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COMPREHENSIVE REVIEW

Human Embryonic Stem Cell-Derived Oligodendrocytes:
Protocols and Perspectives

Walaa F. Alsanie,""? Jonathan C. Niclis? and Steven Petratos'

Oligodendrocytes play a fundamental supportive role in the mammalian central nervous system (CNS) as the
myelinating-glial cells. Disruption of fast axonal transport mechanisms can occur as a consequence of mature
oligodendrocyte loss following spinal cord injury, stroke, or due to neuroinflammatory conditions, such as
multiple sclerosis. As a result of the limited remyelination ability in the CNS after injury or disease, human
embryonic stem cells (hESCs) may prove to be a promising option for the generation and replacement of mature
oligodendrocytes. Moreover, hESC-derived oligodendrocytes may be experimentally utilized to unravel fun-
damental questions of oligodendrocyte development, along with their therapeutic potential through growth
factor support of axons and neurons. However, an intensive characterization and examination of hESC-derived
oligodendrocytes prior to preclinical or clinical trials is required to facilitate greater success in their integration
following cellular replacement therapy (CRT). Currently, the protocols utilized to derive oligodendrocytes from
hESCs consist of significant variations in culture style, time-length of differentiation, and the provision of growth
factors in culture. Further, these differing protocols also report disparate patterns in the expression of oligo-
dendroglial markers by these derived oligodendrocytes, throughout their differentiation in culture. We have
comprehensively reviewed the published protocols describing the derivation of oligodendrocytes from hESCs
and the studies that examine their efficacy to remyelinate, along with the fundamental issues of their safety as a
viable CRT. Additionally, this review will highlight particular issues of concern and suggestions for trouble-
shooting to provide investigators critical information for the future improvement of establishing in vitro hESC-
derived oligodendrocytes.

Introduction the comprehensive elucidation of molecular and cellular

events that govern neural differentiation.

STEM CELL BIOLOGY HOLDS enormous potential for the
treatment of numerous chronic and inherited diseases.
Human pluripotent stem cells (hPSCs) are an inexhaustible
material with the potential to differentiate into all three germ
layers. The hPSC landscape has rapidly evolved, utilizing
human embryonic stem cells (hESCs) derived from the inner
cell mass of developing blastocysts, and/or human-induced
pluripotent stem cells (hiPSCs) produced by reprogramming
specific somatic cell types.

The derivation of specific lineages and regional identities
from hPSCs represents a coveted goal that is particularly
relevant when considering cell replacement therapies (CRT)
for patients suffering from neurological disorders. The po-
tential of hPSCs has been shown with the deployment of
differentiated neural precursors with tantalizing results in
animal models of spinal cord injury (SCI) [1-3], Huntington’s
disease [4-6] and Parkinson’s disease [7,8]. Germane to this is

Prior to the advent of hPSCs, mammalian neural devel-
opment was predominantly investigated in the rodent cen-
tral nervous system (CNS), where the identification of
oligodendroglial lineage stages, gene regulators of cell
identity and signaling pathways that control differentiation,
survival, and migration, have all been revealed [9-14]. These
studies have provided a foundation for mouse embryonic
stem cells (mESC) oligodendrocyte differentiation protocols
[15-19], although, these have generally failed to produce
pure oligodendroglial lineage populations [15-19].

More recently, hPSC protocols have capitalized on this
existing knowledge with nine protocols developed to date
[20-28]. While mESC studies have provided a sound foun-
dation for hPSC oligodendrocyte differentiation protocols,
there is considerable variation across protocols developed for
each species with regards to media components, time re-
quirements, and the demarcation of developmental stages
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[21,29]. Further, xenogenic-free and fully defined systems are
an eventual necessity for hPSC-based protocols to fulfill
stringent requirements for human clinical applications [27].
This review, for the first time, compiles all reported hPSC
oligodendrocyte differentiation protocols established to date
(Table 1). Protocols are canvassed and compared in three
stages, (1) hPSCs to neural progenitors (NPs), (2) NPs to
oligodendrocyte precursors (OPCs), and (3) OPCs to oligo-
dendrocytes, with particular emphasis placed on issues of
concern and troubleshooting suggestions for improving fu-
ture outcomes. This review is additionally presented in a
fashion mindful of future in vivo applications, aiming to
provide a comprehensive and organized overview for future
investigators.

From Pluripotency to Neural Precursors
Neurospheres, embryoid bodies, or monolayers?

The guided differentiation of hPSCs to NPs is the first
milestone on the road to oligodendrocyte commitment. NPs
with a propensity for oligodendroglial differentiation are typ-
ically PAX6 and Nestin positive [27,30], and are frequently
produced in culture from three-dimensional spherical struc-
tures either as constituents of neurospheres or embryoid
bodies (EBs) (Table 2). Specifically, the NP structures formed in
response to robust neural cues within neural conducive envi-
ronments are typically referred to as neurospheres, whereas
systems facilitating the spontaneous differentiation of hESCs,
forming all three embryonic layers (ectoderm, mesoderm, and
endoderm), are termed EBs [31]. Alternatively, a monolayer of
NPs may be generated to avoid the limitations of a three-
dimensional system, notably the variable nutrient/growth
factor diffusion through large multicellular structures, and
typically involves extracellular matrices, such as laminin, poly-
D-lysine, and matrigel (Table 2) [25].

It is believed that neural differentiation via a three-di-
mensional structure supports cell-to-cell contact to enhance
the survival, differentiation, and proliferation abilities of NPs
[29,32]. In fact, recent data support the notion of a commu-
nity effect in a three-dimensional structure, with the ex-
pression of Nestin and PAX6 in NPs, derived from EBs
grown in culture for 14-25 days [22,24]. Neurosphere facili-
tated protocols are comparable to those utilizing EBs, with
Sundberg et al., and Nistor et al.,, achieving PAX6 and
Nestin-enriched cultures within similar culture timeframes
[20,27]. Intriguingly, the generation of NPs through either
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EBs or neurospheres, have been shown to increase the ex-
pression of more mature cell-specific transcript, such as
OLIG2 and SOX10 [24,27], suggesting oligodendroglial line-
age specification. Alternatively, the derivation of neuro-
spheres in suspension culture or by using monolayer culture,
may limit the spontaneous differentiation of pluripotent
cells to undesired lineages, as monolayer and neurosphere
conditions encourage neural differentiation, possibly as a
consequence of a “community effect” providing a robust
neurogenic environment.

Although it remains a sole example, Hu et al., have de-
scribed the derivation of NPs that express Nestin and PAX6
using monolayer conditions after 14 days of culture [25].
Similar outcomes such as the expression of the NP markers
Nestin, and PAX6, are attainable and the temporal variation
at such an early stage appears to be of little downstream
consequence. Until additional monolayer protocols are re-
ported it remains difficult to prefer monolayer or three-
dimensional systems for oligodendrocyte differentiation.

NPs and their role in OPC differentiation

Oligodendrocytes arise from NP pools with distinct ori-
gins and thus varied transcription factor identities
throughout embryonic and postnatal development of the
mammalian CNS [33-36]. For instance, during the devel-
opment of the mouse forebrain, an “early wave” of oligo-
dendrocytes initially differentiate ventrally from NKX2.1
progenitors of the telencephalic medial ganglionic eminence
(MGE) and ventral anterior entopeduncular area (AEP)
regions, which disappear and may be supplanted in post-
natal development by oligodendrocytes from Emx1-
expressing cortical tissue [33-36]. Despite significant vari-
ation in the origin of oligodendrocytes, there is no rationale
for functional differences of these post-mitotic cells, since a
distinct lack of any one of the reported three waves of oligo-
dendrocyte generation, seems to have no effect on CNS OPC
generation and development by compensation through the
other two waves [33,35,36]. The data would suggest that oli-
godendrocytes derived from Emx1-expressing NPs could play
a role during postnatal rodent neurodevelopment, the period
of greatest myelination, however, evidence is lacking in rela-
tion to this theory during human neurodevelopment.

Another marker that may serve as a similar discriminating
factor, functioning as a preferential marker for oligoden-
drocytic differentiation from NPs is, NKX2.1. This is a
homeodomain transcription factor that plays a crucial role in

TABLE 1. ExisTING HUMAN PLURIPOTENT STEM CELLS TO OLIGODENDROCYTE DIFFERENTIATION PROTOCOLS

Protocol Cell lines utilized Sorting step required  Time (days)  Xeno free ~ hPSC maintenance®
Nistor et al. [20] H7 No 42 No Matrigel
Izrael et al. [21] H13, H16 No 49 No MEFs

Kang et al. [22] SNUAES1 No 40 No MEFs

Gil et al. [23] Miz, hES4, hES6 No 25 No MEFs

Hu et al. [24] H1, H9, H14 No 98 No MEFs

Hu et al. [25] BG02 No 58 No HFFs

Kerr et al. [26] H1 No 41 No MEFs
Sundberg et al. [27]  HS360, HS362 Yes (NG2) 91 Yes HFFs
Sundberg et al. [28]  Regea 06/040, Regea 08/023 Yes (NG2) 77 Yes HFFs

“The feeder layer used to maintain the hESC lines before the start of oligodendrocyte differentiation culture.
MEFs, mouse embryonic fibroblasts; HFF, human foreskin fibroblasts.
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the embryonic development of the mammalian telencepha-
lon [37-39]. Mainly, the early NPs within the MGE and AEP
regions of the telencephalon have been shown to express
NKX2.1 at E12.5 in mouse embryos [33,35]. Such NKX2.1
expressing NPs have been reported to give rise to OLIG2-
positive cells that can mature to give rise to both interneu-
rons and oligodendrocytes [37,40]. In the human fetal
telencephalon by midgestation, NKX2.1 has been observed
in cells of the basal ganglia, near DLX2-positive and
PDGFRa-expressing OPCs, in the neighboring GE-SVZ [34].
These data may well implicate the NKX2.1 homeodomain
transcription factor as a later marker for OPC generation.
Although NKX2.1 expression may govern oligodendrocytic
differentiation in vivo, the protocols defined in this review
describing the hESC-derivation of OPCs, do not examine this
marker in such a context, which could be aided with the
development of an NKX2.1*/“** reporter line that has been
shown to generate OPCs from an NKX2.1+ fraction [41]. In
addition, if the derived oligodendrocytes from NKX2.1-
positive NPs can integrate within the CNS, this cell line may
also serve as a valuable research tool to unravel fundamental
biological questions of developmentally regulated myelina-
tion and remyelination following injury or disease.

Extraneous signals for the differentiation
to NPs and their maintenance

A chief hurdle confronting stem cell biology is the stan-
dardization of culture systems in the quest to obtain homo-
geneous populations of NPs. This is a particular problem
when culturing specific hESC lines, which demonstrate
substantial variation in the transcriptional profiles of gener-
ated NPs [42]. Such differences are suggested to be a result of
the extracellular signaling factors utilized within the speci-
fied culture conditions.

Since OPCs are derived from NPs, it stands to reason that
the first biological response must be to promote gliogenesis
and antagonize neuronogenesis. Intuitively, it has been shown
that the shift from neuronogenesis to gliogenesis is a time and
growth factor-dependent mechanism [43]. The switch from
neuronogenesis to gliogenesis occurs by the downregulation of
neuronal transcription factors and the upregulation of oligo-
dendroglial transcription factors [44]. For example, OLIG2-
expressing NPs were shown to differentiate into motor neu-
rons and oligodendrocytes in the ventral spinal cord and into
interneurons and oligodendrocytes in the forebrain [45—47].
Contrary to these findings, oligodendrocytes have been re-
ported to arise from other OLIG2-negative NPs [48]. These
data may imply that oligodendrocyte populations are derived
from different NPs. Thus, a critical determinant of generating
oligodendrocytes from hESCs may actually be reliant on op-
timizing the culture time and the growth factors (and their
concentrations) utilized, to generate hESC-derived NPs that
are able to differentiate into oligodendrocytes with defined
transcription factor signatures.

Nonspecific early neurotrophic factors for NP survival and
differentiation. Basic fibroblast growth factor (bFGF) is a
widely utilized growth factor for the derivation of NPs and is
included in numerous protocols for the patterning of cells to
NPs and pre-OPCs. Its widespread utility stems from its
known role in the promotion of cell proliferation [43,49,50].
In addition, FGF2 can increase the proliferation of OLIG2-
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expressing cells, while concomitantly blocking their differ-
entiation to motor neurons [49]. However, the role of bFGF
may be dispensable, since Hu et al., and Gil et al., have
reported the differentiation of hESCs into NPs and then
OPCs without bFGF supplementation [23,24]. In light of
evidence suggesting FGF signaling (particularly FGF2), can
repress the expression of the transcription factor Nkx2.2,
thereby, preventing differentiation to OPCs [49], it can be
argued that indeed its inclusion during the generation of
oligodendroglial lineage cells should be debated further.

Both ciliary neurotrophic factor (CNTF) and epidermal
growth factor (EGF) are factors also known to induce the
proliferation and differentiation toward a neural lineage [27].
It is documented that EGF is crucial for early neural patterning
in several regions of the developing CNS [51,52]. Moreover,
EGF is important for the proliferation and migration of en-
dogenous NPs, during embryogenesis along with the early
postnatal period [51,52]. Although EGF has been utilized in
several key hESC-differentiation articles, it may not be critical
for the derivation of NPs in such growth factor-dependent
culture conditions [20,21,25,27,28]. Recently, Sundberg et al.,
have reported the first use of CNTF for the generation of NPs
prior to OPC specification [27], as will be discussed in section
“Oligodendroglial neurotrophic factors for OPC differentia-
tion and survival” of this review. While these growth factors
are being used in various reported oligodendrocyte differen-
tiation protocols, it seems that bFGF and EGF are predomi-
nantly utilized to derive NPs that have the ability to
eventually differentiate into oligodendrocytes.

In mammalian cell development, the binding of specific
signaling factors to membrane-bound receptors, along with
the interaction of these receptors with ligands from the sur-
rounding environment are proposed to be the central
mechanisms governing proliferation, migration, and differ-
entiation. Consequently, the use of CNS cell-specific extra-
cellular matrix (ECM) is a prominent tool to promote
differentiation toward NPs. A study by Ma et al., has com-
pared the five different ECMs; laminin, matrigel, fibronectin,
type-1-collagen, and poly-p-lysine, to direct the differentia-
tion of hESC to the neural lineage [53]. The study concluded
that laminin was the most effective ECM to induce their
differentiation [53]. Indeed, laminin is one of the most im-
portant ECMs in the neural stem cell niche and is itself a
major component of matrigel.

Nistor et al., Kang et al., and Kerr et al., have all used matrigel
as an ECM during the differentiation into NPs, while the
Sundberg et al., and Hu et al., groups have either used a com-
bination of laminin, collagen IV, and nidogen-1, or a combina-
tion of laminin and poly-L-lysine, respectively [20,22,25-28].
However, the use of ECMs is not essential during hPSC to NP
culture stages as Gil et al., and Izrael et al., have not incorpo-
rated ECMs within their protocols [21,23]. Matrigel appears to
be the most effective ECM for the derivation of NPs by gener-
ating larger numbers of precursors that adopt the glial lineage.
Protocols that utilize matrigel create two issues that stem from
the xenogeneic nature of this substrate: (1) one issue relates to
the difficulty in applying cells exposed to xenogeneic material
for clinical applications; and (2) concerns the variability in
substrate batches. Thus, further studies are required to resolve
whether a more appropriate ECM for hESC-derived glial-
committed NP differentiation can be developed, which is also
feasible for transplantation studies.
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Common mneural factors for the generation of glial line-
ages. There are several common reagents, which are utilized
throughout the various protocols during the derivation of
oligodendroglial cells or alternately can be added in combi-
nation with the promotion NPs from hESCs. These include,
retinoic acid (RA), sonic hedgehog (SHH), thyroid hormone
(T3), and noggin, all integral signaling molecules with pur-
ported abilities to promote glial progenitors from NPs.

It has been reported that SHH may be essential for the
initial production and specification of oligodendrocytes in
the ventral forebrain, all-be-it within the mouse [54]. In this
specific study, it was shown that, SHH is required for the
specification and production of oligodendrocytes in the lat-
eral gangilionic eminence (LGE) and MGE in the telenceph-
alon [54]. These investigators also showed that, in the
NKX2.1 knockout mouse, where SHH signaling is lost, oli-
godendrocytes in the LGE and MGE were reduced or absent,
respectively [54]. In addition, there was a ventral to dorsal
shift in the production of oligodendrocytes, which is not
dependent on SHH signaling [54]. Therefore, the in vivo data
identify SHH as an integral patterning regulator during de-
velopment, possibly leading to oligodendrogliogenesis but
may well be dispensable during the maturation of these cells
in vivo.

Similarly, another neural differentiation factor, RA, is a
well-known signaling molecule that supports neural speci-
fication [23,55]. RA may also be important for the organi-
zation of the ventral and dorsal axis of the neural tube, and
the anterior spinal cord and posterior hindbrain during de-
velopment [56]. In addition, it has been shown that RA can
induce neuroectodermal, while inhibiting mesodermal dif-
ferentiation in mouse ESCs, achieved through blockade of
the nodal-signaling pathway [57]. Thus, RA is commonly
utilized to promote the differentiation of hESC toward NPs
that have the potential to ultimately give rise to OPCs.

Sundberg et al., Hu et al., and Gil et al., have all recently
reported that RA and SHH enhance the derivation of NPs
that later generate OPCs [23,24,28]. The upregulation of SHH
expression is important to sequentially activate genes es-
sential for OPC specification such as SOX10, OLIG2, and
Nkx2.2 [40,54,55]. It is thought that SHH may be critical for
the switch between neuronogenesis into oligodendrogenesis,
however, its role is restricted to early developmental phases
and does not extend to the maturation of pro-myelinating
oligodendrocytes [37,44,58].

The use of noggin has been shown to broadly act by in-
hibiting bone morphogenetic proteins (BMPs) to suppress
mesendodermal lineage patterning, promoting neural dif-
ferentiation of hPSCs [23,26,43,59], Izrael et al., have shown
that noggin also plays a role in the lineage specification of
OPCs, potentiating the maturation toward oligodendrocytes
[21]. Further, adding noggin at these early stages of hPSC
development decreased noggin-mediated maturation, sup-
porting the differentiation toward a glial lineage [21].

Another integral oligodendroglial differentiation member,
T3, is a thoroughly characterized endocrine hormone. T3 has
been reported to play a role in the survival and proliferation
of pre-OPCs, but as a corollary, may promote the differen-
tiation into mature oligodendrocytes [27]. Importantly, T3
regulates the timing of the differentiation into oligodendro-
cytes [60,61]. It has been shown that T3 induces the matu-
ration of oligodendrocytes by activating the PI3K/Akt and

2463

also MAPK/ERK signaling pathways [62]. Sundberg et al.,
and Izrael et al., have both used T3 to induce the differen-
tiation of NPs from hESCs. However, the NPs that were
derived were similar to those obtained in other protocols,
which excluded the use of T3 in culture [21,28], suggesting a
subsidiary developmental role for this important hormone.
Moreover, Sundberg et al. have shown that the combinato-
rial addition of T3, RA, and SHH to their hESC cultures,
throughout the first 4 weeks of differentiation, decreased
the required culture duration by 50% in the derivation of
oligodendrocytes [28]. Although many oligodenroglial-
influencing growth factors have been used to derive NPs,
SHH, RA, and noggin seem to be all critical reagents at the
initial stages of the differentiation protocol. However, as will
be highlighted in the subsequent section of this review, T3
may well be more important, in the later stages of OPC
differentiation.

The Identity of OPCs

During mammalian neurodevelopment, oligodendrocytes,
like their neural counterparts, are generated from neuroe-
pithelial precursors, which line the ventricles and therefore
are defined as the ventricular zone (VZ) precursors [63].
However, prior to their differentiation into post-mitotic
mature myelinating oligodendrocytes, which mainly occurs
after birth in rodents, there exists the generation of OPCs
within the VZ with numerous morphological transitory
subtypes (see Fig. 1) [64]. These OPC subtypes may be de-
fined as pre-OPCs (originally identified as bipotential, oli-
godendrocyte-type-2 astrocyte glial progenitors), true OPCs
(having the potential to migrate, proliferate, and only gen-
erate oligodendrocytes), and pro-myelinating OPCs (having
the potential to differentiate into myelinating oligodendro-
cytes) (Fig. 1) [63,65,66]. What is consistent along the onto-
genic pathway of lineage commitment is the array of
markers used at specific stages of oligodendrocyte develop-
ment, which may well serve as signatures of OPC subtypes
(Fig. 1). Of course a major limitation in the definition of these
OPC subtypes, using various biochemical markers, may well
be that they have been primarily defined for rodent research
and so it is now a responsibility of hESC neurobiologists to
demonstrate the relevance of these markers in human oli-
godendrocyte differentiation.

The protocols described in this review utilize different
panels of markers to characterize OPCs in an attempt to
determine the purity of the various cell populations obtained
via hESC culture, with NG2 and PDGFRa as the most
commonly used markers to characterize OPCs [67], (Fig. 1).
Sundberg et al., Kang et al., and Nistor et al., showed that
~80%—88% of their hESC-derived OPCs express PDGFRo
[20,22,27]. In particular, Sundberg et al., introduced a fluo-
rescence-activated cell-sorting step to purify the NG2-posi-
tive OPC fraction that was otherwise 55% of their total
population [27,28]. While beneficial, sorting stages are not
likely to be critical and indeed Nistor et al., have without a
sorting step, generated a population comprising 98% OPCs,
as determined by NG2-positivity [20], and Hu et al., and
Kang et al., have achieved a more modest 80%-81% of OPCs
that were NG2-positive in their cultures [22,24].

These disparate results may be interpreted as the indi-
vidual investigators definitions of what a true OPC is, with
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FIG. 1.

Schematic of the progressive differentiation of human pluripotent stem cells (hPSCs) to myelinating oligodendro-

cytes. The illustration shows commonly used markers during the developmental stages of mammalian oligodendrocytes.
These markers are either transcription factors that regulate neural and oligodendrocyte maturation or extracellular receptors
that signal through growth factors and through the developmental extracellular matrix. All markers of oligodendroglial cells
have varying expression time points, reported throughout the differentiation of oligodendrocytes derived from human
embryonic stem cells (hESCs) by the protocols defined by the different research groups who have been compared in this
review article. Gene expression that has been attributed to each stage has been included, with the specific references listed.
References that have observed gene expression based upon immunocytochemistry or flow cytometry are shown in bold, and
those observed by reverse transcription—polymerase chain reaction are italic and underlined.

an overreliance on NG2-immunoreactivity alone. NG2-
positive OPCs are known to have a high proliferative ability
and can eventually generate myelinating oligodendrocytes
[68]. Importantly, NG2-positively selected OPCs were neg-
ative for the pluripotency marker, OCT4, showing that these
specific cells were committed to a neural cell lineage. How-
ever, there exists data suggesting that the NG2 marker can
identify a population of cells that do not only generate post-
mitotic oligodendroglial cells but may also identify cells ca-
pably of being driven into a neuronal or astrocytic lineage
[69]. Therefore, it is necessary that highly proliferative pop-
ulations generated from hESCs can yield sufficient numbers
for eventual differentiation culture but the specificity of
identifying true oligodendrocyte lineage cells must also be
matched for the success of such protocols.

Moreover, a robust definition of these OPCs may arise from
the interrogation of transcriptional markers of oligodendroglial
differentiation, reported in the protocols of Sundberg et al., and

Nistor et al. [20,27] as an example. These investigators noted the
expression of NKX2.2 and NKX6.2 by OPCs [20,27]. While Hu et
al., and Nistor et al.,, reported that 94% or 97% of OPCs, re-
spectively, were labeled by using the A2B5 antibody [20,24,27].
In fact these homeobox proteins, NKX2.2 and NKX6.2, were
demonstrated to control the expression of the mature oligo-
dendrocyte marker, proteolipid protein (PLP) [70,71]. NKX6.2,
in particular, is an important transcription factor for normal
myelination as it binds to the promoter region of myelin binding
protein (mbP) [72]. Further identification of OPC commitment
has been reported as the upregulation of SOX8, SOX9, and
SOX10, which play a crucial role in switching from neurono-
genesis to oligodendrogenesis [27,73]. SOX10 and NKX2.2 are
critical transcription factors for the terminal differentiation of
oligodendrocytes and for the induction of MBP expression [73].

OLIG1 is another transcription factor that is expressed by
OPCs. However, reports demonstrate a difference in locali-
zation. Kerr et al., [26] reported the cytoplasmic expression of
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OLIG1, while Keirstead and colleagues [1], described the
nuclear expression of OLIG1. The disparity in OLIG1 local-
ization patterns reported in these studies could be due to the
differences in the stage of maturity during differentiation.
OLIGI is first expressed in the nucleus, where it interacts
with SOX10 forming a complex that can activate mbp tran-
scription by binding to elements in the 5" region in the mbp
gene [74]. It is expressed in the cytoplasm later during dif-
ferentiation and its expression was shown to be essential for
oligodendrocyte maturation [75]. A study by Arnett et al., on
rodents showed that OLIGI is important to repair demye-
linating injuries, where its expression is translocated back
into the nucleus [76]. However, investigations performed on
fresh sections of human fetuses at the midgestational period,
showed substantial redistribution of OLIG1 from the nucleus
to the cytoplasm, within the cortical unmyelinated forebrain
[77], again emphasizing the importance of nuclear localiza-
tion of this transcription factor for myelination. Another
study, used the nucleofector system to transfect primary
mouse NPs with OLIG1 and demonstrated that 55% of the
cells (almost all of those cells transfected), displayed en-
hanced differentiation to O4-immunopositive oligodendro-
cyte lineage cells. This was in contrast to untransfected cells
where only 12% showed differentiation [78]. Thus, OLIG1
probably plays a crucial role in the differentiation/matura-
tion of oligodendrocytes toward myelination.

NPs to OPCs

Utilizing the markers CD140a and NG2 to identify OPCs, Hu
et al., were able to show that under their culture conditions,
direct differentiation of NPs to pre-OPCs (expressing PAX6,
NKX2.2, SOX10, and OLIG2), was then followed by the differ-
entiation to OPCs, demonstrating a well-characterized inter-
mediate precursor lineage (Table 2; Fig. 1) [24]. Conversely,
Izrael et al. differentiated NPs to pre-OPCs, which expressed
NKX2.2, 5OX10, and OLIG2 (maintaining the expression of NP-
along with OPC-markers) and then showed differentiation of
these pre-OPCs to pro-myelinating oligodendrocytes (labeled
with the O4 antibody) [21]. Despite this study’s identification of
an intermediate pre-OPC, other recently published protocols
report direct differentiation of NPs to OPCs in one step (Table 3;
Fig. 1) [22,23,26-28]. These protocols highlight considerable
differences in the time taken to differentiate NPs to OPCs.
Specifically, Hu et al. described the longest differentiation pro-
tocol, establishing oligodendrocytes within 73 days, while Gil et
al. described the derivation of OPCs in the shortest time, with
only 8 days required for differentiation [23,24]. Again, the dif-
ferences in culture style, the ECMs and growth factors used in
the differentiation protocols, are probably a major cause of the
variation in the nature of OPC generation.

Oligodendroglial neurotrophic factors for OPC
differentiation and survival

In addition to bFGF and EGF, platelet-derived growth factor
(PDGEF) is the growth factor most commonly used by all pro-
tocols during the differentiation of OPCs from NPs. However,
provision of PDGF may not be essential, as Nistor et al. and
Izrael et al. have both achieved oligodendrocytes in its absence
[20,21]. EGF is a mitogen, which was shown to increase the
pool of OPCs in rodents [79,80] and may well be able to re-
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place PDGEF in protocols used for oligodendrocyte differenti-
ation from hESCs [20,21]. However, the addition of PDGF
appears important in promoting differentiation to OPCs but
not necessarily to mature oligodendrocytes [81], and so would
seem an important inclusion during the early stages of hESC-
differentiation. Supporting this contention is the evidence
through careful dissection of developmental pathways, which
established that PDGF could prevent premature differentiation
and enhance proliferation by controlling the timing of oligo-
dendrocyte maturation [82-84]. Such data have been well de-
fined in developmental in vivo settings as a vital requirement
for oligodendrogliogenesis and would therefore advocate for
the inclusion of PDGF at strategic time points in hESC differ-
entiation, as an adjunct to bFGF and EGF.

Both insulin-like growth factor (IGF) and T3, have also been
used by Hu et al. and Sundberg et al. to support the derivation
of OPCs [24,27,28]. Further, Sundberg et al. also reported the
use of SHH to derive OPCs from previously generated NPs
[28]. Although the addition of T3 and SHH at this stage (NPs
to OPCs; Table 2) of the protocol improved differentiation
outcomes, the culture time required to reach maturation was
not reduced [27,28]. Similarly, with regard to the neural in-
duction step prior to OPC specification, Sundberg et al., were
able to demonstrate that through the provision of CNTF, the
generation of pure OPCs from hESC-derived NPs could be
achieved [27]. CNTF and IGF-1 were shown to increase the
differentiation and maturation of OPCs along with the en-
hancement of their survival, proliferation, and differentiation
in rodents [85,86]. Primarily, CNTF was shown to enhance the
differentiation toward an oligodendroglial lineage from adult
rat hippocampal NPs [87]. In a mechanistic study, IGF-1 was
shown to induce the differentiation of adult rat hippocampal
NPs to oligodendrocytes by inhibiting the BMP signaling
pathway [88]. Moreover, mouse OPC studies have shown that
IGF-1 increases their survival [89]. These data would advocate
the benefit provided by adding IGF-1 and CNTF in the early
stages of OPC differentiation from hESC-derived NPs.

Indeed, Sundberg et al. demonstrated that CNTF and IGF
in combination could enhance the survival and proliferation
of NG2-positive OPCs from hESCs [27]. Moreover, these
growth factors increased the expression of Nkx2.2, which
may be initiated through the inhibition of the BMP signaling
pathway as defined in rodents [88]. Izrael et al., showed that
the addition of RA in culture is also capable of inducing the
expression of Nkx2.2, regulating mature oligodendroglial
gene expression [21]. They also demonstrated that adding
noggin to the medium is important for the upregulation of
SOX10, another transcription factor defining specific oligo-
dendrocyte maturation [21]. Although RA induces Nkx2.2
expression, it may increase the expression of BMP2, which
has been documented to inhibit oligodendrogenesis [21].
Thus, noggin, as a BMP antagonist, was shown to promote
oligodendrocyte differentiation by inhibiting specific BMPs
[43]. One hypothesis is that noggin counters the increasing
synthesis of BMPs, a result of RA stimulation, allowing
OLIG2 to induce the expression of SOX10 [21].

Controlling OPC differentiation through physical
interactions with ECM

Utilizing ECMs in differentiation protocols at the OPC
stage is critical for the growth and survival of the generated
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OPCs. Recently, Hu et al. examined the effects of laminin,
fibronectin, and matrigel as ECMs on the proliferation, mi-
gration, survival, and differentiation of OPCs isolated from
rat spinal cords at embryonic day 15 [90]. Despite all three
ECMs promoting these cell cycle events, it was noted that
fibronectin was the most biologically potent [90]. However,
limited evidence exists for fibronectin as a substrate when
deriving OPCs from hESCs and so similar assays would
need to be validated for its potential use in culture.

Different ECMs have been used for the differentiation of
OPCs from the hESC-derived NPs. Nistor et al., Kang et al.,
and Izrael et al., have all used matrigel, whereas, Gil et al.,
have used vitronectin [20-23]. On the other hand, Sund-
berg et al., have used a combination of laminin, collagen
IV, and nidogen-1 [27,28]. It is well documented that la-
minin was shown to direct the differentiation to a neural
lineage and it plays a fundamental role in the survival,
maturation, and myelination of oligodendrocytes [91].
Sundberg et al., is the only group to have described the
use of laminin in suspension culture as a supplement
[27,28], for the promotion of their OPC induction, possibly
achieved by enhancing the interaction of surrounding cells
through their surface molecules.

On the other hand, it has been reported that vitronectin,
used as a soluble supplement, and combined with RA,
SHH, and noggin, could increase the yield of derived oli-
godendrocytes [23]. As a corollary, it has been shown that
vitronectin plays a significant role in the migration, prolif-
eration, and maturation of OPCs [92]. Li et al., from the
Geron Corporation, have shown that the vitronectin-
derived synthetic peptide acrylate surface can be a viable
alternative to matrigel in differentiation cultures, for hESC-
derived OPC generation by utilizing the established Nistor
et al. protocol [93]. Similar yields of PDGFRa-positive OPCs
were obtained in this study, using vitronectin-derived
synthetic peptide acrylate surface, in direct comparison
with OPCs that were generated on matrigel [93]. However,
these investigators generated a higher yield of NG2-positive
cells on vitronectin-derived synthetic peptide acrylate sur-
face than on matrigel [93], illustrating a potentiation of ro-
bust generation of OPCs with co-expression of PDGFRa. No
difference in the proliferation of OPCs, whether they were
cultured on matrigel or on vitronectin-derived synthetic
peptide acrylate surface could be demonstrated [93]. These
data now imply that an alternative source of synthetic
generated ECM can now be utilized to derive excellent
yields of OPCs from hESCs, replacing the problematic,
complex animal-derived ECM.

OPCs to Oligodendrocytes

The differentiation of OPCs into mature oligodendrocytes
is a critical step in hESC-derived cultures because maturation
is a unique biological indicator of functionality and quit
logically the suitability of such cells for various practical
applications, which may include CRT. Kang et al., Hu et al,,
and Sundberg et al, have all reported the derivation of
mature, myelinating oligodendrocytes in 2—4 weeks using
growth factor-free medium (Table 4) [22,24,27]. In addition
to MBP and PLP, these specific studies of hESC-derived ol-
igodendrocytes, could demonstrate GalC-, O1-, and O4-im-
munopositive markers on these mature cells. On the other
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hand, Nistor et al., Izrael et al., and Gil et al., showed the
differentiation of OPCs to pre-oligodendrocytes through the
expression patterns of GalC, the O4-antigen and the receptor
interacting protein [20,21,23]. Sundberg et al., and Nistor et
al., showed that 80%-85% of the differentiated oligoden-
drocytes were labeled with the O4 antibody, while Izrael et
al, were able to achieve 95% O4-immunopositivity
[20,21,27]. Sundberg et al., and Nistor et al., revealed that
80% and 95% of oligodendrocytes were positive for GalC,
respectively [20,27]. Similarly, Kerr et al., showed that the
differentiation of OPCs to pre-oligodendrocytes promoted
the expression of the Ol-antigen, GalC, and CNPase [26].
However, these cell populations failed to express MBP in
vitro, which is essential for myelination and one of the
greatest challenges confronting scientists investigating re-
myelination treatments.

It should be noted that although some protocols failed to
obtain mature oligodendrocytes that express MBP in vitro,
the OPCs differentiated into mature MBP-positive oligo-
dendrocytes in vivo following transplantation into the shi-
verer model of dysmyelination [20,21,49]. This could be a
result of the different extracellular environments, such as
axonally-derived factors, that can induce the differentiation
[94]. Therefore, it stands to reason that a determination of the
opportune time for oligodendrocyte transplantation is es-
tablished for each neurological disease paradigm to facilitate
successful engraftment. Alternatively, we must be better at
modifying the diseased or injured tissue milieu to enhance
the viability and promote repair in the CNS post-transplan-
tation with hESC-derived oligodendrocytes.

Similarly, it is critical to examine the myelinating ability
of the derived oligodendrocytes in vitro or in vivo. For in-
stance, Sundberg et al., and Kang et al., showed the mye-
linating ability of derived oligodendrocytes in vitro by
coculturing with neurons [22,27]. Conversely, Izrael et al.,
Hu et al., and Nistor et al., have all shown the myelination
potential of hESC-derived oligodendrocytes in vivo fol-
lowing the transplantation of OPCs into a shiverer mouse
model [20,21,49]. The transplanted oligodendrocytes mye-
linated bare axons, at variable anatomical sites. Moreover,
Izrael et al. demonstrated that treating OPCs with noggin
prior to transplantation enhanced the maturation and
myelination in vivo [21]. Importantly, no teratomas were
reported in these studies. This experimental dysmyelinated
environment is substantially less hostile than that encoun-
tered in the injured or diseased CNS, both in acute and
chronic neurological conditions. Therefore, modulating the
tissue environment prior to transplantation must be an edict
for future studies.

The Differentiation of Oligodendrocytes
from hiPSCs

Recent advances in somatic cell reprogramming have
uncovered that hiPSCs may well serve as an attractive
therapeutic tool in regenerative medicine. The negligible
immunoreactivity upon differentiation of iPSCs presents a
unique opportunity for future CRT applications, where im-
munosuppression may not be required. However, this spe-
cific stream of research is very much in its embryonic stages
with only two studies recently reporting the use of hiPSCs to
generate oligodendrocytes [95,96].
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Recent data generated by Ogawa et al., examined the
differentiation of two hiPSC lines (201B7 and 253G1) to oli-
godendrocyte lineages using either the Nistor et al., (using
EGF as a mitogen) or Kang et al. (using PDGF as a mitogen)
protocols [20,22,95]. These investigators reported that they
were not able to generate premyelinating oligodendrocytes,
as defined by O4 antibody immunoreactivity. However, rare
O4-positive cells (less than 0.01%), were derived from the
253G1 hiPSC line, by using the Nistor et al. protocol [95]. The
authors suggested that the absence of O4 antibody-positive
premyelinating oligodendrocytes could be due to the hiPSC
lines, which were generated from adult fibroblasts, due to
the inherent epigenetic differences. However, it would seem
that the logical next step is that all hiPSC lines be rigorously
evaluated with the inclusion of hESC lines as controls to
appropriately evaluate the efficacies of the OPC differentia-
tion protocols on these cells.

Pouya et al., recently showed that the differentiation of
hiPSCs (hiPSC1 and hiPSC8) lines established from adult
fibroblasts, differentiated in tandem with one hESC line
(Royan H6 line) using the hESC-derived OPC protocol of
Nistor et al. [20,96]. Through immunocytochemical analysis,
the authors documented that ~90% of OPCs could be gen-
erated in culture using the hiPSC1 line, based on expression
profiles that included OLIG2, SOX10, PDGFRa, and NG2.
Moreover, Pouya et al. demonstrated the generation of
~20% MBP-positive oligodendrocytes by the end of the
differentiation stage from the hiPSCs [96]. Although the au-
thors stated that they have achieved mature oligodendro-
cytes in culture following their differentiation from hiPSCs
and hESCs, the data did not show that the hESC-derived
cells were MBP-positive [96]. Further, few neurons and as-
trocytes existed within these cultures by the end of the hESC-
differentiation protocol. Conversely, there were few neurons
but no astrocytes present in culture by the end of the hiPSC
differentiation stage [96]. Such disparities may reside in the
inherent biological differences between individual cell lines
or between hESCs and hiPSCs themselves and require future
elucidation.

The first reported generation of OPCs from hiPSCs [97],
was in fact optimized based on protocols for hESC-derived
oligodendrocytes [21,24,97]. Wang et al. were able to gen-
erate OLIG2/NKX2.2/SOX10/PDGFRa-positive  OPCs
from three different hiPSC lines (C14 and C27; from human
fibroblast and K04; from human keratinocyte) along with
the concordant differentiation of a specific hESC line (H9)
[97]. The derived OPCs were similar to those derived from
hESC in previous studies, demonstrating the ability to
myelinate in an in vitro coculture (in coculture with neu-
rons) along with in vivo myelination of dysmyelinated ax-
ons of shiverer mice following transplantation. However,
these “OPCs” were able to differentiate to both oligoden-
drocytes and astrocytes. The data illustrated by Wang et al.
estimated that 50% of the cell culture population where
indeed GFAP-positive astrocytes, while a fraction of the
cells (4%-11%) were O4 immunoreactive and MBP-positive
oligodendrocytes [97]. In addition, after in vivo transplan-
tation within the shiverer mouse model, many of the
transplanted OPCs differentiated to astrocytes [97]. Thus, it
is a fundamental issue if these cell types were to be utilized
as a CRT following SCI, since the majority of these cells
could become incorporated within the glial scar.
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Despite the variability of the results generated from the
different hPSC lines used in this study, Wang et al. were able
to establish that the most protracted protocol used to gen-
erate OPCs and oligodendrocytes from hiPSCs (requiring
differentiation culture for ~150 days and 200 days, respec-
tively) was the most effective in promoting OPC maturation
[97]. The derived OPCs displayed a greater myelination
potential than OPCs isolated from human fetal brain tissue in
vitro and in vivo [97]. Importantly, no evidence of tumori-
genesis was reported after transplanting OPCs-derived from
hiPSCs to shiverer mice [97]. Therefore, these results may
suggest that hiPSC-derived OPCs require extended growth
defined culture conditions at present and further work may
identify such cells as excellent candidates for autologous
CRT in acquired myelin diseases.

Prospective studies in the field could in fact focus on de-
riving highly pure homogenous populations of OPCs from
hiPSCs, along with hESCs, that have the potential to differ-
entiate to oligodendrocytes, exclusively. Further, while iPSC-
derived terminally differentiated cells are believed to elicit
little immunoreactivity upon autologous transplantation, the
reprogramming techniques used to generate hiPSCs may
pose safety concerns particularly where reprogramming
involves retroviral miss-expression [98]. Emergent repro-
gramming techniques involving mRNA, episomal and non-
integrative viral transduction methods are in development
and may circumvent these issues, providing a safe cellular
product for CRT.

Issues of Concern and Troubleshooting
Variations within interline differentiation

The limited protocols that have been reported for oligo-
dendrocyte differentiation from hESCs could demonstrate
highly pure cultures of OPCs, along with the generation of
small numbers of mature oligodendrocytes. This has been
facilitated by an increased understanding of the oligoden-
drocyte differentiation pathway and the critical constituents
within these cultures, such as PDGF, thyroid hormone, and
the growth factor signaling pathways imperative in the
regulation of cell cycle events at the various stages of culture
[27,99]. As further protocols are reported, it is clear both
major and minor differences exist between them, confound-
ing efforts to generate a consensus for the differentiation
process and to resolve the most appropriate method for
transplantation purposes. However, these protocols have
been useful in defining methodologies for the derivation of
oligodendroglial lineage cells. Principally, the difference may
lie in the hESC lines used during differentiation in culture
and may contribute to the variation in derived cell yields,
with different stages of oligodendrogenesis. This raises the
contention that the efficiency of deriving mature oligoden-
drocytes will vary according to the hESC lines, a notion that
aligns with existing evidence of neuronal interline differen-
tiation variability [100-104].

The prominent protocols recently defined by Sundberg
et al., examine the oligodendroglial differentiation efficacy of
their protocol on two different hESC lines, 08/023REGEA and
06/040REGEA [27,28]. Using these two different hESC lines
gave 50%-70% purity of NG2-positive oligodendrocytes, sug-
gesting that even a standardized protocol will generate sig-
nificantly varied results that could substantially effect mature
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oligodendrocyte yield. Similarly, Hu et al., Izrael et al., and Gil
et al., all reported the use of two cell lines or more to examine
their protocols [21,23,24] but others persist with the use of one
cell line [20,22,25,26] rendering incongruent results. It would
thus seem crucial and logical to evaluate the various protocols
reported using different cell lines in different laboratories,
primarily as an attempt to establish parallels in their oligo-
dendroglial differentiation potential.

The coculture addiction and time-dependent
development

Most hESC lines, which have been utilized in the currently
discussed protocols, rely on embryonic fibroblast cultures for
pluripotent maintenance. The majority of original research
reports the use of mouse embryonic fibroblasts (MEFs) [21—
24,26]. However, Sundberg et al., [27,28] and Hu et al., [25],
have both used human foreskin fibroblasts in their protocols
for the purpose of establishing xeno-free conditions, to sat-
isfy the requirements for clinical application.

Second, the length of time to conduct these protocols varies
significantly. The time-dependency of the hESC differentia-
tion culture may again affect the maturation of oligoden-
drocytes. For example, Hu et al., have established the most
protracted protocol (14 weeks), achieving 80% oligodendro-
cytes, while Nistor et al, and Kerr et al., have described
protocols that are six weeks in duration, deriving 90%-95%
oligodendrocytes [20,24,26,49]. The generation of oligoden-
drocytes from hESC cultures over different time frames may
be a result of the complex nature of gliogenesis and the het-
erogeneity of oligodendrocytes generated [33,35,36,48]. In-
deed, understanding the different pathways that induce the
differentiation of oligodendrocytes from hESCs would im-
prove our understanding of in vivo mechanisms for glio-
genesis. For instance, by defining the master gene regulators
and growth factors that are vital in the regulation of varied
differentiation pathways, a detailed understanding of the
ontogeny of heterogeneic oligodendroglial populations may
be resolved. Such information will provide clarity in trans-
plantation studies with a direct translational impact. The
differences among the growth factors, which to date have
been used in the various in vitro protocols, probably play a
major role in the variation in the time-dependent culture as-
says that have been reported.

It is now established that the length of hESC culture time
is a fundamental factor because it may well replicate the
developmental ontogeny toward functional oligodendro-
cytes. On the other hand, it is important that the differenti-
ation process mimics normal oligodendrogliogenesis in vivo
because the derived mature oligodendrocytes must be able to
form a functional myelin membrane. The early induction of
the maturation of OPCs would probably fail to obtain nor-
mally functioning mature oligodendrocytes that have the
ability to myelinate. Although Sundberg et al., and Hu et al.,
have described the most protracted protocol (ie, 3 months),
the benefits of using such protocols are that they resemble
the time required for the early appearance of OPCs in human
embryos, which arrive at the end of the first trimester
[24,27,28,49]. In addition to the developmental regulation of
oligodendrogliogensis, the appropriate growth factors used
in the protocols and their concentrations play a critical role in
the function of mature oligodendrocytes.

ALSANIE, NICLIS, AND PETRATOS

Population purity and lighting up targets

It is an essential step to have a high purity of oligoden-
drocytes by the end of the differentiation protocols, avoiding
any contamination with other cell types or undifferentiated
cells, which could result in tumor formation following the
transplantation of these cells. It is difficult to assess overall
oligodendrocyte purity derived from hESCs, demonstrated
from the various published protocols, as each independent
laboratory has used different individual, or a combination of
markers, to characterize these differentiated oligodendro-
cytes. In general, the average purity of oligodendrocytes was
estimated to be ~90% (80%-95%), with variations in matu-
rity and myelinating ability as a number of protocols show
the differentiation of hESCs to pre-oligodendrocytes or OPCs,
but not to mature MBP-positive oligodendrocytes [20-28].

It is difficult to identify oligodendrocyte populations de-
rived from hESC based on a single marker, since there exists
vast heterogeneity in cellular phenotypes with the real “gold
standard” being the identification of mature and predictive
myelination capacity. Oligodendrocytes co-express many
different surface markers and transcription factors at strategic
stages during their development [33,34,48]. Further, neural
lineage cells, other than oligodendrocytes, express a number of
markers, such as NG2 [68,105], posing a major problem in the
identification of derived OPCs. In addition, oligodendrocytes
have been shown to arise from different NPs in rodents [35—
37,44]. Thus, it is logical to identify the populations of oligo-
dendrocytes according to a panel of markers based on different
time points and stages of maturity, rather than using single
differentiation markers. Importantly, oligodendrocytes should
be negative for undifferentiated pluripotency markers, such as
OCT3/4 and Nanog. With one exception, all the defined
protocols have reported that the derivation of high yields of
mature oligodendrocytes, are in fact negative for pluripotency
markers [20-22,24-28]. However, the study by Gil et al., found
that undifferentiated cell populations persist within their cul-
ture systems [23]. This population of cells may retain the po-
tential to differentiate into any cell type and proliferate
indefinitely, with the potential to form teratomas and exclude
these cells as a viable option for transplantation.

If OPCs are to serve as a viable transplantation option, it is
crucial to have a population with a high proliferative po-
tential (at specific stages throughout the differentiation),
providing large numbers of expanded cells for different
clinical and experimental applications. Due to the prolonged
lengths of the protocols, it would be preferential to freeze a
stock of the OPC population to be used when needed. The
major difficulty that faces the differentiation of OPCs from
hESCs is the variation in the results obtained in different
laboratories when repeating a defined protocol. As already
discussed, this is mainly due to the differences in the hESC
lines and MEFs that are used but may also relate to the
limited description of these protocols throughout the various
publications. Therefore, a consensus is promptly required
allowing other research groups to replicate hESC-derived
oligodendrocytes ab initio.

Key issues of protocol reproducibility

One of the major limitations in deriving oligodendroglial
lineage cells from the large repertoire of hESC lines, is the
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successful replication of results using published protocols,
from the various international laboratories. The protocol pub-
lished by the Nistor et al. group, is the only protocol to gen-
erate OPCs from hESCs that has been replicated by different
research groups [20]. This particular protocol was indepen-
dently reported on three occasions to successfully derive oli-
godendroglial lineage cells, all laboratories achieving similar
yields by using the same cell lines (H1 and H7) [99,107,108]. In
addition, Kerr et al. [26] have optimized their protocol based
on that published by Nistor and co-workers [20] with some
modifications, although they have achieved similar results.

On the other hand, the other reported protocols have been
utilizing alternate hESC lines, have to date not been repli-
cated in different laboratories. Therefore, it would seem that
the protocol of Nistor and colleagues [20], at this very early
stage, may well be an excellent starting point for any labo-
ratory wishing to attempt oligodendroglial lineage differen-
tiation from their particular hESC lines. Again, there may be
a limitation with this protocol, since these investigators pri-
marily include xeno-derived reagents such as matrigel,
which may be problematic for independent laboratories
generating OPCs with the intention to enter into translational
research. Thus, future studies to optimize the published
protocols are now warranted to generate homogeneous
transplantable OPCs that could be safely used under con-
trolled clinical trial guidelines.

Applications of Oligodendrocytes Derived
from hESCs

In vitro oligodendrocyte differentiation from hESCs may
have many promising applications, however, the use of such
cells in transplantation paradigms for CNS trauma and dis-
ease is still very much in its infancy. Idealistically, the dif-
ferentiation from hESCs may present an infinite supply of
cells for replacement therapy, drug screening, and models of
injury or disease. In addition, their differentiation may serve
as a model of early oligodendrogliogenesis in humans. In-
deed, the differentiation of oligodendrocytes from hESCs has
provided the opportunity to study the development of oli-
godendrocytes in humans because access to human embryos
is extremely limited and most studies have been extrapolated
from animal embryos. For instance, Letzen et al., showed
miRNA profiles during different stages of oligodendrocyte
differentiation from hESCs, which possibly presents key
markers of oligodendrocyte maturation in vivo [109]. Fur-
ther, Chaerkady et al., demonstrated several novel proteins,
such as fatty acid-binding protein and thrombospondin-1,
which are probably involved in oligodendrocyte differenti-
ation and maturation, by presenting an extensive proteomic
profiling of oligodendrocytes derived from hESCs [110]. It is
through these studies that a comprehensive understanding
of molecular and cellular regulators of oligodendrocyte de-
velopment will be achieved, providing investigators with the
most powerful selection criteria for transplantation studies.

Transplantation

During the pathological sequelae following neurotrauma,
the widespread apoptosis of oligodendrocytes occurs at the
site of injury and some distance rostral and caudal from the
traumatic epicenter, leading to prodigious demyelination,
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axonal degeneration, and subsequent neurological dysfunc-
tion [3,26]. Therefore, OPCs are believed to be an attractive
therapeutic target to limit the demyelination and degenera-
tion of axons, along with the potential of enhancing re-
myelination, neuronal functionality, and survival.

There are several aspects that should be considered in
choosing a candidate cell type for CRT, such as availability,
proliferative potential, and most importantly, safety. In spi-
nal cord injuries, demyelination has been reported to con-
tinue up to 450 days post-injury depending on the nature
and level of the injury, along with the age of the individual
[111]. To remyelinate denuded axons and limit the decline in
neurological function after SCI, the transplantation of hESC-
derived OPCs has been proposed as a promising therapy to
repair the CNS lesions. However, the time of transplantation
has been identified as playing a vital role in the efficacy of
any such CRT [1].

It has been reported by Keirstead et al. that upon the
transplantation of OPCs derived from hESCs, 7 days after a
thoracic SCI performed on adult rats, remyelination could be
achieved [1]. The benefit attributed to this outcome could be
demonstrated as an improved locomotor performance, de-
fined according to the Basso Beattie and Bresnahan (BBB)
scale [1]. However, the transplantation of the OPCs, 10
months after injury, showed no enhancement of remyelina-
tion or improvement in locomotor function [1]. Nevertheless,
the survival rates of the transplanted OPCs were demon-
strated to be similar in both cases. Therefore, OPC trans-
plantation during the early stages after SCI may be essential
for the efficacy of such CRT. However, the rationale of this
outcome is yet to be defined. Moreover, Keirstead et al.
demonstrated that the transplanted OPCs differentiate in vivo
into oligodendrocytes almost exclusively [1]. On the other
hand, Erceg et al., showed that by following the same pro-
tocol, some of the transplanted OPCs derived from hESCs,
differentiated into neurons [108]. These variations could be
due to the heterogeneity and purity of the transplanted OPCs
(with Erceg et al., using the H9-eGFP cell line) [108]. Similarly,
Clouiter et al., showed an enhancement in locomotor function
and remyelination after OPC-transplantation, 7 days after
injury [112]. Conversely, after mild SCI using the New York
University impactor, with undetectable demyelination, only a
limited therapeutic effect with transplanted OPCs could be
demonstrated [112]. Despite the reported successes of these
OPC transplantation studies, what is clearly lacking is a more
robust documentation of the in vivo results, followed over a
greater length of time (ie, during chronic injury or disease
time scales and not only in the acute setting).

Studying the fate of these cells over a more protracted
period has been highlighted in a separate non-trauma model
of demyelination, where the transplantation of OPCs into a
viral model of demyelination (Theiler’s virus), could dem-
onstrate a decrease in demyelination and an enhancement in
remyelination [113]. However, the engrafted cells did not
survive beyond 2 weeks even when the animals were treated
with anti-inflammatory agents. This may well be a common
issue in other models and human diseases such as multiple
sclerosis (MS), where the aggressive neuroinflammation
limits the survival and differentiation of transplanted OPCs
[114,115]. On the other hand, it is reported that inflammatory
cytokines, such as tumor necrosis factor-o, may be important
for OPC migration, possibly enhancing the remyelination
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process. So, the use of immunosuppressant therapies in MS
patients during the transplantation of OPCs derived from
hESCs, may not be an ideal adjunct therapeutic option, since
these may limit the migratory potential of OPCs thereby
prohibiting remyelination [116].

One of the main concerns related to OPCs derived from
hESCs is immune rejection because their transplantation is a
form of allogeneic transplantation. Nonetheless, Okamura et
al., showed that the derived OPCs retained some of the unique
immunological characteristics of hESCs [107]. They demon-
strated that the derived OPCs are weakly immunogenic and
exhibited significant resistance to natural killer cells. Thus,
immune suppression is a necessity, as it is possible that such
transplantation will evoke a deleterious immune reaction. Al-
ternatively, hiPSC technology could circumvent this concern.

Despite the potential pathological implications of using
hESC-derived OPCs as CRT in SCI, promising results have
been reported, resulting in the engagement of a larger-scale
translational phase I trial. Particularly, Keirstead et al.
sponsored by the Geron Company have led to the first FDA-
approved clinical trial on SCI patients, who were selected on
the basis of a thoracic level (T3 to T11) contusion at least 7
and no greater than 14 days post-injury, manifest as ASIA
impairment scale A. However, there are concerns with re-
gards to this clinical trial as the safety of the transplanted
cells is not fully understood, a consequence of the limited
definition of the fundamental biological principles governing
the hESC-derived OPCs. Recently, the Geron-led clinical
phase trial was suspended. Further, limited published data
exist in the literature on OPCs derived from hESCs and their
potential as a CRT in animal models. Moreover, different
xenogeneic materials are currently being included in these
protocols with significant safety concerns upon transplanta-
tion. It may well be that modification of the current protocols
through a more comprehensive understanding of culture
conditions, time dependency, and intrinsic molecular regu-
lators of hESC-derived OPCs will pave the way for a whole
new series of successful clinical phase trials for transplanta-
tion. Moreover, the derivation of mature oligodendrocytes
would provide an opportunity to study myelin and myelin
formation. Therefore, an appropriate and efficient produc-
tion of OPCs from hESCs is a critical step in conducting
accurate investigations and credible studies of OPC survival,
migration, and remyelination ability. Crucially, the achievement
of this goal will offer an ideal platform for studying the differ-
entiation of oligodendrocytes and OPCs from hiPSC lines, and
remove the ethical issues regarding the use of hESCs. Addi-
tionally, OPCs derived from hiPSC lines could be autologously
transplanted, as the hiPSC lines could be established from the
same patient who may require the transplantation.

Conclusion

The evolution of adult and embryonic pluripotential cell
differentiation methods, with the aim of deriving mature
functional cell types and eventual integration in various tis-
sues of the body, have generated considerable excitement in
the field of regenerative medicine. However, there is a dis-
tinct lack of data focusing on deriving functional oligoden-
drocytes from hESC lines that may hold significant promise
as an infinite source of immature and mature cells for repair
of pathological lesions occurring within the CNS in acquired
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disorders such as MS, genetic disorders such as the leuko-
dystrophies, along with CNS trauma. The major challenge
that faces scientists in the quest for identifying the most
appropriate hESC line, culture time and growth conditions
for the derivation of these cells, is without a doubt the vast
heterogeneity of the cells during their in vitro culture. This
fundamental issue in the field limits the potential of these
cells as CRT. However, through a deeper understanding of
the molecular regulators of oligodendrocyte differentiation,
as is currently being uncovered through the advent of con-
ditional mutant mouse models during CNS development, we
now are becoming aware of the complexities of oligoden-
drocyte development and what it may take for the use of
stem cell research as a therapeutic tool.
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