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1. Relevance

Leukodystrophies are a group of genetic neurological disorders, which affect the white 
matter of the central nervous system (CNS). These diseases are often progressive, and 
result in early death. For many leukodystrophies there is no treatment available. These 
disorders are often characterized by selective vulnerability of the glial cells. As intracerebral 
cell transplantations in animal models with myelin abnormalities showed white matter 
regeneration 1-5, cell replacement therapy became a promising treatment option for 
leukodystrophies. Moreover, recent stem cell technologies enabled the generation of 
autologous cell populations, which reduces the chance of rejection after transplantation. 
Patient somatic cells can be reprogrammed into induced pluripotent stem cells (iPSCs) 
or induced neural stem cell (iNSCs), which can subsequently be differentiated towards 
every cell type of interest, including glial cells. This technique also enables the study of 
human neural stem cell development, and can provide insight into disease mechanisms 
underlying neurological disorders, including leukodystrophies. Furthermore, as an increasing 
number of studies suggest that the microenvironment contributes to disease pathology 
of leukodystrophies 6-8, its role in regenerative medicine can be investigated. This thesis 
focusses on cellular changes of glia in Vanishing White Matter (VWM), one of the more 
prevalent leukodystrophies, and on how to generate those glial cells from stem cell 
populations for disease modeling and transplantation therapy using the latest techniques.

2. Glial cells

Glial cells in the human brain are as abundant as neurons, and recent estimates indicated 
that the human brain contains almost 100 billion glial cells 9. In the CNS, the glial cells include 
microglia and macroglia 10 (Figure 1). Microglia are derived from the yolk sac and exert 
phagocytic functions for homeostasis and the functioning of the immune system. Macroglia 
are derived from neural stem cells, and are essential for the development, functioning and 
homeostasis of the CNS. They consist of oligodendrocytes and astrocytes, which both fulfil 
many important roles in CNS health and disease 10.

1
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Figure 1. Neurons and glial cells in the CNS
The neuron (yellow) receives synaptic input from other neurons via the dendrites, and transmits action 
potentials to other neurons via its axon. Oligodendrocytes (blue) myelinate the axons to increase signal 
transmission speed. They also provide protection and metabolic support to axons. Microglia (purple) 
are important for the immune system of the brain. Astrocytes (mint green) provide support, participate 
in ion and water homeostasis, and are present at the synapse for the uptake of excess neurotransmitter. 
Astrocytes contact the pia matter (pink) to create stability and form a barrier. They also interact with 
the ependymal cells that line the ventricles (green) - cavities filled with cerebrospinal fluid. The end 
feet of the astrocytes together with the perivascular pericytes (orange) line the capillaries of blood 
vessels, and form the blood-brain-barrier. Copyright: Netter’s Atlas of Neuroscience, Felten et al (2006).
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2.1. Oligodendrocytes

Oligodendrocytes are highly abundant cells throughout the CNS 11-14. The main function of 
oligodendrocytes is the generation of myelin, which consists of layered sheaths of fatty 
insulation material wrapped around the axons of the neurons. The high lipid content of 
myelin is responsible for the white color of the tissue, of which the brain white matter (WM) 
derived its name from. Myelin is laid down in segments, with in between the segments 
uncovered gaps called nodes of Ranvier. The wrapping of myelin sheaths around the axons 
increases the resistance of the cell membrane. As a result, an action potential ‘ jumps’ over 
the myelinated axon segments from one node of Ranvier to the next. In this way, the self-
propagating saltatory conduction of action potentials increases the conduction velocity at 
reduced energy cost, and allows fast signaling over long distances 15.

Apart from the production of myelin, oligodendrocytes perform numerous other functions: 
they secrete trophic factors, which are important for the support of neurons and other glial 
cells 16, provide metabolic support for neurons 17, support axonal integrity 15, and regulate 
neuronal networks during early development 18. The development of oligodendrocytes and 
the process of myelination are described in several excellent reviews 11,12. It is becoming 
increasingly clear that oligodendrocytes are not a uniform group of cells, but consist of 
heterogeneous subpopulations with variation in morphology and function, depending on the 
time point during development, the regional identity and their interactions with the (normal 
or diseased) micro-environment 19-22.

2.2. Astrocytes

Astrocytes are the most abundant glial cells in the CNS 23,24. Astrocytes are also a 
heterogeneous family of cells, and have diverse functions and morphologies depending on 
their subtype and location 25-34.

Astrocytes support neuronal health 35. At the synapse, astrocytes regulate the formation, 
maturation and pruning of new synapses, but also monitor and influence adult synapses 
during neuronal synaptic transmission 36,37. Furthermore, astrocytes have important 
functions in maintaining the homeostasis of the neurotransmitter glutamate 38. During 
neuronal activity, excess glutamate ends up in the extracellular space. Accumulation of 
glutamate leads to overactivation of glutamate receptors, which can have deleterious effects 
on neuronal survival. Astrocytes take up the excess glutamate via the highly expressed 
glutamate transporter proteins GLAST (EAAT1) and GLT1 (EAAT2) on their cellular surface. 
Glutamate uptake results in an increased intracellular calcium (Ca2+) concentration 39. As 
astrocytes are coupled via gap junctions, ATP-mediated Ca2+ waves can be propagated over 
the connected astrocytes, thereby affecting large neuronal networks 40. These calcium waves 
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can further trigger the local release of the glutamate as a gliotransmitter 41. Additionally, 
astrocytes play important roles in the production of glutamate. They either synthesize it 
themselves out of glucose from the blood, or convert excess glutamate into glutamine, 
which is returned to neurons for production of new glutamate 35,38,42.

The astrocyte end feet almost completely cover the blood vessels, thereby together with 
endothelial cells and pericytes the astrocytes form the blood-brain barrier (BBB), a physical 
barrier to protect the CNS 43. Here the astrocytes fulfil regulating functions, such as the 
maintenance of the extracellular water and ion homeostasis. Centrally released hormones 
bind different receptors on astrocytes, which trigger the flow of ions Na+, K+, and Cl− , and 
results in the uptake or release of water by astrocytes 44. Furthermore, astrocytes match 
the rate of cerebral blood flow to local demands of neurons. Upon neuronal activity, 
astrocytes take up neurotransmitters and produce calcium waves, which can trigger the 
release of vasoactive substances. These substances influence the blood flow by regulating 
the contraction or dilation of vascular smooth muscle cells and pericytes 45. Furthermore, 
astrocytes at the BBB coordinate glucose and oxygen delivery via a variety of intercellular 
messenger molecules, including ammonia and nitric oxide 46,47.

Next to their support in neuronal function and BBB maintenance, astrocytes secrete essential 
trophic factors, which regulate and support the development and functioning of other cells 
in the CNS 48,49. For example, many studies indicate that astrocytes support oligodendrocyte 
maturation and myelination, involving different mechanisms, such as the secretion of 
leukemia inhibitory factor, neuregulin-1, ciliary neurotropic factor, insulin-like neurotrophic 
factor or osteopontin, and neurotrophin 3 50-54.

In conclusion, astrocytes make contact with synapses, blood vessels, and the pia surface, 
and regulate locally many functions related to homeostasis, neuronal activity and myelination 
55.

3. Leukodystrophies

White matter disorders may be caused by injury, inflammation or genetic defects. The 
genetic white matter disorders, known as leukodystrophies, are a group of rare disorders 
that most often show progressive involvement of the CNS white matter. This group includes 
VWM 56, Canavan disease 57, Megalencephalic leukoencephalopathy with cysts (MLC) 58, 
Pelizaeus-Merzbacher disease (PMD) 59, Krabbe disease 60, Alexander disease 61,62, X-linked 
adrenoleukodystrophy (X-ALD) 63 and metachromatic leukodystrophy (MLD) 60.

Clinical signs of leukodystrophies include motor symptoms such as spasticity and ataxia, 
(mild) cognitive decline, and epilepsy. Most patients with leukodystrophies have a poor 
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prognosis: they show progressive decline and often die young. The severity of the disease 
and progression rate are inversely related to the age of onset. Although genetic mutations 
can occur in a wide array of genes expressed in all cell types 64, the glial cells are most 
often selectively affected leading to selective white matter damage in the CNS. The disease 
mechanisms underlying leukodystrophies are often unknown. So far, no curative treatment 
is available for by far most of these diseases 65.

4. Vanishing White Matter disease

This thesis focuses on VWM, one of the more common leukodystrophies, (OMIM number 
603896). VWM was first described in 1997 by van der Knaap et al., based on clinical data 
and MRI scans of 9 affected children 56. The disease is clinically characterized by chronic 
progressive motor dysfunction, mainly cerebellar ataxia, but also less prominent cognitive 
decline and incidental epileptic seizures are observed. Patients usually experience chronic 
progressive neurological deterioration with episodes of rapid worsening that are triggered 
by stressors such as fever, infections, minor head trauma and acute fright 66. The disease 
is fatal, as patients end in coma and eventually die.

Initially VWM was described as a childhood leukoencephalopathy, as the disease onset is 
most often in the early infantile period. Generally, an early onset is associated with a more 
severe handicap, and patients with onset under the age of 4 years have a faster disease 
progression. However, it is becoming increasingly clear that VWM has a clinically wide 
spectrum, and also adult-onset patients with a milder disease course are diagnosed 67.

On magnetic resonance imaging (MRI) (Figure 2), VWM displays a characteristic disease 
pattern; the cerebral white matter shows diffuse abnormalities with rarefaction and 
progressive cystic degeneration, and is eventually replaced by cerebrospinal fluid (CSF). 
However, the U-fibers, the outer blade of the corpus callosum, the internal capsules, and 
anterior commissure are relatively spared, for which no explanation is currently available. 
Also the cerebellum is affected, and is often atrophic in later stages. The cortical grey matter 
remains largely unaffected 66,68.

1
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Figure 2. MRI images of a VWM patient show white matter degeneration. Axial FLAIR (A, C) and  
sagittal T1-weighted (B, D) images of a patient at ages 1.5 and 2.5 years. The first MRI (A, B) was 
obtained soon after the onset of symptoms. The initial FLAIR image (A) shows diffuse abnormality 
and partial cystic degeneration of the cerebral white matter, whereas the follow-up FLAIR image (C) 
shows that all cerebral white matter has been replaced by fluid. The initial T1-weighted sagittal image 
(B) shows the typical stripe-like pattern within the abnormal white matter, whereas the follow-up 
image (D) shows that all cerebral white matter has disappeared and that only the cerebral cortex and 
ependymal lining are preserved. Surprisingly the absent white matter looks swollen with stretching 
of the overlying cortex in broad gyri. The cerebellum has become highly atrophic. Adapted from 68.
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VWM brain pathology is characterized by white matter abnormalities, where the remaining 
myelin sheaths are thin and vacuolated. The VWM brain is clearly unable to remyelinate 
properly. Also axonal loss is observed in affected areas. The primary cell defect lies with 
the glial cells (Figure 3). The oligodendrocytes and astrocytes in the white matter are 
dysmorphic and show increased proliferation in combination with reduced maturation 
69. There is an increased density of oligodendrocyte precursor cells (OPCs), which may 
have foamy cytoplasm, and a decreased number of mature oligodendrocytes. There is 
meagre astrogliosis in the damaged white matter areas despite the severity of the damage, 
suggesting an astrocytic defect 66,69,70. In the affected CNS, the white matter astrocytes 
are dysmorphic and have blunt processes, and express immaturity marker Nestin 69. The 
Bergmann glia are displaced to the molecular layer in VWM mice and human VWM patients 
71.

1
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Figure 3. The glial cells in the white matter of VWM patients are affected A) Foamy oligodendrocytes 
(arrows) stand out as individual cells in deep brain regions that have marked myelin loss and spongy 
changes. B) The foamy cytoplasm of oligodendrocytes is difficult to appreciate in subcortical regions, 
in which the white matter is relatively preserved. H&E staining, original magnification 200x. C) There 
are higher numbers of OPCs in the white matter of VWM patients versus controls as revealed by both 
platelet-derived growth factor α (PDGFRα) (p < 0.0001) and NG2 immunoreactivity (p = 0.001) (n = 5 
patients, 3 controls; bars = SD). D) Cell counts of Ki-67-positive OPCs show increased proliferation 
in VWM patients versus non-neurologic controls (p = 0.01) (n = 5 patients, 3 controls; bars = SD). E) 
White matter astrocytes display abnormal morphology with coarse blunt processes. F) The cortical 
architecture and morphology of cortical astrocytes are normal. Immunohistochemistry for glial fibrillary 
acidic protein. Original magnification 200x. G) There are significantly higher numbers of proliferating 
Ki-67- positive astrocytes in the white matter of VWM patients than in controls (n = 5 patients, 3 
controls; p < 0.0001; bars = SD). H) Scratch-wound assays of VWM Patients primary cultured astrocytes 
show increased proliferation of in the scratch 48 hours after administration of a mechanical stress 
compared to control astrocytes. The slope of proliferation in the scratch area; the individual net values 
are indicated as dots (n = 4 patients, 3 controls; p = 0.06; the lack of significance is due to the large 
variance of cell growth among the different VWM patients versus controls). I) GFAP-positive astrocytes 
from VWM patients express the intermediate filament nestin, original magnifications: 400x. Panel A & 
B adapted from 66, Panel C – I adapted from 69.

4.1. eIF2B pathway

The clinical and MRI-based diagnosis is confirmed by genetic testing. VWM is caused by 
mutations in the genes coding for the subunits of eukaryotic translation initiation factor 
2B (eIF2B) 72-74. This protein complex is essential in the regulation of the first steps of RNA 
translation and protein synthesis 74 (Figure 4).

Translation requires a ternary complex, which consists of initiator methionyl-transfer 
RNA (Met-tRNAi), eukaryotic translation initiation factor 2 (eIF2), and an active guanosine 
5’-triphosphate (GTP). This complex binds to the 40S ribosomal subunit, and upon 
recognition of the AUG start codon of the mRNA, the GTP is hydrolyzed to inactive guanosine 
5’-diphosphate (GDP). The GDP-bound inactive eIF2 is then released from the ribosome, 
and the mRNA is translated into a protein. Subsequently the ribosome detaches from 
the mRNA, and the protein is released. For a new cycle to start, it is required that GDP is 
exchanged for a new GTP, which is catalyzed by the guanine exchange factor (GEF) eIF2B. 
eIF2B is also important in the unfolded protein response (UPR), an intracellular signaling 
pathway that becomes active in response to accumulation of unfolded or misfolded proteins 
in the endoplasmic reticulum (ER) (Figure 4). Under normal circumstances, the unfolded 
polypeptide chains are transported towards the lumen of the ER, where the proteins are 
folded and maturate. An overload of unfolded or misfolded proteins in the ER activates 
the UPR feedback mechanism, with the aim of restoring homeostasis by stimulating 
either survival and growth or apoptosis. Upon cellular stress, eIF2B is inhibited by eIF2, 
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and decreases mRNA translation. In this way, eIF2B activity determines the rate of protein 
synthesis 75,76.

Figure 4: The effect of VWM mutations on eIF2B in endoplasmatic reticulum stress and protein 
synthesis. On the left side: the role of eiF2B in endoplasmic reticulum (ER) stress. Stressors like 
amino acid starvation, heme deficiency, infection and unfolded proteins activate the kinases General 
Control Nonderepressible 2 (GCN2), Heme Regulated Inhibitor Kinase (HRI), Protein Kinase R (PKR) 
and PKR-like Endoplasmatic Reticulum Kinase (PERK). PERK is inactive in the ER, and bound by BiP at 
the membrane. An overload of unfolded proteins induces ER stress, releases BiP, and phosphorylates 
PERK, after which it is activated. Active PERK, PKR, HRI and GCN2 phosphorylate the α subunit of 
eIF2. This inhibits eIF2B activity, and stimulates the translation of ATF4, which translocates to the 
nucleus and induces the expression of CHOP and GADD34, which regulates survival or apoptosis of 
the cell. On the right side: the role of eIF2B in translation and protein synthesis. eIF2B exchanges the 
GDP that is bound to the inactive eIF2 for a GTP, after which the activated GTP-bound eIF2 forms a 
ternary complex with Met-tRNAi, which binds to the 40S ribosomal subunit. Upon recognition of the 
AUG start codon of the mRNA, the GTP is hydrolyzed to GDP. The GDP-bound inactive eIF2 is released 
from the ribosome, after which the mRNA is translated, the ribosome detaches from the mRNA, and the 
protein is released. A new exchange of GDP to GTP by eIF2B is required for a new round of translation. 
VWM affects eIF2B, and thereby impacts subsequent steps in the pathways. Designed with help of 
L.E. Wisse and T.E.M Abbink.
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The eIF2B protein complex consists of 5 subunits, α–ε, which are encoded by the genes 
EIF2B1–5. The subunits have different functions: the eIF2Bγ and eIF2Bε subunits together 
form a catalytic complex, and the largest subunit eIF2Bε contains the catalytic domain that 
regulates the GDP/GTP exchange on eIF2. The eIF2Bα, eIF2Bβ and eIF2Bδ subunits form 
the regulatory complex, and eIF2 directly phosphorylates the α-subunit, which results in 
inactivation of the complex.

Mutations in any of the EIF2B1-5 genes causes VWM 74, and mutations in EIF2B5 and EIF2B2 
have been identified as the founder mutations in the Dutch VWM population 75. The mutations 
are most frequent in EIF2B5 (57% of all mutations), followed by EIF2B4 (17%), EIF2B2 (15%), 
EIF2B3 (7%) and EIF2B1 (4%) 77. A genotype-phenotype correlation study demonstrated that 
the combination of mutations influences the clinical phenotype 78.

Initially it was described that all mutations result in partial loss of eIF2B activity 79. Different 
mutations affected binding properties and activity in different ways, and even enhanced 
binding or enhanced translation of certain mRNAs was observed 80. A follow-up study 
showed that mutations not always affect the GEF activity or complex formation functions 
of eIF2B, and that eIF2B activity does not correlate with disease severity 81. As eIF2B is a 
ubiquitously present protein complex in all cells, it is surprising that the CNS white matter 
shows selective vulnerability. Recent findings suggest that the eIF2B mutations result in 
deregulation of the ER function in VWM astrocytes 82.

Altogether, next to most leukodystrophies, VWM is a devastating disease for which currently 
no treatment is available. To develop new therapy options, the generation of reliable disease 
models is essential.

4.2. Mouse models for Vanishing White Matter

Various transgenic rodent models of leukodystrophies are available. They provide unique 
opportunities to study the development and pathology of leukodystrophies in vivo, greatly 
enhance our understanding of disease mechanisms, and are useful in the development of 
new therapies 71,83-85.

Recently, several transgenic mouse models for VWM have been developed. However, not 
all models recapitulate the human disease. Mutations in the ε subunit (eIF2B5R132H/R132H) 86-89 

resulted in reduced eIF2B activity by 20%, even though in patients eIF2B activity is not a 
reliable measurement for disease severity 81. This model showed very mild brain pathology, 
including delayed developmental myelination, dissimilar from what is seen in patients. 
Remyelination in response to cuprizone-induced demyelination was deficient, which does 
indicate that there is a remyelination defect, but this invasive procedure is not related to 
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a physiological situation in humans. The same holds true to lipopolysaccharide-induced 
astrogliosis, which was reduced in the VWM mouse model 86-89. In another transgenic mouse 
model for VWM, PERK activation was temporally increased selectively in oligodendrocytes. 
PERK phosphorylates the α-subunit of eIF2, and thereby inactivates eIF2B activity, which 
resulted in oligodendrocytes with reduced eIF2B activity, hypomyelination and myelin loss. 
No effects were observed in adult oligodendrocytes 90. However, the disease mechanism 
of VWM is completely different from PERK overactivation and reduced eIF2B activity 81,82, 
suggesting this mouse model is not a reliable model for the human disease. This conclusion 
has important implications for weighing the results of the study: where this study implies a 
cell autonomous defect in oligodendrocytes, more evidence points towards the astrocytes 
being the primary affected cell type in VWM 7,69-71.

The various mouse models developed in our lab carry the same missense mutations 
as found in VWM patients (Eif2b5Arg191His/Arg191His and Eif2b4Arg484Trp/Arg484Trp). The mice were 
subsequently cross-bred to generate several combinations of mutations 71. The clinical and 
pathological phenotypes of the mutant mice strongly resembled those of VWM patients. 
On behavioral and motor tests, the VWM mice showed progressive gait ataxia, sporadic 
epileptic seizures, reduced grip strength, and increased foot slips and a reduced walking 
speed when traversing a narrow beam compared to their healthy control littermates. On 
the pathology level, deficient oligodendrocyte maturation together with increased OPC 
numbers and myelin vacuolization were already observed in pre-symptomatic stage, and 
increased with increasing disease severity. The white matter astrocytes in the mice models 
showed abnormal and immature phenotype similar to in human VWM patients, even in the 
least severe model without myelin defects. Also, two additional astrocyte subpopulations, 
Müller cells in the retina and Bergmann glia in the cerebellar cortex, were affected, which 
were also confirmed to be affected in human patients. In vitro experiments showed that 
oligodendrocytes of VWM mouse models developed normally in the presence of healthy 
astrocytes, but healthy oligodendrocytes showed impaired maturation when co-cultured 
with VWM astrocytes or VWM astrocyte-conditioned medium 71. Together, these findings 
suggest that white matter astrocytes are the primary affected glial cells, and are at least 
in part responsible for the affected oligodendrocyte maturation. This molecular, clinical 
and pathological similarity between the mouse and human VWM phenotype makes these 
mice excellent models for disease modelling and drug development 71. A first treatment 
strategy with Guanabenz, an FDA-approved anti-hypertensive agent indirectly affecting eIF2B 
activity, improved the dislocation of Bergmann glia in the cerebellum of the mice, which is 
a pathological hallmark of VWM patients 91, and shows that this mouse model is of value 
for treatment development.

Although these models contribute to understanding and therapy development for VWM, the 
brains of mice differ greatly from those of humans. Rodents have a highly reduced ratio of 



21

General Introduction 

white matter versus grey matter in the brain 92, and rodent glia differ intrinsically from human 
glia 23,93. To study the selective glial vulnerability of the disease, and generate human cells 
for replacement, reliable human VWM models are also required.

5. Induced pluripotent stem cells

Until recently, in vitro modelling of human disease was mostly performed on primary 
fibroblasts or immortalized lymphoblast lines, or using primary isolated cells from autopsy 
material. However, results obtained with immortalized cell lines do not always correspond 
to primary cells 94. And as autopsy material represents the end of the disease course, it 
is impossible to distinguish primary effects from secondary effects. Moreover, since 
leukodystrophies are rare, availability of post-mortem material is limited, and neurological 
tissue is difficult to access. Furthermore, the post mortem delay often decreases the quality 
of the tissue 95. Altogether, there is great need for high amounts of good quality human in 
vitro models that can also increase insight in the early cellular defects of a disease.

The development of human embryonic stem cells (hESCs) in the late 1990s greatly advanced 
the field of regenerative medicine 96. hESCs are human pluripotent stem cells (hPSCs) 
harvested from the human blastocyst, the inner cell mass of the embryo, which proliferate 
unlimitedly and can be differentiated in vitro towards every cell type of interest, including 
neural cells (Figure 5). Thereby hPSCs provide a unique opportunity to create an unlimited 
supply of otherwise difficult to access neural cells, and have proven extremely useful in 
the development of in vitro human neural cell models. However, as they are isolated from 
human embryos, they evoke legal and ethical discussions. Furthermore, they can raise an 
immunological reaction after transplantation, making these cells less suitable for cellular 
replacement therapy.

More recently, a technique rewarded with the Nobel prize in 2012 enabled the reprogramming 
of mouse and human somatic cells, e.g. skin fibroblasts, into so-called induced pluripotent 
stem cells (iPSCs) 97,98. This initial procedure involved forced exogenous expression of 
the transcription factors SOX2, KLF4, C-MYC and OCT4 by retroviral infection (Figure 5), 
although nowadays many more techniques are available for reprogramming, including the 
use of lentiviruses, sendai viruses or episomal methods 99. Moreover, the reprogramming of 
cells from other sources became available, including from blood and urine, which are even 
less invasive to harvest than fibroblasts 100,101.

With the generation of human iPSCs (hiPSCs), the ethical problems around the use of hESCs 
are solved 102. Furthermore, as iPSCs are patient specific, these cells provide a great tool for 
autologous cell transplantation, disease modelling and drug testing in neurological disease 
103.

1
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Figure 5. Overview of stem cell technology for VWM regenerative medicine. During in vivo 
development, stem cells give rise to an embryo, which develops in an entire person (A). Early during 
this process, the inner cell mass of the blastocyst (B) contains pluripotent stem cells (C), which 
can be isolated and grown in vitro as hESCs (D). Pluripotent stem cells can also be generated from 
VWM patients (E) or from the VWM mouse model (F), by in vitro culturing of their skin cells (G) and 
reprogramming (H) them towards iPSCs (I). Both populations of pluripotent stem cells, hESCs and 
iPSCs (D, I) can be induced into neural precursor cells in vitro (J). Alternatively, skin cells (G) can also 
be directly converted towards neural precursor cells (J). These neural precursor cells can subsequently 
be differentiated towards glial cells (K). Glial cells can be used to generate an in vitro model for VWM 
(L), which can assist in drug screening (M) or improve the understanding of the underlying disease 
mechanism (N). These glial cells (K) can also be transplanted in the mouse model for VWM (F), and 
potentially in the future also in VWM patients (E). To generate more knowledge of the location for 
transplantation in the CNS, the spinal cords of the VWM mouse model (F) and VWM patients (E) are 
investigated. Animations created by DEMCON/ Nymus 3D for I-stem Consortium Paris, used in this 
figure with permission from both parties, figure edited by Matt Clancy.
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5.1. iPSC-based in vitro disease modelling for leukodystrophies

Several protocols are available for the generation of astrocytes 104-108 and oligodendrocytes 
4,109-112,113 from iPSCs. After differentiating iPSCs towards the glial type of interest, cell intrinsic 
defects and disease mechanisms of several leukodystrophies have been studied, and 
successfully generated new insights in the diseases 103,114.

For PMD, iPSC-derived oligodendrocyte populations have been studied. Increased 
apoptosis, reduced myelin formation and ER abnormalities were observed in iPSC-derived 
oligodendrocytes from PMD patients with PLP1 missense mutations. This could be explained 
by mis-localization of the mutated PLP1 proteins to the ER, and an increased susceptibility 
to ER stress 112. Furthermore, characterization of morphology, development and myelination 
of iPSC-derived oligodendrocytes from 12 patients with different PLP1 mutations resulted 
in the identification of subgroups of mutations with cell intrinsic defects. Modulation of ER 
stress in one of those subgroups improved the morphology and myelination capacity 111. 
Likewise, iPSC-derived oligodendrocytes from X-ALD showed typical human pathology, 
accumulation of very long fatty acid chains, which could be reduced by treatment 115. The 
amount of accumulation correlated with the severity of the patient’s disease, proving the 
sensitivity of the model 116.

As astrocytes are known to play an important role in leukodystrophies 117,118, iPSC-derived 
astrocytes have been used to model neurodegenerative and neurodevelopmental disorders, 
as reviewed 104,119,120. In the leukodystrophy Alexander’s disease, iPSC-derived astrocytes from 
patients showed GFAP-positive aggregates, similar to (early stage) Rosenthal fibers present 
in the patient brains. Additionally, Alexander’s disease iPSC-derived astrocyte cultures 
suggested increased mTOR activation and upregulated cytokine secretion 113.

In conclusion, iPSC-derived glial cells increased insight in disease mechanisms in several 
leukodystrophies, and are a valuable tool in the development of therapies. However, for VWM 
no iPSC-based disease modelling study has been performed yet.

5.2. Induced neural stem cells

The reprogramming field is evolving fast, and new methods of generating neural 
precursor cells from somatic tissue have been developed. In direct lineage conversion 
(or ‘transdifferentiation’) one type of somatic cell is directly converted to another type of 
somatic cell, without passing a pluripotency stage. Similar to iPSCs, direct conversion can be 
performed with the forced overexpression of transcription factors. One of the applications of 
this technique is the generation of induced neural stem cells (iNSCs) (Figure 5). In 2012, the 
generation of tripotent mouse iNSCs was reported with expression of either Brn4/Pou3f4, 
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Sox2, Klf4, c-Myc, and E47/Tcf3 121, or Brn2, Sox2 and FoxG1 122, or time restricted expression 
of the Yamanaka factors 123. More recently, this method has also been developed to generate 
human iNSCs 124. The use of the non-integrating Sendai virus generates potential for clinical 
use. Advantages of iNSCs are the reduced differentiation time and risk of teratoma formation 
after transplantation, as these cells do not go through a pluripotent stage 125. Thereby iNSCs 
provide great prospects for cellular replacement therapies for neurodegenerative diseases, 
as well as disease modelling and drug screening, although their application in glial disease 
has not been tested yet.

6. Glial transplantation for leukodystrophies

As leukodystrophies are characterized by glial defects and affected CNS white matter, and 
for most leukodystrophies no treatment is available, replacement of glial (progenitor) cells 
could halt disease progression or even improve the pathology 126 (Figure 5).

The shiverer mouse, which has a mutation in the MBP gene, is a popular rodent model for 
defective myelination 127. Initial proof-of-principle studies have demonstrated successful 
integration of the transplanted primary isolated human OPCs, followed by remyelination 
128-130. However, there are still several challenges to overcome before we can generate 
successful transplantations in VWM.

First, the transplantable cells should be safe and induce minimal risk of rejection. Autologous 
transplantation of patients’ own (genetically corrected) iPSC-derived cells would therefore be 
preferred over heterologous primary isolated glia. To study this possibility, transplantations 
of human iPSC-derived OPCs were performed, which successfully remyelinated the CNS 
1-5, increased the lifespan, and improved motor symptoms of the shiverer mice 3,129,131. These 
findings suggest that iPSC could provide a realistic source for cellular replacement.

However, the shiverer mouse model is not a representative model for a human disease. 
The underlying pathophysiology of leukodystrophies, including VWM, is not related to MBP 
mutations. Therefore, one should be careful with extrapolating results from transplantations 
in this mouse model to human diseases, and proof-of-concept studies should first address 
a representative model of the leukodystrophy. For VWM, transplantation studies should 
therefore focus on the clinically and pathologically relevant VWM models 71.

Additionally, since leukodystrophies often display a lack of myelin, most therapeutic 
strategies focus on replacing oligodendrocytes 114,132, although astrocytes are also essential 
for myelin development, integrity and repair 54,133,134, and are suggested to be the primary 
affected cell type in VWM 7,69,71. Therefore, the potential for astrocyte transplantation should 
be investigated. One study demonstrated improved myelin formation and clinical behavior 



25

General Introduction 

after transplantation of human iPSC-derived astrocytes in a mouse model for cerebral palsy, 
an acquired white matter damage 135, implicating that astrocyte transplantation has potential 
for treating leukodystrophies, and should be investigated further.

Glial cells are heterogeneous populations of cells. During development, subgroups of 
astrocytes and oligodendrocytes evolve under the influence of patterning factors. The 
time, location and local environment varies, which results in distinct morphological and 
functional properties of the cells. Often only a subpopulation is affected in a particular 
leukodystrophy, and should perhaps specifically be replaced. There is conflicting research 
regarding the adaptability of neural cells after injury or transplantation, where some studies 
suggest that transplanted cells retain their original subtype, while others report that they 
adapt their regional subtype to their new environment 136-138. More research is needed to 
investigate whether the transplantation of the specific affected subtype is required, and how 
to generate this subpopulation in vitro. While protocols are available to generate human iPSC-
derived reactive and brain region specific astrocyte subtypes 107,139, no protocols are available 
for the specific differentiation of white and grey matter subtypes. As in VWM specifically 
the white matter astrocytes are affected 66, the generation, in vitro disease modelling and 
transplantation of those subtypes should be investigated.

The location of transplantation should be considered carefully. Most studies focus on 
restoring brain pathology in leukodystrophies, but often the entire CNS is affected, including 
the spinal cord. Although MRI studies suggest spinal cord involvement in VWM 140-142, the 
spinal cord pathology had not been investigated in detail. Several studies suggest that spinal 
cord glial or neural stem cell transplantation has potential for improvement in rodent models 
of spinal cord injury 143-145, in rodent models for Multiple Sclerosis 146,147, and in a clinical trial 
for patients with spinal cord injury 148. These findings suggest that we need to increase our 
limited knowledge of spinal cord involvement in VWM, and imply that cellular replacement 
therapies should potentially also target the spinal cord in VWM.

Neural transplantation studies have realistic prospects in human patients. Phase I/ II 
clinical trials with transplantation of fetal human neural stem cells in the spinal cords of 
patients with Amyotrophic Lateral Sclerosis (ALS) showed no adverse effects 149 and slight 
improvement in some patients 150. A first phase I clinical trial, where human neural stem 
cells were transplanted in the frontal white matter of patients with PMD, showed no adverse 
effects and indications of some myelination on MRI in the transplanted regions 151. Although 
longer follow-up and more detailed investigation of the clinical and pathological effects of 
the grafted cells are needed, these trials support the prospects of cell-based therapies for 
leukodystrophies, including VWM.

1
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7. Outline and aim of the thesis

The aim of this thesis is to study cellular changes of glia in VWM, and explore cellular 
replacement therapy options for VWM. We do this by testing differentiation potential of early 
neural stem cell populations, generating optimized iPSC-derived glial cell populations, and 
studying CNS regional and microenvironmental involvement.

To develop successful cellular replacement therapies, knowledge of the affected cell types 
and the influence of the micro-environment on cellular pathology is important. In health and 
disease, oligodendrocytes and astrocytes are surrounded by, and interact with, the micro-
environment. This includes other neural cells, blood supply and the extracellular matrix. 
Together, these components provide physical support and secrete soluble cues for the 
guidance of glia development and function. We start by focusing on oligodendrocytes. To 
obtain an overview of all the factors within the cellular and the extracellular microenvironment 
that regulate healthy oligodendrocytes properties, we have performed a literature review. In 
this review in Chapter 2 152, we discuss the influence of the factors in this micro-environment 
on the heterogeneity of oligodendrocytes, and how new stem cell tools can help to identify 
microenvironmental factors of importance for regenerative medicine for leukodystrophies.

In VWM, the white matter astrocytes are selectively affected. For successful cellular 
replacement, we need to efficiently and robustly generate white matter astrocytes. However, 
to date no iPSC protocols are available for the generation of white- or grey matter-specific 
cells. In Chapter 3, we aimed to optimize iPSC differentiation protocols. Functional 
characterization of the astrocyte subtypes generated from VWM mouse and human VWM 
patient cells confirmed a cell intrinsic subtype-specific astrocyte defect in VWM. The 
generated protocols also provide tools to create astrocyte subtypes for disease modelling 
and therapy development for many other neurological disorders in which astrocytes play 
an important role.

Recent studies in our lab showed that transplantation of mouse primary isolated glial cells 
in a representative VWM mouse model led to clinical and pathological improvement 153. 
To translate these studies to human disease and clinical application, we need proof-of-
concept studies with human cells. In Chapter 4, we transplanted human stem cell-derived 
glial precursor cells in the mouse model of VWM, to investigate cell integration, migration 
and differentiation fate, as well as clinical motor score and pathology measurements. Human 
transplants confirm that stem cell-based glial replacement has potential in VWM, although 
optimized glia populations require further testing.

Although most disease modelling and therapy development in leukodystrophies focused on 
brain pathology, often also the spinal cord is involved. In VWM, although MRI studies suggest 
that the spinal cord is affected, studies investigating the pathology in detail are lacking. In 
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Chapter 5 154, we aimed to study spinal cord glial pathology, and show that in VWM also 
the white matter astrocytes of the spinal cord are affected. Glia pathology was studied at 
different developmental stages of VWM mouse spinal cord and in post-mortem tissue of 
human VWM patient spinal cords. These findings confirm astrocyte pathology in the VWM 
spinal cord, and suggest that the spinal cord should be targeted in therapy development.

Many studies use a standardized protocol to generate early neural stem cell populations, 
i.e. neural precursor cells, before inducing terminal differentiation for the generation of 
specialized neural cell types, such as astrocytes. However, in vivo neural precursor cells 
are a heterogeneous population of cells. In Chapter 6 155, we aimed to study how different 
culture conditions and growth factor combinations regulate the expression profile and 
differentiation potential of neural precursor cells, by comparing cells obtained via three 
published neural induction protocols. We showed that culturing methods and growth factor 
combinations during neural induction determine the expression profile of stem cell-derived 
human neural precursor cells, and affect the differentiation potential into specific neural cell 
types. These findings demonstrate that the neural induction protocol should be chosen with 
care depending on the desired neural or glial cell (sub)type.

Cells derived from PSCs can have tumorigenic potential after transplantation. Furthermore, 
the reprogramming of somatic cells towards iPSCs, followed by neural induction and 
terminal differentiation is a time consuming and labor-intensive process. Other stem 
cell reprogramming techniques evolved, including direct conversion of somatic cells 
towards induced neural stem cells. In Chapter 7, we aimed to test the gliogenic potential 
of this population of cells by differentiating them towards astrocytes. The generation of 
astrocytes was possible, although yields were still fairly low in comparison with iPSC-
based differentiations. Furthermore, we tested the potential of transplantation of iNSC-
derived cells in neonatal mice. While protocols for iNSC-derived glial cell differentiation 
and transplantation require optimization, iNSCs have potential for future application in 
regenerative medicine.

Chapter 8 contains the summary and general discussion of this thesis, where we further 
discuss stem cell properties, glial heterogeneity, the influence of the micro-environment, 
the parallels and differences between in vivo glial development and in vitro differentiation 
protocols, and possibilities to improve current techniques.

1
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