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The inability of the mammalian central nervous system (CNS) to undergo spontaneous re-
generation has long been regarded as a central tenet of neurobiology. However, although
this is largely true of the neuronal elements of the adult mammalian CNS, save for discrete
populations of granular neurons, the same is not true of its glial elements. In particular, the
loss of oligodendrocytes, which results in demyelination, triggers a spontaneous and often
highly efficient regenerative response, remyelination, in which new oligodendrocytes are
generated andmyelin sheaths are restored to denuded axons. Yet, remyelination in humans is
not without limitation, and a variety of demyelinating conditions are associated with sus-
tained and disabling myelin loss. In this review, wewill review the biology of remyelination,
including the cells and signals involved; describe when remyelination occurs and when and
why it fails and the consequences of its failure; and discuss approaches for therapeutically
enhancing remyelination in demyelinating diseases of both children and adults, both by
stimulating endogenous oligodendrocyte progenitor cells and by transplanting these cells
into demyelinated brain.

IDENTIFYING REMYELINATION

R
emyelination is the process in which new
myelin sheaths are restored to axons that

have lost their myelin sheaths as a result of pri-

mary demyelination. Primary demyelination
is the term used to describe the loss of myelin

from an otherwise intact axon and should be
distinguished frommyelin loss secondary to ax-

onal loss—a process called Wallerian degenera-

tion or, misleadingly, secondary demyelination.
Remyelination is sometimes referred to as my-

elin repair. However, this term suggests a dam-

aged but otherwise intact myelin internode be-

ing “patched up,” a process for which there is

no evidence and which does not emphasize the
truly regenerative nature of remyelination, in

which the prelesion cytoarchitecture is substan-

tially restored. Remyelinated tissue very closely
resembles normallymyelinated tissue but differs

in one important aspect—the newly generated

myelin sheaths are typically shorter and thin-
ner than the original myelin sheaths. Whenmy-

elin is initially formed in the peri- and postnatal

period, there is a striking correlation between
axon diameter and myelin sheath thickness

and length, which is less apparent in remyeli-

nation. Instead, myelin sheath thickness and
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length show little increase with increasing axo-

nal diameter, with the result that the myelin is
generally thinner and shorter than would be

expected for a given diameter of axon (Fig. 1).

Although some remodeling of the new myelin
internode occurs, the original dimensions are

rarely regained (Powers et al. 2013). The rela-

tionship between axon diameter and myelin
sheath is expressed as the G ratio, which is the

fraction of the axonal circumference to the axon

plus myelin sheath circumference. The identi-

fication of abnormally thin myelin sheaths

(greater than normal G ratio) remains the
“gold standard” for unequivocally identifying

remyelination, and is most reliably identified

in resin-embedded tissue, viewed by light mi-
croscopy following toluidine blue staining, or

by electron microscopy. This effect is obvious

when large diameter axons are remyelinated,
but is less clear with smaller diameter axons,

such as those of the corpus callosum, in which

G ratios of remyelinated axons can be difficult to
distinguish from those of normally myelinated

axons (Stidworthy et al. 2003).

How is the relationship between myelin pa-
rameters and axon size established in myelina-

tion and why is it disengaged in remyelination?

In the peripheral nervous system (PNS), axo-
nally expressed neuregulin (NRG)1-type III

plays a key role. Reduced expression results in

a thinner myelin sheath (increased G ratio),
whereas overexpression leads to a thicker than

expected myelin sheath (decreased G ratio)

(Michailov et al. 2004). In the central nervous
system (CNS) however, the role of neuregulins

in controlling myelin sheath length and thick-

ness is less clear (Brinkmann et al. 2008), al-
though they may play a role in activity-depen-

dent remyelination. The factors that govern the

G ratio in remyelination would seem to be dis-
tinct from those operating in developmental

myelination, such that an explanation for the

increased G ratio in remyelination remains
elusive. For example, overexpression of NRG

leads to hypermyelination in development but

not during remyelination (Brinkmann et al.
2008). Similarly, activation of the Akt pathway,

which results in thicker than expected myelin

sheaths in development (Flores et al. 2008),
does not result in thicker remyelinated sheaths

following demyelination in the adult (Harring-

ton et al. 2010). One hypothesis is that, where-
as the myelinating oligodendrocyte associates

with a dynamically changing axon to achieve

its full length and diameter, the remyelinating
oligodendrocyte engages an axon that is com-

paratively static, having already reached its ma-

ture size (Franklin and Hinks 1999). As a result,
the remyelinating oligodendrocyte is not sub-

jected to the same dynamic stresses encountered
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Figure 1. Genetic fate mapping of oligodendrocyte
precursor cells (OPCs) reveals them to be the princi-
pal source of remyelinating oligodendrocytes. Using
Cre-lox fatemapping in transgenicmice, it is possible
to show that platelet-derived growth factor receptora
(PDGFRA)/NG2-expressing OPCs (green YFPþ) in
the adult CNS respond to chemically induced focal
demyelination of the ventral spinal cord white matter
(inset in A) by proliferation and migration and are
abundant within the area of damage, defined here
by immunohistochemistry for the astrocyte marker
GFAP (red), at 5 d postlesion (dpl) (A). At 21 dpl,
when the lesion has undergone complete remyelina-
tion, green YFPþ OPC-derived remyelinating oligo-
dendrocytes can be seen producing new myelin
sheaths around the demyelinated axons, detected by
expression of the myelin protein PLP (red) (B) (see
Zawadzka et al. 2010).
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by the developmentally myelinating oligoden-

drocyte.

REMYELINATION IS THE NORMAL
RESPONSE TO DEMYELINATION

Remyelination shares many common features

with regenerative processes occurring in other
tissues of the body, and is the expected or de-

fault response to demyelination. The evidence

for this comes from both experimentally-in-
duced and clinical demyelination. When de-

myelination is induced by toxins injurious to

oligodendrocytes and myelin (e.g., by dietary
cuprizone or direct delivery of lysolecithin or

ethidium bromide), the remyelination usually

proceeds to completion, albeit in an age-depen-
dent manner (Blakemore and Franklin 2008).

Similarly, there is evidence that axons undergo-

ing primary demyelination in experimental or
clinical traumatic injury undergo complete re-

myelination, and that the persistence of chron-

ically demyelinated axons is unusual (Lasiene
et al. 2008). An exception is when demyelina-

tion is induced by, or associated with, the

adaptive immune response, such as occurs in
the autoimmune-mediated condition multiple

sclerosis (MS) and its laboratory animal model,

experimental autoimmune encephalomyelitis
(EAE). In this context, remyelination occurs in

an environment intrinsically hostile to the oli-

godendrocyte lineage. Thus, remyelination fail-
ure in MS (and EAE) is not inevitable, but rath-

er a feature of the specific disease environment

ofMS.Nevertheless, even inMS—adisease pro-
totypically associated with failed or inadequate

remyelination—remyelination can proceed to

completion, and can be geographically exten-
sive (Patrikios et al. 2006; Patani et al. 2007;

Goldschmidt et al. 2009; Piaton et al. 2009).

Similarly, remyelination can be extensive in
EAE, and models with significant persistent de-

myelination are unusual (Linington et al. 1992;

Hampton et al. 2008). Remyelination is espe-
cially efficient following demyelination of cere-

bral cortical gray matter, in both experimental

models (Merkler et al. 2006) and clinical disease
(Albert et al. 2007), although the reasons for

this are unclear.

REMYELINATION RESTORES FUNCTION
AND PROTECTS AXONS

Remyelination restores saltatory conduction

and reverses functional deficits (Smith et al.

1979; Jeffery et al. 1999; Liebetanz and Merkler
2006). Compelling evidence in support of func-

tional restoration by remyelination is provided

by an unusual demyelinating condition in cats,
in which the reversal of clinical signs is associ-

ated with spontaneous remyelination (Duncan

et al. 2009).
An additional and key function of remyeli-

nation is the protective effect it has on the un-

derlying axon (Irvine and Blakemore 2008).
Axonal and neuronal loss is a major cause of

the progressive nature of chronic demyelinating

disease, such as occurs in MS (Trapp and Nave
2008), and is primarily a result of the absence of

themyelin sheath, rather than the direct damage

by inflammation that accounts for axonal loss
in acute lesions. Thus, patients on appropriate

immunosuppressive therapy and with appar-

ently quiescent disease still showmonotonically
increasing disability and clinical progression, as

these patients manifest persistent demyelina-

tion regardless of their lack of active disease.
Indeed, remyelination is not the principal rea-

son for the resolution of clinical signs following

an acute relapse, which rather likely results from
the resolution of inflammation, paired with

adaptive responses by affected axons that serve
to restore conduction.

Evidence that myelin is required for axon

survival is based on observations in genetic
mouse models, as well as in studies of human

pathology (Nave and Trapp 2008). Transgenic

mice lacking 20-30 cyclic nucleotide phosphodi-
esterase (CNP) or proteolipid protein (PLP)

show long-term axonal degeneration, even in

the presence of myelin sheaths that are either
ultrastructurally normal or show only minor

abnormalities (Griffiths et al. 1998; Lappe-

Siefke et al. 2003). Further analysis of the PLP
mutant mice has revealed a disturbance in axo-

plasmic transport in the absence of PLP (Edgar

et al. 2004) and has led to the identification
of myelin-associated sirtuin 2 as a potential me-

diator of long-term axonal stability (Werner

Remyelination
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et al. 2007). Myelin is also important for axon

survival in humans, as patients with Pelizaeus–
Merzbacher disease (PMD) caused by muta-

tions in PLP show axon loss (Garbern et al.

2002), and studies of MS autopsy tissue show
that axon preservation is seen in those areas in

which remyelination has occurred (Kornek et al.

2000). Axon degeneration has recently been ob-
served as a consequence of genetically induced

oligodendrocyte-specific ablation, even in Rag

1–deficient mice that have no functional lym-
phocytes (Pohl et al. 2011). These observations

offer compelling evidence that axonal survival is

dependent on intact oligodendrocytes, and that
axonal degeneration in chronically demyeli-

nated lesions can occur independently of in-

flammation. The nature of the trophic exchange
fromoligodendrocyte to axon remains to be ful-

ly elucidated. However, recent data suggesting

that transfer of energy metabolites from oligo-
dendroglia to axons through monocarboxylate

transporter 1 (MCT1) may contribute to the

survival of axons (Lee et al. 2012; Morrison
et al. 2013)

MECHANISMS OF REMYELINATION

Oligodendrocyte Precursor Cells (OPCs) Are
the Principal Source of New Myelin-Forming
Oligodendrocytes

Remyelination involves the generation of new

mature oligodendrocytes because (1) there is
a greater number of oligodendrocytes within

an area of remyelination compared with the

equivalent area before myelination (Prayoonwi-
wat andRodriguez 1993); and (2) remyelination

occurs within areas depleted of oligodendro-

cytes (Sim et al. 2002b). In a vast majority of
cases, the new oligodendrocytes that mediate

remyelination are derived from a population of

adult CNS stem/progenitor cells, most often re-
ferred to as adult oligodendrocyte progenitor

cells, and sometimes called NG2 cells (in this

article, we will generally refer to these cells as
OPCs). These multiprocessed proliferating cells

are widespread throughout the CNS, occurring

in both white matter and gray matter (3%–8%
of the cell population) (Horner et al. 2000; Daw-

son et al. 2003; Richardson et al. 2011). Adult

OPCs are derived from their developmental

forebears, and the two cells share many similar-
ities, although the adult cell has a longer basal

cell cycle timeandmigrate less rapidly (Wolswijk

and Noble 1989), traits that characterize adult
human as well as murine OPCs (Windrem et al.

2004). However, adult OPCs can be induced to

proliferate and migrate like perinatal cells in vi-
tro by the growth factors platelet-derived growth

factor (PDGF) and fibroblast growth factors

(FGF) (Wolswijk and Noble 1992), both of
which are significantly up-regulated during re-

myelination (Hinks and Franklin 1999).

Evidence obtained using Cre-lox fate map-
ping in transgenic mice following experimental

demyelination has shown that OPCs produce

the vast majority of remyelinating oligodendro-
cytes (Fig. 1) (Tripathi et al. 2010; Zawadzka

et al. 2010). Remyelinating oligodendrocytes

may also come from the stem and progenitor
cells of the adult subventricular zone (SVZ),

either from the progenitor cells contributing

to the rostral migratory stream (RMS) (Nait-
Oumesmar et al. 1999) or from the GFAP-ex-

pressing neural stem cells of the SVZ per se

(Menn et al. 2006). However, the contribution
that SVZ-derived cellsmake relative to that from

local OPCs may be relatively small, especially so

in larger brains, such as human, and their acute
contribution to repair beyond the periventricu-

lar white matter is likely negligible.

Remyelination Requires the Activation,
Recruitment, and Differentiation
of Adult OPCs

In response to injury, local OPCs undergo a

switch from an essentially quiescent state to a
regenerative phenotype. This activation is the

first step in the remyelination process and in-

volves not only changes inmorphology, but also
up-regulation of several genes, many associated

with the generation of oligodendrocytes during

development, such as the transcription factors
Olig2, Nkx2.2, MyT1, and Sox2 (Fancy et al.

2004; Watanabe et al. 2004; Shen et al. 2008).

The activation of OPCs is likely to be in re-
sponse to acute injury-induced changes in mi-

croglia and astrocytes, two cell types exquisitely
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sensitive to disturbance in tissue homeostasis

(Glezer et al. 2006; Rhodes et al. 2006). These
two cell types themselves activated by injury

are the major source of factors that induce the

rapid proliferative response of OPCs to demye-
linating injury (Fig. 1). This response is mod-

ulated by levels of the cell cycle regulatory pro-

teins p27Kip-1 and Cdk2 (Crockett et al. 2005;
Caillava et al. 2011), and is promoted by the

growth factors (PDGF and FGF) (Woodruff et

al. 2004; Murtie et al. 2005), endothelin 1 (Ga-
dea et al. 2009), and many other factors associ-

ated with acute inflammatory lesions, and

shown to have OPC mitogenic in tissue culture
(Vela et al. 2002). Semaphorins are important

regulators of OPC migration following demye-

lination. Semaphorin 3A impairs OPC recruit-
ment to the demyelinated area, whereas sema-

phorin 3F overexpression accelerates not only

OPC recruitment, but also the remyelination
rate (Piaton et al. 2011). The population of

areas of demyelination by OPCs is referred to

as the “recruitment phase” of remyelination,
and involves OPC migration in addition to on-

going proliferation.

For remyelination to proceed, the recruited
OPC must next differentiate into remyelinating

oligodendrocytes—the differentiation phase.

This phase encompasses three distinct steps—
establishing contact with the axon to be remye-

linated; expression of myelin genes and ge-

neration of myelin membrane; and, finally,
wrapping and compaction to form the sheath.

Despite these being fundamental properties of

oligodendrocytes, we still have an incomplete
understanding of how axoglial contact is estab-

lished and how this interaction then regulates,

within each individual cell process, the mor-
phological changes that constitute myelination.

Nevertheless, some molecules have been shown

to contribute to the regulationofdifferentiation,
and it is clear that the differentiation of OPCs

into myelinating oligodendrocytes in develop-

ment and during regeneration share many sim-
ilarities (Fancy et al. 2011a). FGF plays a key role

in inhibiting differentiation as well as in pro-

moting recruitment, and thereby regulates the
correct transition from the recruitment to the

differentiation phases (Armstrong et al. 2002),

and insulin-like growth factor (IGF)-I is another

factor that plays major roles in both processes
(Masonet al. 2003). Semaphorin 3A, in addition

to its role in OPC recruitment (Piaton et al.

2011), is also an inhibitorofOPCdifferentiation
(Syed et al. 2011). LINGO-1, a component of the

trimolecular Nogo receptor, has been found to

be a negative regulator of oligodendrocyte dif-
ferentiation in development (Mi et al. 2005),

whereas mice deficient in LINGO-1 or treated

with an antibody antagonist against LINGO-1
showed increased remyelination and functional

recovery from EAE (Mi et al. 2007). The canon-

ical Wnt pathway has recently emerged as a very
powerful negative regulator of oligodendrocyte

differentiation in both development and remye-

lination (Fancy et al. 2009; Ye et al. 2009). The
nuclear receptor retinoid X receptor-g (RXR-g)

is a key positive regulator of oligodendrocyte

differentiation directly from the analysis of re-
myelinating tissue (Huang et al. 2011).

However, differences in the regulation of

development and regeneration of myelin do
occur; the transcription factor Olig1, although

essential for developmental myelination (Xin

et al. 2005), is less redundant role in remyeli-
nation inwhich it plays a pivotal permissive role

in OPC differentiation (Arnett et al. 2004). In

contrast, Notch signaling pathway, a negative
(Wang et al. 1998) or positive (Hu et al. 2003)

regulator of differentiation in development (de-

pending on the ligand), is redundant during
remyelination because conditional knockout

of the notch1 gene in OPCs has little or no effect

on remyelination (Stidworthy et al. 2004; Zhang
et al. 2009). Thedifferentiation-inhibitory func-

tion of endothelin-1 has recently been shown to

operate via activation of the Notch pathway,
supporting a view that, on balance, this pathway

impedes terminal differentiation (Hammond

et al. 2014).

Inflammation and Remyelination

The innate immune response to demyelina-

tion is important for creating an environment

conducive to remyelination. The relationship
between inflammation and regeneration is well

recognized in many other tissues. However, its

Remyelination
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involvement in myelin regeneration has been

obscured in a field dominated by the im-
mune-mediated pathology of MS and its vari-

ous animal models, such as EAE, in which it is

unquestionably true that the adaptive immune
response mediates tissue damage. Nevertheless,

several descriptive studies, using experimental

models (Ludwin 1980) andMS tissue (Wolswijk
2002), have pointed to a positive association

between inflammation and remyelination. In

particular, the role of the innate immune re-
sponse in remyelination has become apparent,

in part, through the use of nonimmune-medi-

ated, toxin-induced models of demyelination.
Depletion or pharmacological inhibition of

macrophages following toxin-induced demyeli-

nation leads to an impairment of remyelina-
tion (Kotter et al. 2005; Li et al. 2005b). The

proinflammatory cytokines Il-1b and TNF-a,

the lymphotoxin-b receptor, and MHCII have
all been implicated as mediators of remyeli-

nation following cuprizone-induced demyelina-

tion (Arnett et al. 2001, 2003; Mason et al. 2001;
Plant et al. 2007). A critical role played by

phagocytic macrophages is the removal of my-

elin debris generated during demyelination, be-
cause CNS myelin contains proteins inhibitory

to OPC differentiation both in vitro and during

remyelination (Kotter et al. 2006; Baer et al.
2009). Indeed, old adult mice can be made to

remyelinate with the efficiency of young adult

mice when provided with young adult macro-
phages that allow more efficient removal of my-

elin debris (Ruckh et al. 2012). The observation

that macrophage activation enhances myelina-
tion by transplanted OPCs in the myelin-free

retinal nerve fiber layer points to additional re-

generative factors produced by these macrophag-
es (Setzu et al. 2006), one of which has been

identified as endothelin 2, a positive regulator

of OPC differentiation (Yuen et al. 2013).
A recent study has indicated that the M1

macrophage phenotype is associated with the

recruitment phase of remyelination, and that
the switch from an inflammatory environment

to one dominated by M2 macrophages is caus-

ally related to the initiation of differentiation,
in part via the production of activin-A (Miron

et al. 2013).

DEMYELINATED CNS AXONS CAN ALSO BE
REMYELINATED BY SCHWANN CELLS

CNS remyelination can also be mediated by

Schwann cells, the myelin-forming cells of the
peripheral nervous system. This occurs in sev-

eral experimental animal models of demyelina-

tion as well as in human demyelinating disease
(Snyder et al. 1975; Itoyama et al. 1983, 1985;

Dusart et al. 1992; Felts et al. 2005). Schwann

cell remyelination occurs preferentially where
astrocytes are absent, for example, where they

have been killed along with oligodendrocytes

by the demyelinating agent (Blakemore 1975;
Itoyama et al. 1985). Remyelinating Schwann

cells within the CNS were generally thought to

migrate into the CNS from PNS sources, such
as spinal and cranial roots, meningeal fibers, or

autonomic nerves following a breach in the glia

limitans (Franklin and Blakemore 1993). In
support of this idea, CNS Schwann cell remye-

lination typically occurs in proximity to spinal

and cranial nerves or around blood vessels
(Snyder et al. 1975; Duncan and Hoffman

1997; Sim et al. 2002a). However, recent genetic

fate-mapping studies have revealed that very few
CNS remyelinating Schwann cells are derived

from PNS Schwann cells, but instead the major-

ity derive from OPCs (Zawadzka et al. 2010),
revealing a remarkable capacity of these cells to

differentiate into cells of neural crest lineage as

well as other neuroepithelial lineages (astrocytes
and oligodendrocytes). Indeed,OPCs have been

found to have multilineage competence when

removed from autocrine and paracrine influ-
ences, serving effectively as multipotential neu-

ral stem cells (Belachew et al. 2003; Nunes et al.

2003). Thus, the OPC may be more appropri-
ately considered a broadly multilineage-compe-

tent neuroectodermal progenitor, capable of

producing not only astrocytes and oligoden-
droytes, but central neurons as well as periph-

eral Schwann cells as well, in a context-depen-

dent fashion (Crawford et al. 2014).
The implications of Schwann cell remyeli-

nation of CNS axons are unclear. Although both

Schwann cell and oligodendrocyte remyelina-
tion are associated with a return of saltatory

conduction (Smith et al. 1979), their relative
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abilities to promote axon survival, a major

function of myelin (Nave and Trapp 2008),
have yet to be established. Thus, from a clinical

perspective, we do not yet know whether OPC

differentiation into Schwann cells has a benefi-
cial or deleterious effect compared with oligo-

dendrocyte remyelination.

CAUSES OF REMYELINATION FAILURE

The efficiency of remyelination is affected by the
nondisease-related factors of age and sex (Sim

et al. 2002b; Li et al. 2006). These generic factors

will have a bearing on the efficiency of remyeli-
nation regardless of the disease process involved

and will be discussed first.

Like all other regenerative processes, the
efficiency of remyelination decreases with age.

This manifests as a decrease in the rate at which

it occurs, and is likely to have a profound bear-
ing on the outcome of a disease process that in

the case of MS can occur over many decades.

The age-associated effects on remyelination are
owing to a decrease in the efficiencyof bothOPC

recruitment and differentiation (Sim et al.

2002b). Of these two events, the impairment of
differentiation is rate-determining, because in-

creasing the provision of OPCs by the overex-

pression of the OPC mitogen and recruitment
factor PDGF following demyelination in old

mice does not accelerate remyelination (Wood-

ruff et al. 2004). The impairment of OPC dif-
ferentiation in aging mirrors the failure of

oligodendrocyte differentiation associated with

many chronically demyelinated MS plaques
(Wolswijk 1998; Kuhlmann et al. 2008).

The basis of the aging effect is likely to lie in

age-associated changes in both the extrinsic en-
vironmental signals to which OPCs are exposed

in remyelinating lesions, and to intrinsic deter-

minants of OPC behavior. An impaired macro-
phage response in aging, associated with a delay

in expression of inflammatory cytokines and

chemokines (Zhao et al. 2006), leads to poor
clearance of myelin debris and the persistence

of myelin-associated differentiation-inhibitory

proteins. Changes also occur in the expression
of remyelination-associated growth factors fol-

lowing toxin-induced demyelination that are

commensurate with delays in OPC activation,

recruitment, and differentiation, and are illus-
trative of age-associated environmental changes

in remyelination (Hinks and Franklin 2000).

Both in vitro studies, revealing age-associated
changes in growth factor responsiveness of

adult OPCs of different age (Tang et al. 2000),

and in vivo studies demonstrating slower re-
cruitment of transplanted old adult progenitor

cells compared with young adult-derived cells

into progenitor-depleted white matter (Chari
et al. 2003) are indicative of intrinsic changes

occurring in OPCs during adult aging. A recent

study confirms these observations, revealing a
critical age-associated change in the epigenetic

regulation of OPC differentiation during re-

myelination (Shen et al. 2008). Differentiation
of OPCs is associated with the recruitment

of histone deacetylases (HDACs) to promoter

regions of differentiation inhibitors (Marin-
Husstege et al. 2002). In old animals, HDAC

recruitment is impaired resulting in prolonged

expression of these inhibitors, delayed OPC dif-
ferentiation, and, hence, slower remyelination.

This effect can be replicated following induc-

tion of demyelination in young animals with
the use of the HDAC antagonist valproic acid.

A key question relating to the development of

remyelination therapies is the extent to which
age-associated changes can be reversed (Con-

boy et al. 2005). This has now been shown using

the heterochronic parabiosis model—by para-
biotic union of a young adult animal to an old

adult animal, the old adult animal can be made

to remyelinate with the efficiency of a young
adult (Ruckh et al. 2012). This is achieved, in

part, by the recruitment of circulating young

monocytes to bolster the myelin debris clear-
ance function of the old macrophages.

In addition to these generic factors, remye-

lination could also be incomplete or fail for dis-
ease-specific reasons. The strongest evidence for

remyelination failure is provided byMS, and the

subsequent discussion will specifically relate to
this disease, although the issues discussed will

be relevant to other diseases with a demyelinat-

ing component. Theoretically, remyelination
could fail because of (1) a primary deficiency

in progenitor cells; (2) a failure of progenitor

Remyelination
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cell recruitment; or (3) a failure of progenitor

cell differentiation and maturation.
Early speculation on remyelination failure

focused on the first of these mechanisms, in

which the process of remyelination itself would
deplete an area of CNS of its progenitor cells, so

that subsequent episodes of demyelination oc-

curring at or around the same site would fail to
remyelinate owing to a lack of OPCs. However,

data from experimental studies indicate that

OPCs are remarkably efficient at repopulating
regions from which they have been depleted

(Chari and Blakemore 2002), and that repeat

episodes of focal demyelination in the same
area neither depletes OPCs nor prevents subse-

quent remyelination (Penderis et al. 2003a). The

situation may be different, however, when the
same area of tissue is exposed to a sustained

demyelinating insult, where remyelination im-

pairment seems to be a result of, at least in part,
to a deficiency in OPC availability (Mason et al.

2004; Armstrong et al. 2006).

In the secondmechanism, MS lesions fail to
remyelinate not because of a shortage of avail-

able progenitor cells, but rather because of a

failure of OPC recruitment: proliferation, mi-
gration, and repopulation of areas of demyelina-

tion. Here, descriptions of demyelinated areas

from which oligodendrocyte lineage (OL) cells
are absent do indicate that this may account for

failure of remyelination, in at least a proportion

of lesions. Why lesions should become deficient
in OPCs is not clear, but one possibility is that

they are direct targets of the disease process

within the lesion. The identification of patients
with antibodies recognizingOPC-expressed an-

tigens (NG2) supports this possibility (Niehaus

et al. 2000). Failure of OPC recruitment into
areas of demyelinationmay arise because of dis-

turbances in the local expression of the OPC

migration guidance cues semaphorin 3A and 3F
(Williams et al. 2007a). In situations in which

OPCs need to be recruited into lesions from sur-

rounding intact tissue, the size of the lesion will
clearly have a bearing on the efficiency of remye-

lination; larger lesions require a greater OPC

recruitment impetus than smaller ones, espe-
cially in aging where older OPCs appear intrin-

sically less responsive to recruitment signals.

The best evidence at present supports the

thirdmechanism: a failure of differentiation and
maturation, as several sets of observations based

on the detection of OL cells within areas of

demyelination indicate that this stage of remye-
lination is most vulnerable to failure inMS. The

presence of OPCs apparently unable to differ-

entiate within MS lesions was initially shown
with the OL marker O4 (Wolswijk 1998) and

subsequently with NG2 (Chang et al. 2000),

PLP (to reveal premyelinating oligodendro-
cytes) (Chang et al. 2002), and Olig2 and

Nkx2.2 (Kuhlmann et al. 2008). Even though

the density of OPCs within chronic lesions is on
average lower than in normal white matter, the

density can be as high as that in normal white

matter or remyelinated lesions, showing that
OPC availability per se is not a limiting factor

for remyelination in MS.

One possible explanation for this failure of
differentiation is that chronically demyelinated

lesions contain factors that inhibit progenitor

differentiation. First implicated was the Notch-
jagged pathway, a negative regulator of OPC dif-

ferentiation. Notch and its downstream activa-

tor Hes5 were detected in OPCs and jagged in
astrocytes within chronic demyelinated MS le-

sions (John et al. 2002).However, the expression

ofNotchbyOPCs and jaggedbyothercellswith-
in lesions undergoing remyelination and, more

informatively, the limited remyelination pheno-

type in experimental models following condi-
tional deletion of Notch in OL cells, suggest

that Notch-jagged signaling is not a critical neg-

ative regulator of remyelination (Stidworthy et
al. 2004; Zhang et al. 2009). The ability of inhib-

itors of g-secretase, an enzyme involved in the

Notch pathway, to enhance recovery following
EAE, might be indicative of an inhibitory role

for Notch signaling in remyelination, but is dif-

ficult to interpret given themany cellular targets
of g-secretase, as well as the concurrent expres-

sion of Notch by inflammatory effector cells.

Other potential inhibitory factors have been
identified in other experimental and patholog-

ical studies. The accumulation of hyaluronan, a

glycosaminoglycan inhibitor of OPC differenti-
ation within MS lesions, may contribute to an

environment that is not conducive to remyeli-
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nation by inhibiting OPC function via TLR2

signaling (Back et al. 2005; Sloane et al. 2010).
The demyelinated axon itself has been impli-

cated in remyelination failure, because demyeli-

nated axons have been shown to express the
adhesion molecule PSA-NCAM (Charles et al.

2002), which inhibits myelination in cell culture

(Charles et al. 2000). The possibility that OPCs
within areas of demyelination might be regulat-

ed by electrical activity (or lack of ) in (Gibson

et al. 2014), or synaptic input from (Etxeberria
et al. 2010), demyelinated axons represents an

exciting new development in the understanding

of the complexity of regulatory factors that gov-
ern remyelination, and by extension remyelina-

tion failure.

Although many studies in the last few years
have concentrated on putative inhibitory sig-

nals to account for the failure of OPCs to un-

dergo complete differentiation within demyeli-
nated MS plaques, an alternative explanation is

that these lesions fail to remyelinate because of

a deficiency of signals that induce differentia-
tion. This hypothesis, based on the absence of

differentiation factors, is difficult to prove but

is consistent with a model of remyelination in
which the acute inflammatory events play a key

role in progenitor activation and in creating an

environment conducive to remyelination (see
above). Whereas MS lesions are rarely devoid

of any inflammatory activity, chronic lesions

are relatively noninflammatory compared with
acute lesions, and constitute a less active envi-

ronment in which OPC differentiation might

become quiescent. Acute inflammatory lesions
are characterized by reactive astrocytes that are

the source of many remyelination-signaling fac-

tors (Williams et al. 2007b;Moore et al. 2011). In
contrast, chronic quiescent lesions are charac-

terized by scarring astrocytes that are transcrip-

tionally quiet comparedwith reactive astrocytes.
The scarring astrocyte is better viewed as a con-

sequence of remyelination failure and not its

cause. Thus, neither the reactive nor the scarring
astrocytes—both contributing to astrogliosis—

are likely drivers of remyelination failure.

The two possibilities that remyelination fail-
ure reflects the presence of negative factors or

the absence of positive factors are not of course

mutually exclusive. Moreover, it has become ap-

parent from many studies in recent years that
there are amultitude of interacting factors, both

environmental and intrinsic, that guide the be-

havior of OL cells through the various stages
of remyelination. Efficient remyelination may

depend as much on the precise timing of action

as on the presence or absence of these factors.
This is called the “dysregulation hypothesis” in

which remyelination failure reflects an inappro-

priate sequence of events (Franklin 2002; Frank-
lin and Ffrench-Constant 2008; Fancy et al.

2011a). Although the causes of remyelination

failure in a disease as complex and variable as
MS are likely to be many, we still regard this

hypothesis as useful for understanding remyeli-

nation failure in the majority of cases.

ENHANCING ENDOGENOUS
REMYELINATION

Because remyelination can occur completely

and, because the cells responsible are abundant
throughout the adult CNS, even within demye-

linated lesions, a conceptually attractive ap-

proach to enhancing remyelination is to target
the endogenous regenerative process (Franklin

andGallo 2014). This approach is predicated on

the view that if themechanisms of remyelination
can be understood and nonredundant pathways

described, then the causes of remyelination fail-

ure and, hence, plausible therapeutic targets will
be identified. From the preceding sections it will

be clear that remyelination failure is associated

with either insufficient OPC recruitment or,
more commonly, failed OPC and oligodendro-

cyte differentiation. However, the underlying

biology of these two phases of remyelination
is different, and sometimes mutually exclusive.

Therefore, the implication is that prorecruit-

ment therapies may not promote remyelination
in which the primary problem is OPC differen-

tiation, and vice versa.

A further consideration in the development
of therapies intended to enhance remyelination

therapies is the use of appropriate animal mod-

els. In the chronic demyelinated plaques of MS,
remyelination is assumed to have failed; hence,

the requirement is for an intervention that will
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reactivate a dormant process. In contrast, in

many of the demyelination models used to test
enhancement of remyelination, such as the tox-

in-based models, remyelination does not fail. In

thosemodels, one can only achieve the accelera-
tionof analreadyeffectiveongoingprocess.That

said, assessing the temporal dynamics of remye-

lination inMS tissue, andwhether it has stopped
or merely slowed, is difficult to assess from the

“snapshots” provided by biopsy or postmortem

tissue.Nevertheless, this problemcan, inpart, be
overcome in twoways. First, using aged animals,

inwhich the slow rate of remyelination is subop-

timal, presents an opportunity for assessing its
enhancement. Second, by modifying standard

lesion models in which the endogenous repair

process is compromised, such as in the chronic
cuprizone model (Armstrong et al. 2006). The

Theiler’s virus-induced demyelination model

has also proven useful for demonstrating en-
hancedremyelination(Njengaet al. 1999).How-

ever, assessment of remyelination has proven es-

pecially complex in EAE, in which the processes
of demyelination and remyelination can occur

concurrently. This can make it very difficult to

distinguish an effect that renders the environ-
ment less hostile to remyelination, allowing it

to proceed at its natural rate, from one in which

the rate of remyelination is actually accelerated.
For example, systemic delivery of putative re-

myelination-enhancing factors can affect the

balance of myelin damage and regeneration
via effects on cells other than oligodendroglial

cells, such as those of the immune system. This

mayaccount for the discrepancy in the studies of
IGF-I and glial growth factor (GGF)-2 adminis-

tered systemically in EAE, compared with those

in which these agents are delivered locally in
nonimmune-mediatedmodels of demyelination

(Yaoetal.1995;Cannellaetal.1998;O’Learyet al.

2002; Penderis et al. 2003b).
Despite caveats regarding models and

methods of analysis, several recent studies

have provided proofs-of-principle for the ther-
apeutic enhancement of remyelination. An es-

pecially intriguing line of investigation has been

the identification of polyreactive IgM autoanti-
bodies that react with oligodendrocyte surface

antigens and promote remyelination (Warring-

ton et al. 2000), although the mechanisms of

this effect remain unclear.
Over the last few years, a number of path-

ways have emerged amenable to pharmaco-

logical manipulation that hold considerable
promise for the development of drug-based re-

myelination enhancing medicines (Fancy et al.

2010). First, humanizedmonoclonal antibodies
against LINGO-1 have been developed and are

already in phase I clinical trials (Mi et al. 2007).

Second, the development of pharmacological
inhibitors against the Wnt pathway in cancer

therapy, suggests that it might be possible, in

the near future, to assess the use of Wnt inhib-
itors to stimulate OPC differentiation. Particu-

larly relevant here is the recent report that small

molecule inhibitors of tankyrase, a ADP-poly-
ribosylating enzyme that stabilizes Axin and

thereby releases OPCs from Wnt-pathway me-

diated differentiation block, can induce preco-
cious OPC differentiation and thus accelerate

remyelination (Fancy et al. 2011b). Third,

chemical agonists and antagonists of RXR sig-
naling, or rexinoids, are widely available and are

showing promise in the treatment of certain

types of cancers and metabolic disorders (Al-
tucci et al. 2007). When cultured OPCs are ex-

posed to the RXR selective antagonists, HX531

and PA452, oligodendrocyte differentiation is
severely impaired (Huang et al. 2011). In con-

trast, when OPCs are exposed to the RXR ago-

nists, 9-cis-retinoic acid (9cRA), HX630, or
PA024, oligodendrocytes are stimulated to dif-

ferentiate and form myelin membrane-like

sheets in culture. Further experiments testing
the effect of 9cRA on aged rats, which received

focal demyelination, resulted in the significant

acceleration of remyelination (Fig. 2). Fourth,
rolipram, a PDE inhibitor that is both safe and

widely used clinically, been shown to enhance

remyelination andmay therefore provide a read-
ily “translate-able” regenerative medicine for

demyelinating disease (Syed et al. 2013). Fifth,

several lines of evidence point toward the clini-
cal potential of hormone-based remyelination

therapies (Hussain et al. 2013). Sixth, modula-

tors of the receptor tyrosine phosphatase b/z
(PTPRZ1), itself a modulator of b-catenin sig-

naling and, hence, of Wnt pathway tone, have
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been shown to modulate oligodendrocyte dif-
ferentiation by human OPCs in vitro (Sim et al.

2006; McClain et al. 2012), and the availability

of small molecule modulators of PTPRZ1 sug-
gests the potential for targeting this pathway in

vivo as well. Finally, the cholinergic agonist

benztropine has been proposed as capable of
inducing terminal oligodendrocytic differentia-

tion from OPCs, an effect that was evident in

experimentalmodels of demyelination aswell as
in vitro (Deshmukh et al. 2013).

ENHANCING REMYELINATION BY GLIAL
PROGENITOR CELL TRANSPLANTATION

The mobilization of endogenous oligodendro-
cyte progenitor cells may be appropriate for a

varietyofdisordersofprogressivedys-ordemye-

lination.However, a broad swath of neurological
disease involves the structural loss of white mat-

ter, reflecting frank loss of both oligodendro-

cytes and their progenitors, and often of their
associatedfibrousastrocytes.Thesedisorders in-

clude ischemic and traumatic demyelination, as

well as demyelination associated with sustained
autoimmune inflammation and insults as di-

verse as chemotherapy and radiotherapy. In ad-

dition, thehereditaryandmetabolicdisordersof
whitematter, thepediatric leukodystrophies and

lysosomal storage disorders in particular, are in-

trinsically refractory to any approach aimed at
activating resident progenitors—which them-

selves carry the culpable mutation. Together,

these diverse disorders of myelin require exten-
sive tissue repair, and in the case of the pediatric

leukodystrophies, evenwhole neuraxis myelina-

tion. Thus, any practical cell therapeutic for the
myelin disorders must provide large numbers

of progenitors biased to oligodendrocyte differ-

entiation andmyelinogenesis. This requirement
has prompted the development of humanOPCs

from a variety of potential sources, which in-

clude fetal and adult human tissue (Roy et al.
1999; Dietrich et al. 2002; Windrem et al. 2002,

2004), embryonic stem cells (Izrael et al. 2007;

Hu et al. 2009), and induced pluripotential stem
cells (Wang et al. 2013). Each of these sources

has now been shown able to generate potential-

ly myelinogenic oligodendrocytes (Fig. 3), and
each has its own strengths and weaknesses as a

cellular therapeutic (Goldman et al. 2012). Of

note, OPCs have also been recently generated
directly from mouse fibroblasts as well (Najm

et al. 2013; Yang et al. 2013); although this feat

has yet to be reproduced using human fibro-
blasts, it nonetheless heralds the likely imminent

development of yet another source of clinically

appropriate OPCs (Goldman 2013).
Regardless of their derivation, to be practi-

cal, safe, and effective as therapeutic vectors,

Saline 9cRA

Figure 2. Systemic delivery of RXR agonists enhance endogenous remyelination in aged animals. Age is a major
cause of declining efficiency of endogenous remyelination, largely because of an age-associate decline in the
ability of OPCs to differentiate into remyelinating oigodendocytes. The nucleoreceptor RXR-g is a positive
regulator of OPC differentiation. When the RXR agonist 9-cis-retinoic acid is given to aged mice, in which focal
demyelination has been generated in the caudal cerebellar peduncles (red outline in brain cross section on left)
by injection of ethidium bromide, there is a marked acceleration in the generation of new remyelinating
oligodendrocytes compared with saline injected controls. This is evident in the two electron micrographs in
which demyelinated axons lack an electron dense myelin sheath, whereas newly remyelinated axons (pseudo-
colored in pink) have thin myelin sheaths typical of remyelination that contrast with the thick myelin sheaths of
normally myelinated axons evident at the lesion edges (see Huang et al. 2011).
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Figure 3. Multiple sources of human OPCs can target a broad spectrum of myelin disorders. This schematic
shows the major potential sources of myelinogenic central oligodendrocytes and their progenitor cells (OPCs).
These include human tissue, embryonic stem cells, induced pluripotential cells, andOPCs directly induced from
somatic cells. OPCs may be isolated directly from all of these, on the basis of surface antigens that define several
serially generated phenotypes within the oligodendroglial lineage. On transplantation to the brains of afflicted
children or adults, the cells may be capable of widespread migration and myelinogenesis. The bottom of the
figure provides a list of themajormyelin disorders thatmight be approached through this general strategyof cell-
based remyelination from introduced hOPCs. (From Goldman et al. 2012; adapted, with permission, from the
author.)
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OPCs must be deliverable with a uniform mye-

linogenic phenotype, in both reliable purity and
significant quantity. To address this need, sev-

eral methods for isolating human OPCs from

mixed cell populations have been developed
(Royet al. 1999;Nunes et al. 2003). In particular,

the surface antigen–based purification of hu-

man OPCs, using both fluorescence, activated
cell sorting (FACS) and magnetic cell sorting

(MACS), has allowed the assessment of these

cells in a variety of animal models of congeni-
tal dysmyelination (Windrem et al. 2002, 2004).

In shiverer mice, fetal- and adult-derived hu-

man OPCs behave differently after neonatal xe-
nograft in that isolates of OPCs derived from

adult white matter are able to myelinate recipi-

ent brain much more rapidly than fetal OPCs;
adult-derived progenitors achieved widespread

myelinationby just 4 wk after graft, whereas cells

derived from second trimester fetuses took over
3 mo to do so (Fig. 4) (Windrem et al. 2004). In

contrast, fetal OPCs emigrated morewidely and

engrafted more efficiently, differentiating as as-
trocytes in gray matter and oligodendrocytes in

white matter.

The broad dispersal and context-dependent
differentiation of fetal human OPCs suggests

their utility in a broad array of both congenital

and acquired myelin disorders. However, these
cells must be sourced from fetal tissues, whether

from abortuses or pathological samples. De-

spite the significant mitotic competence of
these cells, they remain finite in both initial

number and in expansion competence, necessi-

tating the periodic reacquisition, isolation, and
expansion of OPCs from new donors. Recent

efforts have thus focused on the generation of

myelinogenic OPCs from pluripotential human
embryonic stem (ES) cells and induced plurip-

otent stem (iPS) cells as well.

PLURIPOTENTIAL STEM CELLS AS
A SOURCE OF MYELINOGENIC
PROGENITORS

Following the first report of myelination in the

injured spinal cordby implantedmurineES cells
(Brustle et al. 1999), oligodendrocytes derived

from human ES cells (ESCs) were reported to

similarly myelinate demyelinated foci in spinal

cord contusions (Nistor et al. 2005). Human ES
cells were later shown to generate myelin in the

rodentbrain (Zhanget al. 2001), and subsequent

studies with improved differentiation protocols
reported more efficient glial and oligodendro-

cytic differentiation (Izrael et al. 2007; Hu et al.

2009). Nonetheless, none of these studies isolat-
ed glial progenitors or oligodendrocytes before

transplantation, nor did any follow animals for

the long periods of time required to ensure the
phenotypic stability and safety of the engrafted

cells. This is problematic because any persistent

undifferentiated ES cells in the donor pool re-
tain the potential to generate teratomas or neu-

roepithelial tumors after implantation (Roy et

al. 2006; Pruszak et al. 2009). As a result of these
considerations, stringent purification of com-

mitted OPCs will likely be important to the

safe use of any human embryonic stem (hES)
cell–derived therapeutic. In addition, long-

term survival studies over broad dose ranges

will need to be performed in experimental ani-
mals to ensure the lack of tumorigenicity of

hES and human-induced pluripotent stem cells

(hiPSC) derivatives, recognizing that the long
in vitro differentiation protocols that may miti-

gate the riskof tumorigenesis do not comewith-

out a price; prolonged differentiation may limit
the expansion and dispersal capability, and, ul-

timately, the utility of the engrafted donor cells.

ESC-based cell therapy suffers not only from
the risk of tumorigenesis, and the trade-offs in-

volved in mitigating that risk, but also from the

possibility of rejection of incompatible immu-
nophenotypes, and hence a need for long-term

immunosuppression in graft recipients. Enthu-

siasmhas thus developed for the potential use of
autologous grafts ofOPCsderived from induced

pluripotential cells (iPSCs), as a source of new

oligodendrocytes for myelin repair. iPSCs are
pluripotential cells that have been generated by

the reprogrammingof somatic cells to a less phe-

notypically committed stemcell ground state, by
the forced expression of a small set of transcrip-

tion factors that permit the self-renewing stem

cell phenotype (Stadtfeld and Hochedlinger
2010).Most typically, iPSCshavebeengenerated

from somatic cells cotransduced with a number
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Figure 4. Fetal- and adult-derivedhumanOPCs are distinct in their remyelination competence. (A) Fetal-derived
human hNAþOPCs (red) expressed no detectable MBP at 4 wk after neonatal graft into myelin-deficient and
immunodeficient shiverer (MBPshi/shi) � rag22/2 mice; no myelin development was noted in these mice until
12 wk. (B) In contrast, adult-derived OPCs (red) achieved dense MBPexpression (green) by 4 wk after neonatal
graft. (C) Low-power coronal images of callosal–fimbrial junction of shiverer recipient, showing dense myeli-
nation 12 wk after perinatal graft of adult human OPCs. (D–F) Sagittal sections of fetal hOPC-implanted mice
immunolabeled forMBP (green) at (D) 20 wk, (E) 35 wk, and (F) 52 wk. Fetal hOPCsdispersedmore effectively
and expanded more than adult OPCs. By 1 yr, fetal hOPC-derived myelination appeared complete throughout
the forebrain and hindbrain, and indeed the entire central neuraxis. (G– I) Corresponding confocal optical
sections of transplanted shiverer mouse corpus callosum taken at (G) 20 wk, (H ) 35 wk, and (I) 52 wk after
fetal hOPC graft immunolabeled for neurofilament (red) and MBP (green), reveal the progressive increase in
axonal ensheathment with time. (J ) Kaplan–Meier survival plot of immunodeficient shiverer mice, either
engrafted with human OPCs at birth (red), injected with saline (green), or untreated (blue). Most died between
18 and 21 wk. However, a fraction of engrafted mice (23% to.1 yr in this series) lived substantially longer than
any controlmouse; these rescuedmice have lived normal life spans (typically.2 yr), with substantial recoveryof
neurological phenotypic. Scale bars, 100 mm (A); 1 mm (C); 2.5 mm (F); 10 mm (G). (Images A–C from
Windrem et al. 2004 and D–I fromWindrem et al. 2008; reprinted, with permission, from the authors.)
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of stemcell–associated transcription factors, in-

cluding POU5F1/OCT4, SOX2, MYC, KLF4,
and NANOG (Yamanaka 2007, 2008), or alter-

natively, with either miRNAs that modulate the

expression of these proteins, or small molecules
thatmimic their actions (Bu et al. 2004; Lin et al.

2009). iPSCs have the decided advantage over

hES cells of being sources of lineage-restricted
phenotypes that canbe autologously transplant-

ed back to the subjects from which they were

generated, obviating the need for posttransplant
immune suppression. The methods previously

described for generating OPCs from ES cells

have proven adaptable to iPSCs aswell, and yield
both glial progenitors and terminally differenti-

ated oligodendrocytes that are highly myelino-

genic in vivo (Czepiel et al. 2011). More recent
advances in optimizing the methods for gener-

ating OPCs from human iPS and ES cells have

led to the production of highly enriched popu-
lations of human OPCs that appear highly effi-

cient at myelinogenesis in vivo, while manifest-

ingnoevidenceof tumorigenicpotential (Fig. 5)
(Wang et al. 2013).

The capability to now produce scalable

quantities of highly myelinogenic iPSC-derived
OPCs allows us to now realistically consider

their use as clinical cell therapeutics, in partic-

ular, the use of iPSC-derived oligodendrocytes
for autologous treatment of myelin disorders.

Such an iPSC-based strategy is likelyappropriate

for vascular, traumatic, and inflammatory de-
myelination, in which no underlying genetic

lesion exists, and in which sufficient axonal

numbers remain for remyelination to be benefi-
cial. In addition, with the advent of genetic ed-

iting approaches, such as TALEN and Crispr/
Cas-mediated technologies, by which genetic
mutations may be corrected in parental iPSC

lines (Gaj et al. 2013), genetically modified and

corrected OPCsmay be generated from patients
harboring pathological mutations, and trans-

planted back into those same patients. Such ge-

netically corrected autologous grafts may per-
mit the treatment of genetic disorders of myelin

with curative intent, yet without the need for

immune suppression.
Yet, notwithstanding the great promise of

iPSC technology, OPCs derived from iPSCs

may share the same risks as those derived from

hES cells, in terms of both unintended differen-
tiation of lineage-unrestricted contaminants, as

well as frank tumorigenesis. Just as with the use

of OPCs derived from hES cells, those generated
from iPSCs will likely need to be purified before

clinical use, so as tominimize the risk of tumor-

igenesis fromundifferentiated contaminants ac-
companying the transplanted cell populations.

These risks may soon be overcome in light of

the newly developed sorting techniques for en-
riching OPCs to purity (Windrem et al. 2004;

Sim et al. 2011). Nonetheless, additional con-

cerns may yet slow the introduction of iPSC
derivatives to the clinic (Mattis and Svendsen

2011). iPSCs may retain some of the epigenetic

marks—the DNA methylation and histone
acetylation patterns of chromosomal architec-

ture—of the donor cells from which they are

derived (Stadtfeld et al. 2010) so that the cell
type of origin may influence the differentiation

competence of iPS cells derived from different

tissue sources (Polo et al. 2010). This is of po-
tential concern, in that if iPS cells do not un-

dergo complete reprogramming, then their de-

rived OPCs might be expected to differ from
their tissue or hES-derived homologs (Kim

et al. 2010; Polo et al. 2010). That said, whether

any such differences will prove meaningful in
clinical practice remains to be seen.

OPCs may be generated not only from plu-

ripotential cells, but also directly from somatic
cells, using phenotype-defining transcription

factors. As noted, several recent studies have

reported the direct induction of both OPCs
and oligodendrocytes from fibroblasts using

targeted overexpression of defined proglial tran-

scripts (Najm et al. 2013; Yang et al. 2013). Such
avoidance of pluripotential intermediates in the

generation of glial progenitors may mitigate the

risk of tumorigenesis, yet this too will need to
be established in practice. Yet, whetherOPCs are

directly induced from a somatic phenotype or

derived from pluripotential cells, it is reason-
able to expect that future studies will need to

accomplish the stringent isolation of lineage-

restrictedOPCs before transplant, as a necessary
safety step in the execution of OPC-based re-

myelination.

Remyelination
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PEDIATRIC TARGETS OF NEURAL STEM
CELL- AND GLIAL PROGENITOR
CELL-BASED THERAPIES

Tens of thousands of children in the United

States suffer from diseases of myelin failure or

loss. These include the metabolic demyelin-
ations, such as adrenoleukodystrophy; the lyso-

somal storage disorders, such as metachromatic

leukodystrophy; the neuronal ceroid lipofus-
cinoses, mucopolysaccharidoses, and ganglio-

sidoses; Niemann–Pick and Krabbe’s diseases;
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Figure 5. hiPSC OPCs are efficient agents for therapeutic myelination. High-power confocal images of the
callosal white matter of mice engrafted with hiPSCOPCs. (A) Dense donor-derived myelination of single axons
is evident, with myelin basic protein (MBP, green) production by donor-derived cells (human nuclear antigen,
red), and (B) ensheathment of host axons (neurofilament, red) by donor-derived myelin (green). (C) iPSC
OPC-derived oligodendrocytic differentiation and myelination permitted the composition of architecturally
appropriate nodes of Ranvier in transplanted shiverers. Oligodendrocytic paranodal Caspr protein (red) is seen
here flankingbIV spectrin (green)-defined nodes. (D,E) Electronmicrographs of iPSColigodendrocyte-derived
myelin in the corpus callosum at 40 wk. Thick myelin wraps with alternating major dense and intraperiod lines,
characteristic of mature myelin, are evident. (F,G) hiPSC OPC dispersal and donor-derived myelination of
shiverer forebrain. (F) Dot map indicating the distribution of hiPSC OPC-derived cells at 7 mo, following
neonatal engraftment. Widespread dispersal and chimerization by hiPSC OPCs is evident (hNA, red). (G)
Extensive donor-derived (MBP, green) myelination is evident; sampled 1 mm lateral to F. MBP immunoreac-
tivity (green) is all donor derived. (H ) Kaplan–Meier plot of the survival of iPSC-OPC-implanted versus saline-
injected mice. Remaining engrafted mice were killed for electron microscopy at �270 d. Scale bars, A and B,
5 mm; C, 5 mm; D, 200 nm; E, 100 nm; F and G, 2 mm.
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the hypomyelinating diseases, such as Pelizae-

us–Merzbacher disease and hereditary spastic
paraplegia; the myelinoclastic disorders, van-

ishing white matter disease, and Canavan’s dis-

ease; dysmyelinating disorders, such as Alexan-
der disease (Brenner et al. 2001; Dietrich et al.

2005; Li et al. 2005a; Bugiani et al. 2011); and,

most commonly of all, periventricular leuko-
malacia, the most common form of cerebral

palsy, which may largely be a result of a perina-

tal loss of oligodendrocytes and their precur-
sors (Back and Rivkees 2004; Follett et al. 2004;

Robinson et al. 2005). Their mechanistic het-

erogeneity notwithstanding, all of these condi-
tions include the prominent loss of oligoden-

drocytes and central myelin, highlighting their

potential attractiveness as targets for cell re-
placement.

Neonatal Delivery of OPCs for
Enzymatic Reconstitution and Myelin
Preservation

Because OPC engraftment is both widespread

and associated with astrocytic as well as oligo-

dendrocytic production, glial progenitors would
seem an especially promising vehicle for dis-

persing functionally competent glia throughout

otherwise diseased and/or enzyme-deficient
brain parenchyma. The lysosomal storage dis-

orders present especially attractive targets in this

regard (Snyder et al. 1995), because wild-type
lysosomal enzymes may be released by integrat-

ed donor cells, and taken up by deficient host

cells through the mannose-6-phosphate recep-
tor pathway (Urayama et al. 2004). As a result, a

relatively small number of donor glia may pro-

vide sufficient enzymatic activity to correct the
underlying catalytic deficit and storage disorder

of amuch larger numberof host cells (Lacorazza

et al. 1996; Jeyakumar et al. 2005). The intrace-
rebral delivery of OPCs would thus seem an

especially attractive approach for treating those

demyelinating diseases associated with enzyme
deficiencies specific to brain. By way of exam-

ple, metachromatic leukodystrophy (MLD) is

characterized by deficient expression of arylsul-
fatase A (ARSA), which results in sulfatide mis-

accumulation and oligodendrocyte loss. Mes-

enchymal and hematopoietic stem cell grafts

have proven unable to correct the CNS mani-
festations of this disorder (Koc et al. 2002).

In contrast, experimental models of MLD

have responded well to OPC grafts (Givogri
et al. 2006), suggesting that the broader disper-

sal competence and greater histiotypic appro-

priateness of orthotopically engrafted OPCs
might provide significant therapeutic advantag-

es relative to nonneural phenotypes. Similarly,

although asymptomatic Krabbe patients trans-
planted with umbilical cord stem cells mani-

fested slower disease progression than untreated

controls, the benefits of transplantation to chil-
dren engrafted after symptom onset seemed

minimal (Escolar et al. 2005). Yet, the intrace-

rebral parenchymal infiltration of stromal de-
rivatives is also minimal, suggesting that treat-

ment of these children with native, brain-

penetrant neural stem cells (NSCs) or glial pro-
genitors might comprise a more promising

treatment strategy (Pellegatta et al. 2006).

In the same vein, the neuronal ceroid lipo-
fuscinoses (NCLs), including Batten disease,

will likely require neural cell grafts for their

cell-based treatment, as the enzymes deficient
in this class of disorders are largely neural in

expression. Experimentally, when human NSCs

were engrafted into PPT1 mutant mice, which
model infantile NCL, the cells dispersed broadly

and corrected some of the lipofuscin misaccu-

mulation of these animals (Tamaki et al. 2009).
However, no survival data were reported in this

study, so it remains unclear whether NSC en-

graftment is sufficient to slow disease progres-
sion in this model. Nonetheless, on the basis of

the available data, a clinical trial to assess the use

of human neural stem cell allografts in treating
both infantile and late infantile forms of NCL

was undertaken (clinicaltrials.gov, identifier

NCT00337636). This limited phase I safety trial
did not address any functional or therapeutic

endpoints, but its initiation speaks to the efforts

that may be anticipated in developing the use of
engrafted NSCs and OPCs as vehicles for intra-

cerebral enzyme replacement, in the lysosomal

storage disorders as well as in the broader cate-
gory of disorders of brain metabolism charac-

terized by aberrant catabolism.

Remyelination
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Neonatal Delivery of OPCs for Structural
Myelin Replacement

For myelin replacement, OPCs might reason-

ably be considered more effective vectors than
neural stem cells, given their glial-restricted

phenotype in vivo, their oligodendrocytic bias

in hypomyelinated CNS, and their efficient re-
myelination of structurally demyelinated tissue.

To assess the potential of OPC-based treatment

for congenital dysmyelination, Windrem and
colleagues transplanted sorted human OPCs of

both fetal and adult origin into newborn shiv-

erer mice, a dysmyelinated mouse deficient
in myelin basic protein (Windrem et al. 2002,

2004). This work followed similar studies in

which both native and immortalized murine
NSCs had been transplanted into shiverers;

each had yielded some degree of context-depen-

dent differentiation and myelination (Yandava
et al. 1999; Mitome et al. 2001). On that basis,

Windrem et al. extracted fetal OPCs from late

second-trimester forebrain, as well as adult
OPCs from surgically resected subcortical white

matter; bothwere isolated by either fluorescence-

activated or immunomagnetic sorting, based on
thephenotypeA2B5þ/PSA-NCAM2.Whenthe

cells were transplanted into recipient shiverers

as highly enriched isolates, both fetal and adult
OPCs spread widely throughout the brain, de-

veloping as astrocytes and oligodendrocytes

(Fig. 4). Notably, the cells did so in a highly
context-dependent fashion, such that those

donor cells that engrafted presumptive white

matter developed asmyelinogenic oligodendro-
cytes and fibrous astrocytes, while those invad-

ing cortical and subcortical gray differentiated

largely as protoplasmic astrocytes (Windrem
et al. 2004).

Following a single neonatal intracallosal in-

jection, themajority of donor cells engrafted the
presumptive white matter, such that the corpus

callosum and capsules densely expressedmyelin

basic protein throughout the forebrain white
matter tracts (Windrem et al. 2004). Donor-de-

rivedmyelin effectively ensheathed host shiverer

axons, as validated by both confocal imaging,
and by the ultrastructural observation of donor-

derived myelin with major dense lines, indicat-

ing effective myelin compaction, of which na-

tive shiverer oligodendrocytes are incapable.
Confocal analysis also revealed nodes of Ranvier

between donor-derived myelinated segments,

and transcallosal conduction velocities were
normalized in the OPC-transplanted mice. On

that basis, Windrem and colleagues developed a

five-site injection protocol for achieving broad-
er dispersal of OPCs in the recipient CNS. Us-

ing this approach, cell dispersal was achieved

throughout the entire neuraxis, and was associ-
ated with effective whole-neuraxis myelination,

which pervaded the spinal cord and roots as well

as the entire brain, including the brainstem, cer-
ebellum, and cranial nerve roots. This was asso-

ciated with significantly and substantially pro-

longed survivals in transplanted shiverer mice,
with frank rescue and phenotypic recovery of a

large minority (Windrem et al. 2008); whereas

untreated shiverers invariably die by 20 wk of
age, some engrafted animals achieved normal

murine life spans (Fig. 4). These data strongly

suggested the feasibility of neonatal OPC im-
plantation as a strategy for treating the congen-

ital disorders of myelin formation and mainte-

nance. Later studies refined the criteria for
selectingmyelinogenic progenitors, by identify-

ing the PDGFa receptor epitope CD140a as rec-

ognizing the entire population of potentially
oligodendrocytic cells (Sim et al. 2011). OPCs

selected on the basis of CD140a expression

proved superior to those selected on the basis
of A2B5 in their efficiency, rapidity of differen-

tiation, and ultimate extent of myelination,

while nonetheless being highly migratory; as
such, they served to supplant the latter as a pre-

ferred cellular vector for therapeutic remyelina-

tion (Fig. 6).

Challenges in the Use of Glial Progenitor
Grafts for the Childhood Myelin Disorders

Cell-based therapies comprise a broad platform

for the potential amelioration of enzymatic and
storage disorders, in that a common strategy of

intracerebral deliveryofOPCsmay prove broad-

ly applicable across avarietyof specific enzymat-
ic disorders. In practice though, given treatment

regimens will need to be tightly calibrated to
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Figure 6. CD140-isolated OPCs are able to broadly migrate and efficiently myelinate. (A) Computer-assisted
drawings of 14-mm sections of a 12-wk-old shiverer � rag2-null mouse, transplanted bilaterally in the corpus
callosum with 100,000 CD140aþ cells. Red dots represent individual cells labeled with antihuman nuclear
antigen. (B) The corpus callosum of an engrafted shiverer mouse at 12 wk, stained forMBP, showing substantial
donor-derivedmyelin. (C) A photomicrograph of the corpus callosum and fimbria in another engraftedmouse.
(D) An individual oligodendrocyte, stained for antihuman nuclear antigen (red). (E,F) Ensheathment of host
mouse axons (neurofilament, green) at 12 wk by CD140aþ (E) or A2B5þ (F) human fetal cells, showing the
more rapid and robust axonal myelination by CD140aþ cells. (G) ACD140aþ cell-engrafted shiverer callosum at
12 wk, immunostained for MBP, human GFAP, and human nuclear antigen, showing robust production of
hGFAPþ astrocytes as well as MBPþ oligodendrocytes. Scale bars, B, 500 mm; C, 200 mm; D, 10 mm; E and F,
20 mm. (Images from Sim et al. 2011; reprinted, with permission, from the authors.)
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specific disease phenotypes and stages. Little

data are available as to thenumberorproportion
of wild-type cells required to achieve local cor-

rection of enzymatic activity and substrate clear-

ance in any storage disorder, and these values
will likely need to be empirically derived for dif-

ferent disease targets. Similarly, the efficiency

and extent of myelination required to achieve
significant benefit in the hypomyelinating dis-

orders remains unclear, and will depend on

disease extent and duration as much as donor
cell dispersal and myelinogenic competence in

the disease environment. These caveats notwith-

standing, there is considerable reason for opti-
mism that cell-based therapy of the pediatric

myelin disorders, including not only the storage

disorders, but also the primarydysmyelinations,
such as Pelizaeus–Merzbacher, vanishing white

matter disease, and selected forms of cerebral

palsy, may soon prove both feasible and effective
(Goldman2011). Indeed, a recentphase I trial of

implanted neural stem cells reported the safety

of NSC implants into children with Pelizaeus–
Merzbacher disease, and tentatively claimed ev-

idence of new myelin formation at the sites of

implantation (Gupta et al. 2012). One may ex-
pect that with the development of improved and

scalable preparations of migratory and lineage-

restricted human OPCs, whether of tissue or
pluripotential cell origin, that both long-term

safety and tangible benefit may soon be demon-

strated in these especially needy pediatric patient
populations.

ADULT DISEASE TARGETS OF GLIAL
PROGENITOR CELL-BASED TREATMENT

In adults, oligodendrocytic loss is causal in dis-
eases as diverse as traumatic brain and spinal

cord injury, MS and its variants, and hyperten-

sive and diabetic white matter loss. In addi-
tion, the prominent role of oligodendrocytic

loss in both vascular dementia and age-related

white matter loss is becoming increasingly rec-
ognized. All of these are potential targets of glial

progenitor cell replacement therapy, although

the disease environment may limit the feasibil-
ity of this approach in ways not encountered in

pediatric disease targets (Franklin and Ffrench-

Constant 2008). For instance, the chronically

ischemic brain tissue of diabetic and hyperten-
sive patients with small vessel disease may pre-

sent an inhospitable environment for graft ac-

ceptance, and may require aggressive treatment
of the underlying vascular disorders before any

cell replacement strategy may be considered.

Similarly, the inflammatory disease environ-
ment of patients with autoimmune demyelina-

tion presents its own challenges, which need to

be overcome before cell-based remyelination
can succeed. Nonetheless, current disease-mod-

ifying strategies for treating both vascular and

autoimmune diseases have advanced to the
point where transplant-based remyelination of

adult targets may now be feasible (Goldman

et al. 2012).

Multiple Sclerosis and Autoimmune
Demyelination

Most experimental models of cell-based remye-

lination have focused onMS, which, as noted, is
characterized by both inflammatory myelinoly-

sis and degenerative axonal loss. The attraction

of MS as a therapeutic target derives from its
high incidence and extraordinary prevalence,

given its typical onset in youth and long disease

course. Over 200 young adults are diagnosed
weekly, with more than 300,000 affected in the

United States alone. Within 10 years, roughly

one-half of MS patients develop the progressive
neurodegeneration of secondary progressive

MS. In the past, MS had not been an actively

researched target for cell therapy, because there
was limitedenthusiasmfor introducingnewcells

into an active disease environment, one essen-

tially primed for allograft rejection. Yet, the re-
cent development of new approaches toward

CNS immune modulation have so substantially

diminished disease recurrence, as to make the
use of cell replacement strategies for restoring

lost myelin and repairing already-demyelinated

lesions more tenable.
In that regard, both NSCs and OPCs have

been assessed as potential cell therapeutics for

myelin repair in a variety of models of acquired
demyelination (Pluchino et al. 2004; Franklin

and Kotter 2008). As cellular vectors for remye-
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lination, NSCs have the advantage of sustained

expansion competence, but their efficiency of
oligodendrocytic differentiation and myelina-

tion appears low. Their systemic administration

into mice subjected to experimental allergic en-
cephalomyelitis resulted in improved remyeli-

nation (Pluchino et al. 2003), although not by

contributing new oligodendrocytes, but rather
through central immunosuppression by induc-

ing the programmed cell death of blood-borne,

CNS-infiltrating TH1 cells (Pluchino et al. 2004;
Einstein and Ben-Hur 2008). In contrast, the

intracerebral delivery of OPCs into demyeli-

nated brain may offer a feasible strategy for di-
rect remyelination. Using this approach, when

we transplanted adult human OPCs directly

into lysolecithin-induced demyelinating lesions
within the adult rat brain, the cells quickly ma-

tured as oligodendrocytes andmyelinated resid-

ual denuded host axons, although with lower
efficiency than that noted using similar donor

cells in congenitally hypomyelinated brain

(Windrem et al. 2002). In this regard, in a recent
study focusing on a new model of axon-sparing

noninflammatory demyelination, Duncan and

colleagues found that remyelination of denuded
adult axons occurs readily and efficiently from

endogenous progenitors (Duncan et al. 2009).

Thus, donor as well as endogenousOPCs would
seem likely to be effective cellular vectors for

remyelination, provided there is a permissive

axonal substrate.

Challenges in the Use of OPC Grafts for Adult
Demyelinating Disorders

Regardless of the cell-autonomous capabilities

of donor OPCs, the complexity of the adult dis-
ease environment, which may include latent in-

flammatory activity and underlying axonal loss,

vascular insufficiency, local gliosis, and chronic
inflammatory cells, may all conspire to make

adult targets less approachable than their pedi-

atric counterparts (Franklin 2002). Indeed, as
noted previously, in some disease settings, en-

dogenous progenitorsmay be intrinsically com-

petent to remyelinate adult demyelinated brain,
but are impeded from doing so in aged animals

by a deficient innate immune system, which can

be rescued by immune reconstitution from a

younger parabiotic partner (Ruckh et al. 2012).
Clearly then, any cell-based therapeutic

strategies for adult demyelination, especially

those intended to remyelinate both acute and
chronic lesions ofmultiple sclerosis, will require

aggressive disease modification as well as rigor-

ous stratification to define those patients with
sufficient axonal integrity to potentially benefit

from this approach. That said, the noted im-

provement in immune modulators and dis-
ease-modifying therapies offers hope that

OPC-based cell therapy may soon evolve as a

viable treatment option for the restoration of
both lost myelin and compromised function

to afflicted patients.

CONCLUDING REMARKS

Our understanding of the biology of oligoden-
drocytes and their progenitors, as well as of

myelin and its disorders, has increased tremen-

dously over the past several years, aided by new
technologies in genomics and stem cell biology,

transgenic and chimeric animal models of dis-

ease, and imaging and cell signaling analysis.
These new insights provide real hope that trig-

gering remyelination from pharmacologically

mobilized endogenous progenitors and using
tissue- and stem cell–derived oligodendrocyte

progenitor cells as transplantable agents for my-

elin replacement are both viable strategies for
clinical myelin repair, which may each soon be

ready for the leap from bench-to-bedside. We

must remain cautious though, even as our en-
thusiasm builds, as the risks of these new ap-

proaches are also only now becoming under-

stood and surmounted. That said, given the
rapidly accelerating growth in remyelination bi-

ology over the past decade, progress over the

next decade seems assured to be as scientifically
exciting as it promises to be therapeutically

meaningful.
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