. 

Figure. Modeling demyelination disease using iPSCs. Patient and control cells are reprogrammed to the pluripotent state to generate 
iPSCs, which in turn are differentiated into oligodendrocytes and neurons. In a controlled in vitro environment oligodendrocytes 
form myelin. The oligodendrocytes, neurons, and myelin can be analyzed in detail for metabolic changes, cellular morphology, 
maturation, and myelination potential. The evaluated disease phenotype feeds into the analysis process where informed choices can 
be made to select candidate drugs and therapies. These selected few candidates or a large number of compounds can be screened 
using the cells to examine their effects on the disease pathophysiology. Successful therapeutic strategies and compounds could be 
identified and employed to improve the lives of patients.
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Table 1. A synopsis of the stem cell transplantation tests in animal models. This table is aimed at providing a small sample of studies 
involving transplantation of various stem cells into animal models with defective myelin in order to supplement human clinical trials. 

Model Study Outcomes

Quaking mouse
(CNS hypomyelination)

Cells: Rat Schwann cells
Transplantation: Injection into the spinal cord
Parkin and PACRG genes mutated
(Duncan et al., 1981)

-	 Lysolecithin induced demyelination
-	 Immunosuppression administered
-	 Myelination of spinal neurons by Schwann 

cells
-	 Minimal to no migration of Schwan cells

Myelin-deficient rat
(proteolipid protein gene mutated)

Cells: Rat CNS cells (mixture) and Schwann 
cells
Transplantation: Injection into the spinal cord

(Duncan et al., 1988)

-	 Cells migrated away from injection site
-	 Transplanted oligodendrocytes myelinated 

axons of the spinal cord
-	 Transplanted Schwann cells also myelinated 

CNS axons

Shiverer mouse
(MBP gene mutated)

Cells: Fetal human glial progenitor cells
Transplantation: Injection into brain at several 
locations
Mice are also immunodeficient (rag2-/-)
(Windrem et al., 2008)

-	 Human cells myelinated in the mouse brain
-	 Restored conduction velocity and nodes
-	 Increased neurological function
-	 Increased survival and decreased seizures
-	 Cells were nontumorigenic

Cells: Human neural stem cells (hNSCs)
Transplantation: Injection into brain at several 
locations
Mice are also immunodeficient (rag2-/-)
(Uchida et al., 2012)

-	 hNSCs turned into oligodendrocytes 
preferentially

-	 Robust myelination
-	 Restored conduction velocity and nodes
-	 Myelin detected by magnetic resonance 

imaging

Cells: Human iPSC-derived oligodendrocyte 
progenitor cells (hiPSC-OPCs)

-	 hiPSC-OPCs turned into oligodendrocytes 
and astrocytes

Transplantation: Injection into brain
Mice are also immunodeficient (rag2-/-)
(Wang et al., 2013)

-	 Robust myelination of the entire brain
-	 Restored nodes of Ranvier
-	 Increased survival
-	 Cells were nontumorigenic
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Another common type of ALD is adrenomyeloneuropathy 
(AMN), which involves axonopathy of mostly spinal cord. 
AMN onset is at 28 ± 9 years of age and it progresses more 
slowly.

Correlation between ALD severity and either ABCD1 
mutations or plasma VLCFA levels has not been observed 
(Kemp et al., 2010; Jang et al., 2011). Reflecting such 
complexity, mice with mutated ABCD1 gene fail to 
replicate ALD phenotypes, especially that of ccALD. 
Therefore, iPSCs derived from patients offer an ideal 
platform to study the disease pathophysiology and test 
drug candidates. Indeed, VLCFA accumulation is observed 
in oligodendrocytes derived from ccALD and AMN iPSCs 
(Jang et al., 2011; Baarine et al., 2015). Consistent with the 
disease severity, ccALD oligodendrocytes accumulated 
more VLCFAs than AMN oligodendrocytes. The excess 
VLCFA was not observed in the undifferentiated iPSCs 

(Jang et al., 2011), but it was observed for a subset of the 
lines when differentiated into neurons (Jang et al., 2011; 
Baarine et al., 2015). Additionally, ccALD iPSC-derived 
astrocytes were more prone to inflammatory activity 
(Baarine et al., 2015). Jang et al. (2011) also tested effects 
of lovastatin and 4-phenylbutyrate, two compounds 
known to lower VLCFA levels in fibroblasts, on ccALD 
iPSC-derived oligodendrocytes. Intriguingly, both drugs 
lowered the VLCFA level, though only lovastatin’s effect 
was statistically significant. These results demonstrate the 
utility of iPSCs for studying complex disease phenotypes 
and testing candidate drugs for ALD and, more generally, 
other demyelinating diseases in vitro (Figure).

ALD patients have been transplanted with HSCs 
in the form of bone marrow or UCB from either 
immunologically matched or mismatched sources since 
1982 (Table 2) (Peters et al., 2004). A comparison of 

Experimental autoimmune 
encephalomyelitis (EAE)

Cells: Mesenchymal stem cells (MSCs) from 
the same strain of mice
Transplantation: Intravenous injection
mmunized by myelin oligodendrocyte 
glycoprotein
(Zappia et al., 2005)

-	 Reduced demyelination of CNS
-	 Reduced immune cell infiltration to CNS
-	 Not beneficial after disease stabilization
-	 MSCs migrated primarily to lymph nodes 

and spleen
-	 T-cell activation was suppressed

Cells: Human bone marrow stromal cells 
(hBMSCs)
Transplantation: Intravenous injection
Immunized by proteolipid protein
(Zhang et al., 2005)

-	 Increased neurological function
-	 Reduced demyelination of CNS
-	 Reduced immune cell infiltration to CNS
-	 hBMSCs infiltrate brain
-	 Increased proliferation of oligodendrocyte 

lineage cells
-	 Elevated BDNF levels in the brain

Cells: Human mesenchymal stem cells 
(MSCs) engineered to secrete interferon-beta 
(IFN-β)
Transplantation: Intravenous injection
Immunized by myelin oligodendrocyte 
glycoprotein
(Ryu et al., 2013)

-	 Serum IFN-β levels were elevated
-	 Reduced demyelination of CNS
-	 Reduced immune cell infiltration to CNS
-	 Reduced levels of activating cytokines
-	 Elevated BDNF and NGF levels in the brain
-	 MSCs-IFN-β migrate into CNS
-	 Reduced blood–brain barrier permeability

Cells: Wild-type (wt) or Fas-deficient (lpr) 
mouse neural stem cells (NSCs) 
Transplantation: Injection into brain
Immunized by myelin oligodendrocyte 
glycoprotein
(Hackett et al., 2014)

-	 lpr-NSCs exhibit increased survival and 
differentiation

-	 Increased neurological function
-	 Reduced immune cell infiltration to CNS
-	 NSCs migrated in the CNS
-	 NSCs remained as progenitors around the 

CNS lesions
-	 Both wt- and lpr-NSCs showed same effects
-	 Transplanted NSCs may have more of an 

immunomodulatory role

Table 1. (Continued).
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Table 2. Clinical trials of stem cell transplantation to treat myelin disorders. The transplantation materials used in and the outcomes of 
the human clinical trials discussed in this review are summarized.

Myelin disorder Study Outcomes

PMD

Cells: Fetal nervous system stem cells
Transplantation: Injection into the brain white matter
n = 4 patients
(Gupta et al., 2012)

-	 No severe complications
-	 Stable or improved mental function 
-	 Improved neurological function
-	 Increased myelination

Cells: Allogenic umbilical cord blood
Transplantation: Intravenous infusion
n = 2 patients
(Wishnew et al., 2014)

-	 No severe complications
-	 Improved disease phenotype
-	 Improved motor skills and cognitive skills
-	 Increased myelination

MS

Cells: Autologous mesenchymal stem cells (MSCs)
Transplantation: Intrathecal injection
n = 10 patients
(Mohyeddin Bonab et al., 2007)

-	 No severe complications
-	 Variable disability scores
-	 Mostly stable plaques 
-	 Minimally improved neurological function

Cells: Autologous mesenchymal stem cells
Transplantation: Intrathecal only or intrathecal and 
intravenous injection
n = 10 patients and 5 patients
(Karussis et al., 2010)

-	 No severe complications for 25 months
-	 Mostly decreased disability scores
-	 Increased neurological function
-	 No new demyelinating plaques
-	 Suppressed activated lymphocytes 
-	 MSCs disseminated from injection site

Cells: Autologous mesenchymal stem cells
Transplantation: Intravenous injection
n = 10 patients; 8 controls
(Connick et al., 2011)

-	 No severe complications
-	 Improved clinical trial strategy to evaluate MS 

therapies

Cells: Lymphocyte-depleted autologous hematopoietic 
stem cells (HSCs)
Transplantation: Intravenous infusion with high-dose 
immunosuppressive therapy
n = 26 patients
(Bowen et al., 2012)

-	 1 death due to infection
-	 2 severe adverse effects with worsening disability 

scores
-	 Mild complications
-	 Stable or worsened disability scores
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transplanted versus nontransplanted ccALD patients (n = 
94 and n = 283, respectively) showed that hematopoietic 
cell transplantation (HCT) is very effective when 
performed at the early stages of the disease with increased 
survival; however, at later stages of disease, the benefit of 
HCT was minimal due to complications arising from the 
HCT procedure (Mahmood et al., 2007). A more recent 
study involving 60 ccALD patients who underwent HCT 
in a single institution reiterated similar findings (Miller 
et al., 2011). Patients receiving HCT with lower cerebral 
disease component benefit more in terms of survival and 
neurological function (Table 2). For patients that are not 
eligible for allogenic HCT, correction of the ABCD1 gene 
within their own HSCs is also being explored (Cartier et 
al., 2009). Transplantation of these genetically engineered 

HSCs offers similar benefits to HCT (Table 2). Thus, ALD 
patients without a matched donor or older patients who 
show severe adverse reaction to allogenic HSCs may soon 
benefit from HCT.

All of these studies underline the importance of 
early diagnosis of ccALD. Neonatal mutation screening 
will significantly improve outcomes of transplantation. 
Despite years of clinical application, the mechanism of 
the positive effect of transplanted cells is not known. 
More studies comparing pathophysiology before and after 
transplantation are required.

4. Multiple sclerosis
MS is a demyelinating disorder with a significant 
inflammatory component (Compston and Coles, 2008; 

ALD

Cells: Allogenic umbilical cord blood or hematopoietic 
stem cells
Transplantation: Intravenous injection with slight 
variations among centers
n = 94 patients from 43 centers
(Peters et al., 2004)

-	 Low rate of severe complications
-	 86% engraftment of donor cells
-	 Increased survival of early stage patients
-	 Not recommended for late stage patients

Method: Retrospective analysis comparing data of 
Peters et al. (2004) with data from nontransplanted 
patients
n = 94 transplanted 283 nontransplanted patients
(Mahmood et al., 2007)

-	 Increased survival rate of ccALD patients (especially 
early-stage patients)

-	 Not recommended for patients at advanced stages or 
without cerebral involvement

Cells: Allogenic hematopoietic stem cells
Transplantation: Intravenous injection
n = 60 patients
(Miller et al., 2011)

-	 No severe complications
-	 Increased survival of patients who received early in 

disease
-	 Benefit to neurological function

Cells: ABCD1 gene corrected autologous hematopoietic 
stem cells
Transplantation: Intravenous infusion after complete 
myeloablation
n = 2 patients
(Cartier et al., 2009)

-	 Functional ABCD1 was introduced into HSCs using 
lentivirus

-	 Longitudinally, 10%–15% of transplanted HSCs 
expressed ABCD1 (ALD) protein

-	 Decreased demyelination
-	 Neurological benefits similar to HSC transplantation
-	 Decreased plasma VLCFA levels

SSPE

Cells: Autologous mesenchymal stem cells
Transplantation: Intrathecal and intravenous injection
n = 5 patients
(Kuskonmaz et al., 2015)

-	 1 death before the evaluation 
-	 1 death from disease progression
-	 1 deteriorated to stage III
-	 2 remained stable

Table 2. (Continued).
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Constantinescu et al., 2011). Myelin loss disrupts the 
ability of the nervous system to efficiently communicate, 
resulting in physical, mental, and psychiatric problems 
(Compston and Coles, 2008). The immune cells invade 
the CNS to remove myelin debris and are involved in 
the death of neurons and oligodendrocytes. There is no 
cure for this disease that affects over 2.3 million people 
worldwide (www.nationalmssociety.org). Most, if not all, 
of the current therapies for MS target the immune system 
(Compston and Coles, 2008). Although immunotherapies 
slow down or inhibit further demyelination and lessen the 
progression of the disease, they usually are not sufficient to 
enhance remyelination. 

Experimental autoimmune encephalomyelitis (EAE) 
is an animal model used to investigate inflammatory 
demyelinating diseases of the CNS including MS 
(Constantinescu et al., 2011) (see also Duncan et al. (2011) 
for a review of animal models of leukodystrophies). The 
animal models, mostly those of rodents but also nonhuman 
primates, are immunized with CNS tissue homogenate or 
peptides of specific myelin proteins to induce the immune 
system of the animal and initiate EAE. Activated T cells 
targeting myelin enter the brain and spinal cord and induce 
inflammation leading to demyelination and cell death. EAE 
is being used to study many aspects of MS, including the 
T cell-mediated autoimmune component of MS (Carbajal 
et al., 2015). Many of the current therapies for MS have 
been investigated with EAE models, including stem cell 
transplantation approaches (Table 1) (Constantinescu et 
al., 2011).

Despite its many benefits, EAE fails to reflect the 
complexity and heterogeneity of MS (Hartley et al., 2014). 
Patient-derived iPSCs may close the gap between animal 
models and MS pathophysiology. A total of five iPSC 
lines from MS patients have been published; however, no 
clear phenotype specific to MS has been recognized so far 
(Song et al., 2012; Douvaras et al., 2014). This may be due 
to several reasons: 1) MS is a complex disease with both 
genetic and environmental components; 2) in these studies 
oligodendrocytes but not the myelin was investigated; and 
3) the immune component was missing in the in vitro 
models. Future studies comparing MS patient-derived 
myelin to controls in a controlled in vitro environment are 
required for better understanding of the disease.

Mesenchymal stem cells (MSCs) offer an easily 
accessible form of stem cells as they are present in many 
adult human tissues (Pountos and Giannoudis, 2005). 
They can differentiate into many cell types including 
bone, cartilage, fat, muscle, and tendon. It is hypothesized 
that MSCs can suppress the immune system, which can 
damage neurons and oligodendrocytes as discussed above 
(Darlington et al., 2011; Cohen, 2013). MSCs can also 
stimulate the neuronal repair mechanisms by secreting 

neuroprotective factors. These tissue protective and 
immunomodulatory characteristics of MSCs make them 
intriguing candidates for MS therapy. For instance, in one 
study, MSCs migrated to demyelinating regions of the 
inflamed CNS and inhibited the myelin-specific T cells in 
an EAE model and regulated the cytokines released from 
T helper 1 (Th1) and T helper 17 (Th17) (Bai et al., 2009). 
Engineered MSCs exhibit superior ability over naïve 
MSCs to treat MS. Interleukin-10 transfected into MSCs 
showed significant inhibitory activity on the proliferation 
of CD4+  T lymphocytes of EAE mice and significantly 
improved remyelination (Liao et al., 2016). Additionally, 
interferon-β-secreting MSCs reduced further injury to 
the blood–brain barrier permeability and also increased 
remyelination (Ryu et al., 2013).

As discussed above, NSC or OPC transplantation 
enhances myelination of axons in dysmyelinated 
mouse models (Uchida et al., 2012; Wang et al., 2013). 
Remarkably, NSCs have immunomodulatory effects as 
well. Chemokines secreted by NSCs impair recruitment of 
immune cells to the CNS (Ravanidis et al., 2015). Leukemia 
inhibitory factor produced by NSCs inhibits pathogenic 
Th17 cell differentiation resulting in amelioration of EAE 
(Cao et al., 2011). Transplantation of Fas-deficient NSCs 
decreases the inflammatory infiltration into the CNS 
by inducing apoptosis of Th1 and Th17 cells (Hackett et 
al., 2014). NSCs may exert their immunomodulatory 
effect without entering the CNS (Ben-Hur, 2008). When 
injected intravenously to an EAE mouse, NSCs traveled 
to the lymph nodes and spleen rather than migrating 
into the CNS. There, they attenuated T-cell activation 
and reduced inflammatory response to myelin. Similarly, 
transplantation of NG2+ progenitor cells, which can 
mature into oligodendrocytes but may also have other 
resident functions in the CNS, into EAE mice reduced 
immune cell infiltration and increased myelination (Bai et 
al., 2013).

To investigate the feasibility of MSC transplantation in 
humans, 10 MS patients received bone marrow-derived 
autologous MSCs intrathecally (Mohyeddin Bonab et al., 
2007). Patients’ neurological functions improved slightly 
(Table 2). The Expanded Disability Status Scale (EDSS) is 
a tool for quantifying disability of MS. Posttransplantation 
EDSS scores of patients were too variable to be conclusive 
with both increased and decreased scores. Similarly, 
changes in demyelinating plaque numbers varied from 
patient to patient but were generally stable. In a phase I/
II human clinical trial, the immunological effects of bone 
marrow-derived autologous MSCs were examined in 15 
patients (Karussis et al., 2010). No major adverse reactions 
to the transplantation procedure were evident within 
the duration of study (25 months; Table 2). Neurological 
function either improved or was stable as measured by the 
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EDSS. No new plaques developed. Activated lymphocytes 
and antigen-presenting cells were suppressed after 
transplantation; however, the activated T-cell population 
(CD4- and CD25-double positive) increased. Intriguingly, 
MSCs, as traced by MRI, disseminated from the injection 
site within the CNS. A more recent study addressed the 
trial design features to better measure the benefits and 
risks of stem cell transplantation in MS patients (Connick 
et al., 2011). Ten patients and 8 controls were assessed 
both before and after transplantation to minimize the 
effect of variance observed between patients and for one 
patient throughout the disease course (Table 2). The safety 
of autologous MSC transplantation was reiterated. The 
authors suggested that assessing neuroprotection with 
specific methods rather than measuring wider neuronal 
functions is a more relevant evaluation of the intervention.

With the premise of generating a myelin-nonreactive 
immune system, patients’ immune systems were almost 
completely ablated by high-dose immunosuppressive 
therapy followed by autologous HCT in 26 advanced 
MS patients (Bowen et al., 2012). Complications due to 
the transplantation procedure were more severe than 
in previous interventions (Table 2). Improvement of 
neurological functions of the patients was not significant.

The benefits of transplantations in MS patients are 
minimal at best with worsening disability being common. 
The positive outcomes may be concealed due to the small 
group sizes and variable course of MS. iPSC models are 
also not able to replicate disease phenotype. More patient 
cell lines should be investigated.

5. Subacute sclerosing panencephalitis
SSPE is a rare, progressive neurological disorder of the 
CNS caused by persistent measles virus (MV) infection 
(Schonberger et al., 2013). It more commonly affects 
children and young adults in less developed countries. The 
SSPE incidence rate in the United States is reported to be 
6.5–11 cases per 100,000 acute measles infections (Bellini 
et al., 2005), while the estimated number of SSPE patients 
in Turkey is approximately 3000 (www.sspedernegi.org/). 
It is predicted that MV accesses the CNS during primary 
infection by a hematogenous route, where it stays latent 
for on average 4 to 10 years (Schneider-Schaulies et al., 
2003; Campbell et al., 2007; Anlar and Yalaz, 2011). In the 
first stage of the disease, behavioral changes and mental 
deterioration are observed (Schonberger et al., 2013). As 
SSPE progresses motor function declines; spasms, muscle 
contractions, and rigidity may be observed. Neurological 
function also deteriorates, resulting in dementia, seizures, 
and unresponsiveness. The final stage starts with entry into 
coma, which progresses to a persistent vegetative state. Loss 
of the brain’s control over the autonomic nervous system, 
heart failure, or fever causes the death of the patient. SSPE 
symptoms are consistent with neurological deterioration 

due to demyelination and neuronal death (Schneider-
Schaulies et al., 2003; Anlar and Yalaz, 2011). The survival 
period after onset of symptoms is typically between 1 and 
3 years (Garg, 2008; Gutierrez et al., 2010). 

The distinct processes leading to infection of cells in the 
brain are poorly understood and no cure for SSPE exists 
(Schneider-Schaulies et al., 2003; Anlar and Yalaz, 2011). 
As MSCs have been used in ALD with positive outcomes 
and in MS for their immunomodulatory characteristics, 
Kuskonmaz et al. (2015) transplanted five SSPE patients 
with autologous bone marrow-derived MSCs. One 
patient died of respiratory problems prior to evaluation 
and none of the remaining four patients showed any 
improvements (Table 2). Two patients remained stable; 
one patient deteriorated and one patient died due to 
disease progression. New inflammatory lesions developed 
in two of the patients. The variability of SSPE course and 
the small number of patients enrolled in the trial may 
mask any potentially gained benefits. Encouragingly, 
none of the patients developed any adverse effects to the 
transplantation procedure.

Currently, stem cell therapies for SSPE are in their 
infancy. New animal models have to be established for 
safety and efficacy testing of cells before human trials. 
Pretransplantation screenings of autologous stem cells 
for latent MV infection may have positive outcomes. 
Allogenic cells isolated from immunologically matched 
sources may also benefit patients, as was observed for 
other myelination disorders.

6. Spinal cord ingury
Spinal cord injury (SCI) affects millions of people 
worldwide and constitutes a substantial health care burden 
(Salewski et al., 2015). The most common type of SCI, spinal 
contusion, causes permanent motor and sensory function 
loss due to major tissue death and cell damage to the injury 
site and its close proximity. The primary physical trauma 
to the spinal cord leads to vascular rupture, hemorrhage, 
and cell death. Oligodendrocytes and neurons are lost by 
necrosis. This initial injury is followed by the secondary 
injury, in which the lesion area grows gradually and chronic 
inflammation is present (Allison and Ditor, 2015). During 
this phase blood flow is reduced, resulting in ischemia, 
and free radical production increases, the blood–brain 
barrier breaks down, and immune cells infiltrate the injury 
site and the surrounding area. The secondary insults also 
contribute to necrosis of neurons and oligodendrocytes 
and demyelination (Almad et al., 2011). 

Stem cells arise as a potential therapy to replace the lost 
cells, especially the oligodendrocytes to repair the myelin 
(Cummings et al., 2005; Barnabe-Heider and Frisen, 2008; 
Sharp et al., 2010; Li and Leung, 2015). Embryonic stem 
cells (ESCs) and induced pluripotent stem cells (iPSCs), 
however, cannot be directly transplanted because these 
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cells can proliferate rapidly and turn tumorigenic. Rather, 
they are first converted into various cell types of the 
nervous system such as neural stem cells (NSCs), OPCs, 
and motor neurons and then transplanted. In animal SCI 
models, transplanted mouse or human NSCs and OPCs 
contribute to remyelination, axon regeneration, and 
functional recovery (Cummings et al., 2005; Barnabe-
Heider and Frisen, 2008; Sharp et al., 2010; Li and Leung, 
2015). Human NSCs transplanted into the injured 
spinal cord of mouse are more likely to become mature 
oligodendrocytes than NSCs transplanted into uninjured 
spinal cord (Sontag et al., 2014). This may be a feature of 
the injury highlighting a need to remyelinate axons in the 
injury site.

The first clinical trial of stem cell therapy for SCI was 
run in 2009 by the Geron Corporation to test the safety 
of human ESC-derived OPCs (ir.geron.com; https://
clinicaltrials.gov/ NCT01217008). The OPCs are derived 
from human ESC line WA01 (H1) using a protocol originally 
established by the Keirstead Lab (Sharp et al., 2010). 
Approximately 2 million cells were administered within 14 
days of injury to 5 patients with complete thoracic SCI. The 
patients received immunosuppressants for 2 months. No 
adverse events were reported in the trial or by the follow-
up studies ever since (ir.geron.com; www.biotimeinc.com) 
(Lebkowski, 2011). Additionally, the transplanted OPCs 
might have played a role in the reduction of the injury site 
in 4 of the patients (www.biotimeinc.com). Encouraged 
by these results, Asterias Biotherapeutics is undertaking a 
phase I/IIa human clinical trial (https://clinicaltrials.gov/ 
NCT02302157). OPCs derived by the same protocol will 
be transplanted to patients with cervical SCI in increased 
doses primarily to evaluate the safety of the treatment, 
but also the neurological function of the patients will be 
monitored (Priest et al., 2015).

In an ongoing phase I/IIa human clinical trial, Shin 
et al. (2015) transplanted human NSCs that were derived 
from human fetal telencephalon to 19 patients with 
cervical SCI. After approximately 2 months of injury, 2.0 × 
108 cells were injected into the lesion area. Patients received 
an immunosuppressant for 9 weeks. Motor functions of 5 
of the patients were improved 1 year after transplantation. 
None of the patients showed neurological deterioration, 
spasticity or tumor formation, or spinal cord damage due 
to transplantation procedure (Shin et al., 2015).

The limited number of human clinical trials 
demonstrates that SCI patients tolerate transplantation of 
allogenic cells either derived from human ESCs or from 
fetal tissue. Early outcomes of the trials suggest modest 
improvement of neurological function for the patients. 
These results are promising but to achieve significant 
clinical betterment of the patients the transplantation 

procedure needs to be optimized. More, a longer-term 
monitoring of the transplanted patients is required to 
evaluate the safety of transplanted cells for any adverse 
effects.

7. Concluding remarks
The studies discussed in this review demonstrate that 
stem cell transplantation offers a hope for incurable 
demyelination disorders (Table 2). Thus, there are several 
active studies registered in the National Institutes of Health 
clinical trials database. Out of the 14 studies targeting 
MS, 9 are currently recruiting patients. Three out of 5 of 
active ALD trials and 1 out of 3 active PMD trials also 
are recruiting volunteers. MSCs and HSCs from different 
sources are pretty much evenly split as transplantation 
material among trials. However, many challenges lie ahead 
of a readily available therapy. One of them is the type of stem 
cell to be used. MSCs and HSCs are easily accessible cells 
and have immunomodulatory effects, but they themselves 
do not participate in new myelin formation. NSCs and their 
derivatives with more restricted fates, OPCs and GPCs, can 
myelinate neurons while also suppressing lymphocytes. 
No tumorigenic activity associated with transplantation of 
these cells has been observed so far. Secondly, the source 
of cells is a key issue. Some patients may object to receiving 
fetal tissue-derived cells on moral grounds. Regardless, the 
requirement of immunosuppression for allogenic cells may 
also increase the risk that patients face. It may be possible 
to correct the genetic defect of patients’ own MSCs or 
HSCs for autologous transplantation for single-gene 
mutation diseases such as PMD and ALD. Additionally, 
iPSCs offer possibilities for autologous transplantations as 
they can be differentiated into specific cell types such as 
NSCs and OPCs. The investigations so far show that after 
sorting out undifferentiated cells within the population, 
these cells do not cause tumors after transplantation. For 
genetic diseases, iPSCs will also require gene correction 
before transplantation.

Patient-derived iPSCs are being used to study myelin 
biology in vitro (Figure). Thus far, cellular disease 
phenotypes of PMD and ALD but not of MS have been 
replicated using iPSCs. The difference may rise from the 
fact that more than one cell type is involved in MS without 
known mutations while both PMD and ALD iPSCs carry 
known mutations in a single gene. These observations 
underlie the importance of using myelination-in-a-dish 
approaches to study myelin formation.

Acknowledgments 
This work was supported by the İstanbul Medipol 
University Regenerative and Restorative Medicine 
Research Center. The authors thank Tangül Mudok for 
editorial comments.



AYDINLI et al. / Turk J Biol

1078

References

Allison DJ, Ditor DS (2015). Immune dysfunction and chronic 
inflammation following spinal cord injury. Spinal Cord 53: 14-
18.

Almad A, Sahinkaya FR, McTigue DM (2011). Oligodendrocyte fate 
after spinal cord injury. Neurotherapeutics 8: 262-273.

Anlar B, Yalaz K (2011). Prognosis in subacute sclerosing 
panencephalitis. Dev Med Child Neurol 53: 965.

Baarine M, Khan M, Singh A, Singh I (2015). Functional 
characterization of IPSC-derived brain cells as a model for 
X-linked adrenoleukodystrophy. PLoS One 10: e0143238.

Bai L, Hecker J, Kerstetter A, Miller RH (2013). Myelin repair and 
functional recovery mediated by neural cell transplantation in 
a mouse model of multiple sclerosis. Neurosci Bull 29: 239-250.

Bai L, Lennon DP, Eaton V, Maier K, Caplan AI, Miller SD, Miller 
RH (2009). Human bone marrow-derived mesenchymal stem 
cells induce Th2-polarized immune response and promote 
endogenous repair in animal models of multiple sclerosis. Glia 
57: 1192-1203.

Barnabe-Heider F, Frisen J (2008). Stem cells for spinal cord repair. 
Cell Stem Cell 3: 16-24.

Bellini WJ, Rota JS, Lowe LE, Katz RS, Dyken PR, Zaki SR, Shieh 
WJ, Rota PA (2005). Subacute sclerosing panencephalitis: 
more cases of this fatal disease are prevented by measles 
immunization than was previously recognized. J Infect Dis 
192: 1686-1693.

Ben-Hur T (2008). Immunomodulation by neural stem cells. J 
Neurol Sci 265: 102-104.

Bowen JD, Kraft GH, Wundes A, Guan Q, Maravilla KR, Gooley TA, 
McSweeney PA, Pavletic SZ, Openshaw H, Storb R et al. (2012). 
Autologous hematopoietic cell transplantation following 
high-dose immunosuppressive therapy for advanced multiple 
sclerosis: long-term results. Bone Marrow Transplant 47: 946-
951.

Campbell H, Andrews N, Brown KE, Miller E (2007). Review of the 
effect of measles vaccination on the epidemiology of SSPE. Int 
J Epidemiol 36: 1334-1348.

Cao W, Yang Y, Wang Z, Liu A, Fang L, Wu F, Hong J, Shi Y, Leung 
S, Dong C et al. (2011). Leukemia inhibitory factor inhibits 
T helper 17 cell differentiation and confers treatment effects 
of neural progenitor cell therapy in autoimmune disease. 
Immunity 35: 273-284.

Carbajal KS, Mironova Y, Ulrich-Lewis JT, Kulkarni D, Grifka-Walk 
HM, Huber AK, Shrager P, Giger RJ, Segal BM (2015). Th cell 
diversity in experimental autoimmune encephalomyelitis and 
multiple sclerosis. J Immunol 195: 2552-2559.

Cartier N, Hacein-Bey-Abina S, Bartholomae CC, Veres G, Schmidt 
M, Kutschera I, Vidaud M, Abel U, Dal-Cortivo L, Caccavelli 
L et al. (2009). Hematopoietic stem cell gene therapy with a 
lentiviral vector in X-linked adrenoleukodystrophy. Science 
326: 818-823.

Cohen JA (2013). Mesenchymal stem cell transplantation in multiple 
sclerosis. J Neurol Sci 333: 43-49.

Compston A, Coles A (2008). Multiple sclerosis. Lancet 372: 1502-
1517.

Connick P, Kolappan M, Patani R, Scott MA, Crawley C, He XL, 
Richardson K, Barber K, Webber DJ, Wheeler-Kingshott CA 
et al. (2011). The mesenchymal stem cells in multiple sclerosis 
(MSCIMS) trial protocol and baseline cohort characteristics: 
an open-label pre-test: post-test study with blinded outcome 
assessments. Trials 12: 62.

Constantinescu CS, Farooqi N, O’Brien K, Gran B (2011). 
Experimental autoimmune encephalomyelitis (EAE) as a 
model for multiple sclerosis (MS). Br J Pharmacol 164: 1079-
1106.

Cummings BJ, Uchida N, Tamaki SJ, Salazar DL, Hooshmand M, 
Summers R, Gage FH, Anderson AJ (2005). Human neural 
stem cells differentiate and promote locomotor recovery in 
spinal cord-injured mice. P Natl Acad Sci USA 102: 14069-
14074.

Darlington PJ, Boivin MN, Bar-Or A (2011). Harnessing the 
therapeutic potential of mesenchymal stem cells in multiple 
sclerosis. Expert Rev Neurother 11: 1295-1303.

Deshmukh VA, Tardif V, Lyssiotis CA, Green CC, Kerman B, Kim 
HJ, Padmanabhan K, Swoboda JG, Ahmad I, Kondo T et al. 
(2013). A regenerative approach to the treatment of multiple 
sclerosis. Nature 502: 327-332.

Douvaras P, Wang J, Zimmer M, Hanchuk S, O’Bara MA, Sadiq S, 
Sim FJ, Goldman J, Fossati V (2014). Efficient generation of 
myelinating oligodendrocytes from primary progressive 
multiple sclerosis patients by induced pluripotent stem cells. 
Stem Cell Reports 3: 250-259.

Duncan ID, Aguayo AJ, Bunge RP, Wood PM (1981). Transplantation 
of rat Schwann cells grown in tissue culture into the mouse 
spinal cord. J Neurol Sci 49: 241-252.

Duncan ID, Hammang JP, Jackson KF, Wood PM, Bunge RP, 
Langford L (1988). Transplantation of oligodendrocytes and 
Schwann cells into the spinal cord of the myelin-deficient rat. J 
Neurocytol 17: 351-360.

Duncan ID, Kondo Y, Zhang SC (2011). The myelin mutants as 
models to study myelin repair in the leukodystrophies. 
Neurotherapeutics 8: 607-624.

Garg RK (2008). Subacute sclerosing panencephalitis. J Neurol 255: 
1861-1871.

Gow A, Lazzarini RA (1996). A cellular mechanism governing the 
severity of Pelizaeus-Merzbacher disease. Nat Genet 13: 422-
428.

Griffiths I, Klugmann M, Anderson T, Yool D, Thomson C, Schwab 
MH, Schneider A, Zimmermann F, McCulloch M, Nadon N et 
al. (1998). Axonal swellings and degeneration in mice lacking 
the major proteolipid of myelin. Science 280: 1610-1613.

Gupta N, Henry RG, Strober J, Kang SM, Lim DA, Bucci M, Caverzasi 
E, Gaetano L, Mandelli ML, Ryan T et al. (2012). Neural stem 
cell engraftment and myelination in the human brain. Sci 
Transl Med 4: 155ra137.

http://dx.doi.org/10.1038/sc.2014.184
http://dx.doi.org/10.1038/sc.2014.184
http://dx.doi.org/10.1038/sc.2014.184
http://dx.doi.org/10.1007/s13311-011-0033-5
http://dx.doi.org/10.1007/s13311-011-0033-5
http://dx.doi.org/10.1111/j.1469-8749.2011.04075.x
http://dx.doi.org/10.1111/j.1469-8749.2011.04075.x
http://dx.doi.org/10.1007/s12264-013-1312-4
http://dx.doi.org/10.1007/s12264-013-1312-4
http://dx.doi.org/10.1007/s12264-013-1312-4
http://dx.doi.org/10.1002/glia.20841
http://dx.doi.org/10.1002/glia.20841
http://dx.doi.org/10.1002/glia.20841
http://dx.doi.org/10.1002/glia.20841
http://dx.doi.org/10.1002/glia.20841
http://dx.doi.org/10.1016/j.stem.2008.06.011
http://dx.doi.org/10.1016/j.stem.2008.06.011
http://dx.doi.org/10.1086/497169
http://dx.doi.org/10.1086/497169
http://dx.doi.org/10.1086/497169
http://dx.doi.org/10.1086/497169
http://dx.doi.org/10.1086/497169
http://dx.doi.org/10.1016/j.jns.2007.05.007
http://dx.doi.org/10.1016/j.jns.2007.05.007
http://dx.doi.org/10.1038/bmt.2011.208
http://dx.doi.org/10.1038/bmt.2011.208
http://dx.doi.org/10.1038/bmt.2011.208
http://dx.doi.org/10.1038/bmt.2011.208
http://dx.doi.org/10.1038/bmt.2011.208
http://dx.doi.org/10.1038/bmt.2011.208
http://dx.doi.org/10.1093/ije/dym207
http://dx.doi.org/10.1093/ije/dym207
http://dx.doi.org/10.1093/ije/dym207
http://dx.doi.org/10.1016/j.immuni.2011.06.011
http://dx.doi.org/10.1016/j.immuni.2011.06.011
http://dx.doi.org/10.1016/j.immuni.2011.06.011
http://dx.doi.org/10.1016/j.immuni.2011.06.011
http://dx.doi.org/10.1016/j.immuni.2011.06.011
http://dx.doi.org/10.4049/jimmunol.1501097
http://dx.doi.org/10.4049/jimmunol.1501097
http://dx.doi.org/10.4049/jimmunol.1501097
http://dx.doi.org/10.4049/jimmunol.1501097
http://dx.doi.org/10.1126/science.1171242
http://dx.doi.org/10.1126/science.1171242
http://dx.doi.org/10.1126/science.1171242
http://dx.doi.org/10.1126/science.1171242
http://dx.doi.org/10.1126/science.1171242
http://dx.doi.org/10.1016/j.jns.2012.12.009
http://dx.doi.org/10.1016/j.jns.2012.12.009
http://dx.doi.org/10.1016/S0140-6736(08)61620-7
http://dx.doi.org/10.1016/S0140-6736(08)61620-7
http://dx.doi.org/10.1111/j.1476-5381.2011.01302.x
http://dx.doi.org/10.1111/j.1476-5381.2011.01302.x
http://dx.doi.org/10.1111/j.1476-5381.2011.01302.x
http://dx.doi.org/10.1111/j.1476-5381.2011.01302.x
http://dx.doi.org/10.1073/pnas.0507063102
http://dx.doi.org/10.1073/pnas.0507063102
http://dx.doi.org/10.1073/pnas.0507063102
http://dx.doi.org/10.1073/pnas.0507063102
http://dx.doi.org/10.1073/pnas.0507063102
http://dx.doi.org/10.1586/ern.11.113
http://dx.doi.org/10.1586/ern.11.113
http://dx.doi.org/10.1586/ern.11.113
http://dx.doi.org/10.1038/nature12647
http://dx.doi.org/10.1038/nature12647
http://dx.doi.org/10.1038/nature12647
http://dx.doi.org/10.1038/nature12647
http://dx.doi.org/10.1016/j.stemcr.2014.06.012
http://dx.doi.org/10.1016/j.stemcr.2014.06.012
http://dx.doi.org/10.1016/j.stemcr.2014.06.012
http://dx.doi.org/10.1016/j.stemcr.2014.06.012
http://dx.doi.org/10.1016/j.stemcr.2014.06.012
http://dx.doi.org/10.1016/0022-510X(81)90082-4
http://dx.doi.org/10.1016/0022-510X(81)90082-4
http://dx.doi.org/10.1016/0022-510X(81)90082-4
http://dx.doi.org/10.1007/BF01187857
http://dx.doi.org/10.1007/BF01187857
http://dx.doi.org/10.1007/BF01187857
http://dx.doi.org/10.1007/BF01187857
http://dx.doi.org/10.1007/s13311-011-0080-y
http://dx.doi.org/10.1007/s13311-011-0080-y
http://dx.doi.org/10.1007/s13311-011-0080-y
http://dx.doi.org/10.1007/s00415-008-0032-6
http://dx.doi.org/10.1007/s00415-008-0032-6
http://dx.doi.org/10.1038/ng0896-422
http://dx.doi.org/10.1038/ng0896-422
http://dx.doi.org/10.1038/ng0896-422
http://dx.doi.org/10.1126/science.280.5369.1610
http://dx.doi.org/10.1126/science.280.5369.1610
http://dx.doi.org/10.1126/science.280.5369.1610
http://dx.doi.org/10.1126/science.280.5369.1610


AYDINLI et al. / Turk J Biol

1079

Gutierrez J, Issacson RS, Koppel BS (2010). Subacute sclerosing 
panencephalitis: an update. Dev Med Child Neurol 52: 901-
907.

Hackett C, Knight J, Mao-Draayer Y (2014). Transplantation of Fas-
deficient or wild-type neural stem/progenitor cells (NPCs) 
is equally efficient in treating experimental autoimmune 
encephalomyelitis (EAE). Am J Transl Res 6: 119-128.

Han M, Lin Z, Zhang Y (2013). The alteration of copper homeostasis 
in inflammation induced by lipopolysaccharides. Biol Trace 
Elem Res 154: 268-274.

Hartley MD, Altowaijri G, Bourdette D (2014). Remyelination and 
multiple sclerosis: therapeutic approaches and challenges. Curr 
Neurol Neurosci Rep 14: 485.

Havlicek S, Kohl Z, Mishra HK, Prots I, Eberhardt E, Denguir N, 
Wend H, Plotz S, Boyer L, Marchetto MC et al. (2014). Gene 
dosage-dependent rescue of HSP neurite defects in SPG4 
patients’ neurons. Hum Mol Genet 23: 2527-2541.

Hobson GM, Garbern JY (2012). Pelizaeus-Merzbacher 
disease, Pelizaeus-Merzbacher-like disease 1, and related 
hypomyelinating disorders. Semin Neurol 32: 62-67.

Jang J, Kang HC, Kim HS, Kim JY, Huh YJ, Kim DS, Yoo JE, Lee JA, 
Lim B, Lee J et al. (2011). Induced pluripotent stem cell models 
from X-linked adrenoleukodystrophy patients. Ann Neurol 70: 
402-409.

Karim SA, Barrie JA, McCulloch MC, Montague P, Edgar JM, Iden 
DL, Anderson TJ, Nave KA, Griffiths IR, McLaughlin M 
(2010). PLP/DM20 expression and turnover in a transgenic 
mouse model of Pelizaeus-Merzbacher disease. Glia 58: 1727-
1738.

Karussis D, Karageorgiou C, Vaknin-Dembinsky A, Gowda-Kurkalli 
B, Gomori JM, Kassis I, Bulte JW, Petrou P, Ben-Hur T, 
Abramsky O et al. (2010). Safety and immunological effects 
of mesenchymal stem cell transplantation in patients with 
multiple sclerosis and amyotrophic lateral sclerosis. Arch 
Neurol 67: 1187-1194.

Kemp K, Mallam E, Scolding N, Wilkins A (2010). Stem cells in 
genetic myelin disorders. Regen Med 5: 425-439.

Kemp S, Pujol A, Waterham HR, van Geel BM, Boehm CD, 
Raymond GV, Cutting GR, Wanders RJ, Moser HW (2001). 
ABCD1 mutations and the X-linked adrenoleukodystrophy 
mutation database: role in diagnosis and clinical correlations. 
Hum Mutat 18: 499-515.

Kerman BE, Kim HJ, Padmanabhan K, Mei A, Georges S, Joens 
MS, Fitzpatrick JA, Jappelli R, Chandross KJ, August P et al. 
(2015). In vitro myelin formation using embryonic stem cells. 
Development 142: 2213-2225.

Kuskonmaz B, Uckan D, Yalnizoglu D, Gunel M, Karli Oguz K, 
Konuskan B, Anlar B (2015). Mesenchymal stem cell application 
in children with subacute sclerosing panencephalitis. Dev Med 
Child Neurol 57: 880-883.

Lebkowski J (2011). GRNOPC1: the world’s first embryonic stem 
cell-derived therapy. Interview with Jane Lebkowski. Regen 
Med 6: 11-13.

Li N, Leung GK (2015). Oligodendrocyte precursor cells in spinal 
cord injury: a review and update. Biomed Res Int 2015: 235195.

Liao W, Pham V, Liu L, Riazifar M, Pone EJ, Zhang SX, Ma F, Lu 
M, Walsh CM, Zhao W (2016). Mesenchymal stem cells 
engineered to express selectin ligands and IL-10 exert enhanced 
therapeutic efficacy in murine experimental autoimmune 
encephalomyelitis. Biomaterials 77: 87-97.

Mahmood A, Raymond GV, Dubey P, Peters C, Moser HW (2007). 
Survival analysis of haematopoietic cell transplantation 
for childhood cerebral X-linked adrenoleukodystrophy: a 
comparison study. Lancet Neurol 6: 687-692.

Marchetto MC, Gage FH (2014). Your brain under the microscope: 
the promise of stem cells. Cerebrum 2014: 1.

Marchetto MC, Winner B, Gage FH (2010). Pluripotent stem cells 
in neurodegenerative and neurodevelopmental diseases. Hum 
Mol Genet 19: R71-76.

Marchetto MCN, Muotri AR, Mu Y, Smith AM, Cezar GG, Gage 
FH (2008). Non-cell-autonomous effect of human sod1g37r 
astrocytes on motor neurons derived from human embryonic 
stem cells. Cell Stem Cell 3: 649-657.

Miller WP, Rothman SM, Nascene D, Kivisto T, DeFor TE, Ziegler 
RS, Eisengart J, Leiser K, Raymond G, Lund TC et al. (2011). 
Outcomes after allogeneic hematopoietic cell transplantation 
for childhood cerebral adrenoleukodystrophy: the largest 
single-institution cohort report. Blood 118: 1971-1978.

Miron VE, Kuhlmann T, Antel JP (2011). Cells of the oligodendroglial 
lineage, myelination, and remyelination. Biochim Biophys 
Acta 1812: 184-193.

Mohyeddin Bonab M, Yazdanbakhsh S, Lotfi J, Alimoghaddom K, 
Talebian F, Hooshmand F, Ghavamzadeh A, Nikbin B (2007). 
Does mesenchymal stem cell therapy help multiple sclerosis 
patients? Report of a pilot study. Iran J Immunol 4: 50-57.

Nave KA (2010). Myelination and support of axonal integrity by glia. 
Nature 468: 244-252.

Numasawa-Kuroiwa Y, Okada Y, Shibata S, Kishi N, Akamatsu 
W, Shoji M, Nakanishi A, Oyama M, Osaka H, Inoue K et 
al. (2014). Involvement of ER stress in dysmyelination of 
Pelizaeus-Merzbacher disease with PLP1 missense mutations 
shown by iPSC-derived oligodendrocytes. Stem Cell Reports 
2: 648-661.

Peru RL, Mandrycky N, Nait-Oumesmar B, Lu QR (2008). Paving 
the axonal highway: from stem cells to myelin repair. Stem Cell 
Reviews 4: 304-318.

Peters C, Charnas LR, Tan Y, Ziegler RS, Shapiro EG, DeFor T, 
Grewal SS, Orchard PJ, Abel SL, Goldman AI et al. (2004). 
Cerebral X-linked adrenoleukodystrophy: the international 
hematopoietic cell transplantation experience from 1982 to 
1999. Blood 104: 881-888.

Potter GB, Rowitch DH, Petryniak MA (2011). Myelin restoration: 
progress and prospects for human cell replacement therapies. 
Arch Immunol Ther Exp (Warsz) 59: 179-193. 

Pountos I, Giannoudis PV (2005). Biology of mesenchymal stem 
cells. Injury 36 (Suppl. 3): S8-S12.

http://dx.doi.org/10.1111/j.1469-8749.2010.03717.x
http://dx.doi.org/10.1111/j.1469-8749.2010.03717.x
http://dx.doi.org/10.1111/j.1469-8749.2010.03717.x
http://dx.doi.org/10.1007/s12011-013-9725-5
http://dx.doi.org/10.1007/s12011-013-9725-5
http://dx.doi.org/10.1007/s12011-013-9725-5
http://dx.doi.org/10.1007/s11910-014-0485-1
http://dx.doi.org/10.1007/s11910-014-0485-1
http://dx.doi.org/10.1007/s11910-014-0485-1
http://dx.doi.org/10.1093/hmg/ddt644
http://dx.doi.org/10.1093/hmg/ddt644
http://dx.doi.org/10.1093/hmg/ddt644
http://dx.doi.org/10.1093/hmg/ddt644
http://dx.doi.org/10.1055/s-0032-1306388
http://dx.doi.org/10.1055/s-0032-1306388
http://dx.doi.org/10.1055/s-0032-1306388
http://dx.doi.org/10.1002/ana.22486
http://dx.doi.org/10.1002/ana.22486
http://dx.doi.org/10.1002/ana.22486
http://dx.doi.org/10.1002/ana.22486
http://dx.doi.org/10.1002/glia.21043
http://dx.doi.org/10.1002/glia.21043
http://dx.doi.org/10.1002/glia.21043
http://dx.doi.org/10.1002/glia.21043
http://dx.doi.org/10.1002/glia.21043
http://dx.doi.org/10.2217/rme.10.10
http://dx.doi.org/10.2217/rme.10.10
http://dx.doi.org/10.1002/humu.1227
http://dx.doi.org/10.1002/humu.1227
http://dx.doi.org/10.1002/humu.1227
http://dx.doi.org/10.1002/humu.1227
http://dx.doi.org/10.1002/humu.1227
http://dx.doi.org/10.1242/dev.116517
http://dx.doi.org/10.1242/dev.116517
http://dx.doi.org/10.1242/dev.116517
http://dx.doi.org/10.1242/dev.116517
http://dx.doi.org/10.1111/dmcn.12747
http://dx.doi.org/10.1111/dmcn.12747
http://dx.doi.org/10.1111/dmcn.12747
http://dx.doi.org/10.1111/dmcn.12747
http://dx.doi.org/10.2217/rme.11.77
http://dx.doi.org/10.2217/rme.11.77
http://dx.doi.org/10.2217/rme.11.77
http://dx.doi.org/10.1016/j.biomaterials.2015.11.005
http://dx.doi.org/10.1016/j.biomaterials.2015.11.005
http://dx.doi.org/10.1016/j.biomaterials.2015.11.005
http://dx.doi.org/10.1016/j.biomaterials.2015.11.005
http://dx.doi.org/10.1016/j.biomaterials.2015.11.005
http://dx.doi.org/10.1016/S1474-4422(07)70177-1
http://dx.doi.org/10.1016/S1474-4422(07)70177-1
http://dx.doi.org/10.1016/S1474-4422(07)70177-1
http://dx.doi.org/10.1016/S1474-4422(07)70177-1
http://dx.doi.org/10.1093/hmg/ddq159
http://dx.doi.org/10.1093/hmg/ddq159
http://dx.doi.org/10.1093/hmg/ddq159
http://dx.doi.org/10.1016/j.stem.2008.10.001
http://dx.doi.org/10.1016/j.stem.2008.10.001
http://dx.doi.org/10.1016/j.stem.2008.10.001
http://dx.doi.org/10.1016/j.stem.2008.10.001
http://dx.doi.org/10.1182/blood-2011-01-329235
http://dx.doi.org/10.1182/blood-2011-01-329235
http://dx.doi.org/10.1182/blood-2011-01-329235
http://dx.doi.org/10.1182/blood-2011-01-329235
http://dx.doi.org/10.1182/blood-2011-01-329235
http://dx.doi.org/10.1016/j.bbadis.2010.09.010
http://dx.doi.org/10.1016/j.bbadis.2010.09.010
http://dx.doi.org/10.1016/j.bbadis.2010.09.010
http://dx.doi.org/10.1038/nature09614
http://dx.doi.org/10.1038/nature09614
http://dx.doi.org/10.1016/j.stemcr.2014.03.007
http://dx.doi.org/10.1016/j.stemcr.2014.03.007
http://dx.doi.org/10.1016/j.stemcr.2014.03.007
http://dx.doi.org/10.1016/j.stemcr.2014.03.007
http://dx.doi.org/10.1016/j.stemcr.2014.03.007
http://dx.doi.org/10.1016/j.stemcr.2014.03.007
http://dx.doi.org/10.1007/s12015-008-9043-z
http://dx.doi.org/10.1007/s12015-008-9043-z
http://dx.doi.org/10.1007/s12015-008-9043-z
http://dx.doi.org/10.1182/blood-2003-10-3402
http://dx.doi.org/10.1182/blood-2003-10-3402
http://dx.doi.org/10.1182/blood-2003-10-3402
http://dx.doi.org/10.1182/blood-2003-10-3402
http://dx.doi.org/10.1182/blood-2003-10-3402
http://dx.doi.org/10.1007/s00005-011-0120-7
http://dx.doi.org/10.1007/s00005-011-0120-7
http://dx.doi.org/10.1007/s00005-011-0120-7


AYDINLI et al. / Turk J Biol

1080

Prasad VK, Mendizabal A, Parikh SH, Szabolcs P, Driscoll TA, Page 
K, Lakshminarayanan S, Allison J, Wood S, Semmel D et al. 
(2008). Unrelated donor umbilical cord blood transplantation 
for inherited metabolic disorders in 159 pediatric patients 
from a single center: influence of cellular composition of the 
graft on transplantation outcomes. Blood 112: 2979-2989.

Priest CA, Manley NC, Denham J, Wirth ED 3rd, Lebkowski JS 
(2015). Preclinical safety of human embryonic stem cell-
derived oligodendrocyte progenitors supporting clinical trials 
in spinal cord injury. Regen Med 10: 939-958.

Ravanidis S, Bogie JF, Donders R, Craeye D, Mays RW, Deans R, 
Gijbels K, Bronckaers A, Stinissen P, Pinxteren J et al. (2015). 
Neuroinflammatory signals enhance the immunomodulatory 
and neuroprotective properties of multipotent adult progenitor 
cells. Stem Cell Res Ther 6: 176.

Readhead C, Schneider A, Griffiths I, Nave KA (1994). Premature 
arrest of myelin formation in transgenic mice with increased 
proteolipid protein gene dosage. Neuron 12: 583-595.

Ryu CH, Park KY, Hou Y, Jeong CH, Kim SM, Jeun SS (2013). Gene 
therapy of multiple sclerosis using interferon beta-secreting 
human bone marrow mesenchymal stem cells. Biomed Res Int 
2013: 696738.

Saher G, Rudolphi F, Corthals K, Ruhwedel T, Schmidt KF, Lowel 
S, Dibaj P, Barrette B, Mobius W, Nave KA (2012). Therapy of 
Pelizaeus-Merzbacher disease in mice by feeding a cholesterol-
enriched diet. Nat Med 18: 1130-1135.

Salewski RP, Mitchell RA, Shen C, Fehlings MG (2015). 
Transplantation of neural stem cells clonally derived from 
embryonic stem cells promotes recovery after murine spinal 
cord injury. Stem Cells Dev 24: 36-50.

Schneider-Schaulies J, Meulen V, Schneider-Schaulies S (2003). 
Measles infection of the central nervous system. J Neurovirol 
9: 247-252.

Schonberger K, Ludwig MS, Wildner M, Weissbrich B (2013). 
Epidemiology of subacute sclerosing panencephalitis (SSPE) 
in Germany from 2003 to 2009: a risk estimation. PLoS One 
8: e68909.

Sharp J, Frame J, Siegenthaler M, Nistor G, Keirstead HS (2010). 
Human embryonic stem cell-derived oligodendrocyte 
progenitor cell transplants improve recovery after cervical 
spinal cord injury. Stem Cells 28: 152-163.

Shin JC, Kim KN, Yoo J, Kim IS, Yun S, Lee H, Jung K, Hwang K, 
Kim M, Lee IS et al. (2015). Clinical trial of human fetal brain-
derived neural stem/progenitor cell transplantation in patients 
with traumatic cervical spinal cord injury. Neural Plast 2015: 
630932.

Siegel GJ (2006). Basic Neurochemistry: Molecular, Cellular, and 
Medical Aspects. 7th ed. Amsterdam, the Netherlands: Elsevier. 

Simons M, Nave KA (2015). Oligodendrocytes: myelination and 
axonal support. Cold Spring Harb Perspect Biol 8: a020479.

Song B, Sun G, Herszfeld D, Sylvain A, Campanale NV, Hirst CE, 
Caine S, Parkington HC, Tonta MA, Coleman HA et al. (2012). 
Neural differentiation of patient specific iPS cells as a novel 
approach to study the pathophysiology of multiple sclerosis. 
Stem Cell Research 8: 259-273.

Sontag CJ, Uchida N, Cummings BJ, Anderson AJ (2014). Injury 
to the spinal cord niche alters the engraftment dynamics of 
human neural stem cells. Stem Cell Reports 2: 620-632.

Torii T, Miyamoto Y, Yamauchi J, Tanoue A (2014). Pelizaeus-
Merzbacher disease: cellular pathogenesis and pharmacologic 
therapy. Pediatr Int 56: 659-666.

Uchida N, Chen K, Dohse M, Hansen KD, Dean J, Buser JR, Riddle 
A, Beardsley DJ, Wan Y, Gong X et al. (2012). Human neural 
stem cells induce functional myelination in mice with severe 
dysmyelination. Sci Transl Med 4: 155ra136.

Wang S, Bates J, Li X, Schanz S, Chandler-Militello D, Levine C, 
Maherali N, Studer L, Hochedlinger K, Windrem M et al. 
(2013). Human iPSC-derived oligodendrocyte progenitor 
cells can myelinate and rescue a mouse model of congenital 
hypomyelination. Cell Stem Cell 12: 252-264.

Windrem MS, Schanz SJ, Guo M, Tian GF, Washco V, Stanwood 
N, Rasband M, Roy NS, Nedergaard M, Havton LA et al. 
(2008). Neonatal chimerization with human glial progenitor 
cells can both remyelinate and rescue the otherwise lethally 
hypomyelinated shiverer mouse. Cell Stem Cell 2: 553-565.

Wishnew J, Page K, Wood S, Galvin L, Provenzale J, Escolar M, 
Gustafson K, Kurtzberg J (2014). Umbilical cord blood 
transplantation to treat Pelizaeus-Merzbacher disease in 2 
young boys. Pediatrics 134: e1451-1457.

Zappia E, Casazza S, Pedemonte E, Benvenuto F, Bonanni I, Gerdoni 
E, Giunti D, Ceravolo A, Cazzanti F, Frassoni F et al. (2005). 
Mesenchymal stem cells ameliorate experimental autoimmune 
encephalomyelitis inducing T-cell anergy. Blood 106: 1755-
1761.

Zhang J, Li Y, Chen J, Cui Y, Lu M, Elias SB, Mitchell JB, Hammill L, 
Vanguri P, Chopp M (2005). Human bone marrow stromal cell 
treatment improves neurological functional recovery in EAE 
mice. Exp Neurol 195: 16-26.

http://dx.doi.org/10.1182/blood-2008-03-140830
http://dx.doi.org/10.1182/blood-2008-03-140830
http://dx.doi.org/10.1182/blood-2008-03-140830
http://dx.doi.org/10.1182/blood-2008-03-140830
http://dx.doi.org/10.1182/blood-2008-03-140830
http://dx.doi.org/10.1182/blood-2008-03-140830
http://dx.doi.org/10.2217/rme.15.57
http://dx.doi.org/10.2217/rme.15.57
http://dx.doi.org/10.2217/rme.15.57
http://dx.doi.org/10.2217/rme.15.57
http://dx.doi.org/10.1016/0896-6273(94)90214-3
http://dx.doi.org/10.1016/0896-6273(94)90214-3
http://dx.doi.org/10.1016/0896-6273(94)90214-3
http://dx.doi.org/10.1038/nm.2833
http://dx.doi.org/10.1038/nm.2833
http://dx.doi.org/10.1038/nm.2833
http://dx.doi.org/10.1038/nm.2833
http://dx.doi.org/10.1089/scd.2014.0096
http://dx.doi.org/10.1089/scd.2014.0096
http://dx.doi.org/10.1089/scd.2014.0096
http://dx.doi.org/10.1089/scd.2014.0096
http://dx.doi.org/10.1080/13550280390193993
http://dx.doi.org/10.1080/13550280390193993
http://dx.doi.org/10.1080/13550280390193993
http://dx.doi.org/10.1371/journal.pone.0068909
http://dx.doi.org/10.1371/journal.pone.0068909
http://dx.doi.org/10.1371/journal.pone.0068909
http://dx.doi.org/10.1371/journal.pone.0068909
http://dx.doi.org/10.1016/j.scr.2011.12.001
http://dx.doi.org/10.1016/j.scr.2011.12.001
http://dx.doi.org/10.1016/j.scr.2011.12.001
http://dx.doi.org/10.1016/j.scr.2011.12.001
http://dx.doi.org/10.1016/j.scr.2011.12.001
http://dx.doi.org/10.1016/j.stemcr.2014.03.005
http://dx.doi.org/10.1016/j.stemcr.2014.03.005
http://dx.doi.org/10.1016/j.stemcr.2014.03.005
http://dx.doi.org/10.1111/ped.12450
http://dx.doi.org/10.1111/ped.12450
http://dx.doi.org/10.1111/ped.12450
http://dx.doi.org/10.1016/j.stem.2012.12.002
http://dx.doi.org/10.1016/j.stem.2012.12.002
http://dx.doi.org/10.1016/j.stem.2012.12.002
http://dx.doi.org/10.1016/j.stem.2012.12.002
http://dx.doi.org/10.1016/j.stem.2012.12.002
http://dx.doi.org/10.1016/j.stem.2008.03.020
http://dx.doi.org/10.1016/j.stem.2008.03.020
http://dx.doi.org/10.1016/j.stem.2008.03.020
http://dx.doi.org/10.1016/j.stem.2008.03.020
http://dx.doi.org/10.1016/j.stem.2008.03.020
http://dx.doi.org/10.1542/peds.2013-3604
http://dx.doi.org/10.1542/peds.2013-3604
http://dx.doi.org/10.1542/peds.2013-3604
http://dx.doi.org/10.1542/peds.2013-3604
http://dx.doi.org/10.1182/blood-2005-04-1496
http://dx.doi.org/10.1182/blood-2005-04-1496
http://dx.doi.org/10.1182/blood-2005-04-1496
http://dx.doi.org/10.1182/blood-2005-04-1496
http://dx.doi.org/10.1182/blood-2005-04-1496
http://dx.doi.org/10.1016/j.expneurol.2005.03.018
http://dx.doi.org/10.1016/j.expneurol.2005.03.018
http://dx.doi.org/10.1016/j.expneurol.2005.03.018
http://dx.doi.org/10.1016/j.expneurol.2005.03.018

