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Summary

Vanishing White Matter (VWM) is a severe brain disease. It is caused by mutations in genes 
encoding the eIF2B complex, which is involved in translation initiation; it is conditional for 
the translation of virtually all mRNAs to protein and a key regulator of protein synthesis rates 
under various stress conditions. Patients have progressive neurological dysfunction with 
ataxia and spasticity and also cognitive decline. The disease displays sensitivity to cellular 
stressors, like febrile infections, which cause rapid decline. Astrocytes and oligodendrocytes 
of the brain white matter are mainly affected. There is no treatment for VWM and many 
patients die early in life. My thesis involved the development and characterization of new 
model systems for preclinical testing and showed effectiveness in selecting candidate 
treatments for VWM. We present proof-of-concept for successful recovery after cell 
transplantation and Guanabenz treatment. Both are important steps in advancing therapy 
development for VWM.

In Chapter 2 we characterized new mouse models for VWM, and used these mice 
to study the role of astrocytes in VWM disease pathomechanisms. We demonstrated that 
our VWM mice recapitulate major aspects of VWM; they have a shortened lifespan, affected 
motor function and show abnormalities of astrocytes and oligodendrocytes. The homozygous 
mutations in Eif2b5 or Eif2b4 result in a lifespan of respectively 7-10 and 18-20 months. 
To model ultra-severe VWM we crossbred the mutant mice into double mutant mice with 
mutations in both Eif2b5 and Eif2b4. Single homozygous Eif2b5 mice were studied in depth 
and showed affected astrocytes starting at postnatal day 14, before onset of oligodendrocyte 
pathology and motor dysfunction. In co-cultures of astrocytes and oligodendrocyte 
progenitor cells (OPCs) of different compositions, we tested the contribution of each cell 
type. We showed that astrocytes of VWM mice secrete factors that inhibit OPC maturation, 
while VWM OPCs show normal maturation in the presence of wild-type (WT) astrocytes. So, 
VWM oligodendrocytes do not appear to have an intrinsic maturation problem. Consistent 
with VWM patients, mainly the white matter astrocytes in VWM mice were affected, while 
the grey matter astrocytes appeared normal on immunostainings on brain sections. A new 
finding was that two additional astrocytic populations were found to be affected in VWM 
mice and patients: the Müller cells of the retina and the Bergmann glia in the cerebellum. 
The mice recapitulate human VWM, both clinically and pathologically. The range of mouse 
mutants also recapitulate the spectrum of disease severity observed in human patients. 
They are therefore excellent models for further studies on VWM disease mechanisms and 
therapy development. Already the results of this chapter revealed new information by 
showing that specific astrocytic subpopulations are affected by VWM mutations and that 
these astrocytes may drive pathology in other cell types like the oligodendrocytes. 

In Chapter 3 we developed new induced pluripotent stem cell (iPSC)-based models 
for VWM. Patient-derived iPSCs provide an autologous cell source for cell replacement 
therapies and are valuable tools to study disease mechanisms, such as the identification 
of intrinsically affected cell types by eIF2B mutations. In this chapter we aimed to study 
VWM astrocytic pathology in vitro using iPSCs of both VWM mice and VWM patients. After 
differentiation of human iPSCs we confirmed the negative effect of VWM astrocytes on OPC 
maturation previously observed with mouse cells in Chapter 2, indicating this mechanisms 
is shared between species. To study specifically the white matter astrocytes, which are 
mostly affected in VWM brain tissue, we differentiated iPSCs into astrocytes with two 
different protocols, one containing FBS and the other based on CNTF. These protocols led 
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to different astrocytic subtypes: the FBS astrocytes were more consistent with grey matter 
astrocytes while the CNTF astrocytes were more consistent with white matter astrocytes. 
Strikingly, VWM CNTF astrocytes inhibited OPC maturation, while VWM FBS astrocytes did 
not. We performed RNA sequencing analysis to identify differences between VWM and 
control astrocytes. Pathways related to “extracellular space”, “immune response” and “cell 
development” were consistently affected in VWM astrocytes. Human VWM CNTF astrocytes 
showed specifically affected pathways regarding “neuronal functioning” and “vasculature 
related”, which were not affected in FBS astrocytes or mouse CNTF astrocytes. So, in this 
chapter we present protocols to generate specific astrocytic subtypes in vitro, show the 
value of using mouse and human protocols in parallel, and give insight into differential 
intrinsic defects in astrocyte subtypes in VWM iPSC culture models.

In Chapter 4 we searched for new measures of the severity of VWM pathology 
with the aim of being able to quantitatively assess disease deterioration or improvement 
with treatment. With the purpose of modulating disease severity, the effects of Guanabenz, 
a potential therapeutic compound for VWM, were tested. The cerebellum of untreated 
VWM mice showed a decreased number of mature oligodendrocytes, and the cell bodies 
of the Bergmann glia were translocated from the Purkinje cell layer to the molecular layer. 
This translocation was apparent in VWM mice and patients, and could be quantified and 
used as a disease marker. As a proof of principle we treated VWM mice with Guanabenz, 
a compound that is FDA approved for the treatment of hypertension. Recent studies have 
shown that Guanabenz targets the integrated stress response (ISR), a pathway affected by 
VWM mutations. For this reason we expected Guanabenz to affect the VWM pathology 
and used the drug to validate the different disease markers. We showed that Guanabenz 
treatment improved markers of VWM pathology. The results of this study indicate that 
Guanabenz treatment may be beneficial for VWM patients. Because it is a known, FDA-
approved drug, studies to explore the effects of application in patient can be initiated.

 In Chapter 5 VWM mice were transplanted with (macro) glial progenitor cells 
(GPCs) neonatally, to study the therapeutic effects of glial cell replacement therapy for VWM. 
We transplanted different types of GPCs to test optimal cell populations. However, after 
transplantation no difference in astrocyte and oligodendrocyte differentiation potential was 
observed, although PDGFαR-sorted GPCs showed increased survival compared to GLAST- 
or A2B5-sorted GPCs. We showed that cell transplantation let to clinical improvement, 
i.e. improvement in time to cross the balance beam compared to saline-treated mice. 
Furthermore, a subset of animals showed improvements of VWM pathology after cell 
transplantation, which was correlated to a higher percentage of transplanted cells that 
differentiated into astrocytes. This is in line with the conclusion of chapter 2 regarding 
the central role of astrocytes in VWM. This study showed for the first time that glia cell 
transplantation could be effective in treatment of VWM, and that success of cell therapy for 
VWM depends on the astrogenic differentiation potential of the cell population. 

In Chapter 6 we explored ways to further optimize cell transplantation for VWM. 
One option is to lower hyaluronan (HA) levels in the brain; high HA levels can be detrimental 
for cell migration and maturation, and are likely involved in VWM pathology. We treated 
VWM mice with HA lowering compounds Vitrase and Dexamethasone. Long term treatment 
did not lead to adverse side effects, although no improvements of VWM phenotype were 
observed. Dexamethasone even worsened the number of Nestin+ cells in the corpus 
callosum, suggesting that Vitrase might be a better candidate. Future studies combining 
Vitrase with cell transplantation are currently being carried out, and will show whether 
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lowering HA levels is beneficial in VWM cell-based treatment paradigms. 
Chapter 7 discusses the importance of the brain microenvironment for the success 

of stem cell therapy. Many leukodystrophies have an adverse brain microenvironment, 
which can affect the ability of transplanted cells to survive and mature. It is important to 
test this in relevant disease models that replicate etiology and clinical disease as observed 
in patients. As human glial cells have a phylogenetic advantage over rodent glia, we argued 
that preclinical studies should be performed with rodent glia as well. Although further 
optimization and testing with appropriate models are necessary before proceeding with 
clinical trials, current preclinical cell therapy studies look promising.
In summary, experiments performed in this thesis confirmed the hypothesis that astrocytes 
are the primary affected cell type in VWM (1-4) (Figure 1). Mouse studies showed that 
astrocytes are affected early on, and inhibit OPC maturation. Additionally, specific astrocytic 
populations, like the white matter astrocytes, Bergmann glia and Müller cells, are affected, 
while grey matter astrocytes appear normal. By using human and mouse iPSC-based models, 
we showed that the white matter astrocytes in VWM are intrinsically more affected than 
grey matter astrocytes in terms of differential gene expression and OPC maturation support. 
We further provided proof-of-concept for successful treatment effects of Guanabenz 
administration and cell therapy. The success of cell therapy was correlated with the amount

Figure 1. White matter astrocytes are central in VWM pathology. This figure shows a graphical 
representation of how neural cells are affected by VWM mutations, based on the results of this 
thesis. VWM mutations appear to affect mainly white matter astrocytes, which show a decreased 
maturation and abnormal morphology. We showed that VWM astrocytes secrete factors that inhibit 
OPC maturation in vitro, which is a likely cause for the observed block in OPC maturation in vivo. 
Reactivity of both astrocytes and microglia is surprisingly low considering the severity of the disease. 
VWM microglia do not show overt pathology but defective cross talk between astrocytes and microglia 
might be present. Some neuronal pathology is present, but is relatively mild and likely secondary to 
glial abnormalities. Grey matter astrocytes are not as severely affected as white matter astrocytes: they 
show normal maturation and morphology and grey matter like iPSC-derived VWM astrocytes do not 
inhibit OPC maturation in vitro. IPSC-derived astrocytes show affected pathways on RNA sequencing 
analysis (RNA seq) regarding “extracellular space”, “immune response” and “cell development”. 
Additionally, human white matter like astrocytes show affected gene expression involved in “neuronal 
functioning” and “vasculature related”.

White matter astrocytes are 
affected by VWM mutations:
 - decrease maturation
 - abnormal morphology

RNA seq analysis of human white
matter like astrocytes showed 
specifically affected pathways:
 - Neuronal functioning
 - Vasculature related

Grey matter astrocytes do not seem 
to be affected by VWM mutations:
 - normal maturation
 - normal morphology
 - no effect on OPC maturation

It is unknown how microglia-
astrocyte crosstalk influences 

VWM pathology

HA
VWM astrocytes produce 

high amounts of HA

High levels of HA and 
unknown secreted astrocytic 
factors inhibit OPC maturation

?

RNA seq analysis  of iPSC derived
astrocytes showed affected pathways:
 - Extracellular space
 - Immune response
 - Cell development

Neuronal pathology is relatively mild 
and likely secondary to glial pathology
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of injected cells that differentiated into astrocytes, again pointing to the central role of 
astrocytes in VWM. Further optimization of treatment strategies is necessary, but it is clear 
that astrocytes should be the main target of therapy development for VWM. In this final 
chapter I will discuss the use of disease models in research and the prospects of treatment 
strategies for VWM.

New models to study VWM

Disease models are essential to study the mechanisms of a disease and explore new 
treatment options. Commonly used models are animal models or cell culture systems. In 
this thesis both a new genetically modified mouse model for VWM and new iPSC lines are 
described. In this part I will discuss the advantages and disadvantages of each model and 
how new technical advances can improve current disease models.

In vivo models to study VWM disease pathomechanisms
In chapter 2 we showed that we successfully modeled human VWM in mice. Based on 
two severe human VWM mutations we developed mouse models that recapitulated most 
important aspects of VWM: affected motor skills, a shortened lifespan and astrocyte and 
oligodendrocyte (collectively termed “glia” for “macroglia” in this chapter) abnormalities. 
We showed that astrocytes play a central role in VWM disease pathomechanisms (Figure 
1), something that was suggested from studies looking at post-mortem patient tissue (1), but 
could not be proven without the ability to study different disease stages and the availability 
of cells for co-cultures of different composition. 

Mice constitute a great model system for genetic diseases for a number of reasons: 
(a) gene targeting methods in mice are well established, making it relatively easy to obtain 
transgenic mice (5); (b) mice breed quickly and have a short lifespan, increasing the amount 
of data that can be collected within a reasonable time frame; (c) as mice are mammals, they 
share a large part of their physiology and genetic make-up with humans; (d) a large range 
of disease-associated behavior and motor signs can be studied in mice, in contrast to cell 
culture systems. Studies in mouse models have led to important insights into normal brain 
physiology, pathomechanisms behind brain disorders (6) and have led to the development of 
therapeutic agents (7). 

Besides their vital contributions to science, mice are not human in many ways (8). 
Only 10% of clinical trials result in FDA-approved treatment for humans (9). Although there 
are multiple causes for the failure of potential treatments, like poor experimental design 
(9) or heterogeneous patient populations (9), at least a part of the failures can be explained 
by differences between animal models and patients (9-11). Clinical trials are expensive and 
treating patients with ineffective drugs is unwanted. Mouse models for brain diseases often 
show a milder phenotype than is observed in patients (12), which is at least in part due to 
the difference in life span that makes mice less suitable to study late onset diseases. As a 
consequence, it is advisable to use mutations associated with severe and early onset disease 
variants to model the disease. For example, our VWM mouse models carry mutations 
known to cause severe variants of VWM in patients and show ataxia and affected lifespan, 
while these are absent in mice carrying R132H mutations in Eif2b5 which are associated 
with a milder disease variant (13). Additionally, the mouse brain is different from the human 
brain. One of the major features of VWM is cystic degeneration of the cerebral white matter, 
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which we did not find in our VWM mice. However, mice have very little cerebral white 
matter compared to humans (14, 15) and the cerebral white matter structures that mice do 
have are relatively spared in VWM patients (corpus callosum, internal capsule (16)). As rodent 
astrocytes are quite different from human astrocytes (17, 18), therapies that target mouse 
astrocytes successfully might have a different effect on human astrocytes. Larger animal 
models, especially primates, have genetic backgrounds and brains that are more similar 
to humans, and might therefore provide better models (19, 20). However, using primates for 
research comes with other limitations; their longer life span increases research time and 
costs, gene editing strategies are less established than in mice, and ethical considerations 
put a hurdle on their use for research (19, 21).

The use of experimental animals is still a vital part of research. It is important to 
consider how well the model used is validated for answering a certain research question. 
For example, it is better to use a mouse model with genetic Plp1 alterations similar to 
patients as a model for Pelizaeus-Merchbacher disease (PMD), than to use a more generic 
hypomyelinating mouse model (22, 23). Caution is advised when drawing conclusions about 
human disease from animal models; preferably (part of the) results need to be validated in 
patient’s tissue or cells, for example by using iPSC-derived cells.

Studying human specific disease processes with iPSCs
The discovery of iPSCs started a new era in disease modeling. Before the iPSC era, studies of 
human cells were limited to cell lines, differentiated embryonic stem cells or primary cells 
isolated from biopsy or postmortem material. Differentiation of iPSCs allows the study of 
cells with exactly the same genetic make-up as patient’s cells, which makes them particularly 
useful for diseases that are heritable but not monogenic, like many complex neurological 
disorders (24). IPSC lines make it much easier to compare cells from patients with different 
mutations to find common pathways that are affected (25). In cell culture, certain aspects of 
a disease can be isolated and studied separately from confounding factors. 

The isolated aspect of culture systems is also a disadvantage: it is not a natural 
environment for the cell and usually studies are based on a preconceived idea of what cell 
type and what disease process is involved in the disease pathophysiology. A way to study 
cells in a more natural situation is to use brain organoids, in which cells are allowed to 
develop spontaneously into a “mini brain” (26-29). Neuroepithelial stem cells are grown in an 
anti-adherent plate so that they clump together to form a 3D structure. In this structure 
cells can differentiate into neurons and glial cells and recapitulate parts of the structure and 
network present in early neural development. As this is closer to normal development than 
a 2D culture system, certain aspects like the formation of cortical layers and myelination are 
better replicated (28, 30).

Another disadvantage of iPSC research is the variability between lines and 
differentiations that is often observed (31). This variability arises at different levels: iPSCs 
are usually made from different persons, that can have very different genetic backgrounds 
unrelated to the disease phenotypes (32). Although this can also be an advantage, for example 
in the development of personalized medicine, it increases the number of cell lines that might 
be needed to find statistically significant differences and relevant disease phenotypes. Due 
to the labor intensive protocols to produce, maintain and differentiate iPSCs, it is not always 
feasible to increase the number of lines to compensate for the variability current iPSC 
studies are facing. Small mutations are known to accumulate during prolonged cell culture 
(33). These factors are not specific for iPSC cultures, but can cause variation in all cell culture 
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studies. Some variation can be due to the iPSC production method. Especially integrating 
reprogramming methods were shown to cause genomic alterations like increased copy 
number variants (34), although these decreased again during passaging of iPSCs, suggesting 
that there is selection against genomic alterations during iPSC culturing (35). Cells that are in 
slightly different maturation stages during differentiation can also cause variation. Variability 
can be lowered by selecting cells on marker expression during differentiation (36-39), by using 
isogenic lines for monogenetic diseases (40) or by directly going from fibroblasts to neural 
stem cells (so called induced neural stem cells) bypassing the pluripotency state completely 
(41). Research efforts into optimizing protocols to culture and differentiate iPSCs will likely 
result in more robust iPSC studies in the future. Good standards need to be developed for 
efficient generation of cell types of interest with as low variability as possible. 

To study human specific brain disease processes in relevant (brain) cell types 
iPSCs are the best available tools at the moment. Current efforts in iPSC research involve 
standardization of protocols to greater detail and creation of isogenic lines to lower 
interference of disease-unrelated genetic background, while still exploring the option for 
personalized medicine. At the moment, iPSCs can be used for example for drug screening 
or to test how specific cell types are affected by disease mutations, but are not capable 
of replacing animal studies completely. It is expected that when the unwanted risk factors 
causing variability have been controlled, iPSCs will present as one of the most relevant 
model systems to study specific brain disease processes. 

The future of disease models
Both mouse models and iPSC have their advantages and disadvantages, as discussed above. 
At the moment I believe it is still optimal to use both animal models and cell culture in the 
study of disease mechanisms and new therapies, but emerging new technologies might 
change preclinical research methods.

Currently disease modeling and especially therapy development relies heavily on 
animal model systems. Mouse models allow to test for the effect of mutations in a whole 
organism, during development in multiple disease stages and to look at effects on behavior. 
To improve translation, studies in iPSCs can test the effect of mutations on human cells. A 
comparison between human iPSCs and mouse iPSCs can show if certain disease aspects are 
preserved between species. Animal models are still required to study adverse side effects, 
effects on behavior and motor symptoms, and drug dynamics and kinetics. 

An interesting new alternative to look at behavioral phenotypes is to use mice that 
are transplanted with human cells, e.g. glia. Human glia have a phylogenetic advantage over 
rodent glia (17, 42), and are capable of taking over the entire rodent GPC population leading to 
mice with a humanized white matter (43). After transplantation of GPCs from schizophrenia 
patients mice showed behavioral abnormalities when compared to mice transplanted with 
control GPCs (44). Similar chimeric models have been developed for Huntington’s disease 
(45) and for the study of human excitatory neurons by engrafting with neuronal progenitor 
cells(46). These new models provide new research opportunities, where the effect of patient-
derived cells on behavioral and motor symptoms can be studied. So far, these models either 
focus on a specific brain region or rely on transplantation in hypomyelinated and immune 
deficient mice to reach a sufficient spread of cells throughout the white matter (43), which 
limits the use of these models for certain research questions. For therapy development, 
however, these human-mice chimeric models open up a whole new level of preclinical 
testing options, where drugs can be validated on patient-derived cells in an animal model.
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 In the future we might be able to make model systems from stem cells that are 
good enough to make animal studies redundant for certain research questions. Already 
companies and researchers are developing “organ-on-a-chip” models, where cells are 
cultured in microfluidic chambers mimicking important aspects of organ functioning (47, 48). 
For example, lung-on-a-chip devices consist of a porous membrane with endothelial cells 
and artificial blood flow on one side and lung epithelial cells and airflow on the other side 
(48). This system can also mimic breathing by applying physiological mechanical forces, and so 
provides a much more natural environment for lung cells than a normal culture dish. With 
these systems preclinical testing can be improved by establishing efficacy, drug dosing and 
off target effects on major organs in human cell systems. However, as some drugs can have 
effects due to interplay between different organs, a well validated human-on-a-chip model, 
where miniature versions of all relevant organs are present (49-51), will be needed before 
animal models are completely redundant. Brain-on-a-chip systems are complicated by the 
complex structure and interconnections of the brain. Most brain-on-a-chip models focus on 
one particular aspect of the brain, for example the development of a blood-brain-barrier (52, 

53). My expectations are that with further improvement an increasing number of research 
questions can be studied in human cell models instead of in animal models. These human 
systems will give a much better indication of the effectiveness and safety of therapeutic 
compounds, and might become an essential step in drug development. However, it is hard 
to imagine a way in which a brain-on-a-chip model will be able to reliably model behavioral 
and motor signs associated with many CNS diseases.
 Increased concern about animal welfare is driving the need for alternative disease 
models, although stem cell models are not without ethical concerns. Although the invention 
of iPSC technology avoids need of human embryos, some ethical questions remain. 
For example, how far should we mature (brain) tissue? I think we can assume a general 
agreement that growing an entire human brain in a culture dish is not desirable. But at which 
point does a group of neurons and glial cells become a brain? Similar issues apply to the 
study of human-animal chimera’s; when is a brain too much “human” to still be considered 
an animal model? I cannot provide answers to these questions, but guidelines need to be 
developed by experts and regulatory authorities, now that brain organoid models are still in 
an early developmental state (54, 55).

We have developed two new model systems for VWM using genetically modified mice 
and stem cell technologies. In future studies both models can be used to further elucidate 
disease processes, find therapeutic targets and test new treatments. I think it is important 
to combine research in mouse models with studies of human (iPSC) cells to get to a more 
complete understanding of disease mechanisms and therapeutic potentials, although in the 
future improved stem cell models might decrease the need for animal studies.

Treatment options for VWM

The main aim of this thesis was to advance treatment strategies for VWM. Three different 
treatment strategies were tested in VWM mice: treatment with Guanabenz that affects the 
ISR, treatment with Vitrase or Dexamethasone to lower HA levels, and cell replacement 
therapy. Positive effects were observed for Guanabenz treatment and cell therapy, 
supporting further investigation. In this part I will discuss prospects for VWM therapies.
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Treating VWM with compounds
Compounds are molecules or chemical substances that can have an effect on a certain cell 
type or molecular pathway. For VWM compounds that affect cellular stress pathways or 
compounds that improve functioning and maturation of astrocytes and oligodendrocytes 
are of particular interest. We tested three different compounds to improve the VWM 
phenotype in mice: Guanabenz (chapter 4), Dexamethasone and Vitrase (chapter 6). 

Guanabenz targets the ISR, which is specifically affected by VWM mutations (56, 

57). Initial studies showed that Guanabenz inhibits GADD34–PP1 binding (58); GADD34-PP1  
is necessary for dephosphorylation of eIF2 after cellular stress. However recent studies 
suggest Guanabenz might affect the ISR through GADD34 independent mechanisms (59, 60). 
More research is needed to clarify the effect of Guanabenz on cells. But it is clear that 
Guanabenz has positive effects on animal models of several brain diseases, in which the 
ISR has been implicated (61-65), including VWM. After treatment with Guanabenz, VWM mice 
showed improved astrocyte and oligodendrocyte pathology, which was more pronounced in 
the cerebellar white matter than in the cerebral cortex. The dose and timing of Guanabenz 

Figure 2. Treatment options for VWM explored in this thesis. (A) Dexamethasone and Vitrase lower 
HA content of the extracellular matrix, which can promote OPC maturation and progenitor cell 
migration. Vitrase is a hyaluronidase that breaks down HA directly, while Dexamethasone inhibits 
HA production by lowering the expression of hyaluronan synthetases (like HAS2). (B) Guanabenz 
influences the ISR, possibly through inhibition of GADD34-PP1 binding. EIF2B plays a rate limiting 
role in protein synthesis during stress, so influencing the ISR pathway might alleviate effects of VWM 
mutations. (C) Cell replacement therapy is based on replacing affected cells with healthy donor cells. 
GPCs can differentiate into astrocytes and oligodendrocytes after transplantation. Donor-derived 
oligodendrocytes can mature and produce healthy myelin. Donor astrocytes can take over functioning 
of affected astrocytes and influence the microenvironment so that the OPC maturation block is lifted.

VWM mutationseIF2B

eIF2p-eIF2

GADD34

PP1

GBZ

PP1

CReP

DEX

HAS2

VIT

Lower levels of HA 
promotes OPC maturation

Guanabenz affects 
UPR pathway and 
alleviates effects of 

eIF2B mutations

Cell therapy provides
healthy glial 

progenitor cells

Donor cells can differentiate
into oligodendrocytes and
contribute to myelination

Donor cells can differentiate
into astrocytes 

Donor astrocytes can influence the
microenvironment and for example

promote OPC maturation

Dexamethasone 
inhibits HAS2 which

lowers HA production

Vitrase breaks 
down HA

A B

C
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treatment might not have been optimal; after our experiments had started a study was 
published that showed the half-life of Guanabenz is short (64) and better effects are expected 
with a higher frequency of Guanabenz treatment. A phase II clinical trial to look at the 
effect of Guanabenz on amyotrophic lateral sclerosis disease progression has recently been 
completed, but results have not been published yet (66). Recently two studies showed that 
motor symptoms, weight loss and glial cell abnormalities in VWM mice were improved 
after treatment with compounds (ISRIB and 2BAct) that increased the stability and activity 
of eIF2B (67, 68). ISR or eIF2B targeting compounds are likely to benefit VWM patients and 
probably play a role in future treatment regimes.

Dexamethasone and Vitrase are two compounds that both lower the HA levels in the brain 
(69-72). Increased levels of HA are found in VWM patients and severely affected VWM mice (2, 

73). Lowering HA levels with Dexamethasone or Vitrase did not improve the motor skills or 
pathology in VWM mice. Although Dexamethasone or Vitrase alone do not appear to be 
promising drug candidates for VWM, they might be useful in combination with cell therapy. 
High levels of HA, as observed in VWM patient white matter, can affect cell maturation 
and migration (74-77), so lowering HA levels during or after cell transplantation could improve 
the integration of donor cells. Hyaluronidase treatment of astrocyte conditioned medium 
(ACM) of mouse astrocytes did not rescue the maturation defect of VWM OPCs (chapter 2) 
but hyaluronidase treatment of ACM of human astrocytes did increase the OPC maturation 
(chapter 3). This suggests that the role of HA in VWM disease progression may be 
differentially regulated between human and mice, and suggests that HA targeting strategies 
may have a bigger effect in patients than in VWM mice. As no adverse side effects of 
treatment with Vitrase in VWM mice were observed, future studies in our lab will combine 
cell therapy in VWM mice with Vitrase to see if lowering of HA level improves the migration 
and maturation of donor cells. An increased level of HA might also be involved in OPC 
maturation arrest in Multiple Sclerosis (MS) (76, 77). The onset and severity of experimental 
autoimmune encephalomyelitis, a mouse model for MS, was reduced by treatment with 
4-methylumbelliferone (4-MU). It was proposed that the positive effects of 4-MU are 
mediated by a decreased synthesis of HA, although other potential anti-inflammatory 
effects need to be ruled out (78). As 4-MU is already used in the clinic for treatment of biliary 
dyskinesia without serious adverse side effects (79), it might be interesting to consider 4-MU 
for HA lowering strategies in VWM. 

The compounds described in this thesis affect different pathways involved in VWM 
(Figure 2A-B). Additional therapeutically interesting compounds for VWM can be found by 
different means. First, other compounds affecting the ISR pathway would be interesting 
candidates. Secondly, the composition of the ACM of VWM astrocytes can be analyzed and 
compared to the ACM of control astrocytes, to find new interesting targets for therapy. 
Third, a compound screen could identify factors that for example improve OPC maturation 
or normalize gene expression patterns in VWM. For now, clinical trials with Guanabenz are a 
first step forward, but in the future more promising compounds for treating VWM patients 
might be identified.

The prospects of glial cell replacement therapy
Cell replacement therapy has shown successes in preclinical rodent models for 
leukodystrophies (80-84). VWM is a good candidate disease for cell replacement as a limited 
number of cell types are involved and glia, whose functioning does not depend on specific 
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connections with other cells, might be more suitable for cell replacement than neurons (1). 
As human cells have a phylogenetic advantage over rodent glia, but not over host human glia 
after transplantation in patients, we wanted to test cell replacement therapy with mouse 
cells in our VWM mouse model. In chapter 5 we showed that transplanting healthy mouse 
glial progenitor cells could improve pathology and motor skills in VWM mice. This shows 
promise for cell replacement as part of treatment plans for VWM (Figure 2C), although 
important considerations are remaining. 
 The first question is why only a subset of mice showed improvements in brain 
pathology after cell transplantation. I think the success of cell replacement therapy is 
highly dependent on having sufficient numbers of the right cell type in the correct location. 
Injections in neonatal mice with high precision are challenging and the exact location of 
injected cells varied between mice. Additionally, we used primary cells in this study which 
could differ from batch to batch in the quality of cells and differentiation potential. We 
showed that astrocyte differentiation is essential for successful cell therapy for VWM, 
so future studies should focus on transplantation with highly astrogenic populations. 
Additionally, transplantations in older, symptomatic mice will make injections with a higher 
precision possible and will improve translation to a clinical setting, where patients will likely 
not be transplanted in pre-symptomatic stages. 
 Cell source is the second question. To avoid rejection of donor cells, iPSCs seem the 
logical choice. However, using patient-specific iPSCs is labor intensive: for each patient iPSC 
lines need to be created. Some studies have observed T cell activation after transplantation 
of iPSCs or early progenitors in mice, showing that an identical genetic background may 
not be sufficient to avoid an immune response (85). The large number of different VWM 
mutations (16) make gene targeting strategies for correction purposes labor intensive, 
requiring specifically designed templates for each mutation. With a successful cell therapy, 
VWM could be incorporated in neonatal screening programs, which would give enough time 
to develop cell lines for individual patients. Still, differentiation protocols and quality control 
cost a lot of time and money. A more realistic option at this moment might be the creation 
of iPSC banks (31), where a large range of iPSCs with different HLA types can be produced 
in central locations according to strict regulations and standardized protocols. These lines 
are still labor intensive to produce, but can be used for multiple patients and do not need 
genetic editing, leading to a better cost-effectiveness (31). Alternatives can be fetal tissue or 
transdifferentiation. For fetal tissue availability is limited, the quality highly variable and 
ethical issues are associated with its use; it is unlikely that enough cells can be produced for 
large scale treatments of multiple diseases (84). Transdifferentiation or direct reprogramming 
might be a good alternative for patient-specific iPSC lines: protocols are faster, and as cells 
are never returned to a stem cell state the risks of teratoma formation are lower (86). 

The third question is in what differentiation or maturation stage should we 
transplant the cells. Astrocytes appear to play an important role in the development of 
VWM, but oligodendrocytes are (directly or indirectly) affected as well. Furthermore, 
microglia show a remarkably meager response to tissue damage; it is unclear whether 
this is caused by the lack of response in astrocytes or whether microglia themselves are 
affected by the disease mutations (3, 87). GPCs can differentiate into both astrocytes and 
oligodendrocytes and therefore seem to be the most logical cellular differentiation state 
for transplantation. GPCs can still proliferate and migrate, which gives them an advantage 
over fully maturated cells that might be less flexible to adjust to their new environment. In a 
mouse model for PMD, transplantation of neural stem cells (NSCs) gave a better improvement 
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than transplantation of OPCs, even though OPC transplantation gave earlier myelination 
(83). Reduced neuroinflammation after NSC transplantation probably facilitated increased 
survival. This shows that replacement of the affected cell types is not necessarily the optimal 
treatment strategy and that cell replacement needs to be carefully tailored to specific 
disease processes and microenvironments. In chapter 5 it is shown that improvement after 
cell therapy in VWM mice was correlated to a significantly higher number of GFAP+ donor 
cells than lack of improvement, suggesting that a cell population with a highly astrogenic 
differentiation capacity will be optimal for treating VWM. Future studies should identify the 
optimal (human) progenitor population that gives robust astrocyte differentiation. 

Additional points that need to be addressed are whether cell replacement therapy 
is also effective in a symptomatic stage and how results from mouse studies can be 
translated to patients. The human brain is much larger than a mouse brain and it is currently 
unknown how many injections are necessary to obtain robust and widespread migration of 
cells. Studies in non-human primates (88-90) and information of previous clinical trials (91, 92) can 
facilitate estimations, but cell survival and migration will likely differ per cell source and cell 
type. As cell replacement therapy of glial cells is of interest for many disorders, especially 
the leukodystrophies due to macroglial dysfunction, hopefully these general problems can 
be sorted out in collaborative efforts without the need to test all parameters separately for 
each candidate disease.  The development of a general cell therapy would require the use 
of a similar cell source and treatment paradigms for multiple diseases. To improve outcomes 
of cell therapy, it might be necessary to combine cell transplantation with other strategies 
that improve VWM signs, brain microenvironment or survival and migration of donor cells. 

Finding the optimal combination to treat VWM patients
The most promising treatment option for VWM and other leukodystrophies is combination of 
different types of treatment or multimodal treatment. Multimodal treatment is a treatment 
consisting of different approaches, that all combined have additive effects. Usually one 
of the treatment approaches is expected to have a large effect, which takes some time to 
start working; for example gene or cell therapy. Additional therapies might be focused on 
slowing disease progression or treat symptoms that cause discomfort. Microenvironment 
targeting strategies can be combined with cell replacement therapies to improve survival 
and maturation of donor cells. 

Multimodal treatments have been tested previously for Krabbe disease, also called 
globoid cell leukodystrophy (GLD). GLD is a genetic lysosomal storage disease caused by 
mutations in GALC, the gene encoding galactocerebrosidase (93). Hematopoietic stem cell 
transplantation (HSCT) is an approved therapy for GLD patients, but it is only effective 
when performed before symptom onset (94). Preclinical studies in mouse models for GLD 
have looked at many different treatment strategies, for example gene therapy (95), NSC 
transplantation (96), enzyme replacement (97) or substrate reduction therapies (98). Many of 
these treatments slow the disease course, but no single approach is able to completely cure 
the disease. Also, different treatments impact different aspects of the disease, so combining 
different treatments is probably necessary to fully treat GLD patients. In a mouse model 
for Krabbe disease it was shown that combining HSCT with either gene therapy or NSC 
transplantation gave a much better improvement of lifespan than HSCT alone (99). Another 
study confirmed that combining HSCT with additional therapies (gene therapy and substrate 
reduction) gave a much higher increase in life span and improved motor function than HSCT 
alone (100). 
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 The obvious candidates for VWM are the combination of cell therapy with 
Guanabenz, Vitrase or Dexamethasone, to improve survival and maturation of donor cells. 
Guanabenz reduces disease severity in mice, which can be beneficial for the survival of donor 
cells when transplantations are done in a symptomatic stage. We are currently testing the 
effect of injections of human stem cell-derived GPCs on VWM mice and investigate whether 
this is improved with Vitrase treatment. However, HA might be differentially regulated in 
human and mouse VWM astrocytes (chapter 3), so negative results might not mean that 
HA targeting strategies will have no effect on a human VWM brain micro-environment. To 
further elucidate the role of HA in VWM, organoids from both VWM mouse and patients 
could be compared on HA levels, on how HA is linked to VWM pathology and on the effect 
of HA lowering strategies.
 As VWM is a rare disease, there is a practical consideration in the development 
of treatments. Developing new drugs is expensive, which leads to high costs of newly 
developed therapies when the number of patients is limited. To actually translate a 
promising candidate treatment to the clinic, researchers should keep feasibility in mind. The 
fastest route to the clinic for treatments is when regulatory authorities already approved 
compounds for treatment of other diseases. For these compounds safety studies have 
already been performed so clinical trials in patients can be started relatively quickly after 
successful animal studies. Indeed, on basis of the positive findings of Guanabenz treatment 
on VWM mice in chapter 4, a clinical study is currently in preparation. When positive 
outcomes are replicated in patients, it is possible that soon all VWM patients are treated 
with Guanabenz or Guanabenz-like drugs to slow disease course and improve quality of 
life. Having compounds that show clinical efficacy in patients is a crucial step in developing 
multimodal therapy.

It would be great if a drug treatment would completely halt VWM disease 
progression. But considering the complex and severe nature of VWM, it is likely that future 
treatment for VWM will include some form of cell or gene therapy. Although multimodal 
therapy will need to be tailored to each disease, the results of the first studies are hopeful. If 
Guanabenz proves to be beneficial in patients, this will be the first candidate in (multimodal) 
treatment for VWM. For cell therapy the most logical approach would be to try to combine 
with compounds that can make the microenvironment less hostile for donor cells, for 
example by using Vitrase. Additional therapies like Guanabenz that can slow the disease 
progression and allow the donor cells more time to integrate and become functional may 
have an additive effect on cell therapy as well. 

Concluding remarks

VWM is a devastating disease for patients and families. At the start of my project, we were 
lacking representative models for VWM and no treatment options were available. In this 
thesis we showed new models for VWM that are essential to study disease mechanisms and 
aid therapy development. Our VWM mice replicate many aspects of VWM in patients, like 
affected motor skills, shortened lifespan and astrocyte and oligodendrocyte involvement. 
The iPSC models can contribute to the study of human specific neurodevelopmental 
processes and of isolated specific disease processes, like the inhibition of OPC maturation by 
astrocytes. Both models reveal that astrocytes play a central role in VWM pathomechanisms, 
and should be the main target for therapy. This is confirmed in chapter 5 that shows that 
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the success of cell therapy is correlated to astrocyte differentiation of transplanted cells. 
Treatment with Guanabenz and cell therapy give improvements in VWM mice; these are the 
first studies identifying possible therapies for VWM. A clinical trial looking at the prospects 
of Guanabenz for treatment of VWM patients is being developed, bringing our ultimate 
goal, a treatment for VWM, closer. Although future research will need to optimize treatment 
strategies, I hope this thesis will contribute to a better future for VWM patients. 
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