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Abstract

Diseases of glia, including both astrocytes and oligodendrocytes, are among the most prevalent 

and disabling, yet least appreciated, conditions in neurology. In recent years, it has become clear 

that besides the overtly glial disorders of oligodendrocyte loss and myelin failure, such as the 

leukodystrophies and inflammatory demyelinations, that a number of neurodegenerative and 

psychiatric disorders may also be causally linked to glial dysfunction, and derive from astrocytic 

as well as oligodendrocytic pathology. The relative contribution of glial dysfunction to many of 

these disorders may be so great as to allow their treatment by the delivery of allogeneic glial 

progenitor cells (GPCs), the precursors to both astroglia and myelin-producing oligodendrocytes. 

Given the development of new methods for producing and isolating these cells from pluripotent 

stem cells, both the myelin disorders and appropriate glial-based neurodegenerative conditions 

may now be compelling targets for cell-based therapy. As such, glial cell-based therapies may 

offer potential benefit to for a broader range of diseases than ever before contemplated, including 

disorders such as Huntington disease and the motor neuron degeneration of amyotrophic lateral 

sclerosis, which have traditionally been considered neuronal in nature.
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Oligodendrocytes are the sole source of myelin in the adult CNS, and their loss or 

dysfunction is at the heart of a wide variety of diseases of both children and adults. In 

children, the hereditary leukodystrophies accompany cerebral palsy as major sources of 

neurological morbidity. In adults, oligodendrocytic loss and demyelination contribute to 

diseases as diverse as multiple sclerosis, white matter stroke and spinal cord injury (Roy et 

al., 2004). In addition, demyelination is also noted in degenerative disorders as varied as 

normal aging, Huntington’s and Alzheimer’s diseases, while oligodendrocytic pathology has 

been associated with disorders as diverse as ALS (Lee et al., 2012) and schizophrenia 

(Tkachev et al., 2003). As a result, the myelin disorders are especially attractive targets for 

cell-based therapeutic strategies, as are the related disorders of astrocytes and glial 

progenitor cells that include dysmyelination as part of their presentation. Several recent 
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studies have supported the readiness with which axons can remyelinate after either 

congenital or acquired demyelination, if provided myelinogenic cells (Duncan et al., 2009; 

Windrem et al., 2008). Human glial progenitor cells – also referred to as either 

oligodendrocyte progenitor cells or NG2 cells (Nishiyama et al., 2009) – can generate both 

oligodendrocytes and astrocytes, and as such are promising reagents by which to 

concurrently restore myelin to demyelinated regions of the diseased or injured CNS, while 

addressing the disorders of astrocytic function that so often attend white matter disease.

Glial progenitor cells in vivo

Glial progenitor cells (GPCs) arise from neural stem cells of the ventricular subependyma, 

and disperse widely throughout the central nervous system, pervading both gray and white 

matter (Roy et al., 1999). While the presence of GPCs in the adult human brain was inferred 

in several early studies that identified immature oligodendroglia in adult brain tissue 

(Armstrong et al., 1992; Gogate et al., 1994), mitotic bipotential GPCs were first isolated 

from the adult human brain using CNP2 promoter-based fluorescence-activated cell sorting 

(Roy et al., 1999). This study and others revealed that human glial progenitors comprise 

roughly 3% of all cells in the adult forebrain, and are the major mitotic neural phenotype of 

the adult brain (Roy et al., 1999; Scolding et al., 1998). Subsequent work demonstrated that 

human GPCs generate both major macroglial phenotypes, astrocytes and oligodendrocytes, 

and that they may do so in vivo as well, in a context-dependent fashion (Windrem et al., 

2004).

As the principal source of new oligodendrocytes, GPCs are thus responsible for 

remyelination in the demyelinated adult CNS (Tripathi et al., 2010; Zawadzka et al., 2010). 

As such, human GPCs are functionally synonymous with oligodendrocyte progenitor cells 

(OPCs), to which they are also referred. Yet human GPCs appear to remain bipotential until 

their last division, and can give rise to both astrocytes and oligodendrocytes until that point. 

In vitro, they can manifest even broader lineage competence, as at least some fraction of 

adult human GPCs remain potentially neurogenic as well, in a density- and context-

dependent fashion (Goldman, 2003; Nunes et al., 2003). Indeed, GPCs do not necessarily 

comprise a homogeneous pool; to the contrary, recent work by Castelo-Branco and 

colleagues has revealed substantial molecular heterogeneity within the oligodendroglial 

lineage in rodents (Marques et al., 2016), as has been suggested in humans as well (Leong et 

al., 2014). Nonetheless, since there are no compelling data arguing for oligodendrocyte-

restricted progenitors in humans, for consistency’s sake in this review we will designate all 

of these glial progenitor phenotypes as GPCs, best identified empirically by the surface 

epitopes by which they have been isolated.

Identifying optimal donor cell phenotypes for treating myelin disorders

Disorders of myelin require extensive tissue repair, and in the case of the pediatric 

leukodystrophies, even whole neuraxis myelination. While endogenous glial progenitors can 

remyelinate demyelinated lesions to some degree, the mitotic exhaustion and functional 

depletion of endogenous glial progenitors that may occur in acquired demyelination 

ultimately limits the extent and utility of spontaneous remyelination (Franklin and ffrench-
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Constant, 2008), thus necessitating the introduction of exogenous glial progenitors as 

therapeutic vectors.

Yet to be safe and effective as therapeutic vectors, transplantable GPCs must be reliably 

deliverable in both purity and quantity (Roy et al., 2004). The surface antigen-based 

purification of human GPCs, based on their selective expression of gangliosides recognized 

by monoclonal antibody A2B5 (Nunes et al., 2003; Roy et al., 1999), first allowed the 

isolation of both adult and fetal GPCs, which allowed their evaluation in animal models of 

both adult demyelination and congenital hypomyelination (Windrem et al., 2004; Windrem 

et al., 2002). These studies revealed that while both fetal and adult human-derived GPCs 

were able to myelinate dysmyelinated brain tissue, adult GPCs did so more rapidly and 

efficiently, but manifested less expansion and migratory potential in vivo. In contrast, fetal 

GPCs emigrated more widely and engrafted more efficiently than did adult cells, and 

exhibited context-dependent differentiation as astrocytes or oligodendrocytes, and their 

tissue sources were more readily available, all of which suggested their potential therapeutic 

utility in a broad array of myelin disorders (Figures 2A–C). Moreover, the isolation of 

human tissue-derived GPCs allowed the assessment of their gene expression patterns, 

dominant signaling pathways and homeostatic self-renewal mechanisms (McClain et al., 

2012; Sim et al., 2006; Sim et al., 2011), work that has enabled the ex vivo pre-transplant 

modulation of the fate of these cells, further increasing their utility as transplantable vectors.

Yet despite the attractiveness of fetal GPCs as therapeutic vectors, they remain finite in both 

initial number and expansion competence, necessitating their periodic reacquisition from 

new donor tissues. Fetal tissue suffers further limitations as a practicable cell source, given 

the unpredictability of tissue acquisition, limited gestational window of appropriate samples, 

and ongoing debate as to the use of fetal human-derived cells as clinical reagents. In light of 

these considerations, pluripotent stem cells, including both human embryonic stem cells 

(hESCs) and induced pluripotent cells (iPSCs), have emerged in recent years as the more 

feasible sources of transplantable myelinogenic GPCs (Douvaras et al., 2014; Hu et al., 

2009; Wang et al., 2013) (Figure 1). Following the first report of myelination in the injured 

spinal cord by mouse ESCs (Brustle et al., 1999), oligodendrocytes derived from hESCs 

were similarly directed to generate myelin in vivo (Izrael et al., 2007; Nistor et al., 2005). 

Yet while ground-breaking, these studies did not isolate GPCs or oligodendrocytes prior to 

transplant, nor did they follow animals over the time frames required to ensure the stability 

of the engrafted cells, of concern since any incidentally-transplanted hESCs or 

undifferentiated derivatives may retain the potential for undesired expansion after 

implantation (Roy et al., 2006). Given this concern for tumorigenesis, stringent purification 

of lineage-restricted GPCs may be needed to ensure their safe use. Yet this point remains 

controversial; in 2009, the FDA approved a phase 1 safety trial evaluating the use of hESC-

derived GPCs in spinal cord injury without such purification; although the trial was halted in 

2011, its sponsor reported that its cessation was not related to safety, and described no 

serious adverse events attributable to the grafts (Priest et al., 2015). As a result, while the 

need for pre-transplant isolation of terminally-differentiated phenotypes remains unsettled, 

the overall safety profile of hESC-derived GPCs seems potentially acceptable.
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Human ESC-based therapy suffers also from the possibility of allograft rejection, and hence 

the need for immunosuppression in graft recipients. Enthusiasm has thus developed for the 

use of autologous grafts of myelinogenic GPCs derived from human induced pluripotent 

cells (hiPSCs), potentially – though not assuredly (Zhao et al., 2011) - obviating the need for 

immune suppression. These cells are generated by the reprogramming of somatic cells to a 

pluripotent ground state, by the forced expression of a set of transcription factors that 

instruct stem cell phenotype (Belmonte et al., 2009). iPSCs were first generated from mouse 

(Takahashi and Yamanaka, 2006) and human (Yu et al., 2007) fibroblasts, and have since 

been differentiated into a variety of phenotypes, including neurons (Wernig et al., 2008), 

astrocytes (Hu et al., 2009), and oligodendrocytes (Czepiel et al., 2011). Methods 

established for generating GPCs from hESCs have proven effective with human iPSCs as 

well, and yield GPCs that are highly myelinogenic in vivo (Wang et al., 2013). This 

capability allows us to reasonably anticipate the use of iPSC-derived oligodendrocytes for 

autologous treatment, especially for non-genetic vascular, traumatic and inflammatory 

demyelinations.

Importantly though, iPSC-derived GPCs share many of the risks of those derived from 

hESCs, including aberrant differentiation and tumorigenesis (Mattis and Svendsen, 2011). In 

addition, iPSCs retain epigenetic marks of the cells from which they derive (Stadtfeld et al., 

2010), so that their cell type of origin may influence their differentiation competence (Polo 

et al., 2010). Indeed, iPSCs may differ from one another in their lineage competence even 

when sourced from the same individual and tissue, making their standardization difficult. Of 

note, recent studies have also reported the direct induction of glial progenitors and 

oligodendrocytes from fibroblasts as well (Najm et al., 2013; Yang et al., 2013). By thereby 

avoiding the need for pluripotent intermediates, such direct induction of GPCs may 

accelerate the production of transplantable cells, while mitigating their risk of tumorigenesis. 

While the lack of expandability of the largely post-mitotic oligodendrocytes generated 

through this approach may still limit its practical utility, future advances may permit the 

direct induction of mitotic GPCs, which might yet prove a clinically feasible source of 

autologous myelinogenic cells (Goldman, 2013).

Pediatric myelin disorders as targets of progenitor cell-based therapy

Tens of thousands of children in the U.S. suffer from diseases of myelin loss. These include 

the metabolic demyelinations such as adrenoleukodystrophy; the lysosomal storage 

disorders, such as metachromatic leukodystrophy, the neuronal ceroid lipofuscinoses, 

gangliosidoses, and Niemann-Pick and Krabbe’s diseases; the hypomyelinating diseases, 

such as Pelizaeus-Merzbacher Disease; the myelinoclastic disorders, including vanishing 

white matter disease, Alexander’s Disease and Canavan’s Disease (Powers, 2004); and most 

commonly of all, periventricular leukomalacia and cerebral palsy (Silbereis et al., 2010). 

Their mechanistic heterogeneity notwithstanding, all of these conditions include the 

prominent loss of oligodendrocytes and myelin, highlighting their attractiveness as potential 

targets for cell replacement (see Figure 1, table).
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Metabolic and storage disorders of myelin

In some hereditary disorders of the white matter, such as Canavan’s disease and many of the 

lysosomal storage diseases, oligodendrocytes are principal targets of mis-accumulated toxic 

substrates and their abnormal metabolic products, with demyelination an early and 

inauspicious hallmark of disease. In others such as Krabbe’s Disease, oligodendrocytes are 

essentially bystanders, killed by toxic metabolites generated by cells deficient in one or more 

critical enzymes (Powers, 2004). In yet others, such as Alexander’s disease and vanishing 

white matter disease, myelin loss may be caused by astroglial pathology (Bugiani et al., 

2011; Dietrich et al., 2005). Given their heterogeneous etiologies, a common treatment 

platform for these disorders has proven elusive. Yet since GPC engraftment is both 

widespread and associated with astrocytic as well as oligodendrocytic production, GPCs 

would seem an especially promising vehicle for dispersing astrocytes and oligodendrocytes 

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

storage disorders present especially attractive targets in this regard, since wild-type 

lysosomal enzymes may be released by donor cells, and taken up by deficient host cells 

through the mannose-6-phosphate receptor pathway (Urayama et al., 2004), by which 

lysosomal enzymes released from wild-type donor cells may be transported to enzyme-

deficient neighbors, permitting local correction of disease-specific metabolic disturbances. 

By this means, a relatively small number of donor glia may provide sufficient enzymatic 

activity to correct the underlying enzymatic deficit and storage disorder of a much larger 

number of host cells (Jeyakumar et al., 2005).

The cell-based rescues of enzymatically deficient host cells were first described using wild-

type neural stem cells (NSCs) transplanted into a mouse model of mucopolysaccharidosis 

type VII, in which neonatally-implanted cells restored beta-glucuronidase enzymatic 

function in the recipient forebrain (Buchet et al., 2002; Meng et al., 2003; Snyder et al., 

1995). Human NSCs proved similarly effective in achieving enzyme replacement in the β-

hexosaminidase-deficient Sandhoff mouse, with corresponding functional benefits (Lee et 

al., 2007). In the same vein, NSCs engineered to over-express sphingomyelinase, engrafted 

into sphingomyelinase-deficient Niemann-Pick type A mice, yielded substantial reductions 

in mis-accumulated sphingomyelin (Shihabuddin et al., 2004). Similarly, when NSCs were 

engrafted into a mouse model of neuronal ceroid lipofuscinosis (NCL), the cells dispersed 

broadly and ameliorated the lipofuscin misaccumulation of these animals (Tamaki et al., 

2009). On that basis, a clinical trial to assess the use of human NSC allografts in treating 

infantile and late infantile NCL was undertaken (Selden et al., 2013)., This phase 1 safety 

trial did not address therapeutic endpoints, but its initiation speaks to the efforts that may be 

anticipated in developing neural stem and glial progenitor cells as vehicles for intracerebral 

enzyme replacement in the metabolic leukodystrophies.

The intracerebral delivery of GPCs would thus seem an especially promising approach for 

treating those enzyme-deficiencies associated with early demyelination, which may require 

both enzyme replacement and structural remyelination. Metachromatic leukodystrophy 

(MLD), for example, is characterized by deficient expression of arylsulfatase A, which 

results in sulfatide misaccumulation and oligodendrocyte loss. Experimental models of 

MLD have responded well to GPC grafts, with broad dispersal and integration as well as 
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enzymatic rescue and sulfatide clearance (Givogri et al., 2006). Krabbe’s disease, 

characterized by galactocerebrosidase deficiency and early demyelination, may prove 

similarly amenable to GPC-based enzymatic repletion and myelin restoration (Kondo and 

Duncan, 2016). When children with presymptomatic or early stage Krabbe’s disease were 

transplanted with umbilical cord stem cells, they manifested slower disease (Escolar et al., 

2005). Yet the intracerebral infiltration of umbilical cord stromal derivatives is modest, 

suggesting that treatment of these children with GPCs, which are able to achieve 

parenchymal dispersal and infiltration as well as structural remyelination, might comprise an 

especially promising treatment strategy.

Disorders of myelin formation and maintenance

The experimental assessment of GPCs as vectors for remyelination has proceeded most 

aggressively in animal models of congenital hypomyelination. In an early study of cell-based 

myelin repair, mouse neural stem cells were transplanted into newborn shiverer mice, a 

hypomyelinated mutant deficient in myelin basic protein, and yielded context-dependent 

myelination (Yandava et al., 1999). Even earlier studies had shown that tissue grafts of fetal 

white matter could elaborate oligodendrocytes and myelinate the adult shiverer spinal cord, 

though on a more geographically limited basis (Gout et al., 1988; Gumpel et al., 1989). On 

the basis of these foundational studies, we transplanted immunosorted human GPCs into 

neonatal shiverers, so as to assess the relative myelinogenic potential of purified populations 

of human glial progenitors (Windrem et al., 2004). When delivered as highly-enriched 

isolates, fetal human GPCs spread widely throughout the brain (Figures 2A–B, 2D), 

developing as astrocytes and oligodendrocytes in a context-dependent fashion. The donor-

derived oligodendrocytes generated ultrastructurally-mature myelin that effectively 

ensheathed host shiverer axons and formed nodes of Ranvier, which allowed the restoration 

of normal transcallosal conduction velocities in the transplanted mice (Windrem et al., 

2004). By using a 5-site injection protocol to achieve broader dispersal of GPCs, we next 

established cell engraftment throughout the entire neuraxis, with myelination of the spinal 

cord and roots as well as the entire brain, brainstem, cerebellum and cranial nerve roots 

(Windrem et al., 2008). This was associated with substantially prolonged survivals in 

transplanted mice, with phenotypic recovery and frank rescue of a large minority (Figure 

2C). These data strongly suggested the feasibility of neonatal GPC implantation in treating 

childhood disorders of myelin formation and maintenance. Later studies refined the criteria 

for selecting myelinogenic progenitors, by identifying the PDGFα receptor epitope CD140a 

as recognizing the entire population of oligodendrocyte-competent progenitors (Sim et al., 

2011). CD140a–sorted GPCs proved superior to those selected on the basis of A2B5 in both 

their efficiency and extent of myelination, and were highly migratory; they have thus 

supplanted A2B5-defined cells as a preferred cellular vector for therapeutic remyelination 

(Figures 2D–G).

The dilemma of disease-specific dosing

The intracerebral delivery of GPCs may thus prove a viable approach to the treatment of a 

wide variety of enzymatic and storage diseases of myelin, as well as for the disorders of 

myelin misproduction or failure. In practice though, individual treatment regimens will need 

to be tailored to specific disease phenotypes and stages. Little data are available as to the 
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numbers or proportion of wild-type cells required to achieve correction of enzymatic activity 

and substrate clearance in any storage disorder, and these values may need to be empirically 

derived for every disease target. Similarly, the extent of myelination required for effective 

treatment remains wholly speculative, as is the extent and duration of immunosuppression 

required for allograft acceptance; these parameters too may vary with disease phenotype. 

These caveats notwithstanding, neural stem cell implantation has already been assessed as a 

means of myelin replacement in Pelizaeus-Merzbacher disease, in a phase 1 study that 

reported safety albeit unclear efficacy with the dose and delivery method chosen (Gupta et 

al., 2012); one may anticipate that future efforts will proceed to assess the efficacy of GPC 

grafts in this and related disorders. As these efforts proceed, with more dedicated 

myelinogenic donor cell phenotypes, more refined delivery methods and increasingly 

informed dose estimations, one may similarly expect that both the relative efficacy and 

limitations of GPC delivery in alleviating the childhood myelin disorders will be definitively 

established.

Adult disease targets of glial progenitor cell-based treatment

In adults, oligodendrocytic loss contributes to diseases as diverse as hypertensive and 

diabetic white matter loss, traumatic spinal cord and brain injury, and multiple sclerosis 

(MS) and its variants. In addition, oligodendrocytic loss is prominent in the degenerative 

dementia associated with age-related white matter loss. All of these are potential targets of 

glial progenitor cell replacement therapy, though the adult disease environment may limit 

this approach in ways not encountered in pediatric disease targets. For instance, the 

chronically ischemic brain tissue of diabetics with small vessel disease may require 

aggressive treatment of the underlying vascular insufficiency before any cell replacement 

strategy may be considered. Similarly, the inflammatory disease environments of multiple 

sclerosis as well as many of the leukodystrophies present their own challenges, which need 

to be overcome before cell-based remyelination can succeed (Franklin and ffrench-Constant, 

2008; Ip et al., 2006). Nonetheless, current disease-modifying strategies for treating both 

vascular and autoimmune diseases have advanced to the point where transplant-based 

remyelination of adult targets may now be feasible.

Progenitor cell therapy for multiple sclerosis

Interest in cell-based remyelination has focused on MS, a debilitating disease characterized 

by both inflammatory myelinolysis and degenerative axonal loss. The attraction of MS as a 

therapeutic target derives from its high incidence and prevalence, with more than 300,000 

cases in the US alone. MS has been a difficult target for cell therapy, given its relapsing 

course and the limitations of introducing new cells into an inflammatory environment. 

Nonetheless, contemporary immune modulating treatments have substantially diminished 

disease recurrence, making cell replacement a tenable repair strategy. Natalizumab (anti-α4 

integrin), alemtuzumab (anti-CD52), rituximab (anti-CD20), fingolomod (a sphingosine-1-

phosphate receptor modulator), dimethylfumarate, and terflunamide (a pyrimidine synthesis 

inhibitor), have all been associated with significant reductions in relapse rate (Weinstock-

Guttman and Ramanathan, 2012), reflecting diminished episodes of radiographically and 

clinically significant central inflammation.
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These advances in the immunomodulatory control of MS suggest that attention may now 

shift from disease attenuation to the repair of demyelinated lesions, and to the prevention of 

the later progressive neurodegenerative phase that occurs in multiple sclerosis, designated 

secondary progressive MS. The latter condition, characterized by sustained axonal loss and 

an attendant, inexorable loss of function long after acute inflammatory events have 

attenuated, may reflect a loss of axonal support by local oligodendroglia (Lee et al., 2012; 

Saab et al., 2016). As such, progressive MS might comprise an especially attractive target 

for glial replacement, since oligodendrocyte engagement with otherwise denuded axons 

might serve to preserve neuronal viability even in the absence of remyelination. The 

intracerebral delivery of GPCs into demyelinated brain may thus offer tangible benefits by 

oligodendroglial replacement and axonal engagement per se, as well as by myelin repair.

Progenitor cell therapy for adult structural demyelinations

Besides the autoimmune demyelinations, the adult CNS is subject to demyelination from a 

broad variety of traumatic, vascular and metabolic insults. Traumatic brain injury, white 

matter stroke, age-related white matter disease and the leukomalacias associated with 

hypertension and diabetes are all potential targets of glial replacement for the purpose of 

white matter repair, and yet each of these potential disease targets needs to be separately 

modeled, given the vastly different disease environments and hence host constraints of each. 

Yet to the extent that the pathology of these disorders is limited to oligodendrocytes and 

astrocytes, with preserved vascular function and neuronal architecture, they too may be 

amenable to glial progenitor cell-based remyelination, as might be iatrogenic causes of 

demyelination such as radiation therapy (Fox et al., 2014; Piao et al., 2015).

To be sure, the complexity of the disease environment may make adult targets less 

approachable than their pediatric counterparts, especially so in aged subjects (Franklin and 

ffrench-Constant, 2008; Ruckh et al., 2012). Moreover, previously stably myelinated but 

now-demyelinated axons may have very different thresholds and permissiveness towards 

remyelination than their never-before myelinated, hypomyelinated or briefly myelinated 

pediatric counterparts. Indeed, recent studies have emphasized that improved understanding 

of the molecular environment of demyelinating foci, and the transcriptional response of 

oligodendrocyte progenitor cells to that environment, may offer significant insight into 

improving the efficiency and timing of glial progenitor cell transplantation (Moyon et al., 

2015).

Such studies of the disease-specific tissue environment in demyelinating disorders are 

especially important given the relatively smaller data base regarding glial progenitor grafts 

into the adult CNS; whereas the dispersal and ultimate myelination of glial progenitors 

introduced into neonatal and young animals is now well-established, and forms the basis of 

the use of this strategy in the childhood myelin disorders as noted, the experimental basis for 

remyelination of adult-demyelinated brain is less robust. To be sure, when human GPCs 

were transplanted directly into lysolecithin-demyelinated lesions in the adult rat brain, the 

cells matured as oligodendrocytes and myelinated residual host axons, if with lower 

efficiency than in congenitally hypomyelinated brain (Windrem et al., 2002), and more 

recent studies have supported the broad migration of human GPCs introduced into the 
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normal adult rat brain (Osorio and Goldman, 2016). Similarly, in a novel model of axon-

sparing demyelination in adult cats, remyelination occurred efficiently from endogenous 

progenitors (Duncan et al., 2009). More recently, remyelination of demyelinated adult spinal 

cord lesions by human iPSC-derived GPCs has been noted by van Evercoorn and colleagues 

(Mozafari et al., 2015), work that establishes the permissiveness of adult-demyelinated 

axons to remyelination by pluripotent cell-derived GPCs. Together, these and other studies 

argue that remyelination of adult-demyelinated axons is clearly feasible. Nonetheless, it is 

equally clear that any cell-based strategies for treating adult demyelination will require not 

only disease modification, but rigorous stratification to define those patients with a tissue 

environment permissive for donor cell integration, and sufficient axonal preservation to 

benefit from this approach.

Remyelination of spinal lesions

Besides the myelinated tracts of the brain, the ascending sensory and descending motor 

tracts of the spinal cord are frequent victims of demyelination, whether from multiple 

sclerosis, neuromyelitis optica, or segmental injuries. In efforts to remyelinate the contused 

rat spinal cord, implanted GPCs have been found to disperse and generate both astrocytes 

and myelinogenic oligodendrocytes (Han et al., 2004). Similarly, hESC-derived 

oligodendrocytes can remyelinate demyelinated cord lesions (Nistor et al., 2005), with 

functional benefit in experimental models (Sharp et al., 2010). On the basis of those 

observations, a first-in-man safety trial was performed using hESC-derived GPCs 

transplanted into patients with high-grade thoracic cord lesions (Priest et al., 2015). No 

serious adverse events or donor-derived tumorigenesis was noted in this trial, which was thus 

reassuring as to the potential of hESC GPC-based neurological therapeutics. That said, the 

therapeutic potential of a solely remyelinative strategy in patients with such high-grade 

spinal lesions is unclear, given the concurrent loss of segmental neurons and long tract axons 

in such lesions, and the compromised vascular and inflammatory environment of the injured 

spinal cord. Nonetheless, such GPC grafts may hold great promise in carefully-selected 

patients with isolated segmental demyelination. As such, the previously noted recent 

demonstration of focal remyelination of the injured spinal cord by iPSC-derived GPCs 

(Mozafari et al., 2015), not only provides generic support for the use of these cells as 

therapeutic vectors, but also offers insight into the parameters that define the migration and 

myelination competence of human GPCs in the specific environment of the spinal cord, and 

which may thereby be modulated to ensure graft success.

Human glial chimeric mice reveal human-selective aspects of both glial 

function and dysfunction

When hypomyelinated mutant mice are engrafted neonatally with human GPCs, the donor 

cells mature as both myelinating oligodendrocytes and fibrous astrocytes, ultimately yielding 

mice with a substantially humanized white matter (Windrem et al., 2008). Large numbers of 

human donor cells also remain as progenitors, which over time predominate, displacing and 

ultimately replacing the endogenous mouse glial progenitor pool. This competitive 

advantage of human over murine glial progenitors is evident in wild-type as well as in 

hypomyelinated mice, such that in the setting of normal glial turnover the human GPCs also 
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give rise to gray matter astrocytes, eventually resulting in substantial astrocytic as well as 

oligodendrocytic humanization of the recipient rodent brains (Figure 2F).

The result of these events is that the xenografted mouse brains can become substantially 

humanized in their glial constituents (Windrem et al., 2008; Windrem et al., 2014). These 

human glial chimeras lend themselves to the investigation of questions never before 

approachable, for lack of an appropriate in vivo model of human glial function. In particular, 

these mice permit assessment of the species-specific contributions of human glia to neural 

network function. Astrocytes clearly play a central role in synaptic efficiency and plasticity 

in mammals (Kang et al., 1998). Hominid evolution in particular has been attended by 

increasing astrocytic complexity, which may have contributed greatly to the evolution of 

higher cognitive functions in primates. Human astrocytes are larger and far more fibrous 

than those of infraprimate mammals, and include vastly more encompassed synapses within 

their individual geographic domains (Oberheim et al., 2006; Oberheim et al., 2009). 

Accordingly, when neonatal mice were engrafted with astrocyte-biased human GPCs, 

resulting in the colonization of the host brains with human glia, the resultant glial chimeras 

exhibited substantially enhanced activity-dependent plasticity and learning (Han et al., 

2013). This finding strongly suggested that human astrocytes might play a much larger role 

in neural processing than do those of rodents. Yet by doing so, this observation also 

highlighted the potential for glial pathology to wreck especial havoc within human neural 

circuits, with attendant implications for the human neurodegenerative disorders. As such, 

this study suggested that human-specific astrocytic specializations might contribute not only 

to human cognitive evolution, but also to the appearance of human-selective 

neurodegenerative and psychiatric disorders.

Glial transplant-mediated amelioration of neurodegenerative disorders

Among these human-selective disorders that might reflect glial human evolution are a 

number of prototypic neurodegenerative and neuropsychiatric disorders. Glial pathology has 

already been noted to contribute to a broad set of neurodegenerative and neuropsychiatric 

diseases traditionally considered disorders of solely neuronal dysfunction (Di Giorgio et al., 

2008; Verkhratsky and Parpura, 2015). Amyotrophic lateral sclerosis in particular was first 

identified as having a substantial glial component to its etiology (Di Giorgio et al., 2008; Di 

Giorgio et al., 2007; Meyer et al., 2014; Yamanaka et al., 2008), with a failure in astrocytic 

glutamate transport and disrupted potassium homeostasis, as well as defective 

oligodendroglial metabolite transfer (Lee et al., 2012), each potentially contributing to the 

loss of motor neurons and other large pyramidal neurons in this disorder. Indeed, while a 

number of genetic bases for ALS have been identified, glial dysfunction may be a shared 

trait that confers selective neuronal vulnerability across the spectrum of ALS-associated 

motor neuronopathies. For instance, TDP43 proteinopathy-associated ALS has been shown 

to exhibit primary astrocytic pathology with secondary motor neuron dysfunction (Serio et 

al., 2013), highlighting the non-cell autonomous nature of neuronal loss in even this 

quintessentially neuronal degeneration.

Huntington’s Disease is another such nominally neurodegenerative disorder, to which glial 

pathology also appears to make a significant causal contribution. HD is an autosomal 

Goldman Page 10

Prog Brain Res. Author manuscript; available in PMC 2017 October 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



dominant disorder characterized by abnormally long CAG repeat expansions in the first exon 

of the Huntingtin gene. The encoded polyglutamine expansions of mutant huntingtin protein 

disrupt its normal functions and protein-protein interactions, ultimately yielding widespread 

neuropathology, most rapidly evident in the neostriatum (Waldvogel et al., 2015). Yet 

despite the pronounced loss of striatal medium spiny neurons in HD, and evidence of glial 

dysfunction (Shin et al., 2005; Tong et al., 2014), few studies have investigated the specific 

contribution of glial pathology to the Huntington disease phenotype. This lack of 

understanding of the role of glia in HD – reflecting our broader ignorance of the role of glial 

dysfunction in the neurodegenerative disorders (Verkhratsky et al., 2014) - has highlighted 

the lack of in vivo models that permit the separate interrogation of glial and neuronal 

functions in HD, particularly so in humans.

To address this fundamental gap in our knowledge, we used human glial chimeric mice to 

assess the role of human striatal glia in the pathogenesis of HD, by comparing the behavior 

and MSN physiology of mice xenografted at birth with mutant HD-expressing human 

hGPCs to their normal HTT hGPC-engrafted controls (Benraiss et al., 2016). In this study, 

the motor behavior of immunodeficient mice neonatally xenografted with hGPCs produced 

from mutant HD human embryonic stem cells (48 CAG) was compared to that of controls 

engrafted with hGPCs derived from a sibling line of unaffected hESCs (18 CAG). The HD 

GPC-engrafted mice manifested impaired motor learning relative to control hGPC-engrafted 

mice, and exhibited increased neuronal input resistance and excitability, relative to those of 

mice engrafted with normal HTT (23 CAG)-transduced striatal glia (Figures 3A–C).

Since striatal chimerization with HD-derived glia proved sufficient to recapitulate aspects of 

disease phenotype in normal mice, one might anticipate neonatal chimerization of HD mice 

with normal hESC-derived glia might delay or rescue aspects of disease phenotype. Using 

R6/2 transgenic HD mice as hosts (Mangiarini et al., 1996), Benraiss and colleagues found 

that the substantial replacement of diseased striatal glia with wild-type human glia indeed 

resulted in a slowing of disease progression and corresponding increment in survival in 

transplanted R6/2 mice (Figures 3D–I) (Benraiss et al., 2016). Of note, the glial donor cells 

were isolated on the basis of CD44, the hyaluronan receptor, so as to capture a more 

astrocyte-biased donor cell population. This neonatal engraftment by CD44-defined glia 

yielded a transplant-associated fall in neuronal input resistance, and a corresponding drop in 

interstitial K+ in the R6/2 striatum, with an attendant rescue of the otherwise hyperexcitable 

phenotype of R6/2 striatal neurons (Figures 3D–E) (Benraiss et al., 2016). Together, these 

studies indicated a critical role for glial pathology in the progression of HD. As such, they 

suggest the potential for glial cell replacement as a therapeutic strategy in Huntington’s 

disease, and more broadly, to other neurodegenerative diseases in which glial pathology 

might be causally contributory.

Human glial involvement in - and potential rescue of - the neuropsychiatric 

disorders

The therapeutic benefit in animal models of glial replacement in HD raises the possibility 

that glial cell replacement may prove of therapeutic value not only for diseases of 
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oligodendrocytes and myelin, but for primarily astrocytic disorders as well. HD is not alone 

in manifesting with relative hypomyelination and concurrent defects in cognition typically 

ascribed as cortical in nature. A broad variety of neurodegenerative and neuropsychiatric 

disorders also share concurrent deficits in central white matter structure and cortical function 

that might suggest glial pathology. Indeed, astroglial pathology in particular might be 

especially germane to those neural diseases that are fundamentally unique to humans, such 

as schizophrenia (Tkachev et al., 2003), whose phylogenetic appearance may parallel that of 

human astrocytic evolution. A number of authors have pointed to the causal contribution of 

both astroglial and oligodendroglial pathology, and white matter abnormalities more broadly, 

in schizophrenia (Davis et al., 2003; Haroutunian et al., 2014; Hof et al., 2002; Nave and 

Ehrenreich, 2014; Takahashi et al., 2011; Verkhratsky and Parpura, 2015; Voineskos et al., 

2013; Wang et al., 2015). The previously noted observation that astroglial replacement can 

attenuate the behavioral phenotype of Huntington disease transgenic mice suggests the 

potential for such glial replacement in cognitive disorders with substantial glial pathology, 

especially so in those disorders such as schizophrenia that may suffer both astrocytic and 

oligodendrocytic dysfunction. Whether healthy donor glial progenitors can replace diseased 

host glia in adolescents and adults with such conditions remains unclear, and will likely need 

to be investigated on a disease-by-disease basis. Moreover, should this strategy be clinically 

feasible, the ethical issues involved in potentially ameliorating a behavioral condition, and 

hence potentially influencing an adult‘s personality, by means of an intracerebral graft of 

allogeneic stem cell-derived glia – to wit, those of another person- may prove significant 

(Hermeren, 2015). Nonetheless, the very possibility of changing cognition and ameliorating 

both neurodevelopmental and psychiatric pathology by means of glial transplantation offers 

both breath-taking new opportunities for cell-based therapeutics of the CNS.
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Figure 1. Glial progenitor cell sources, phenotypes and clinical targets
Glial progenitor cells (GPCs) may be directly sorted from tissue, or produced from either 

human embryonic stem cells (hESCs) or induced pluripotential cells (hiPSCs), and then 

immunoselected based on their expression of either gangliosides recognized by monoclonal 

antibody (mAb) A2B5, or of CD140a/PDGFαR. The CD140a phenotype includes all 

potential oligodendrocytes, while the tetraspanin CD9 and sulfatide-directed mAb O4 

identify progressively more oligodendrocyte-biased fractions (Douvaras et al., 2014; Sim et 

al., 2011). In contrast, CD44 recognizes a more astrocyte-biased fraction (Liu et al., 2004). 
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The choice of tissue-, hESC-, or iPSC-derived GPCs depends upon whether allogeneic or 

autologous grafts are desired. Whereas autologous grafts of iPSC-derived GPCs might 

obviate the need for immunosuppression, their generation may take months, and their use in 

the hereditary leukodystrophies would first require correction of the underlying genetic 

disorder in the donor cell pool; at present, such genetic disorders of myelin would be better 

approached with allografted tissue- or hESC-derived GPCs. Figure adapted from (Osorio 

and Goldman, 2016).
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Figure 2. Stem cell-derived glial progenitor cell-mediated myelination of a dysmyelinated host
A, This schematic outlines the multi-stage protocol by which GPCs, oligodendrocytes and 

astrocytes may be generated from pluripotent cells. B–F show representative images taken at 

serial stages of glial differentiation, with the serial expression of selected marker proteins 

noted at each stage. G, 3 months after neonatal transplant into hypomyelinated shiverer 

mice, human induced pluripotent cell (hiPSC)-derived GPCs have matured as myelinating, 

myelin basic protein (MBP)-expressing oligodendrocytes (MBP, green; human nuclear 

antigen, red). H, The hiPSC–derived oligodendrocytes ensheath mouse axons 
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(neurofilament, red; MBP, green). I, Human iPSC-derived oligodendrocytes can myelinate 

the entire brain of shiverer mice, which do not otherwise express MBP (green). J, The 

myelin generated by hiPSC oligodendrocytes is ultrastructurally normal, exhibiting major 

dense lines and thick myelin sheaths. The use of such serial and distinct stages of growth 

factor exposure, paired with more extended periods of differentiation, have led to the 

production of highly enriched populations of human GPCs, that are highly efficient at 

myelinogenesis in vivo while manifesting no evident tumorigenesis. Scale: B–E, 100 µm; F, 

25 µm; G, 100 µm; H, 10 µm; J, 100 nm. Images taken from (Wang et al., 2013); figure 

adapted from (Goldman and Kuypers, 2015).
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Figure 3. Glial progenitor grafts slow disease progression, stabilize neuronal excitability and 
extend survival in mouse models of Huntington disease
A, Schematic outlines the preparation and delivery of normal CD44-defined astroglial 

progenitor cells into the striata of neonatal HTT mutant R6/2 (120Q) × rag1−/− mice. B, 
CD44-sorted hGPCs colonized the R6/2 × rag1−/− striatum Striatal engraftment of the 

R6/2 mice by CD44-sorted hGPCs was robust and dense. Donor-derived cells increased as a 

function of time, such that transplanted hGPCs expanded to largely replace host glia in the 

striata and ventral forebrains of recipient R6/2 mice by 20 weeks. Scale: 1 mm. C, By 20 
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weeks after neonatal graft, the donor hGPCs (human nuclear antigen, red) integrated as 

astrocytes (GFAP, green) or persisted as GPCs (PDGFαR and olig2, green), but did not give 

rise to neurons; no overlap was seen of hN and neuronal NeuN. Scale: 25 µm.

D. Chimerization with normal glia partially normalized MSN physiological function. 

Whole-cell I-clamp recordings from rag1−/− wild-type, CD44 hGPC-engrafted rag1−/− wild-

types, R6/2 × rag1−/− mice, and CD44-engrafted rag1−/− mice revealed that the input 

resistance Rinput, was significantly higher in R6/2 × rag1−/− striatal neurons than in wild-

type × rag1−/− controls, but was partially restored to normal in R6/2 mice chimerized with 

normal CD44-sorted hGPCs. E. Normal glial engraftment reduces interstitial K+ levels 
in the R6/2 striatum Potassium electrodes were used to measure the interstitial levels of 

striatal K+ in both wild-type mice and R6/2 littermates at 16 weeks of age (± 4 days), with 

and without neonatal intrastriatal transplants of CD44-sorted hGPCs. Untreated R6/2 mice 

manifested significantly higher levels of interstitial K, which were restored to normal in 

R6/2 mice neonatally engrafted with hGPCs. In contrast, hGPC engraftment did not 

influence the interstitial K+ levels of wild-type mice. F. Striatal involution of R6/2 mice 
was slowed by normal glial engraftment The neostriata of R6/2 HD mice typically shrink 

in volume with age. Human GPC engraftment attenuated this process, in that R6/2 mice 

manifested larger striatal volumes than unengrafted R6/2 mice by 16 weeks of age, with 

preservation of R6/2 striatal volumes at levels no different than wild-type controls. E–F, 

Means ± SEM; ** and ***, p< 0.01, and 0.0001, 1-way ANOVA.

G. Chimerization with normal glia slows motor loss and extends survival of R6/2 mice 
Linear regression revealed that the rate of rotarod-assessed motor deterioration of R6/2 mice 

was significantly slower in mice engrafted with human GPCs than in untreated mice 

(p<0.001 by ANOVA). H. Treatment with hGPCs slowed cognitive decline in R6/2 mice 
SmartCube testing (Psychogenics), a multimodal assessment of cognitive function (Benraiss 

et al., 2016), revealed a significant difference between sham-treated wild-type (WT) and 

R6/2 mice by 8 weeks of age, with significant functional preservation in the R6/2 mice when 

treated neonatally with normal hGPCs. In H, each dot represents a mouse. The center, small 

and large ellipses represent the mean, standard error and standard deviation of the composite 

features for each group. See (Benraiss et al., 2016) for detail. I. R6/2 mice whose striata 

were engrafted with human GPCs survived significantly longer than unengrafted mice 

(p<0.01, Mantel-Cox Log-rank test).
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