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1. Aim & recap of most important findings

Leukodystrophies are a group of genetically determined neurological disorders for which in 
most cases no treatment is available. In this thesis we explored the use of human induced 
pluripotent stem cells (iPSCs) in the development of an in vitro glial cell model and a glial 
cell replacement therapy for Vanishing White Matter (VWM), one of the more prevalent 
leukodystrophies.

Since the oligodendrocytes, which are responsible for myelin formation, are often the first 
target for treatments in leukodystrophies, we focused in the review of Chapter 2 on these 
cells. Oligodendrocytes are a heterogeneous group of cells with various properties, which 
are regulated by interactions with the microenvironment early during development, later in 
adult cells, and during disease. Microenvironmental factors include other neural cells such as 
neurons and astrocytes, soluble factors delivered via the blood supply, and the structure and 
composition of the extracellular matrix. We discussed that the failure of myelin regeneration 
and white matter repair is not simply caused by intrinsic incapacity of oligodendrocytes, but 
is the result of a complex interaction with the diseased microenvironment. Not surprisingly, 
white matter disorders show specific white matter pathology caused by different disease 
mechanisms. In this chapter we discuss new stem cell tools in regenerative medicine, that 
can assist in the development of targeted therapies for patients with leukodystrophies.

As increasing evidence points towards astrocytes as the primary affected cell types in 
VWM, we moved to astrocytes in Chapter 3. Just like oligodendrocytes, astrocytes are 
a heterogeneous cell family consisting of different morphological and functional cellular 
subtypes. In VWM, specifically the white matter astrocytes are affected. We aimed to 
generate an in vitro iPSC-based model for VWM, and make astrocyte subtypes that can 
be used for transplantation therapy. Where human model systems have the advantage of 
high translational value and clinical application, the development of robust human iPSC 
protocols is challenged by high variability due to diverse genetic backgrounds and long 
culture procedures. These issues are less pronounced in mouse models. By using human 
as well as mouse cultures for the in vitro studies we can benefit from the advantages of 
both, and confirm our findings across species. We generated iPSC differentiation protocols 
towards specific white and grey matter subtypes of astrocytes. Although characterization of 
astrocyte subtypes is challenging due to lack of specific markers, since many markers are 
also associated with maturation or activation state, a combination of morphological analysis, 
immunocytochemistry and RNA expression profiles showed robust generation of white and 
grey matter subtypes in both human and mouse iPSC-derived cultures. Specifically iPSC-
derived VWM white matter-like astrocytes inhibited oligodendrocyte maturation, and RNA 
sequencing revealed an increased number of differentially expressed genes in the white 
compared to the grey matter-like astrocytes in VWM. These findings confirmed an in vitro 
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cell intrinsic subtype-specific astrocyte defect in VWM. Although future studies should 
optimize the differentiation protocols and increase the specificity of markers for subtypes, 
the developed assays can be applied in the generation of subtype specific astrocytes for 
disease modelling and drug testing of other diseases. Furthermore, the white-matter subtype 
astrocytes can be tested in transplantation therapy for VWM.

The potential for transplantation therapy in VWM is further explored in Chapter 4. Here we 
transplanted human stem cell-derived glial precursor cells in the neonatal mouse model 
of VWM. We studied the integration, migration and differentiation fate of the transplanted 
cells, and showed that the transplanted cells survived, spread out and integrated well into 
the brain of the mice at 5 and 8 months after transplantation. However, the pathology in the 
VWM mice brains did not improve after transplantation, and no significant improvement on 
the clinical phenotype, as assessed by motor skills, was observed. A possible explanation 
for the lack of improvement could be the differentiation fate of the cells: even though 
prior to transplantation the cells expressed markers of both early oligodendrocytes and 
astrocytes, 5 and 8 months after transplantation the majority of the cells had developed 
into the oligodendrocyte lineage, and almost no astrocytes were identified amongst the 
transplanted cells. As more studies point towards the importance of healthy astrocytes in 
VWM, new studies with astrocyte transplantations are currently ongoing in our laboratory.

Since the CNS consists of both the brain and the spinal cord, and in many leukodystrophies 
the spinal cord is also affected, in Chapter 5 we studied spinal cord involvement in VWM. 
Using immunocytochemistry on tissue of two VWM patients and adult VWM mice, we 
demonstrated that specifically the white matter astrocytes are affected. The radial 
organization of the cells was lost, the cells had an abnormal morphology and increased 
density, and expressed immature markers. To investigate whether the VWM astrocyte 
pathology is the result of a developmental defect, and investigate how the pathology 
develops over time, we studied spinal cord astrocytes from embryonic to adult ages in 
the VWM mouse model. We showed that regional patterning and glial specification during 
embryonic development was unaffected, but astrocyte pathology started postnatally. The 
white matter astrocyte pathology was first observed in the dorsal sensory tracts, followed 
by the lateral and ventral motor tracts. Thereby the thoracic and subsequently cervical 
levels were first and most severely affected, followed by the less affected lumbar level. This 
specific order of pathology is currently unexplained. As spinal cord astrocytes also form a 
heterogeneous population of cells, and develop in spatially restricted domains where they 
remain during adult life, this specific local pathology could indicate selective vulnerability of 
astrocyte subpopulations. Markers to discriminate between those adult regional astrocyte 
subtypes are lacking, and should be identified in further studies. Altogether, these findings 
demonstrate that in VWM also the white matter astrocytes of the spinal cord are affected, 
and should be considered as a therapeutic/ transplantation target.
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To further focus on the developmental origin of regional identity in neural cells, in Chapter 
6, we investigated how different culture conditions regulate the expression profile and 
differentiation potential of neural precursor cells (NPCs). During embryonic development 
neural differentiation is induced, and the NPCs of the neural tube are regionally patterned. 
Both processes are guided by local gradients of soluble factors secreted by surrounding 
clusters of cells that act as signaling centers. Many iPSC differentiation protocols use a 
standard combination of growth factors to mimic this developmental process, and induce 
neural fate without much consideration for the specific properties of the resulting NPCs. 
We demonstrated that indeed several combinations of growth factors can all induce neural 
differentiation. However, the expression profiles and differentiation potential towards 
astrocytes and various types of neurons of these NPCs were significantly different. 
Furthermore, the regional identity of NPCs persisted during astrocyte development. Although 
it remains challenging to develop a robust protocol resulting in a single population of a pure 
glial/ neuron (sub)type, our findings demonstrate that the neural induction protocol should 
be chosen with care depending on the desired neural or glial cell (sub)type. Thereby detailed 
knowledge of in vivo subtype development is essential, and should be used to optimize 
existing protocols in the future.

Apart from following the developmental route to generate NPCs of iPSCs, also approaches 
for the direct conversion or trans-differentiation of somatic cells into NPCs have been 
developed. Since these cells do not pass a pluripotency stage, there is reduced risk of 
tumor formation after transplantation. In Chapter 7 we tested the gliogenic differentiation 
and transplantation of these induced neural stem cells (iNSCs). We showed that, although 
it was less efficient compared to iPSC-derived differentiation, we were able to generate glial 
precursor cells and astrocytes from the iNSCs. The iNSC had a caudal identity by default, 
which persisted during astrocyte differentiation. However, limited numbers of cells could 
be found back after transplantation, showing that the cells had low survival, integration 
and/ or migration after transplantation. This is most likely due to the low proliferation 
and survival during passaging of the iNSC-derived cells. As in early stages the cells show 
better proliferation and survival, these younger cells would be preferred for transplantation. 
However, at this time the cells are not glia-committed yet, and transplantation of these cells 
will potentially also result in a high amount of neurons. Therefore first efforts should focus on 
increasing the efficiency of glial differentiation from the iNSCs. Potentially including gliogenic 
transcription factors SOX9 and NFIA during transdifferentiation, or the addition of gliogenic 
small molecules and growth factors, can improve the astrocyte differentiation of the iNSCs. 
In conclusion, we showed that, although the differentiation protocols require optimization, 
iNSCs have potential for future application in regenerative medicine.

This last chapter, Chapter 8, contains the general discussion of the thesis. In here we 
place the current and ongoing research in a broader scientific context, discuss relevant 
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literature, and evaluate possibilities for future research. We will discuss the application 
of iPSC technology in regenerative medicine for leukodystrophies, how to improve the 
reprogramming, differentiation and transplantation of stem cell-derived glial (subtype) cells, 
and how new technology can contribute to possible treatments for VWM in the future.

2. Towards transplantation for VWM

Our overall goal is to develop human iPSC-derived glial transplantation therapy for VWM 
patients. However, before this is feasible there are still many factors to consider and 
questions to answer.

First, the iPSCs must be safe for therapeutic application. For that reason, we need to evaluate 
current iPSC reprogramming methods, and develop protocols that generate iPSC-derived 
cells that are safe for clinical use (discussion 3).

Second, the specific glial subtype for transplantation needs to be determined. It is becoming 
evident that both oligodendrocytes and astrocytes form heterogeneous populations of cells, 
that differ in form and function throughout the CNS. It is essential to know what glial subtype 
needs replacement (discussion 4.1).

Third, we need improved protocols to generate that specific glial subtype for transplantation. 
This includes knowledge on the specific effects of patterning and growth factors that guide 
glia subtype development in vivo (discussion 4.2).

Fourth, the cellular replacement should be designed to suit the needs of human VWM 
patients. We have learned lessons from cellular replacement in rodent models (discussion 
5.1) and clinical trials of stem cell transplantations in other neurological diseases (discussion 
5.2). These lessons should be applied in the context of VWM (discussion 5.3). This does 
not only include practical parameters such as the number of cells, the frequency of 
transplantation, the mode of transplantation (transcranial or via CSF) and the location of 
CNS transplantation (potentially including spinal cord). It is also important to consider which 
patients are eligible for transplantation, and at what stage of the disease this transplantation 
should take place. Thereby we should take the potentially toxic VWM micro-environment 
into consideration. Together, these factors will shape the design of clinical trials for VWM 
stem cell replacement therapy.

Fifth, apart from cellular transplantation, also other treatment strategies are being explored, 
including gene therapy to correct the disease-causing mutation (discussion 6.1). New culture 
techniques are evolving that more adequately mimic natural development, such as 3D cell 
culture models (discussion 6.3). Additionally, trans-differentiation or direct conversion, a 
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more direct way of generating glial cells of interest, has potential for regenerative medicine 
(discussion 6.2).

Together, these new insights and ongoing research will eventually bring experimental 
treatments for VWM closer to the clinic. As many of the strategies involve controversial 
topics, not only regarding the safety, but also the ethical aspects of such future treatments 
should be considered carefully, as discussed in section 7.

In section 8 we will finish with the concluding remarks, which include a couple of core 
challenges that need to be resolved in order to advance this research further.

3. Induced pluripotent stem cells

Over the past decade, the field of regenerative medicine made a big leap due to the invention 
of iPSCs 1-3. IPSCs revolutionized the field of regenerative medicine, and induced a wave of 
new and innovative studies. These ranged from in vitro modelling of complex psychiatric 
diseases as schizophrenia 4, the growth and transplantation of 3D ‘mini brains’ 5,6, to clinical 
studies such as grafting of iPSC-derived retinal cells in human patients 7 and testing iPSC-
derived cardiomyocytes in 3 heart disease patients in 2019 8. Some emerging applications 
did not hold, such as the controversial iPSC reprogramming methods ‘Stimulus-Triggered 
Activation of Pluripotency’ (STAP), that has been retracted 9,10. Considering the major impact 
of iPSCs, it is not surprising that iPSC technology led to the Nobel prize in 2012, jointly 
awarded to Shinya Yamanaka and John Gurdon 11. At this moment, 12 years after the original 
publication of the first (rodent) iPSC in 2006 12, the first ‘hype’ is tempered, and it is time 
to evaluate, refine and optimize iPSC technology for future applications. We discuss iPSC 
applications for the development of new therapies for leukodystrophies, specifically for 
VWM.

3.1. Reprogramming towards iPSCs

Initially iPSCs were generated using forced expression of the four Yamanaka transcription 
factors OCT4, SOX2, KLF4, and C-MYC 12,13. However, since C-MYC is a proto-oncogene, 
there is a risk of developing tumors after re-activation its expression. Quickly after the first 
studies, reprogramming was also performed without C-MYC 14-16, or C-MYC and KLF4 were 
replaced with the safer NANOG and LIN28 17. More recently, even OCT4 alone demonstrated 
to be sufficient for the reprogramming of adult neural stem cells towards pluripotent cells 
18. In our iPSC studies we used the four classical Yamanaka factors (Chapter 3 & Chapter 
4). Even though in our experiments we did not experience tumor formation in the iPSCs 
after transplantation, avoiding these risks could be beneficial. To improve safety for clinical 

8



226

Chapter 8

applications, iPSCs in future VWM studies should be generated without using C-MYC, and 
the current iPSC lines should be checked for re-activation of C-MYC.

Apart from the transcription factors used, also the delivery method of reprogramming 
factors is of importance 19. The initial protocols used retroviruses for the infection of somatic 
cells. However, the first retroviruses only infected dividing cells, resulting in a relatively low 
efficiency. Lentiviruses were subsequently used to optimize efficiency, as they can also infect 
non-dividing cells 17. This lentiviral technique was further improved by forced expression of 
all 4 reprogramming factors in one open reading frame, in so-called polycistronic constructs 
20. The advantage compared to four single viruses is that the ratio between the transcription 
factors is stable, and one single fluorescent marker can monitor the expression and silencing 
of all genes. However, both retroviruses and lentiviruses can integrate in the genome, 
inducing a mutagenic risk. Therefore new non-integrating techniques have been developed 21, 
including episomal reprogramming 22,23, the use of miRNA 24, adenovirus 25 or Sendai virus 26. 
Additionally, reprogramming using proteins and small molecules completely circumvents the 
need for genetic manipulation, although this process takes longer and has a low efficiency 
27-30. We generated our iPSCs in 2013 using polycistronic lentiviral constructs (Chapter 3 
& Chapter 4), as this was the most commonly used technique at that time. For proof-of-
concept these iPSCs generated valuable insights. However, clinical application of these cells, 
such as transplantation in human VWM patients, could be dangerous, since the lentiviral 
reprogramming technique induces a mutagenic risk. Screening the genome for integration 
sites and induced mutations is labor-intensive. For future VWM transplantation, new iPSCs 
should be generated using a non-integrating technique. As the field is constantly advancing, 
new reprogramming methods should be evaluated for improved safety and efficiency.

Furthermore, the somatic cell type used for reprogramming is of importance. Initially 
reprogramming was performed on skin fibroblasts. A skin biopsy is minimally invasive to 
harvest and fibroblasts proliferate well in culture, making them a suitable cell source for 
reprogramming. However, more recently also other somatic cells, that are even less invasive 
to harvest, have been reprogrammed, including (cord) blood cells 16 and even cells extracted 
from urine samples 31,32. While we reprogrammed fibroblasts (Chapter 3 & Chapter 4), future 
studies could consider even less invasive somatic cell sources.

In conclusion, reprogramming techniques to generate iPSCs are still improving. 
When choosing a reprogramming method, a careful consideration of advantages and 
disadvantages of all available options regarding safety, efficiency and future application 
should be made.
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3.2. Pluripotency and epigenetic memory of iPSCs

Different iPSC reprogramming techniques induce pluripotency. This can be investigated in 

vivo by analyzing teratoma formation, and in vitro by either analyzing differentiation into all 
three germ layers, the expression of genes and proteins involved in maintaining pluripotency 
using immunocytochemistry, or by performing a pluritest 33. We demonstrated that our 
human iPSCs are pluripotent by using a combination of these tests (Chapter 3).

However, the definition of pluripotency is not uniform. During the transient blastocyst phase 
in early development, the inner cell mass of the blastula consists of pluripotent stem cells, 
after which the stem cells transition into the three embryonic germ layers, the gastrula stage. 
At pre-implantation of the blastocyst, the pluripotency state of the stem cells is called ‘naive’. 
When the blastocyst gets implanted, the early stem cells transition into so-called ‘epiblast 
stem cells’, and their pluripotency state is called ‘primed’. The naive and primed populations 
differ in properties, such as their dependence on MEK-ERK signaling and FGF2, their global 
DNA hypomethylation and X chromosome activation. Another important difference is that 
naive cells can contribute to blastocyst chimeras, while primed cells cannot. Even though 
human and mouse embryonic stem cells (ESCs) are both isolated from pre-implantation 
stage, in culture the mouse ESCs maintain the naive pluripotency state, showing domed 
colonies, where the human embryonic stem cells (hESCs) in most culture conditions 
adopt a primed state, characterized by flat colonies 34. Properties of pluripotency, during 
development, in different species, in iPSCs vs. ESCs, are an ongoing debate and have been 
reviewed extensively elsewhere 3,35,36.

While most hiPSC are maintained in a primed state, this also depends on the method of 
reprogramming 36. Converting primed hESCs to a naive state inhibited their differentiation 
potential, suggesting that for human stem cells a primed state is favored over naive 34. In our 
cultures, the hESCs and iPSCs all showed the flat colony morphology, which is suggestive 
of primed pluripotency and good differentiation potential.

Reprogramming to a pluripotent state ultimately involves removal of the epigenetic memory 
related to the identity of the source cell 37, which includes changing DNA methylation, histone 
modification, chromatin remodeling and genomic imprinting. However, there is a debate 
whether the epigenetic profile related to the cell source partially remains at the iPSC stage, 
thereby influencing certain iPSC applications 38-42. Epigenetic memory can influence the 
differentiation potential of iPSCs 43-45, and should therefore be considered carefully.

In conclusion, the interpretation of the term ‘pluripotent’ is not uniform. Analysis of the 
epigenetic state and memory of reprogrammed cells should standardly be implemented. 
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More research is required to reveal the optimal reprogramming technique and source cell, 
which should be applied in the generation of iPSCs.

3.3. Genetic variation and stability of iPSCs

Considering clinical application, such as transplantation for VWM, genetic variation and 
stability of iPSCs is a major topic 46. The iPSC heterogeneity results in functional variability 
and altered cell signaling responses 47, and reduces the robustness of in vitro differentiation. 
For in vivo transplantation purposes, the stability and tumorigenicity of the cells could induce 
potential risks. Genetic variation occurs between several clones of one donor, or between 
different passages of the same clone, and can be caused by aneuploidy (an abnormal 
number of chromosomes), copy number variations (CNVs) or single nucleotide variations 
(SNVs). To avoid that this heterogeneity results in functional variability and altered cell 
signaling responses, the origin of genetic changes should be examined.

First, genetic variation can originate from the heterogeneity of the cell source population. 
Each iPSC clone comes from one single reprogrammed somatic cell. However, since we 
have a high degree of genetic mosaicism in our body, each iPSC clone can differ from 
another, even when it is derived from the same donor. For example, 30% of the fibroblasts 
derived from one single individual harbor CNVs that differ between fibroblast lines 48, coming 
to an average of 235 mosaic CNVs in the genome of a fibroblast 49. About 50% of the genetic 
variations found between different iPSC clones were already present in the source population 
of somatic cells 50. These findings show that genetic variation is already present within the 
somatic cell culture from a donor even before reprogramming.

Second, the reprogramming process can result in genomic variation, especially 
reprogramming with C-MYC results in genomic instability 51. Reprogramming can induce 
de novo CNVs 52, which account for approximately 50% of the total amount of CNVs present 
between different iPSC lines from the same individual 48,50. Reprogramming specifically 
induced deletions in tumor-suppressor genes 53. However, only minor differences in 
mutations were reported between different reprogramming techniques 50,54, including 
integrating retroviral vectors, non-integrating Sendai virus and synthetic mRNAs 55. 
Additionally, the mutation frequency does not depend on the somatic cell source 56. These 
findings demonstrate that reprogramming induces additional genomic variation on top of 
the genetic mosaicism already present in the source cells, although this is hardly related to 
the reprogramming method or somatic cell type.

Third, long-term culturing and differentiation of iPSCs induces genomic changes. Some 
studies suggest that the frequency of abnormal chromosome numbers increases after 
prolonged culturing 54. However, others show that induction of new CNVs occurs more 
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frequently in low passage iPSCs compared to the source cells and high-passage iPSCs, 
suggesting there is negative selection of these variants during culturing 52. Thereby, 
duplications of oncogenic genes are associated with the time in culture 53, and clonal 
expansion can induce de novo CNVs in iPSCs and iPSC-derived neurons 57. In conclusion, 
culturing of iPSCs alters the genomic stability of the clones.

Altogether, genetic mosaicism in the somatic cells, reprogramming towards iPSCs and 
culturing all contribute to the genomic variation present between iPSC clones. This can be 
a problem in VWM and leukodystrophy research. We karyotyped our iPSC lines, and showed 
that they do not have aneuploidy (Chapter 3). Even though it is known that CNVs, insertions 
and deletions, and structural variants are generally benign 55, extensive genetic screening 
should be standard to ensure the safety of iPSCs and iPSC-derived cells before clinical use.

3.4. iPSCs for disease modelling

Several properties of iPSCs are of particular importance when using them for disease 
modelling. One is genetic variation between patients and controls. During in vitro disease 
modelling, patient specific cells are often compared to healthy controls, which is also the 
approach in our iPSC studies (Chapter 3). Even though patients and controls are often 
matched based on age and gender, different donors have large variation in their genetic 
profile, which could influence the studied properties or phenotype in vitro. Novel techniques 
enable the generation of isogenic controls, where exclusively the disease-causing genetic 
mutation of the patient is corrected to create a healthy control iPSC clone, with the rest of the 
DNA being identical to the diseased iPSC clone 58,59. These isogenic controls result in reduced 
variation 60. Isogenic controls were already generated from patients with spinocerebellar 
ataxia 61, cystic fibrosis 62 and Parkinson’s disease 63, providing reliable in vitro models. 
Technology for genetic correction is further discussed in section 6.1.

Generating isogenic controls is impossible for diseases of unknown cause, or when the 
disease is the result of a combination of multiple mutations (a polygenic disease), as is 
often the case with psychiatric diseases 64,65. For such cases, cell sources with genetic 
profile as close as possible to the patient could be used. This could include the cells of close 
relatives, or even large banks of iPSCs could screen for matching HLA types 66-68, which can 
be generated possibly via crowdsourcing 69. As the disease-causing mutations are known 
for VWM 70, the generation of isogenic clones for in vitro modelling would be possible. 
Future iPSC studies should invest in creating and using such lines, while safety of the used 
technique should be considered carefully.

The epigenetic memory is another aspect of iPSCs particularly important for disease 
modelling. When studying diseases of the elderly, including Parkinson’s disease or 
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Alzheimer‘s disease, the age-specific factors can play an important role in the disease 
mechanism, and are part of the pathology 71. Keeping those epigenetic profiles is then 
essential in order to create an in vitro model that resembles the diseased cell types in vivo 
72-74. In our study we aim to generate iPSC-derived cell populations for a leukodystrophy 
most frequent in young children. For that reason, we require young and healthy cells for 
transplantation (Chapter 4), and do not need to worry about losing age-related factors in 
disease modelling. Therefore, the complete reprogramming would be favored in our case, 
without leaving traces of the epigenetic memory of the somatic cell source.

The genetic variation is not the only source of variation during glial generation for disease 
modelling; these processes are often challenged by lack of robustness of differentiation 
protocols. The current methods require a high number of cultures to pick up statistically 
significant differences between patient and controls, and make it difficult to standardize 
cellular populations for transplantation. The end product is often a mixed culture consisting 
of different cell types, and a combination of immature and more mature cells. Since the 
developmental routes of different types of neural cells are so connected, and they often 
respond to similar cues (discussion 4.2), it is challenging to obtain a pure population. 
Furthermore, the protocols are often time-consuming and labor-intensive, and human 
handling of the cells can induce variation. Possible solutions would include the improving 
of current protocols to more specifically target the desired cell (sub)type (discussion 
4.2.3), by for example more tight regulation of the timing and concentrations of the added 
growth factors. Another solution is sorting for the desired population with immunopanning 
or magnetic/ fluorescent activated cell sorting 75-77, although not all subpopulations are 
characterized by unique markers. Furthermore, it would be helpful to standardize all 
interactions with cells as much as possible. This includes strictly timing the medium 
refreshments and passaging, closely regulating cell density by counting, using one batch 
of cell culture reagents (including serum and protein matrixes including Matrigel and Geltrex), 
and automate procedures using cell culture robots where possible 78-80.

Furthermore, for in vitro disease modelling, it can still be challenging to pick up disease-
related phenotypes. It is important to keep in mind that very rich culturing conditions can 
‘pamper’ cells in such a way that the disease-related phenotype is masked 81. Using minimal 
culturing conditions or providing stimuli that mimic the diseased micro-environment can 
trigger ‘manifestation’ of disease-related phenotypes.

In conclusion, when using iPSCs for disease modelling, it is important to critically choose 
the type of iPSC and differentiation method most suitable for the application. Even though 
with new technology (discussion 6) protocols are improving, we still face challenges using 
iPSC-derived glial cells for in vitro disease modelling. For that reason, careful examination of 
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glial subtypes and in vivo development can be used to improve iPSC differentiation, together 
with standardization of the protocols.

4. Glial generation

When we aim to generate iPSC-derived glial cells for the development of a transplantation 
study for VWM, we need to consider several aspects. First, the type of glial cell to use for 
transplantation is important. Several studies suggested that astrocytes are the primary 
affected cell type in VWM 82, and pathology is mediated by astrocyte-secreted factors 
(Chapter 3) 83. This is further supported by our transplantation studies (Chapter 4). When 
VWM mice were transplanted cells with Olig2-positive cells, indicating oligodendrocyte 
fate, we saw that even though the transplanted cells spread well throughout the brain, 
the pathology and clinical phenotype did not improve. This led to the hypothesis that 
introduction of healthy human astrocytes might have a better chance of resulting in improved 
pathology. However, as oligodendrocyte pathology is abundant in VWM 84,85, replacement 
of oligodendrocytes might also still be required. Therefore, transplantation of either healthy 
astrocytes, oligodendrocytes, or a combination of both needs further investigation.

In leukodystrophies often only a specific glial subtype is affected 86. This subtype 
specification can relate to a morphological, functional or a regional subtype. In VWM, the 
white matter cells are affected in the brain 85, as well as in the spinal cord (Chapter 5) 87. 
To guide the sub-specification of glial cells in vitro, knowledge of the in vivo cues directing 
this development is required, as discussed for oligodendrocytes in the review of Chapter 
2 88. In Chapter 3 we developed protocols for the generation of specific white and grey 
matter-like astrocytes in vitro, and in Chapter 6 we investigated the in vitro guidance of 
astrocyte regional identity. These findings highlight the importance of micro-environmental 
factors regulating glial heterogeneity. However, it remains challenging to mimic the subtype 
specification of in vivo development during in vitro differentiation, and many more subtypes 
exist than we can currently generate in vitro. In this section of the discussion, we will focus 
on the heterogeneity of glial cells in vivo, and how this knowledge should be implemented 
in iPSC technology. More research is required to optimize current protocols, and generate 
more protocols to reflect the complex heterogeneity of oligodendrocytes and astrocytes.

4.1. Glial heterogeneity

4.1.1 Oligodendrocyte heterogeneity

It is becoming increasingly clear that oligodendrocytes cells are heterogeneous populations 
of cells that differ in form and function 89-92. Oligodendrocyte subtypes have been 
described based on their morphology, myelination and interactions with axons 93,94. These 
oligodendrocytes differ in proliferation, maturation, and response to injury 95, and also the 
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properties of myelin vary, including myelin thickness, intermodal length and axonal thickness 
of myelinated axons 96-98. These properties often show regional variation in the CNS 92,96,99.

In VWM, specifically the white matter oligodendrocytes show abnormalities, with increased 
proliferation and reduced maturation, and the myelin is damaged 84,85. There are differences 
between white and grey matter oligodendrocytes in the normal developing brain. In the white 
matter, NG2-expressing progenitors generated highly proliferating and mature myelinating 
oligodendrocytes, while in the grey matter they produced mainly non-myelinating post-
mitotic cells 100-102. Similarly, white matter regions stimulate maturation of oligodendrocytes 
more than grey matter regions, regardless of their regional origin 103. Functionality also 
differs between white and grey matter oligodendrocytes. Gap junction proteins and Na+ 
and K+ ion channels are differently expressed by white matter oligodendrocytes compared 
to grey matter oligodendrocytes, and only a subset of cortical oligodendrocytes is able to 
produce action potentials 104,105. Also, iron homeostasis is different between white and grey 
mater oligodendrocytes 106. Even within the white matter two subgroups of oligodendrocytes 
were discovered, of which only one group was able to generate action potentials and sense 
synaptic input 107.

Several studies suggest that the properties of myelin, including length, thickness and 
timing, are determined by both intrinsic and extrinsic factors. Important factors include the 
location of origin the oligodendrocyte (ventral vs. dorsal, grey matter vs. white matter), the 
type of neuron to be myelinated, thickness of the axon/fiber, developmental state of the 
oligodendrocyte, the location of myelination, and electrical activity of the neuron 92,96,99,103,108. 
These studies suggest that oligodendrocyte and myelin heterogeneity is the result of both 
cell intrinsic and extrinsic factors, including the micro-environment.

4.1.2. Astrocyte heterogeneity

As has been reviewed extensively, astrocytes form heterogeneous populations of cells 109-

119. Since astrocytes do not have such a clear functional ‘read-out’ of activity as myelinating 
oligodendrocytes, it is harder to discriminate between the subpopulations. Also, the lack 
of uniquely expressed markers makes it challenging to distinguish between subtypes. 
The astrocyte subtypes are therefore identified based on a combination of morphology, 
location, and expression levels, which can also reveal information about their maturation 
and activation state.

Already in 1893, Andriezen et al described two populations of astrocytes. The ‘a’ type 
‘neuroglia fiber cells’ consisted of two types of cells. The ‘caudate fiber cells’ had a superficial 
round cell body in the first layer of the cortex and had long and unbranched fibers, penetrating 
the deeper cortical layers, as well as superficial fibers, and fibers touching the pia surface. 
The other ‘a’ type ‘neuroglia fiber cells’ were described as ‘stellate fiber cells’, which overlapped 
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each other, contained a small cell body, had an enormous number of long unbranched fibers, 
and were located in the white matter. The ‘b’ type ‘protoplasmic neuroglia cells’ were present 
throughout the cortex grey matter, were associated with vasculature, and had much shorter 
branched processes 120. This distinction remained in place for almost 100 years, after which 
astrocytes from optic nerve were divided in the ‘type 1 protoplasmic astrocytes’, which were 
present in grey and white matter, had fibroblast-like morphology, were A2B5-negative, and 
proliferated upon FBS and EGF administration, and ‘type 2 fibrous astrocytes’, which were 
only present in white matter, had neuron-like morphology, were A2B5-positive, and did not 
show a proliferation response 121,122. However, more recently it has become evident that 
astrocytes are much more diverse than that. Similar to oligodendrocytes, these differences 
are often linked to location in the brain. Astrocytes from optic nerve, brain stem, cerebellum 
and cortex revealed a distinct molecular expression patterns on RNA microarray 123. In fact, 
the diversity in astrocyte morphology, proliferation rate and density is so varied throughout 
the brain, that these measurements alone can be used to identify different brain regions, 
and at least 9 different classes of astrocytes could be identified: Bergmann glia, ependymal 
glia, fibrous astrocytes, marginal glia, perivascular glia, protoplasmic astrocytes, radial glia, 
tanycytes, and velate glia 124. This increasing appreciation of astrocyte heterogeneity will 
result in further studies increasing our knowledge of the different subtypes.

In VWM, cells in the white matter are specifically affected, showing increased proliferation 
and reduced maturation of the astrocytes, both in the brain 84,85 and in the spinal cord 
(Chapter 5] 87. In healthy developing brains, differences have been identified between white 
and grey matter astrocytes. While extensively discussed in Chapter 3, the most important 
differences are the following: white matter astrocytes show increased expression of GFAP, 
Nestin, GLT-1, GLAST and Vimentin compared to grey matter astrocytes 125. Also S100β 
expression is higher in white matter than in grey matter, although S100β is not uniquely 
expressed by astrocytes, but also by oligodendrocytes 126. Glutamate uptake is regulated by 
glutamate transporters GLT-1 and GLAST, and their activity and expression are increased 
in white matter astrocytes 125,127. A splice variant of GLT-1 is mostly expressed in white 
matter astrocytes, and hardly in grey matter ones 128. As reviewed, different populations 
of astrocytes respond to different types of neurotransmitters, and vary in their calcium 
response 114. Calcium signaling varies even between different cortical layers 129, and between 
grey and white matter. Where grey matter astrocytes use gap junctions, white matter calcium 
signaling requires ATP 130,131. AQP4, expressed in the end feet of astrocytes and important 
for water homeostasis 132,133, has the highest expression in the astrocytes of the cortex 134 
and in subpial and perivascular locations 135.

Altogether, we can conclude that there are major differences between grey and white matter 
astrocytes. Transplanted iPSC-derived astrocytes keep their original regional identity 136, 
spinal cord astrocytes remain in their region of origin during development and after injury, 
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and regulate local synaptogenesis 137, and transplantation of different populations of human 
astrocytes has different effects on spinal cord injury repair 138, all suggesting there is early 
programming affecting the functionality of astrocytes. This is important information for the 
generation of cells for regenerative applications for VWM.

The extensive differences between glial cell subtypes and the specific defects in VWM white 
matter glia highlight the need for the generation of iPSC-derived glial subtypes for both 
transplantation and disease modelling (discussion 4.2.3). It is essential to know which glial 
subtype requires replacement, including its maturation state and regional identity. Thereby 
more research is needed to investigate if oligodendrocyte, astrocyte, or a combinational 
transplantation of both would be most beneficial in VWM. Parallel testing of in vitro generated 
subpopulations of oligodendrocytes and astrocytes in the VWM mouse model could provide 
clues. Additionally, we need improved protocols to generate the specific glial subtype for 
transplantation. This includes knowledge on the specific effects of patterning and growth 
factors to generate glia cell types in vivo. To understand better how we can generate those 
glial subtypes, understanding of their in vivo development is required, so that we can mimic 
this process in vitro.

4.2. Glial generation

To generate specific glial subtypes in vitro for modelling of VWM and use in cellular 
transplantation, we need to learn from the cues provided during in vivo development. In 
VWM specifically the white matter astrocytes are affected, in both the brain and the spinal 
cord. If we want to generate spinal cord astrocytes for cellular replacement, we need to know 
what cues we need to provide in vitro to guide the development of caudal cells. Similarly, 
white versus grey matter astrocytes develop upon different cues. Knowledge of these cues, 
including the gradients of soluble factors, their signaling pathways and transcription factor 
expression at specific locations and times during development, is therefore essential. From 
this we can learn how to mimic glial generation in an in vitro situation, and generate the exact 
cell subtype needed for VWM studies. Future studies should therefore invest in optimizing 
the differentiation of glial subtypes.

4.2.1. Neural stem cell generation

During development, several specific signaling centers secrete gradients of soluble 
morphogens that guide cellular development. The most important morphogens include 
Retinoic Acid (RA) 139,140, Wingless/ Integrated (WNTs) 141, Bone Morphogenetic Proteins 
(BMPs) 142, fibroblast growth factors (FGFs) 143,144, Insulin-like growth factor 1 (IGF1) 145 EGF 
146 147, and SHH 148, which have also been discussed in Chapter 6.
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Complex interactions of these cues play a role during gastrulation, the process in which the 
embryo first becomes asymmetrical and develops a specific dorsal-ventral and anterior-
posterior orientation (Figure 1). This process of neural induction is guided by WNT signaling 
and inhibition 149,150, Nodal signaling and inhibition 151, BMP4 and BMP7 inhibition 152-154 and 
FGF4 and FGF8 signaling 155,156. At the end of gastrulation, the embryo consists of three germ 
layers: mesoderm, endoderm and ectoderm.

Figure 1. Gastrulation and neurulation. The first step in gastrulation is formation of the primitive streak. 
It forms on the dorsal side toward the posterior end, and establishes the head and tail ends of the 
embryo. Next, cells of the epiblast move inward below the primitive streak and undergo invagination. 
Following this, the three germ layers ectoderm, mesoderm, and endoderm form. About 16 days after 
fertilization, the notochordal process forms. By days 22–24, the process becomes the solid cylinder 
called the notochord. The notochord induces development of the neural plate. The plate develops the 
neural fold as the lateral edges become more elevated. The depressed mid-region of the fold is the 
neural groove. As the neural folds approach each other and fuse, the neural tube is formed. The process 
for the formation of all of these structures is called neurulation. Copyright: Principles of Anatomy & 
Physiology, Tortora & Herrickson, chapter 29 – Development & inheritance.
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The ectoderm transforms into a neural plate in a process called neural induction (Figure 
1) 157-159. To promote neural differentiation, the epidermal fate needs to be inhibited. Neural 
induction is guided by FGF2 160,161, IGF-1 162,163, BMP4 and BMP7 inhibition 164,165 and FGF8 
inhibition 160,166 by RA 167,168. The cells of the ectoderm develop a wedge-like shape and form 
the neural plate independently of morphogens 159,169. The neural plate then starts to shape: 
the cranial end widens and generates the brain vesicles, where the caudal end narrows and 
will give rise to the spinal cord 169. This is followed by bending of the neural plate that results 
in the neural tube (Figure 1), which consists of the neural epithelial stem (NES) cells, also 
called neural precursor cells (NPCs) that arrange in a ‘rosette’ shape.

This neural induction is an important step in iPSC differentiation protocols in vitro, generating 
intermediate expandable populations of NPCs, with the final aim to produce neural cell 
types for e.g. VWM transplantation studies. NPCs are characterized by high proliferative 
potential, expression of NPC markers, and morphologically the cells align to form a rosette-
like structure, which resembles the developing neural tube 170,171. The before mentioned 
factors that are involved in neural induction can all be used in vitro 172-176 177,178. Thereby most 
researchers choose a ‘standard’ protocol focused on WNT and BMP inhibition, without 
much consideration for the specific properties of the resulting NPCs. We used different 
neural induction protocols using combinations of the before mentioned factors, where we 
demonstrated that all protocols indeed resulted in cells showing the typical NPC rosette 
morphology, proliferation, and NPC marker expression (Chapter 6). However, we also 
demonstrated that these populations differed in their expression profile and differentiation 
potential (Chapter 6), which are extremely important factors for glial cell (sub)type 
specification for VWM, and can be explained by the in vivo development of the neural tube.

4.2.2. Neural stem cell patterning

The neural tube is not a homogeneous structure, but is initially patterned in anterior-posterior 
direction by interactions between FGF, WNT, BMP, IGF-1 and RA 179-181. Especially RA is 
important for posterior induction 182, forming the neural tube into distinct structures of the 
central nervous system: the spinal cord, the hindbrain including medulla oblongata pons 
and cerebellum, the midbrain, and the forebrain including the cortex. This process is again 
directed by a complex interplay of gradients of diffusible morphogens, which are secreted by 
signaling centers, as is depicted in the schematic overview of figure 5 in Chapter 6. In short, 
the signaling centers include the floor plate (ventral side of the neural tube, SHH, 183), the roof 
plate (dorsal side of the neural tube, WNT, BMP4 and BMP7, 184-186), the anterior neural ridge 
(located at the anterior tip of the neural plate, FGF8, 187), the zona limitans intrathalamica 
(ZLI) (located between the dorsal thalamus and ventral prethalamus, SHH, 188), the isthmic 
organizer (between the midbrain and the hindbrain, FGF8 189), and rhombomeres (caudal RA 
expression, 190). These morphogens regulate the patterning of neural progenitor cells into 
progenitor domains of the spinal cord by regulating the expression of transcription factors, 
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including members of the homeodomain protein (HD) and basic helix-loop-helix (bHLH) 
families 191,192. The transcription factors interact to restrict expression to specific precursor 
domains 193, which later affect the type of glial cell or neuron derived from that domain.

Knowledge of these patterning factors is required for the development of in vitro protocols 
to generate the specific cell type needed for VWM disease modelling and transplantation 
therapy. RA induces caudalization of embryonic stem cells 194, as is confirmed by us. 
Administration of RA during neural induction stimulated expression of caudal hindbrain 
and spinal cord markers in our NPCs, of which expression persisted during glial development 
(Chapter 6). In contrast, lack of RA during neural induction resulted in forebrain/ midbrain 
identity. These findings demonstrate that morphogens during NPC generation do not only 
influence the neural induction, but also determine the regional identity of NPCs, which 
persist through later stages of the differentiation protocol towards glial cells. As glial cells 
are generated throughout the CNS, this regional identity determines properties of later glial 
cells. Choosing the correct protocol of NPC generation is therefore important for VWM 
disease modelling and transplantation. In order to generate specific glial cells, one should 
choose the patterning factors accordingly.

4.2.3. Glial specification
After neural induction and regional patterning, the NPCs differentiate further in different 
cell types. This process is again guided by tightly regulated morphogens and expression 
profiles. As we are interested in glial cells, we will focus on oligodendrocytes and astrocytes. 
Gliogenesis is the consequence of a neuron-glia switch 195,196, in which first neurons and later 
glial cells are generated. These cells develop in the various progenitor domains, at different 
locations and times under influence of extracellular cues. This process often continues 
after birth 197-199.

During gliogenesis, several signaling factors (including LIF, EGF, CNTF, RA and FGFs) 
stimulate complex signaling pathways (including JAK-STAT, MAPK/ ERK, Notch) that result 
in expression of transcription factors (including Sox9, Sox10, Nuclear Factor I A (NFIA), Olig2, 
and Inhibitor of DNA binding 3 (Id3)), which regulate the expression of oligodendrocyte and 
astrocyte specific genes. These complex interactions have been described in detail before 
196,200-222. These processes guide glial specification into oligodendrocytes and astrocytes 
in general.

For the in vitro differentiation of glial cells from PSCs, in vivo glial development is often 
mimicked. Many protocols are available for the generation of astrocytes 136,223-226 and 
oligodendrocytes 75,76,227-229,230 . However, most current glial differentiation protocols do 
not specify glial subtypes. As we discussed, glial cells form heterogeneous populations of 
cells (Discussion 4.1), and development differs per location in the CNS (Discussion 4.2.2). 
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Not surprisingly, specific subpopulation can be affected in disease. Also in VWM specific 
populations of glial cells are affected, such as the white matter glia 84,85, in different regions, 
including the spinal cord (Chapter 5). Especially these differences are of importance for the 
generation of glia subtypes in vitro for VWM disease modelling and transplantation. Again, 
we can learn the factors that guide subtype specific glial differentiation during the in vivo 
development.

4.2.4. Glial subtype specification
Glial subtypes in the brain and spinal cord are generated in different waves during 
development and follow specific pathways. A better understanding of the specification of 
glial cells in these regions could help to generate glia subtypes in vitro for VWM research. 
The location of origin and the time point during development are important aspects to 
consider when studying glial populations of specific regions in the CNS. Often the origin 
determines specific properties and expression, after which the cells migrate to specific 
locations over time.

4.2.4.1 Glial specification in the forebrain
Oligodendrocyte and astrocyte generation in the forebrain and cortex goes through several 
precursor stages during development (Figure 2).
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Figure 2. Origin of human glial cells from the developing neuroectodermal tube toward mature 
phase. Self-renewing neuroepithelial cells line the ventricles throughout the neuroaxis at the stages 
of neural tube closure. Neuroepithelial cells are transformed into radial glial cells as neurogenesis 
begins. These radial glia produce basic intermediate progenitor cells, which in turn produce neurons, 
astrocytes and oligodendrocytes. Adapted from: Chandrasekaran A, Avci HX, Leist M, Kobolák J and 
Dinnyés A (2016) Astrocyte Differentiation of Human Pluripotent Stem Cells: New Tools for Neurological 
Disorder Research. Front. Cell. Neurosci. 10:215. doi: 10.3389/fncel.2016.00215

 
This is quite a complex process; one cannot speak of ‘a forebrain OPC’, as these originate 
from both the ventral and the dorsal forebrain 231-234. In the mouse forebrain there are even 
three distinct sources of oligodendrocytes. The first wave of OPCs is derived from the 
medial ganglionic eminence (MGE) and the anterior entopeduncular area (AEP), and is 
Nkx2.1 positive. A second wave of OPCs then originates from the lateral and/or caudal 
ganglionic eminences (LGE and CGE), and is Gsh2 positive. These cells initially occupy the 
telencephalon and the cortex. After birth, a third wave of OPCs, which is Emx1 positive, is 
derived from the cortex. Interestingly, the Nkx2.1 positive population of OPCs is eliminated 
after birth, so that ventral telencephalon OPCs are almost only Gsh2 positive, and Emx1 
positive OPCs remain in the cortex 235. Also, the transcription factors have different functions 
in different regions: In the hindbrain, Nkx6.1 and Nkx6.2 inhibit ventral OPC formation, unlike 
in the spinal cord 236-238. Furthermore, not all OPC populations migrate, from studies in the 
hindbrain of chick quail chimeras, we know that OPCs originating from the hindbrain show 
a limited migration over the rostro-caudal axons, and are known to colonize only their 
rhombomere of origin 239.

The same complexity holds true for forebrain astrocytes, which are also derived from 
different sources over time 116,119,240. Nkx2.1 positive progenitors in the MGE, AEP and 
the septal nucleus generate astrocytes in the ventral telencephalon 241,242. Dorsolateral 
progenitors expressing Dlx2 in the SVZ generate dorsal telencephalon astrocytes, both in 
the cortex and the white matter 243. Interestingly, dorsal Emx1-expressing astrocytes, Dbx1-
expressing intermediate and Nkx2.1-expressing ventral astrocytes all remain in their domain 
of origin, even after injury they did not migrate, unlike neurons 137. The VZ neuroepithelial 
cells give rise to elongated bipolar RGs, via series of symmetric and asymmetric divisions 
the RGs undergo a transformation, which leads to the retracting of the fibers, and elevation 
of the soma from the VZ. Subsequently, these transformed RGs directly differentiate into 
neurons and astrocytes 223,244,245. The expression profile of these cells changes over time 
as they develop: the proliferating cells in the VZ label positive for neurogenic markers 
around gestational weeks 6 in humans, where glial markers were expressed later around 
gestational weeks 17 – 24 199. Postnatally after neurogenesis, the GLAST-expressing RGs 
that are negative for Nestin generate mostly astrocytes, which remain spatially in restricted 
cortical columns 137,246,247. After initial astrocyte specification in the telencephalon, astrocytes 
in the cortical grey matter migrate along the radial glia, where astrocytes in the white matter 
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migrate along the developing axons. However, migration is most prevalent in early postnatal 
stage 248. Later, terminally differentiated astrocytes undergo symmetric division and thereby 
expand the glia population by 6-8 times in the rodent cortex 249. Astrocytes can also be 
generated from NG2 glia in the forebrain, although these cells only contribute for a small 
part to the astrocyte pool, and they only generate ventral grey matter astrocytes 250-252.

4.2.4.2 Glial subtype specification in the spinal cord
The spinal cord has been extensively studied for the generation of specific neural precursor 
populations, at different time points and in different progenitor domains (Figure 3) 253.

 

Figure 3. spinal cord patterning and glial specification. Embryonic patterning of progenitors is 
established by dorsoventral gradients of secreted organizing signals (including bone morphogenetic 
proteins (BMPs), wingless (WNT) proteins and Sonic Hedgehog (SHH)) in the neural tube (left panel). 
These gradients control the expression of homeodomain proteins and transcription factors that 
determine region-restricted ventral progenitor domains (p0, p1, p2, p3 and pMN) (left and middle 
panels). Neuronal and oligodendrocyte progenitors are found in these regionally restricted domains: 
interneurons (not shown) derive from progenitors in domains p0, p1, p2 and p3, whereas motor neurons 
(not shown) and oligodendrocytes are generated from progenitors located in the pMN domain. After 
neurogenesis, SHH signaling regulates the expression of transcription factors — including OLIG2 and 
SCL — that determine the segmental template according to which astrocyte progenitors are generated. 
Regionally restricted progenitors that are located in domains p1, p2 and p3 give rise to three white matter 
astrocyte subtypes (VA1, VA2 and VA3) that can be distinguished by the combinatorial expression of 
SLIT1 and reelin. Progenitors in the intermediate spinal cord (p0) expressing DBX1 give rise to both 
protoplasmic and fibrous astrocytes. In the dorsal spinal cord, PAX3-expressing progenitors give rise 
to all dorsal astrocytes. These regionally restricted astrocyte domains are maintained into adulthood 
(right panel). Adapted from: Functional diversity of astrocytes in neural circuit regulation Lucile Ben 
Haim & David H. Rowitch, Nature Reviews Neuroscience volume 18, pages 31–41 (2017)

Studies in rodent and chick embryos showed that spinal cord OPCs are generated both 
ventrally and dorsally 236,254-258. Ventral spinal cord OPCs emerge after neurogenesis from the 
P3 domain expressing Nkx2.2 259-261, and the Olig2 expressing pMN 262-265. However, where in 
the mouse and chicken Nkx2.2 and Olig2 show non-overlapping expression patterns at the 
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p3/pMN boundary during neurogenesis, human Nkx2.2 expression extends into the olig2 
expressing domain, with cells co-expressing both factors 266. After initial ventral spinal cord 
OPC generation, several populations of OPCs are also generated from dorsal domains 234,267

The spinal cord neuroepithelium of rodents gives rise to a population of GLAST and 
BLBP positive RGs in the ventral spinal cord 268. These RGs differentiate into astrocytes 
via intermediate stages, although white matter astrocytes are also derived from non-RG 
origin 269,270. FGFr3 signaling is thought to inhibit GFAP in grey matter astrocytes 271. In 
the rodent developing ventral spinal cord three distinct populations of astrocytes have 
been identified: Pax6 and Reelin-expressing astrocytes in p1 domain (VA1); Pax6-, Reelin-, 
Nkx6.1- and Slit1-expressing astrocytes in ventral p2 domain (VA2); and Nkx6.1- and Slit1-
expressing astrocytes in p3 domain (VA3) 272,273. White matter astrocytes originating from 
these positionally distinct areas migrate in a strictly radial way and remain in their region 
of origin, even after injury. When nkx6.1 is deleted, no VA2 astrocytes develop 274. This is in 
contrast to OPCs derived from the pMN, which migrate extensively 137.

4.2.4.3. Glial subtype specification in vitro
When translating this in vivo developmental diversity of glial subpopulations to in vitro 
differentiation protocols, the outcome is poor. Many oligodendrocyte differentiation protocols 
use combinations of RA and SHH, without specifically aiming for ventral spinal cord OPCs, 
or studying regional identity 275. While reactive and quiescent astrocytes 276 and astrocytes 
of various brain and spinal cord regions 277,278 have been generated, detailed investigation of 
these subtypes is lacking. More research is required to understand which factors drive the 
specific differentiation of subtypes in vitro, and how to discriminate between those subtypes.

We demonstrated in Chapter 6 that patterning factors used during the initial neural 
induction regulate the regional identity even during astrocyte differentiation, highlighting 
the importance of correct patterning. The first step towards the generation of the specific 
subtype is therefore using the correct regional patterning factors. Furthermore, we 
were the first to generate a human pluripotent stem cell differentiation protocol towards 
astrocytes with a white matter- or grey matter-like phenotype (Chapter 3). We showed that 
a combination of growth factors, including CNTF, stimulated a white matter phenotype. 
However, we need better markers to identify those astrocyte subtypes, and more information 
on the patterning factors that guide the development of those subtypes. RNA sequencing, 
potentially of single cells, is an important tool to evaluate the obtained population, and 
compare the expression profile of primary cell populations and in vitro generated cells 279. 
Better databases with reference information of all the different subtypes are then required. 
RNA sequencing can also be used to evaluate the differences between healthy and diseased 
cells. In Chapter 3 we showed that AQP4 gene expression, which codes for a water channel 
protein that is important for water homeostasis 132,133, was increased in VWM white matter 
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astrocytes. It is known that dysregulated AQP4 channels can result in neurotoxicity and 
myelin defects 280, which is one of the hallmarks of VWM. This again demonstrated that the 
generation of the specifically affected subtype of glial cell in vitro is essential for studying 
disease mechanisms and generating cells for transplantation.

To test the functionality of the obtained glial subtypes, we need improved assays and specific 
markers. For oligodendrocytes, myelination tests could give insight into myelin properties and 
functionality, as well as in disease-related defects 77,281,282. For astrocytes, testing functionality 
in vitro can be more challenging 283. However, functional differences between subtypes and 
variation in interaction with other cell types are becoming increasingly recognized. Functional 
assays could therefore involve co-culture systems, where specific neurotransmitter uptake, 
cellular interactions (for example with endothelial cells in blood-brain barrier models, or with 
microglia in inflammatory models) and electrophysiological properties could be studied. 
For VWM, we used astrocyte – OPC co-culture systems and demonstrated that VWM 
white matter astrocyte specifically impair the maturation of oligodendrocytes (Chapter 3), 
highlighting the need for subtype-specific disease modelling. The improvement of in vitro 
studies using new technology will be discussed below in sections 6.2 and 6.3.

In conclusion, during in vivo development the glial cells emerge at different locations in the 
CNS, from different precursor cell populations, at different times, and under the influence 
of different types of morphogens. These processes give rise to glial subpopulations, 
which can selectively be affected by different diseases, including VWM. After investigating 
which cell type is exactly needed for cell-based therapies (potentially both astrocytes and 
oligodendrocyte subtypes), these cells need to be generated in vitro by mimicking in vivo 
development of such glial cells. All knowledge of morphogens and transcription factor 
expression of in vivo neural induction, regional patterning and glial (subtype) specification 
should be applied in the development of in vitro differentiation protocols, and evaluated with 
modern techniques including RNA sequencing and functional assays. In this way, we can 
more specifically study, treat and replace the affected glial populations in VWM.

5. Stem cell transplantations

To design cellular replacement therapy for VWM, important lessons can be learned from 
transplantation studies in rodent models and in other neurological disorders.

5.1. Rodent models & transplantations

Developing a representative rodent model for leukodystrophies is challenging, as not all 
human gene mutations generate a phenotype similar to the human disease, or affect the 
white matter in rodents. As leukodystrophies are characterized by white matter pathology 
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and myelin degeneration, most rodent transplantation studies focused on the restoration 
of myelin. The shiverer mouse model, with mutations in the MBP gene leading to CNS 
hypomyelination, is therefore popular 284. Earlier studies demonstrated myelin repair and 
clinical improvement after transplantation in this mouse model using primary isolated or 
iPSC-derived glial cells 77,285-288. Although these results are promising, the shiverer model 
does not represent a human disease.

Also for VWM, the initial rodent models did not completely recapitulate human disease, or 
only became apparent after cuprizone and lipopolysaccharide treatments 289-293. However, 
the clinical and pathological phenotypes of the more recently developed models, that carry 
the same mutations as found in VWM patients (Eif2b5Arg191His/Arg191His and Eif2b4Arg484Trp/Arg484Trp), 
strongly resembled VWM patients 83. This makes these mice highly suitable for disease 
modelling and drug development. This was demonstrated in treatment with Guanabenz, 
an FDA-approved anti-hypertensive agent affecting eIF2B activity, which improved the 
dislocation of Bergmann glia in the cerebellum of the mice, one of the pathological hallmarks 
of VWM patients 294.

More recently, we showed that transplantation of primary isolated mouse glial cells in 
the VWM mouse model resulted in improvement on both the motor symptoms and the 
pathology of the mice. The transplanted cells in the animals that showed the best clinical 
and pathological phenotype were mostly differentiated in astrocytes, highlighting the need 
for astrocyte (precursor) transplantation 295. Furthermore, we transplanted human hESC-
derived glial precursor cells in the VWM mouse model (Chapter 4). Most cells differentiated 
into oligodendrocytes rather than astrocytes, even though astrocytes are suggested 
to be the primary affected cells 82, which explains the lack of clinical and pathological 
improvement of the animals. However, as the cells did integrate and migrate throughout 
the brain, this study showed potential for a cellular replacement therapy. Current studies 
are in progress transplanting different populations of stem cell-derived astrocytes in 
VWM mice. Furthermore, even though oligodendrocytes might not be suggested to be the 
primary affected cells, in the VWM white matter also widespread OL and myelin pathology is 
observed. Future studies could investigate possible combinational therapies, transplanting 
mixtures of different types of oligodendrocyte and astrocyte (precursor) cell subtypes, of 
different regional identity and white matter subtype specification.

5.2. Neural stem cell transplantation clinical trials

Clinical trials transplanting human neural tissue are far from new. The development of 
cell replacement therapies for VWM can learn from earlier and ongoing clinical studies, 
for example in Parkinson’s disease. Neural cell transplantation in Parkinson’s disease 
preceded all other fields. Already in 1985, the first clinical trial was started transplanting 
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neural tissue from human fetuses, resulting in increased dopamine synthesis and clinical 
improvement 296-298. Larger patient groups followed, but despite proof of fiber outgrowth 
of the grafted cells and improved clinical outcomes in a proportion of the patients, older 
patients did not significantly improve, and movement disorders came back in a subgroup of 
the patients, which resulted in discontinuation of further studies 299,300. However, a follow-up 
of two patients at 15 and 18 years after transplantation showed gradually improved motor 
symptoms and no need for anti-Parkinson’s medication, showing the potential for long term 
improvement after neural cell transplantation 301. New clinical trials delivering human fetal 
neural stem cells via a nasal route (NCT03128450) and transplanting differentiated neurons 
derived from adult CNS progenitor  cells (NCT03309514) are currently in progress for 
Parkinson’s disease. Furthermore, the generation of dopaminergic neurons from PSCs 
has been optimized, and clinical trials transplanting such cells for Parkinson’s disease will 
develop soon 302. In November 2018, the first Parkinson’s patient has been transplanted by 
Japanese neurosurgeon Takayuki Kikuchi with 2.4 million dopaminergic neurons generated 
from donor iPSCs, at 12 locations in the brain.

We learned from all these studies that direct implantation of cells in the brain using surgery 
is well tolerated, we learned practical aspects of the transplantation procedure (including 
number of cells, type of brain surgery, the use of immunosuppressant medication), and we 
learned the hopeful fact that NSC transplantation can really result in clinical improvement in 
humans. Furthermore, we can learn from the steps taken related to the generation of the cells 
required from transplantation. As the early studies using cells from fetal NPCs were often 
cancelled due to too low numbers of cells available for transplantation, the step towards 
iPSC-derived cells is promising. However, specific challenges still include assuring the 
stability, safety and efficacy of the cells, but also other aspects related to Good Manufacturing 
Practice (GMP), upscaling of the development, and regulatory approval of the obtained cells. 
Understanding the direct need for highly standardized high scale manufacturing facilities 
will prepare us for the realistic steps we need to take in studies for VWM.

Also for other neurodegenerative diseases there is interest in neural stem cell 
transplantations. After several clinical trials for MS using hematopoietic and mesenchymal 
stem cells for transplantation, now studies transplanting human fetus-derived neural 
precursor cells are in progress (NCT03282760 and NCT03269071). Furthermore, fetus-
derived neural stems cell injections in the spinal cord of patients with amyotrophic lateral 
sclerosis (ALS) demonstrated to be safe, and did not accelerate disease progression 303-306. 
Also for spinal cord injury the first phase 1 clinical trial, transplanting neural stem cells 
in spinal cords, showed no adverse effects, and two patients improved neurologically 307. 
Pelizaeus-Merzbacher disease (PMD) was the first leukodystrophy for which neural cell 
transplantation has entered a clinical trial. Four patients with an early-onset severe form of 
PMD were transplanted with human neurosphere cells derived from fetal brain tissue. The 
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trial showed no adverse effects, slightly improved neurological performance, and some 
myelination at the region of transplantation on MRI 308. These findings give hope for the 
feasibility of stem cell transplantations in VWM, and the possibility of clinical improvement 
and white matter regeneration.

5.3. Towards stem cell transplantations for VWM

To generate the optimal transplantation therapy for VWM, we should combine the knowledge 
obtained from rodent models and from clinical trials of neural stem cell transplantations. 
Furthermore, apart from the already discussed safety issues and generation of the correct 
cell type, the specifications of the transplantation procedure need to be determined. These 
include the number of cells to transplant, the frequency of transplantation (a single procedure 
versus multiple sessions), the mode of transplantation (transcranial injection, infusion in 
cerebrospinal fluid or blood), the location of transplantation, and number of transplantation 
sites. As we demonstrated that apart from the brain also the spinal cord is affected in VWM, 
this area should also be considered for transplantation (Chapter 5) 87.

The stage of the disease progression could be an important determinant of success after 
transplantation, and when to transplant patients should be investigated in VWM. Stem cell 
transplantations (although of a different type) for other leukodystrophies have an optimal 
phase at which they give result. For example, hematopoietic stem cell transplantation 
for metachromatic leukodystrophy (MLD) only gave promising results in pre- and early 
symptomatic patients with the juvenile or adult onset type of the disease 309. It is possible 
that in VWM a similar situation is the case. It is becoming increasingly clear that VWM 
has a wide clinical spectrum, and also adult onset patients with a milder disease course 
are diagnosed 310,311. Furthermore, there is a genotype-phenotype correlation, in which a 
combination of mutations influences the clinical phenotype. Additionally, females generally 
have a milder disease than males 310,312. All these factors play a role in determining whether 
a patient would benefit from transplantation or not. Most beneficial effects are expected 
in an early stage of the disease, or in slowly progressing disease forms. However, often 
symptoms only appear when the pathology is already quite advanced, and patients might 
be diagnosed where it is already too late for transplantation. Early detection can increase 
the chances of eligible candidates for transplantation. Even though VWM is one of the more 
common leukodystrophies, it is still rare (incidence 1: 80.000 live births in the Netherlands 
310), and standard screening is not likely to become implemented as long as there is no 
approved treatment available for VWM. However, even when it is already too late for the 
affected child, potentially a younger (pre-symptomatic) family member could be treated. In 
high-risk families prenatal screening could provide an option, although not all families are 
in favor of this idea due to religious reasons.
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Furthermore, the CNS micro-environment influences the success of cell replacement. The 
toxic VWM micro-environment could affect the properties of the healthy transplanted cells, 
and should therefore be addressed 313. The ongoing transplantation studies in mice are now 
investigating the potential for combined therapy with drugs to make the microenvironment 
more permissive. Potentially combinational therapies with both cellular replacement and 
drugs will provide good outcomes in the future for VWM treatments.

In conclusion, even though we still have important hurdles to take and are not close to 
cellular replacement for VWM yet, all current results demonstrate that this type of therapy 
might have potential in the future. In addition, new technologies and developments in the 
field of regenerative medicine are ongoing, and can potentially be integrated in the quest 
for treatment options for VWM.

6. New techniques and developments in regenerative medicine

Technology in regenerative medicine is moving fast. Improvement of current methods is 
continuously ongoing, and sometimes the discovery of an entirely new technology gives an 
enormous boost to the field. Although such new techniques are not the main topic of this 
thesis, they can become of big influence of VWM therapy in the future. The three biggest 
topics at the moment include advancements in gene therapy, the direct (in vivo) conversion 
of cells, and 3D culturing methods.

6.1. Gene therapy

As VWM is a genetic disease with known mutations, future studies for VWM will also expand 
in the direction of gene therapy. For autologous cellular replacements, the patient’s own 
iPSC-derived stem cells need to be genetically corrected ex-vivo prior to transplantation 59,314. 
The other approach of gene therapy is direct in vivo genetic correction. In a mouse model of 
hypomyelinating leukodystrophy-2 (caused by defects in the gap junction protein connexin 
47), AAV-mediated oligodendrocyte-targeted gene therapy improved motor performance 
and pathology features of the disease, including reduced demyelination, oligodendrocytes 
apoptosis, inflammation, and astrogliosis 315, suggesting that improvement of white matter 
through gene correction is possible.

Genetic correction can be performed using a viral vector containing a healthy copy of the 
gene 316, but the gene editing technique regarded as most promising is CRISPR/Cas9 317-321. 
The first pre-clinical studies showed encouraging results in genetic corrections of rodent 
models for Duchenne muscular dystrophy 322, hemophilia 323, amyotrophic lateral sclerosis 
(ALS) 324 and Huntington disease 325. The technique was expected to have a lot of potential 
for clinical application, and several clinical trials are already in progress in China targeting 
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cancer. However, more recent studies show off-targets effects and genetic damage caused 
by CRISPR 326. New clinical studies are halted now by the FDA, and further safety issues 
need to be resolved before resuming the studies. Potentially newer, safer variations such 
as CRIPR-SKIP, a single-base editor with reduced risk of off-target effects, can move the 
gene editing field forward 327.

Considering the safety risks of genetic correction, thoroughly investigating the results 
and potential risks of the therapy in vitro and in the VWM rodent models is a must, before 
this application can move forward towards clinical trials. When the safety is improved, 
gene therapy can potentially be combined with cellular replacement and pharmaceutical 
treatment, to generate an as complete as possible treatment strategy for VWM.

6.2. Direct conversion

Apart from reprogramming somatic cells towards iPSCs, and subsequently differentiating 
these cells, an alternative method to obtain neural cells is via trans-differentiation or direct 
conversion, also discussed in Chapter 7. Thereby one somatic cell type is directly converted 
into a different somatic cell type 328,329.

There are several advantages of direct conversion. As the cells do not pass a pluripotency 
stage, which can result in teratomas after transplantation 330,331, transdifferentiation is 
potentially faster and safer than iPSC reprogramming. Furthermore, since age-related factors 
as the epigenetic memory are not erased during reprogramming 332,333, directly converted 
cells recapitulated pathological hallmarks of Huntington disease and Alzheimer’s disease 
334, which can be used in disease modelling and drug screening.

There are several strategies for direct conversion, including direct conversion towards iNSCs 
335, which can subsequently be differentiated further into more specialized neural cell types. 
Another strategy involves direct in vitro conversion towards terminally differentiated cells, 
including induced oligodendrocytes (iOLs) 336-338 or induced astrocytes (iAs) 339. However, 
we still lack reliable direct conversion protocols for the generation of human glial cells. 
We demonstrated that even though the direct conversion technique is promising, the 
generation of sufficient numbers of glial cells from iNSCs for regenerative purposes is still 
challenging (Chapter 7). Furthermore, trans-differentiation challenges the possibility to 
generate precursor populations, which are generally more suitable for transplantation than 
terminally differentiated cells, and allow the study of developmental defects. As during direct 
conversion no or limited cues for regional subtype specification are provided, the generation 
of specific subpopulation of astrocytes and oligodendrocytes by trans-differentiation is still 
challenging. To improve the gliogenic potential of iNSCs, gliogenic factors could be added 
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during iNSC generation, such as Olig2, Sox9 or NFIA 209,216,218, possibly in combination with 
regionally expressed transcription factors, or factors related to maturation state.

Direct conversion can also be performed in vivo, as an alternative for cellular replacement 
therapy. The advantages of direct in vivo conversion include avoiding a risky and invasive 
procedure, and the locally present cells already have the correct regional identity. To date, 
only in vivo conversion towards neurons has been performed 340,341. However, similar to 
reprogramming towards iPSCs and genetic correction, the safety and integration of the 
retroviral, AAV or small molecule -mediated direct conversion needs to be extensively 
assessed, together with the spread, efficiency and duration of the effect. Furthermore, an 
input population of cells is required that will not be ‘missed’ when it is (partially) converted 
into glial cells, and this population should not be depleted. A potentially interesting strategy 
in VWM could be the direct conversion of the highly abundant, immature OPCs towards 
functional astrocytes. Possibly this in vivo trans-differentiation could be combined 
with genetic correction, and pharmacological treatment to stimulate a healthy micro-
environment. There is still a long way to go for such treatments, but new techniques in the 
field of regenerative medicine follow each other up and improve constantly.

6.3. 3D models

A new technique that enhances the resemblance of in vitro cultures to in vivo glial generation 
is the development of 3D culture models. The classically used 2D configuration only shows 
limited resemblance to tissue development and cellular interactions in vivo, which results 
in alterations in differentiation and functionality of the cells. This can impact the functional 
properties of the cells during disease modelling and when used for transplantation. 
Furthermore, more realistic micro-environmental models are required to test the integration 
capacity of grafted cells. Therefore, much effort is spent on generating 3D models that more 
closely resemble the in vivo differentiation and microenvironment, and result in complex 
interactions between the neural cells 342,343.

Different strategies are available for the generation of such 3D models. The first strategy 
uses artificial materials to create a 3D micro-environment, which provides structural 
guidance for developing cells. This can be a protein-rich gel in which the cells are embedded 
344-347. One of the most commonly used types of gel is Matrigel 344,345. Astrocytes regain their 
star-shaped morphology in Matrigel and remain quiescent without the GFAP upregulation 
that is seen in 2D cultures 348. Also morphologic heterogeneity of astrocyte subtypes is 
preserved in vitro in 3D 349. Gel embedding also improved the iPSC-derived differentiation 
of OPCs, which generated functional and mature oligodendrocytes used for transplantation 
350. Other artificial 3D micro-environments are generated by growing cells on a scaffold 351-354 
or the addition of artificial nanofibers that resemble organic structures 355-357. Alternatively, 
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cells can be grown in microfluidic chamber systems also known as ‘organs on a chip’ 357-360. 
Even though it is not possible yet to generate specific white matter microenvironments, 
combinations of different cell types are already able to mimic complex structures like the 
blood-brain-barrier 361 and generation of specific white matter microenvironments might 
become possible in the near future and play a role in VWM research.

Another application of 3D structure in iPSC technology involves the generation of free-
floating 3D structures called ‘organoids’, which consist of aggregated cells 362-364. This 
configuration allows the cells to differentiate into complex 3D structures with organization 
of different progenitor domains and brain regions 365. As the cells can follow their natural 
configuration in a 3D environment, this is a process that much more realistically mimics 
embryonic development. Even though initially most attention was focused on neurons, 
more recently also glial cells have been generated in organoids, including astrocytes and 
oligodendrocytes 366,367. Human brain organoids can be generated with a specific regional 
identities including forebrain, midbrain and hypothalamus 367,368, and even vascularization of 
these organoids in vitro using fibers or in vivo after organoid transplantation is demonstrated 
6,364,368-371. Even though these organoids still face some challenges, for example the high 
variation makes these assays less robust, and the protocols are time-consuming, this 
technique is a big step forward in generating realistic in vitro models. Although VWM is not 
considered a developmental disorder, such as primary microcephaly 5, this technique would 
be extremely valuable for VWM research. The 3D models can be used to identify affected 
glial subpopulations and unravel cellular interactions. Furthermore, seeding healthy glial 
cells on VWM organoids could function as a model for transplantation in vitro. This would 
enable studying the integration, migration and differentiation of cell populations in vitro. 
These applications could reduce the number of animals needed for translational research.

Altogether, 3D models can improve both the generation of transplantable cells and 
the generation of in vitro models that can be used for disease modelling and to test 
transplantation.

7. Ethical discussion

Many promising new possibilities in regenerative medicine developed after the initial iPSC 
discovery. Just like with previous big revolutions in science, including cloning, embryo 
selection or organ transplantation, these developments do not only come with great 
possibilities. Even though the invention of iPSCs will eventually replace the need for hESCs 
harvested from human embryos, and in vitro studies reduce the number of animals needed, 
iPSC technology comes with new ethical dilemmas and questions 372,373. What will be the 
ethical concern for clinical trials using iPSCs 374,375? Will animals develop human traits 
when they become human-animal hybrids, as it was already demonstrated that human 
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glial transplantation boosted memory and learning in mice 376,377? Since it is possible to 
generate entire organisms from iPSCs 378,379, will we clone ourselves using our own skin cells? 
Even potential that goes beyond human regenerative medicine is explored: can we apply 
iPSC technology to the protection of highly endangered species from extinction 380? These 
questions may still seem irrelevant and far-fetched, but the speed at which these discoveries 
evolve is enormous. Especially the combination of iPSC technology with gene editing is a 
hot topic, in November 2018 the Chinese scientist He Jiankui claimed to have genetically 
edited human embryos. Limits and boundaries may not be set by how far we can go, but 
how far we want to go, and call upon philosophical and ethical discussions.

8. Concluding remarks

In conclusion, we explored the use of human iPSC technology for in vitro disease modelling 
and transplantation therapy for VWM. We discussed how we can generate safer and more 
stable iPSCs with the optimal (epi)genetic profile, how knowledge of the microenvironment 
during in vivo glial differentiation and subtype specification can improve current iPSC 
differentiation protocols, what new techniques are able to improve current protocols, and 
how we can apply this to work towards treatment options for VWM, including transplantation 
therapy.

However, every experiment does not only answer questions, but also evokes new ones. Our 
research is no exception; there are many puzzles to solve. Two recurring challenges during 
our current studies are 1) the lack of specific markers to discriminate between astrocyte 
or oligodendrocyte subtypes, and 2) the lack of knowledge on how environmental factors 
specifically regulate cell subtype specification and functionality (both in vivo and in vitro). 
In Chapter 3 we demonstrated the importance of astrocyte subtypes in in vitro models, 
and made the first steps towards the differentiation protocols generating these subtypes. 
We used a combination of immunocytochemistry, morphology and RNA expression level, 
but a unique marker to discriminate between subtypes would give a more a solid readout 
for successful results. For the differentiation of subtypes we now used either a cocktail of 
growth factors, or FBS. However, it would be better to base differentiation protocols on in 

vivo development, and mimic this process in vitro. But how can such protocols for subtype 
specification in vitro be developed, if the mechanism driving this in vivo development is 
currently still unknown? The same holds true for Chapter 4. We showed that human stem cell 
derived glial cell transplantation has potential, since these cells survived and integrated well 
in the brain. However, in order to develop a successful transplantation, we need to identify the 
specifically affected cell types, and make those cells to replace them. Again, the identification 
and generation of these cells is still uncertain. These issues also come up in Chapter 5. 
We have demonstrated here that specific spinal cord populations of white matter astrocyte 
subtypes are affected, and need to be targeted in therapy. But how can these subgroups 
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be specifically targeted, if markers to discriminate between the subgroups are lacking? In 
Chapter 6 we took a step back from the translational VWM research, to address some of 
these more fundamental questions. We investigated the parallels between factors driving 
the in vivo patterning during embryonic development and in vitro stem cell differentiation, 
and shed more light on the influence of the initial patterning during neural induction on 
the properties of NPC and NPC-derived cells. However, we still faced challenges to obtain 
specific and pure cell populations, and were not able to explain all the expressed markers. 
Similar challenges were observed in Chapter 7. Where in theory iNSCs should have the same 
properties as iPSC-derived neural precursors, significant differences in proliferation, survival 
and differentiation potential became evident. These findings confirm that NPC identity alone 
is not enough, but we need more specific guidance to generate those specific subtypes of 
neural precursors, and markers to discriminate between them.

New applications combining techniques such as immunofluorescent live cell imaging and 
super resolution imaging, stem cell fate transition tracing, fluorescent in situ hybridization, 
and RNA sequencing of single cells or in 3D and tissue are evolving rapidly 381-386. Future 
studies could potentially use these techniques to identify markers of the specifically affected 
(regional) subtypes of white and grey matter astrocytes and oligodendrocytes. And even 
though the study of embryonic development already has a very long history, still a lot of 
information can be gained from those new techniques about the precise mechanisms driving 
in vivo development and subtype specification. Altogether, our studies resulted in small steps 
forwards, but much more fundamental research is required to improve our understanding 
on the microenvironmental developmental and functional heterogeneity of glial cells in vivo, 
and how to mimic and recognize this in vitro. In this way, our research contributed to the 
field, and evoked new questions that need to be resolved in the future.

To achieve our goal of developing treatment strategies, research on VWM should also cover 
other topics. For example, we only addressed the ‘CNS aspect’ of VWM. In most patients 
VWM only affects the CNS, with the exception of ovarian failure that is a commonly reported 
feature in adolescent and adult VWM females 387-392. However, in line with the fact that the 
genetic defect affects a house-keeping function regarding initiation of mRNA translation 
and regulating the rate of mRNA translation under stress conditions, patients with very early 
onset and severe disease have involvement of other organs, like the liver, pancreas and 
kidneys. These findings suggest that if VWM patients live longer, they could still develop a 
multi-system disorder. If therapy is able to delay the CNS onset, or slow/halt/ repair CNS 
pathology, possibly also other organ failures and still unknown disease signs need to be 
addressed.

While we mainly focused on developing stem cell therapy strategies, we need in parallel 
to solve the puzzle why EIF2B1-5 mutations specifically impact brain tissue, and how they 
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affect other cell types 393. Several strategies are available to ‘attack’ EIF2B1-5 mutations 
and the functionality of the eIF2B protein complex, including gene therapy. Furthermore, as 
Guanabenz reduced VWM pathology in mice, this treatment strategy could also hold great 
prospects for patients 294.

Even though there is still a long way to go before we are able to fully understand and treat 
VWM, I am confident that a combined approach will bring VWM research further towards 
feasible treatment options for patients in the future. This approach will focus both on 
unravelling the VWM disease mechanism, and exploring treatment options including cellular 
replacement, pharmacological treatment strategies and genetic correction. iPSC technology 
can play an important role in that development!
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