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Induced pluripotent stem cells 
The ground-breaking discovery of induced pluripotency implies that any somatic cell can 
be reprogrammed into a pluripotent stem cell state by overexpression of specific 
transcription factors1, 2. Yamanaka and his research group were the first to demonstrate 
that the combination of the 4 transcription factors Oct4, Sox2, Klf4, and cMyc, thereafter 
called the “Yamanaka factors”, could induce the conversion of mouse somatic cells 
(fibroblasts) into pluripotent stem cells (iPSCs)3. These iPSCs have a similar gene expression 
profile, similar markers, and a similar differentiation capacity as embryonic stem cells 
(ESC)4. Detailed examination of iPSCs has shown that they have the potential to contribute 
to germline transmission and tetraploid complementation by injecting them into 
blastocysts5. This finding disclosed a wide range of novel possibilities where iPSCs can be 
used as a tool in many research fields including cell biology and regenerative medicine6, 7. 
PSC technology on human somatic cells has not only increased our understanding of 
human developmental biology but has proven its value for disease modeling and for new 
regenerative therapies. Both human embryonic stem cells (ESC) and iPSCs are thus widely 
used in modeling of genetic diseases, in toxicological studies, for drug screening, and as 
stem cell therapies8. The advantages of using human iPSCs are their unlimited source of 
cells and the lack of ethical constraints that are linked to the use/application of ESCs. 
Moreover, iPSCs can be differentiated into all desired cell types9. It has been shown that 
autologous iPSC-derived cells from patients suffering from multiple sclerosis (MS), 
Parkinson's disease (PD), amyotrophic lateral sclerosis (ALS), Alzheimer's disease (AD), 
spinocerebellar ataxia type 3 (SCA-3), and Huntington’s disease (HD) can be used to study 
the intrinsic changes in the affected cells10-12. Genome editing by CRISPR-Cas9 technology 
allows gene correction in patient-derived iPSCs, further enhances the understanding of 
disease-related genetic disorders and increases the possibilities for autologous stem cell 
therapy13-16. In any human disease, identification of the pathogenic mechanisms is a crucial 
step and in-vitro iPSC technology can provide more insights17, 18. Furthermore, observations 
in-vitro can be extrapolated to in-vivo animal models to determine validity of therapeutic 
drug targets19. Currently, many research groups are developing three-dimensional 
organoids as a physiological host environment for experiments on patient-derived iPSCs20-

22. These organoids provide resemblance to 3D tissue architecture and mimic human 
physiology and development. Several studies have reported that iPSCs cultured in 
organoids differentiate faster and better by interaction with neighboring cells23. 
collectively iPSC technology and its related findings provide a new platform for 
understanding basic biology and for therapeutic application of stem cells (Fig. 1). 
 
iPSCs in cell therapy and disease modeling 
Stem cell applications provide an emerging technology in the field of medicine. Whereas 
the sources of human stem cells are generally scarce, this limitation can be overcome by 
using differentiated cells generated by iPSC technology. Currently, iPSC-based therapeutic 
strategies are tested in animal models for diabetes mellitus, neurodegenerative 
(Parkinson's disease) and demyelinating disorders (Multiple sclerosis). Moreover, patient-
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derived iPSCs can be used to study intrinsic properties of the affected cell type and 
develop possible drug targets (Multiple sclerosis and spinocerebellar ataxia-3) (Fig. 1). 

                 
Figure 1 : A schematic representation for iPSCs in modeling of brain diseases and therapeutics. The 
scheme illustrates the possible use of reprogrammed iPSCs for autologous cell therapy, modeling various 
genetic and metabolic disorders, and identifying drug targets. 
 

Multiple sclerosis 
Multiple sclerosis (MS) is a neurodegenerative disorder characterized by focal 
inflammation, loss of myelin and axonal degeneration24, 25. Progressive loss of white matter 
and axonal damage leads to motor and sensory deficits. The question remains elusive 
whether inflammation triggers the loss of oligodendrocytes and neurons or the other way 
around26. The ultimate cause of MS still remains unknown but it seems evident that it is the 
consequence of a combination of environmental and genetic factors27. MS exists in 
different forms, relapsing-remitting (RRMS) being the most common form, diagnosed at 
early adulthood and prevalently in women. RRMS symptoms are characterized by discrete 
attacks followed by recovery of its symptoms. In most cases RRMS develops into secondary 
progressive MS (SPMS) characterized by a continuous gradual decline in neurological 
function. The third form is primary progressive (PPMS), characterized by a direct steady 
decline in neurological function from the onset of the disease (Fig. 2). Due to large 
variation between patients, dissimilarities in symptoms, and slow progression, the 
diagnosis of MS is challenging. Diagnosis of MS is currently based on clinical examination 
of the patients and identification of the lesions by Magnetic resonance imaging (MRI) 
scanning28. Recent technological advances in MRI techniques help in identifying early 
lesions with high precision including blood-brain barrier (BBB) disruption in patients29. 
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Cause of MS 
As already stated above, recent studies show increasing evidence that both environmental 
and genetic factors are playing an important role in MS disease onset and progression. The 
primary cause for MS remains unknown. Suggested causes of disease are exposure to 
Epstein Barr virus (EBV), deficiency of vitamin D, and cigarette smoking30-32. Moreover, 
several studies imply that dietary composition, in combination with genetic factors may 
enhance the prevalence of MS33. A range of genome-wide association studies (GWAS) 
shows the genetic association between MS and the variation in human leukocyte antigens 
(HLA)34-36. Other GWA studies have identified more than 150-190 additional risk loci, which 
might contribute to disease susceptibility. More than 50 variants are found in genes 
involved in vitamin D metabolism, however only a small fraction of these variants is 
correlating with the disease conditions37. These data show that the ultimate cause for MS 
has not yet been identified and currently the most commonly accepted model is 
autoimmune inflammation of the CNS24. This fits with the hypothesis of the ‘outside-in 
model’ for MS: auto-reactive T cells primarily infiltrate the CNS by crossing the blood-brain 
barrier and disturb brain homeostasis. This effect causes neurodegeneration (loss of 
oligodendrocytes and neurons) and subsequent additional activation of immune cells 
(microglia inflammation) followed by paralysis and sensory deficits. 
 

                                
Figure 2 : A schematic representation of heterogeneity in MS disease course. Above scheme indicates 
the possible change occurring in the brain during various stages of disease progression in MS. Adapted and 
modified from Dendrou et al 24. 
 

Demyelination and MS lesions  
Demyelinating diseases are generally hallmarked by loss of myelin accompanied by 
inflammation. Myelin loss can be identified by neurological examination, by analysis of the 
cerebrospinal fluid (CSF) and by neuroimaging27, 38, 39. Observation of MS lesion pathology 
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in postmortem MS brains has shown focal demyelination (plaques), with variable gliosis, 
intact axons, and inflammation40. MS lesions evolve over the course of early and chronic 
stages of the disease with ongoing demyelination and infiltration of immune cells41, 42. The 
classification of MS lesions has been a matter of debate and controversy over several 
decades. Simple observation of MS lesions by histological examination shows various 
levels of myelin-axon damage and distribution of macrophages/microglia43. Acute active 
lesions in MS are characterized by preservation of axons and massive infiltration of 
immune cells distributed throughout the lesion. In addition, such MS lesions contain 
remyelinating oligodendrocyte precursor cells (OPCs) and proliferative uni- or 
multinucleated astrocytes supporting the damaged axons44, 45. Chronic active MS lesions 
are characterized by an inactive center with reactive astrocytes and a defined margin with 
activated macrophages/microglia. Both acute- and chronic active MS lesions are 
predominantly found in early MS and in secondary progressive MS patients with ongoing 
relapses. Primary progressive or secondary progressive MS contains mostly inactive 
lesions46, 47. 
 
Axonal damage in relation to demyelination 
Axonal damage is a common feature of many neurodegenerative disorders and leads to 
impairment of the transport of proteins and organelles and eventually to disturbance of 
electrical signal transduction48. In MS, histopathological examination of MS postmortem 
brain tissue shows axonal loss in the corpus callosum and other regions of the CNS49. Loss 
of myelin-forming oligodendrocytes due to ongoing inflammation causes axonal injury 
and neurodegeneration50. This axonal damage or injury has been determined by 
immunohistochemical analysis of amyloid precursor protein (APP) in MS lesions51, 52. Under 
physiological conditions APP is transported along axons. In damaged axons, however, APP 
accumulates due to faulty transport. MS brain tissue for both acute and chronic active 
lesions stains positive for APP53. Moreover, axonal damage has been observed to occur 
without relation to inflammation suggesting that gray matter lesions in MS patients may 
have an alternative pathological cause38. 
 
Endogenous reservoir of OPCs 
Myelination is triggered by the neurons and requires a series of highly coordinated events 
induced by both intrinsic and micro-environmental stimuli. In the CNS, oligodendrocyte 
precursor cells (OPCs) differentiate into mature, myelin-forming oligodendrocytes during 
development54. Currently, various studies focus on the recruitment of the endogenous 
reservoir of adult OPCs to induce migration and remyelination of axons in MS lesions55. 
Stimulating this population of endogenous progenitors and recruitment to the lesion 
could provide possible therapeutic options for demyelinating diseases56. OPCs arise from 
various brain regions during development, including the ventricular zone, the anterior 
entopeduncular, the medial-, lateral- and caudal ganglionic eminence and the postnatal 
cortex57. Although OPCs are a heterogeneous population of cells, the majority 
differentiates into myelinating oligodendrocytes58, 59. In-vitro studies suggest OPCs 
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undergo six to eight cell divisions before they differentiate into mature oligodendrocytes. 
This shows a complex and tightly regulated mechanism for OPC proliferation and 
maturation60-62. Both intrinsic properties of OPCs and micro-environmental cues are 
necessary to achieve myelination.  
 
Remyelination failure  
Remyelination is the process of recovering the damaged myelin sheath and regaining the 
lost structure and function63. The CNS has an intrinsic, but limited capacity to repair 
damaged myelin and prevent axonal damage64. Remyelination depends on the availability 
of OPCs and their recruitment, the amount of axonal damage, gliosis and ongoing 
inflammation65, 66. In experimental animal models, remyelination occurs more efficiently in 
comparison to regeneration in patients67-69. In order to initiate remyelination, immune cells 
in the CNS need to phagocytose myelin debris, providing the proper environment for OPC 
recruitment70. Recruited precursor cells re-populate the lesion area, proliferate and start to 
produce myelin and cover the damaged axons71. These observations have been done in 
animal models for MS, which show rapid and highly efficient remyelination. But other 
studies show that this process does not happen as efficiently in MS and other 
demyelination disorders in humans72. The most crucial step for remyelination is 
recruitment of OPCs and re-population of the demyelinated area. This process is driven by 
the availability of growth factors and cytokines73-75. Inadequate supply of growth factors 
and cytokines most likely affects the recruitment of progenitors and the subsequent 
differentiation of OPCs into myelin-producing oligodendrocytes. In MS patients, repeated 
episodes of demyelination and remyelination may exhaust the progenitor population and 
ultimately lead to remyelination failure76, 77. In some cases the recruited OPCs in the lesion 
remain quiescent and fail to differentiate into remyelinating oligodendrocytes. 
Examination of postmortem brain tissue of MS patients has revealed two major types of 
MS lesions: one with failure of OPC recruitment, whereas the other shows the presence of 
OPCs that fail to differentiate (lack of O4-positive cells)78. Moreover, studies in animal 
models for MS suggest that aggregation of the extracellular matrix molecule fibronectin in 
the demyelinated lesion inhibits oligodendrocyte differentiation and remyelination79. This 
suggests that the microenvironment plays an important role in remyelination and 
differentiation of OPCs into mature O4-positive cells. In addition, viable axons are 
necessary for initiating the myelination process; this could be a rate-limiting step for 
myelination.   
 
Animal models for MS 
Over decades, multiple animal models have been devised to understand various aspects of 
MS, also due to the lack of a supply of MS brain tissue80. The most common and widely 
used models for MS are: the toxin-induced model for demyelination (cuprizone and 
lysolecithin induced demyelination model) and experimental autoimmune 
encephalomyelitis (EAE). The EAE model for MS is the most extensively used model to 
study demyelination and inflammation in CNS. EAE can be induced in animals (mice, rats, 
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guinea pigs, rabbits, goats, and primates) by subcutaneous injection of an emulsion 
containing adjuvants and synthetic myelin oligodendrocyte glycoprotein (MOG) 
peptides81. Most presently approved therapies for MS patients are based on the results of 
experiments conducted on mouse and primate EAE model for MS82. Cuprizone and 
lysolecithin animal models of MS are mainly used to study the process of focal 
demyelination and remyelination83. Most of the implantation studies are conducted on 
these models for MS to understand the myelination capacity of the implanted cells.  
   
Cell therapy for MS 
Demyelination followed by loss of neurons is the major cause of disease progression in 
MS84. Stimulating remyelination using an endogenous or exogenous source of cells is the 
only approach which may ensure long-term neuronal survival in MS patients85. Currently, 
researchers have studied remyelination in-vivo by grafting (stem)cells from a variety of 
sources in animal models for MS86-88. These studies include the use of neural stem cells 
(NSCs), oligodendrocyte precursor cells (OPCs), Schwann cells and mesenchymal stem cells 
(MSCs). NSCs and OPCs are considered the most likely candidates for remyelination due to 
long-lasting beneficial effects56, 89. Both types of precursor cells can migrate, proliferate and 
differentiate efficiently into mature oligodendrocytes90. Moreover, NSCs and OPCs are able 
to secrete neuroprotective factors (growth factors and cytokines)91-93 and modulate the 
local inflammation caused by immune cells. Additionally, the possibility of genetic 
manipulation of precursors by overexpression of transcription factors or other modulatory 
factors (e.g. IL-10, Olig-2 or PSA-NCAM) prior to transplantation could enhance their 
survival and function94, 95. Several studies suggest a beneficial effect of transplantation of 
mesenchymal stem cells (MSCs) in EAE, which has been shown to downregulate the 
immune response96.  

 
Figure 3 : A schematic representation for remyelination therapy in MS. The above scheme indicates the 
possible application of human iPSC-derived OPCs in remyelination in mouse and marmoset model for MS.  
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This suggests that MSCs isolated from various autologous tissues (e.g. bone marrow, fat 
tissue, skeletal muscle) may have therapeutic potential for clinical application in MS 
patients. In recent years, researchers have attempted to use neural stem cells (NSCs) or 
OPCs differentiated from mouse and human embryonic stem cells and iPSCs97, 98. 
Oligodendrocyte progenitor cells, derived from human embryonic stem cell, transplanted 
in an acute cervical spinal cord injury (SCI) model resulted in an improved histological 
outcome and lesion pathology99. Grafting of each of the above stem cell types for 
remyelination has its own advantages and limitations. Adult NSCs are difficult to obtain 
and have a very low proliferation capacity. The most exciting source for viable OPCs are 
iPSCs. The unlimited source of iPSC-derived OPCs, the possibility to assess their actual 
myelination capacity in-vitro and their autologous nature are very attractive for 
remyelination therapy100 (Fig. 3). However, several issues need to be addressed before 
considering clinical application of cell therapy using myelin-producing cells in MS patients. 
An appropriate and effective route of administrating the progenitors followed by 
adequate migration to the lesion site could be a potential hurdle. Long-term survival and 
myelinating capacity of the implanted cells in the lesion has to be monitored in both 
animal model and MS patients to avoid any rejections in later stages. Moreover, the risk 
that implanted iPSC-derived cells undergo any de-differentiation or lead to tumor 
formation should be completely eliminated.  
 
Trans-differentiation  
Transcription factor-induced (forced) reprogramming is now a widely recognized process 
of conversing one cell type into another functional specialized cell101. Several attempts 
have been made to transdifferentiate different cell types into cardiomyocytes, 
hepatocytes, neurons, neural stem cells, astrocytes, hematopoietic progenitor cell, and 
oligodendrocytes102-104. Based on this technology, specialized cells derived from patients 
can be used for disease modeling, identification of drug targets, and perhaps later for 
therapeutic application (Fig. 4). 
 
Reactive astrocytes 
In CNS, astrocytes are the most abundant type of glial cells, playing an important role in 
blood-brain barrier (BBB) maintenance, the regulation of blood flow, the provision of 
trophic and metabolic support for neurons and the regulation of synaptic transmission105-

107. Astrocytes are considered a homogeneous population of cells that regulate neuron-glia 
interactions and other CNS functions108. Lately, based on their morphological and 
functional properties, astrocytes have been classified into various subtypes109. Upon brain 
injury, astrocytes undergo a series of changes in morphology, gene expression, and 
function110, 111. The mouse model for demyelination injury or chronic amyloidosis has 
shown that reactive astrocytes protect neurons from damage by forming a protective 
barrier and reduce inflammation112. In addition, they are highly proliferative and 
upregulate markers similar to those of NSCs and radial glial cells, e.g. the intermediate 
filaments GFAP and vimentin113. Isolating and culturing reactive astrocytes reveal 
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characteristics of self-renewal and multipotency. In this context, we propose to utilize 
reactive astrocytes as a source to convert them into functional oligodendrocytes. Several 
studies have shown that during demyelination and neurodegeneration reactive astrocytes 
are abundant at the lesion site114. 
 
Properties of neural progenitors 
During development, neuro-epithelial progenitors undergo symmetric division and 
maintain a multipotent stem cell population in the cortex115, 116. During neurogenesis, a 
subpopulation of neuro-epithelial progenitors starts to express markers of glial cells and 
they are called radial glial cells117. These radial glial cells give rise to self-renewing daughter 
cells, which, upon asymmetric division, differentiate into astrocytes, oligodendrocytes, and 
neurons118. Under culture conditions, cells isolated from the fetal and adult brain can be 
maintained in a multipotent state (NSCs) by exposure to mitogens. In adult brain, NSCs 
reside in the subventricular zone (SVZ) and subgranular zone (SGZ)119, 120. This adult NSC 
population plays an important role in maintaining tissue organization and plasticity. 
Moreover, behavior studies in mice suggest that new neurons generated by these NSCs are 
crucial for learning and memory121, 122. In the SVZ, a significant amount of NSCs has been 
shown to differentiate into OPCs that migrate and myelinate axons in the corpus 
callosum123. During demyelination, NSCs from the SVZ differentiate into oligodendrocytes 
and contribute to myelin repair124. Further studies are needed to understand the role of 
adult NSCs and its function during neurodegeneration and demyelination. 
 

                            
    

Figure 4 : Transcription factors expressed during different stages of OPC differentiation. Examples of 
various transcription factors expressed in NSCs, OPCs and myelinating oligodendrocytes. 



                                                                                                                                                                                                                                                 Chapter 1 : General Introduction 

17 

 

Transcription factors in OPC differentiation  
There are several transcription factors that play an important role in OPC specification 
during mouse and human fetal development. These transcription factors (Olig1/2, Nkx2.2, 
Nkx6.2, Sox10, Myrf, Ascl1, and Zfp546) are capable of inducing differentiation of neural 
progenitors into myelinating oligodendrocytes125-127 (Fig.  5). For example, overexpression 
of Ascl1 promotes rapid differentiation of mouse neural stem cells into 
oligodendrocytes128. Overexpression of Olig2 in human fetal NSCs induced an increased 
number of A2B5-positive cells and suppressed oligodendrocyte differentiation129. In mouse 
NSCs, overexpression of Olig2 enhances differentiation of oligodendrocyte lineages and 
showed rapid myelination in the cuprizone mouse model for MS94.  Furthermore, efficient 
differentiation of oligodendrocytes was achieved by mitogen withdrawal and 
overexpression of Sox10 in human NSCs. Recently, two independent studies reported that 
overexpressing a combination of two sets of transcription factors (Sox10, Olig2, and 
Nkx6.2; Sox10, Olig2, and Zfp536) is sufficient to convert mouse fibroblasts into 
oligodendrocytes 130, 131. Enhancer of zeste homologue 2 (Ezh2), a catalytic subunit of 
Polycomb repressive complex 2 (PRC2) has been shown to play an important role in 
lineage specification of astrocytes, neurons, and oligodendrocytes. Ezh2 is upregulated in 
differentiating oligodendrocytes and downregulated in both astrocytes and neurons132. A 
recent study demonstrated the efficient differentiation of oligodendrocytes from human 
iPSC-derived neural progenitor cells by the overexpression of three transcription factors 
(Sox10, Olig2, Nkx6.2); these iPSC-derived OPCs appeared to be able to form myelin in the 
shiverer mice model133. These studies suggest that transcription factor overexpression in 
somatic cells or progenitors can be a potential strategy to obtain OPCs for clinical 
application. 
 
Disease modelling 
Spinocerebellar ataxia type 3 
Spinocerebellar ataxia type 3 (SCA3), also known as Machado–Joseph disease (MJD), is the 
most dominantly inherited polyglutamine (polyQ) disease. SCA3 is an autosomal dominant 
neurodegenerative disease characterized by the neuronal loss in the cerebellum, thalamus 
and other regions of the brain134, 135. SCA3/MJD is clinically heterogeneous, but the main 
feature is progressive ataxia followed by a dystonic-rigid syndrome, parkinsonian 
syndrome, and peripheral neuropathy. SCA3/MJD is caused by an expanded stretch of CAG 
trinucleotides in the coding region of the ATXN3 gene136. Normally, healthy individuals 
have up to 44 repeats; affected patients have an expansion between 52 to 80 glutamine 
repeats. The size of the expansion strongly correlates with the age at onset (AO) of the 
disease. This expansion size is also directly linked to the propensity of the polyQ protein to 
form protein aggregates137. For this and many other reasons a gain of toxic function by the 
polyQ protein aggregates is considered as the main cause for disease initiation and loss of 
neurons137, 138. However, previous observations suggest that the full-length protein is not 
aggregating until a triggering event (caspases, calpains) activates the cleavage of the full-
length protein into ataxin-3 aggregation prone fragments139. Importantly, whilst CAG 
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trinucleotide repeat length accounts for 50-65% of the variance in AO, especially for 
intermediate or shorter repeat lengths, the disease onset can vary up to 30 years for 
patients with a similar repeat length140.  For both SCA3 and other polyQ disorders like e.g. 
Huntington’s disease (HD), this suggests that environmental and genetics factors can 
modulate the age of onset. Over decades, several potential modifiers for SCA3 pathology 
were identified by using in-vitro cell-based assays and animal models141-143. Most of the 
identified modifiers are components of protein quality control (PQC) such as proteasomal 
activity, autophagosomal activity, or heat shock protein (HSP) expression144-146. The latter 
findings suggested that, amongst others, differences in the expression levels of the HSPs 
among the SCA3 patients could modulate the AO independent of CAG trinucleotide repeat 
length. To test this hypothesis, we generated induced pluripotent stem cells (iPSCs) from 
healthy controls and from SCA3 patients with comparable CAG-repeat sizes but different 
AO to monitor ataxin-3 aggregate formation and measure the expression levels of the 
HSPs during the course of differentiation from stem cell to neurons. 
 
Thesis outline 
Pluripotent stem cells have been explored for several decades for their potential 
application in biomedical research and regenerative medicine. Under in-vitro culture 
conditions, embryonic stem (ES) cells isolated from mouse or human embryos can be 
genetically manipulated and can be differentiated into any cell type. The discovery of iPS 
cells (iPSCs) has revolutionized the research area of cell biology and has started a new era 
in regenerative medicine. In this thesis, we have addressed myelin-restorative strategies by 
grafting human iPSC-derived oligodendrocytes in animal models for MS (cuprizone and 
EAE). Using a similar technology with forced transcription factor expression, we have 
studied the transdifferentiation of astrocytes into oligodendrocytes as an alternative 
source for cell-based remyelination therapy. In addition, we derived iPSCs from 
spinocerebellar ataxia-3 and Huntington’s patient fibroblasts and differentiated them into 
neurons to investigate polyQ-mediated neurodegeneration. 
 
The major aim of this thesis is to examine the potential use of human iPSCs derived from 
controls and MS patients as a tool for stem cell-based therapy and disease modeling. 
Chapter I, provides a brief synopsis of iPSCs and their  implications for neurodegenerative 
disease. In addition, we introduce direct conversion as another possible strategy for 
disease modeling and therapeutics. 
In Chapter II, we describe the generation of iPSCs from human fibroblasts and their 
differentiation into OPCs. After verifying the functionality of our human iPSC-OPC in-vitro, 
we have implanted them in two independent mouse models for MS (cuprizone and EAE) as 
well as in a nonhuman primate model for MS to examine their efficacy in remyelination 
and neuroprotection. These experiments showed the survival of grafted iPSC-derived OPCs 
and their capacity to migrate towards MS-like lesions in the corpus callosum where they 
differentiated into myelin-forming mature oligodendrocytes. In Chapter III, we report 
about the generation of iPSCs from fibroblasts taken from primary progressive MS patients 
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and healthy control individuals and their differentiation into OPCs and neurons. We 
extensively characterized the control and MS iPSC-derived oligodendrocytes and neurons. 
Differentiated cells showed a normal morphology and expressed all relevant specific cell 
markers; no differences in differentiation capacity were observed between the different 
iPSC cell lines. In the near future, we intend to use these MS-patient derived cells as a tool 
to examine MS pathogenesis. In Chapter IV, we explore the possibility to directly 
reprogram astrocytes into OPCs using a vector containing a minimal set of cell-lineage-
specific transcription factors. Several reports already suggested that astrocytes in-vitro as 
well as in lesions in-vivo undergo gliosis and attain properties of multipotent stem cells 
(similar to NSCs). We took advantage of these properties and overexpressed transcription 
factors (Ezh2, Sox10, Olig2, and Zfp536), which indeed appeared to induce conversion of 
astrocytes into OPCs. These so-called iOPCs expressed markers similar to NSC-derived 
OPCs and developed into mature, myelin-producing oligodendrocytes that could 
myelinate nude axons in-vitro.  
In Chapter V, we focus on SCA3 and Huntington disease (HD and the use of iPSC 
technology to examine the cell type and patient-related sensitivity to protein aggregation 
of polyQ proteins in SCA3 and HD. We generated iPSCs from SCA3 and HD patients, which 
we differentiated into NSCs and, subsequently, neurons. Whereas none of the cell 
populations showed spontaneous protein aggregation, we found that glutamate 
treatment induced ataxin-3 aggregation in iPSC-derived SCA3 neurons but not in 
undifferentiated SCA3 iPSCs or iPSC-derived SCA3 NSCs. Analysis of chaperones revealed 
an almost complete loss of the anti-amyloidogenic chaperone DNAJB6 in iPSC-derived 
neurons. Moreover, knockdown of DNAJB6 in iPSCs and NSC derived from patients lead to 
spontaneous aggregation of the polyQ proteins in these iPSCs and NSCs. This shows that 
DNAJB6 expression is one of the key factors in determining neuronal hypersensitivity to 
polyQ-mediated neurodegeneration. Finally, in Chapter VI, the results described in all 
chapters of this thesis are discussed; we summarize our findings and discuss future 
perspectives. 
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Abstract 
Fast remyelination by endogenous oligodendrocyte precursor cells (OPCs) is essential to 
prevent axonal and subsequent retrograde neuronal degeneration in demyelinating 
lesions in multiple sclerosis (MS). In chronic lesions, however, the remyelination capacity of 
OPCs becomes insufficient. Cell therapy with exogenous remyelinating cells may be a 
strategy to replace the failing endogenous OPCs. Here, we differentiated human induced 
pluripotent stem cells iPSCs (hiPSCs) into OPCs and validated their proper functionality in-
vitro as well as in-vivo in mouse models for MS. Next, we intracerebrally injected hiPSC-
derived OPCs in a nonhuman primate (marmoset) model for progressive MS: the grafted 
OPCs specifically migrated towards the MS-like lesions in the corpus callosum where they 
myelinated denuded axons. hiPSC-derived OPCs may become a first therapeutical tool to 
address demyelination and neurodegeneration in the progressive forms of MS. 
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Introduction 

Multiple sclerosis (MS) is a devastating disease of the central nervous system (CNS) 
characterized by inflammation, loss of myelin, axonal and neuronal degeneration and 
progressive brain atrophy1. MS is generally considered an autoimmune disease, 
manifesting itself in most patients by a relapsing-remitting (RRMS) course2. During the 
relapse phase of RRMS, autoreactive T cells invade the CNS and trigger myelin degradation 
and oligodendrocyte death. During the remission phase, much of the myelin damage is 
restored by endogenous oligodendrocyte precursor cells (OPCs). New insights tend to 
consider MS as a continuously progressing, neurodegenerative disorder on top of which a 
fluctuating aberrant autoimmune response is superimposed. The relapses do not affect the 
underlying continuation of neurodegeneration, which becomes overt again in the relapse-
free secondary progressive state3. In line with this is the observation that many novel 
potent anti-inflammatory drugs indeed can delay or even annihilate the relapses in RRMS 
but are still unable to stop the transition to the secondary progressive phase. In this novel 
perspective on MS, primary progressive MS, lacking inflammatory relapses, is the “purest” 
form of this disorder 3. In the (secondary) progressive phase, which typically develop at 
advanced age, endogenous OPCs are no longer able to restore myelin, to prevent 
neurodegeneration and, with that, loss of neurological function. Novel therapies for 
chronic progressive types of MS should particularly focus on arresting neurodegeneration 
and providing neuroprotection, with the most effective protection offered by rapid axonal 
remyelination. Cell-based remyelination therapy has been considered a valid approach for 
that4. Several sources for exogenous, transplantable OPCs have been proposed; 
oligodendrocyte precursors have been generated either from neural stem cells 5 (NSCs) or 
from embryonic stem cells (ESCs). The potential clinical application of both cell types in 
MS, however, is problematic. Sources of NSCs are difficult to access and NSCs appear to be 
restricted in their proliferation and differentiation potential, whereas ESCs raise 
considerable ethical concerns. Moreover, OPCs derived from both of these non-autologous 
cell sources would be attacked by the host immune system and inevitably rejected after 
implantation. A therapy employing these cells would need to be accompanied by 
immunosuppressive treatment. 
In 2006, the phenomenon of induced pluripotency was first described6. Lacking the 
disadvantages of NSCs and ESCs, induced pluripotent stem cells (iPSCs) have become 
intensively studied as a potential, novel source of patient–specific cell types for disease 
modeling and autologous cell-based therapies. A few studies have demonstrated that 
human iPSCs can be differentiated into OPCs and produce myelin basic protein7-11. The 
functionality and clinical potential of these human iPSC-derived OPCs were proven after 
transplantation in a rat model for optic nerve demyelination8 and in newborn shiverer 
mice9, 10. Moreover, human iPSC-derived OPCs grafted into irradiated rats appeared to be 
effective in restoring myelin damage caused by radiation12. All the animal models above 
apparently do not represent the autoimmune condition of the inflammatory-demyelinated 
lesion in MS13. In the present study, we have examined for the first time the fate and 
functionality of human iPSC-derived OPCs after implantation in a nonhuman primate 
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model of MS. After verifying the validity of our human iPSC-OPC differentiation protocol 
and the functionality of these OPCs in-vitro and in-vivo in two mouse models, we 
stereotactically injected suspensions of hiPSC-derived OPCs into the cerebral cortex of 
marmosets with experimental autoimmune encephalomyelitis (EAE). We induced EAE in 
the marmoset monkeys by immunization with a synthetic peptide representing residues 
34 to 56 of human myelin oligodendrocyte glycoprotein (MOG34-56)14. This specific 
primate EAE model is considered the most adequate animal model of MS as it 
approximates (progressive) disease in clinical and pathological presentation. Important for 
the present study is the occurrence of typical demyelinated, inflammatory lesions 
resembling those found in the brain of MS patients. We demonstrate that implanted 
human iPSC-derived OPCs survive and migrate towards MS-like lesions in the corpus 
callosum where they differentiated into myelin-forming mature oligodendrocytes.  
 
Materials and methods 
Differentiation of hiPSCs towards oligodendrocytes 
For the differentiation of hiPSCs into oligodendrocytes, a 5-stage protocol was developed: 
a) generation of primitive neuroepithelial cells, b) specification of Olig2 progenitor cells, c) 
generation of pre-OPCs, d) maturation of pre-OPCs to OPCs and e) differentiation of OPCs 
on substrate. A detailed description of the various culture conditions for each stage is 
described in the Supplementary Materials. 
At defined time points (e.g. every 2 weeks) some of the floating hiPSC-derived spheres 
were seeded onto polyornithine/laminin (20μg/ml) coated coverslips to check for the 
identity of the cells migrating out of the cell clusters. At this stage, cells were cultured in 
the medium described for Stage 4. The number of OPCs migrating out typically increased 
over time; on average it took around 140-150 days to complete the protocol, resulting in a 
cell population of OPCs with a purity of 75% as determined by immunohistochemistry 
(almost all other cells being NSCs). From each stage, cells were fixed with 4% PFA and 
immunocytochemically stained in order to verify cell identity and control the 
differentiation progress. 
 
Co-cultures of hiPSC-derived OPCs and DRG neurons  
To examine the myelinating capacity of hiPSC-derived OPCs in-vitro, they were co-cultured 
with rat DRG neurons. DRG neurons were dissected from 15-day-old Wistar rat embryo's 
and digested in papain (1.2U/mL, Sigma), L-cysteine (0.24mg/mL, Sigma) and DNase I 
(40mg/mL, Roche) for 1 h at 37°C. The dissociated cells were plated at a density of 60,000 
cells per 13-mm coverslips pre-coated with polylysine/laminin (PLL, 5μg/mL) and growth 
factor reduced matrigel (1:40 dilution). DRG neurons were cultured 21 days in DMEM 
(Gibco, supplemented with 10% FCS, Bodinco; L-glutamine and pen/strep) in the presence 
of nerve growth factor (100ng/mL). Cells were pulsed four times for 2 days with 
fluorodeoxyuridine (10μM) to remove contaminating proliferating cells, in particular 
fibroblasts and Schwann cells. The purity of the DRG culture was microscopically 
confirmed. Subsequently, approximately 25,000 hiPSC-derived OPCs were seeded onto 
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coverslips containing the DRG neurons with extensive axonal outgrowth. The following 
day, the medium was changed to GLIA medium without PDGF-AA. OPCs were co-cultured 
with the DRG neurons for 28 days with medium change every second day. After that 
period, cultures were fixed with 4% PFA and immunostained for myelin-basic protein 
(MBP) and neurofilament (NF). 
 
EAE induction in the common marmoset 
Four adult (female, age ranging between 2-5 years) common marmosets (Callithrix 
jacchus) were obtained from the purpose-bred colony at the Biomedical Primate Research 
Centre (Rijswijk, Netherlands). Only marmosets that were declared healthy after the 
veterinarian’s physical, hematological, and biochemical check-up were included in the 
study. Monkeys were pair-housed in spacious cages and remained under intensive 
veterinary supervision throughout the study. The daily diet consisted of commercial food 
pellets for New World monkeys (Special Diet Services, Witham, Essex, UK), supplemented 
with raisins, peanuts, marshmallows, biscuits, and fresh fruit. Drinking water was provided 
ad libitum. All experimental procedures were reviewed and approved by the Institute’s 
Animal Ethics Committee and animals were housed and handled according to the Dutch 
Law in animal experimentation. The animal facilities of BPRC have been inspected and 
accredited by AAALAC. EAE in marmosets was induced with a synthetic peptide 
representing amino acids 34-56 of human myelin oligodendrocyte glycoprotein (MOG34-
56; Cambridge Research Bio chemicals Limited, UK) emulsified in Incomplete Freunds 
adjuvant (IFA; Difco Labs, Detroit MI). The inoculum contained 100 μg MOG34-56 in 200 µl 
PBS and was emulsified in 200 µl IFA by gentle stirring for at least 1 h at 4ºC. The emulsion 
was injected as 4 spots of 100 µl into the dorsal skin, two in the axillary and two in inguinal 
region under sedation by alfaxalone (10mg/kg alfaxan; Vetoquinol, Den Bosch, The 
Netherlands) with booster immunizations occurring every 28 days until development of 
overt neurological disease (EAE score ≥2) was observed. Clinical signs were scored daily by 
two independent observers using a previously described semi-quantitative scale 15. Briefly, 
0 = no clinical signs; 0.5 = apathy, altered walking pattern without ataxia; 1 = lethargy, tail 
paralysis, tremor; 2 = ataxia, optic disease; 2.25 = monoparesis; 2.5 = paraparesis, sensory 
loss; 3 = para- or hemiplegia. Overt neurological deficit starts at score 2. For ethical reasons 
monkeys were sacrificed once paresis of one or more limbs (score ≥ 2.5) was observed. 
Body weight measurements of conscious monkeys, which is used a surrogate disease 
marker, were performed twice per week ) (see clinical scores and weight Fig. 2A). 
 
Stereotactic procedure in the common marmoset 
hiPSC-derived OPCs were injected above the corpus callosum of marmosets via a 
stereotactic procedure 79 days after immunization. Animals were sedated by alfaxan and 
received buprenorphine (Buprecare, 0.3 mg/ml buprenorfine base; 20-100µg/kg; 
Schering-Plough B.V., Maarssen, The Netherlands) as analgesic. Differentiated hiPSC-
derived OPCs were transfected with episomal GFP (pCXLE-EGFP) for 4-6hrs with FuGENE 
HD and refreshed with OPC medium. Episomal GFP labeled hiPSC-derived-OPCs were 
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gently detached from the substrate using accutase, spun down and resuspended in PBS at 
a concentration of 12.500 cells/μl and 4 μl of cell suspension was stereotactically injected 
using the following coordinates in relation to Bregma: anterior-posterior -3.8; lateral 2.5; 
vertical -8; angle of 20 degrees [16]. Injection speed was kept at 2µl of cell suspension per 
minute followed by 5 minutes of deposition time before needle retraction. 
To prevent immune-rejection of the xenografts, the marmosets received daily cyclosporine 
A (CsA; Sandimmune, Novartis, Basel, Switzerland). CsA was given once daily by 
intramuscular injection of 10 mg/kg, starting one day before the stereotactic procedure. 
In order to follow the fate (survival, migration and differentiation) of the grafted OPCs, we 
planned to perfuse and fixate the marmosets with 4% PFA under alfaxan and ketamine 
anesthesia at 4 time points after implantation: after 10, 20, 30 or 40 days. Ethical 
restrictions did not allow to follow EAE affected marmosets for a longer period than 40 
days. Brain and spinal cord were stored in formalin for 2 weeks and then transferred into 
PBS, further sectioned (16μm cryosections) and prepared for immunohistochemical and 
histological analysis. 
 
Immuno(cyto/histo)chemistry 
PFA-fixed cells or tissue slices were washed two times with PBS. Unspecific antibody 
binding sites were blocked with PBS+ (PBS containing 0,1% Triton-X) with 5% normal goat 
serum (NGS) and 2% fetal calf serum (FCS) for 1h at room temperature. Subsequent 
incubation with primary antibodies diluted in PBS+ with 1%NGS and 1%FSC was 
performed overnight at 4oC. After extensive washing with PBS, cells/tissues were incubated 
with appropriate secondary antibodies and Hoechst for 1h at room temperature, washed 
with PBS and mounted on glass slides. The following primary antibodies were used, 
directed against: OCT4 (SantaCruz; sc-5279), SOX2 (CellSignaling; #4900S), NANOG 
(AbCam, ab80892), SSEA-4 (Hybridoma Bank; MC-813-70), TRA-1-60 (Millipore; MAB4360), 
TRA-1-81 (SantaCruz; sc-21706), βIIItubulin (AbCam; ab7751), Desmin (DAKO; M0760), 
GATA4 (SantaCruz; sc-25310), Nestin (Millipore; MAB353), PAX6 (Millipore; AB2237), OLIG2 
(IBL; 18953), NKX2.2 (Hybridoma Bank; 74.5A5), PDGFRα (SantaCruz; sc-338), NG2 
(Millipore; AB5320), PLP (gift from the department of cell biology), MBP (Millipore; AB980), 
Neurofilament (EnCor Biotechnology Inc.; CPCA-NF-H, hNuclei (Millipore; MAB128), 
Neurofilament (RT97 & 2H3; DSHB), IBA-1 (Wako; 019-19741), CD11c (eBioscience; 14-0114), 
CD3 (eBioscience; 14-0030), Ly-6C (AbDSerotec; MCA2389GA), GFAP (Dako; Z0334), GFP 
(Millipore; MAB3580), Mac-2 (Cedarlane; CL8942AP), Ki67(Abcam; ab15580) and STEM121 
(StemCells, Inc; AB-121-U-050). Tissue sections were also subjected to histochemical 
staining such as luxol-fast blue and cresyl-violet in order to visualize myelin and general 
tissue composition, respectively. Quantification of the immune cells in the EAE mice was 
done in standardized sections of multiple animals (n=4 or more); quantification of the 
implanted GFP-labeled hiPSC-derived OPCs in the marmoset was done by counting the 
number of positive cells in a minimum of 5 standard consecutive sections.  
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Electron Microscopy 
Sections were postfixed with 1% osmium tetroxide in 0,1M sodium cacodylate for 2 hrs at 4 
degrees. After washing with water the samples were dehydrated through ethanol 
series( 30, 50, 70, 100%), impregnated overnight in 1:1 EPON in ethanol. The diluted EPON 
was replaced by pure EPON and refreshed 3 times. Sections were flat embedded between 
2 sheets of Aclar and polymerized at 58°C. Using a stereomicroscope 1x1mm areas 
representing normal myelination, demyelination and of an implanted area were cut out 
and glued on an EPON stub. Ultrathin sections (70nm) were cut using an Leica UC7 
ultramicrotome, contrasted with 2% uranylacetate in methanol and with Reynolds lead 
citrate (2 minutes each). Images were taken with a FEI Cm100 transmission electron 
microscope operated at 80 KV equipped with a Morada digital camera (Olympus SIS). 
 
Results 
Generation and characterization of pluripotent stem cells 
We have used skin fibroblasts from four healthy human donors to generate hiPSC lines. 
Fibroblast lines were transduced with a lentiviral polycistronic construct encoding for Oct4, 
Sox2, Klf4 and fluorescent protein mCherry under the control of the EF1α promoter 16. The 
efficiency of lentiviral transduction (nearly 100%) as well as subsequent silencing of 
exogenous genes was defined using an mCherry fluorescence marker. Out of several 
emerging colonies we picked two, further referred to in this paper as hiPSC colony 1 (Col1) 
and hiPSC colony 2 (Col2), and expanded these under feeder-free conditions. We 
extensively tested the selected clones for meeting the well-established pluripotency 
criteria (Fig. 1B). Picked colonies showed typical human ESC-like morphology (Fig. 1B), 
expressed pluripotency-associated genes (Fig.1B) and were able to differentiate in-vitro 
into derivatives of the three germ layers (Fig.1C). Moreover, we confirmed the pluripotency 
of the reprogrammed cells with the teratoma formation assay after subcutaneous injection 
in NOD-SCID mice (Fig. 1C). We observed no major differences between our two hiPSC 
lines (Col1 and Col2). 
 
Differentiation of hiPSCs into oligodendrocytes 
We differentiated the two hiPSC lines into oligodendrocytes according to a modification of 
the protocol described for human ESCs by 17 (Fig. 1D: see details in Materials & Methods). 
At first, pluripotent cells were converted into embryoid bodies (EBs) that started to 
develop into early neuroepithelial cell clusters known as neural rosettes (Fig. 1D) after 
seeding on the substrate in neural differentiation-promoting medium. At this stage of 
differentiation, cells stained positive for the NSC markers PAX6 and nestin (Fig. 1D). 
Individual neural rosette structures were picked, mechanically dissociated and cultured as 
suspension. At this stage, cell culture medium contained the growth factor bFGF and the 
morphogen SHH that allowed limited cell proliferation and conversion of cells into pre-
OPCs characterized by the expression of the transcription factors OLIG2 and NKX2.2 (Fig. 
1D).  
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Figure. 1. Generation of human iPSCs and their differentiation towards OPCs. (A) Schematic 
representation of the study set-up. (B) Generation and characterization of hiPSC clones: Phase-contrast 
image of hiPSC-colony, Alkaline Phosphatase (AP) staining of hiPSC-colony and RT-PCR analysis illustrating 
the endogenous expression of pluripotency-associated genes in reprogrammed cells; Immunocytochemical 
detection of pluripotency-associated transcription factors (OCT4, SOX2, NANOG) and membrane markers 
(SSEA4, TRA-1-60, TRA-1-81). Scale bars: 50µm (for AP section: 500µm). (C) In-vitro and in-vivo spontaneous 
differentiation of hiPSCs. In-vitro, hiPSCs differentiated via embryoid bodies (EB) into ectoderm (βIII-tubulin), 
endoderm (GATA4) and mesoderm (Desmin). In-vivo differentiation of hiPSCs towards teratomas: 
hematoxilin/eosin staining of teratoma sections reveals presence of neural, muscle, gland and cartilage 
tissue. Scale bars: 50µm (for EB-section 200µm). (D) Differentiation of hiPSCs into oligodendrocytes. 
Simplified scheme of differentiation protocol. Neuroepithelium: neural rosettes containing NSCs expressing 
PAX6 and NESTIN; Pre-OPCs: immunostained for OLIG2 and NKX2.2; OPCs: Phase-contrast of OPCs migrating 
out of an oligosphere and (double) immunostainings for PDGFRα/NKX2.2, NKX2.2/Hoechst, NG2/NKX2.2 and 
NKX2.2/Hoechst; Oligodendrocytes: Mature oligodendrocytes immunostained for MBP and PLP. Scale bars: 
50µm; Efficiency of iPSC to OPC differentiation: expressed as the percentage PDGFRα/NKX2.2 positive cells of 
the total number of cells in one culture dish at the end of differentiation( n=3, ± S.D) of 2 different hiPSC-cell 
lines. 
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Maturation of pre-OPCs into OPCs was achieved by withdrawal of SHH from the culture 
medium and addition of a panel of growth factors and morphogens such as PDGF-AA, IGF-
1, NT-3 and T3. At the end of this process, which lasted typically around 10 weeks, the 
formed oligospheres (clusters of OPCs) were seeded on laminin substrate allowing OPCs to 
migrate out of the cell aggregates. Most of the migrating cells showed a typical multipolar 
OPC morphology (Fig. 1D) and were double-stained for specific OPC markers such as 
PDGFRα/NKX2.2 and NG2/NKX2.2 (Fig. 1D). At this stage, the efficiency of differentiation 
was assessed by counting double-positive PDGFRα/NKX2.2 cells. The efficiency varied 
between the two hiPSC lines and typically ranged between 45% (Col2) and 78% (Col1). 
Maturation of OPCs into functional oligodendrocytes was achieved by culturing them for 
another 2-3 weeks in growth factor reduced conditions. OPCs were indeed able to develop 
into MBP- and PLP-positive oligodendrocytes (Fig. 1D); however, these highly specialized 
mature cells require very specific culture conditions and so most of them do not survive 
much longer beyond the 3 weeks in the specific growth factor reduced medium 
Functionality of hiPSC-derived OPCs in-vitro. In order to verify the proper differentiation and 
proper functionality of hiPSC-derived OPCs, we examined myelin formation in co-cultures 
of hiPSC-derived OPCs with rat DRG neurons. Four weeks after plating, hiPSC-derived OPCs 
developed into mature, myelin-producing oligodendrocytes (Supplemental Fig. S1A) with 
a survival rate much higher than observed in monocultures lacking DRG neurons. High 
magnification images revealed extensive myelination around the DRG axons proving the 
myelin-forming capacity of the hiPSC-derived oligodendrocytes (Supplemental Fig. S1A). 
Functionality of hiPSC-derived OPCs in-vivo. To examine and verify the (re) myelinating 
capacity of hiPSC-derived OPCs in-vivo, we have used the cuprizone mouse model. In this 
model, mice were fed a 0,2% cuprizone-containing diet for 6 weeks prior to cell 
transplantation. Cuprizone causes selective oligodendrocyte death and extensive 
demyelination, particularly in the corpus callosum (Supplemental Fig. S1C); the bundles of 
nude axons in the corpus callosum provide a proper in-vivo environment to examine 
remyelination activity by implanted OPCs. Three weeks after stereotactic grafting of the 
hiPSC-derived cells (at the OPC stage of differentiation – Fig. 1D) into the corpus callosum, 
animals were sacrificed and tissue was analyzed for the survival and fate of the implanted 
cells. Immunohistochemical staining of human nuclei revealed the presence of implanted 
cells mainly within the area of the corpus callosum (Supplemental Fig. S1D), traveling 
along the axonal tracks for distances larger than 1mm from the injection site. Double 
immunostaining and closer examination of the cell fate revealed that the implanted cells 
started to express MBP (Supplemental Fig. S1E). MBP/human nuclei double-staining was 
typically prominent for hiPSC-derived OPCs that migrated and settled along the axonal 
fibers of the corpus callosum obtaining a thin elongated nucleus morphology, typical for 
mature myelin-forming oligodendrocytes (Supplemental Fig. S1E). Similar observations 
were made after co-staining for human nuclei and neurofilament (Supplemental Fig. S1F): 
implanted OPCs, notably the ones with high migratory capacity that settled far from the 
injection site, obtained a thin elongated nuclear morphology and became “squeezed” in 
between remyelinated axons (Supplemental Fig. S1F). Such a close proximity to axons is 
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one of the prerequisites for successful myelination. Part of the implanted hiPSC-derived 
OPCs did not (yet) differentiate into mature myelin-producing oligodendrocytes and 
retained OPC characteristics such as PDGFRα expression and an OPC-typical elongated, 
multipolar morphology (Supplemental Fig. S1F):  the 3 weeks observation period may have 
been too short for them to migrate to their final destination and for further maturation.  
 

 
 
Figure. 2. Marmoset EAE model. (A) Clinical score (right Y-axis) for EAE progression after MOG/IFA 
immunization, combined with body weight (left Y-axis, dotted line) in 4 marmosets (B) LFB staining reveals 
demyelinated lesions within the corpus callosum (CC). Scale bars: 7mm (overview), 1mm and 500µm 
(magnifications). (C&D) Neurofilament/MBP double immunostaining of a marmoset EAE brain section reveals 
a large lesion in the left CC; areas indicated by squares are further analysed in C & D. (E) Immunostaining of 
the lesioned CC in the marmoset EAE brain shows morphological changes in GFAP-positive astrocytes, the 
absence of PDGFRα-positive cells; the loss of the myelin-sheath  (less MBP-staining) results in the increased 
visibility of neurofilament-positive axons. Scale bars: 50µm.  
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Finally, double staining for human nuclei and GFAP did reveal a few differentiated 
astrocytes among the implanted cells (Supplemental Fig. S1F). Quantification of implanted 
human cells co-expressing MBP, PDGFRα and GFAP revealed that the majority of the 
implanted cells were oligodendrocytes (Supplemental Fig. S1G). In addition, we intended 
to validate the remyelinating capacity of the hiPSC-derived OPCs in EAE mice, representing 
the autoimmune inflammatory/demyelinating pathology of the chronic progressive form 
of  MS. Immunization with MOG-peptide combined with complete Freund adjuvant results 
in the formation of lesions in the brain and the spinal cord, which give rise to clinical 
symptoms of which the severity is indicated by the EAE score. After intraventricular 
injection of the hiPSC-derived OPCs at the earliest detectable clinical symptoms, we 
observed a significant reduction of the subsequent EAE scores in comparison to the PBS-
injected control mice (Supplemental Fig. S2B). Histochemical analysis of the EAE lesions in 
the cerebellum at day 36 after EAE induction revealed (CD3-, CD11c-, and Ly6C- positive) 
cell infiltrates and demyelination (Supplemental Fig. S2 E, F and G  and Supplemental Fig. 
S3A). Comparing the cerebellum lesions of the EAE mice that received hiPSC-derived OPCs 
with those in PBS-treated control EAE mice revealed a significant reduction in cell 
infiltration in the hiPSC-derived OPC-treated mice  (Supplemental Fig. S2E-G). Iba-1 
staining showed less activated microglia/macrophages in the hiPSC-derived OPC-treated 
EAE mice compared to control PBS-treated EAE mice (Supplemental Fig. S2E and 
Supplemental Fig. S4C). Moreover, the extent of demyelination was significantly less in the 
lesions of hiPSC-derived OPC-treated mice in comparison to the control PBS-treated mice 
(Supplemental Fig. S2C and Supplemental Fig. S3) and less endogenous PDGFRα-positive 
OPCs were present (Supplemental Figs. S4A and B). Decreased demyelination, however, 
could not be attributed to the activity of the implanted hiPSC-derived OPC, since no 
exogenous (grafted) cells could be detected in the lesions. IVIS bioluminescence scans 
corroborated that most of the grafted luciferase-labeled hiPSC-derived OPCs remained 
within the ventricles (Supplemental Fig. S2D). The beneficial effect of the grafted hiPSC-
derived OPCs on the extent of cell infiltration and demyelination, and therefore on the 
resulting clinical score, is most likely due to secreted factors in line with previous 
observations that the beneficial effects of intraventricularly grafted NSCs in EAE mice and 
primates 18, 19 and of NSCs in spinal cord lesions 20 is mediated by secreted protective 
and/or anti-inflammatory factors  21. We compared the expression of the most relevant 
secreted factors (such as CXCL10, CNTF, IGF1, VEGF, GDNF) by our hiPSC-derived OPCs with 
those of hiPSC-derived NSCs and found a similar profile (Supplemental Fig.S5). A major 
difference between hiPSC-derived OPCs and hiPSC-derived NSCs was the higher 
expression of HGF, TGFβ and IL6 observed in the hiPSC-derived OPCs. 
 
Application of hiPSC-derived OPCs in the marmoset EAE model for MS 
After establishing the completeness of differentiation and proper functionality of hiPSCs-
derived OPCs in-vitro and in-vivo, we examined the fate and functionality of hiPSCs-derived 
OPCs after stereotactical injection into a non-human primate model for MS. Immunization 
of unrelated common marmosets from an outbred colony with recombinant MOG 
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peptides 34-56 in incomplete Freud’s adjuvant activates a new pathogenic mechanism 
that elicits pathological features reminiscent of progressive MS, i.e. CD8+ T-cell mediated 
demyelination in white matter but also in cortical grey matter of the brain and progressive 
loss of neurological functions. The most prominent lesions containing severe 
demyelination and cell infiltration appeared to be located within the corpus callosum (Fig. 
2 and Supplemental Fig. S6A). In a first pilot study (data not shown), we injected 3 EAE 
marmosets with hiPSC-derived OPCs into the CSF (cisterna magna) and sacrificed the 
monkeys after 7 days. 

 
Figure. 3. Implantation of hiPSC-derived OPCs in EAE marmosets. (A) Experimental set-up for the 
implantation studies with hiPSC-derived OPCs into the marmoset EAE model. (B) Episomal GFP-transfected 
hiPSC-derived OPCs for implantation. Scale bar: 100µm. (C) Cresyl-violet and LFB-staining overview at 20 and 
40 days after implantation depict the migration pattern of implanted cells in the EAE marmoset brain. Scale 
bars: 7, 6mm(whole brain) and 1mm(magnification).(D) Analysis of 2 parallel sections, taken at a 320µm 
interval, shows that GFP-labelled implanted cells migrate across CC in both lateral and anterior/posterior 
direction. Scale bar: 2mm(whole brain) and 250µm(magnification). (E) Quantification of GFP-labeled 
implanted cells at a standard distant from the site of injection reveal the time-dependent pattern of 
migration (3, 20, 30 and 40days) (n=4, mean ± SEM, Statistics: One-way ANOVA; *P<0,05, **P<0,01, 
***P<0,001). 
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Although we did observe localization of viable implanted cells in the ependymal cell layer 
that aligns the CSF, the entrance of the implanted cells into the brain parenchyma was 
slow and as yet minimal with this mode of administration.  
 

 
 
Figure. 4. Analysis of hiPSC-derived OPCs in EAE marmosets. (A) GFP/MBP double immunostaining 
indicates that the implanted cells are capable of producing myelin. Scale bars: 25µm. (B) STEM121/MBP 
double immunostaining indicates that the implanted cells are capable of producing myelin. Scale bars: 
25µm. (C) Neurofilament/MBP double immunostaining in the same area shows the close interaction of MBP-
expressing implanted cells with unmyelinated axons. (D) Likewise, GFP/PDGFRα immunostaining reveals yet 
immature OPCs (arrows) among the implanted cells as well as a few GFP/GFAP double stained cells (arrows) 
suggesting the differentiation of the implanted cells towards astrocytes. Scale bars:50µm. (E) Scheme 
indicating the order of subsequent marmoset brain sections used for immunohistochemical analyses and for 
electron microscopy studies. Quantification of PDGFRα-, GFAP-, MBP-, and Olig2-positive implanted (GFP+) 
cells in one standard area within the corpus callosum at 40 days after implantation indicates that the majority 
of implanted cells became MBP-positive oligodendrocytes. Data represented as mean ± SEM. 
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In the present study, we implanted GFP-labelled hiPSC-derived OPCs stereotactically near 
the medial line in the cortex just above the corpus callosum at day 79 (Fig. 3A-C).Daily 
immunosuppressive treatment with cyclosporine A was started just before the injection of 
the xenogenic grafts, in order to avoid interference with the development of EAE. Initially, 
we had planned to sacrifice the marmosets at 10, 20, 30 or 40 days after implantation.  

 
Figure. 5. Electronmicroscopy of implanted human iPSC-derived OPCs in EAE marmosets. (A) Electron 
micrograph analysis of implanted hiPSC-derived OPCs (red arrows) in EAE marmoset brain based on DAB-
intensified electron-dense GFP staining. (B) A DAB-intensified electron-dense GFP-labeled oligodendrocytes 
myelinate multiple axons in the EAE-lesion in the marmoset brain (nucleus: blue and cytoplasm: green). Scale 
bars:500nm. 

Unfortunately, the 10 days marmoset animal had to be sacrificed at day 3 for ethical 
reasons as it reached paresis (EAE score 2.5) a few days after implantation of the cells. The 
marmosets were fixated and (immuno)histochemically examined for the fate of the 
implanted hiPSC-derived OPCs. Analysis of the GFP-labeled hiPSC-derived OPCs at the 
different time points of injection in the 4 different animals, revealed the survival of these 
cells, and their steady migration from the site of implantation mainly directed towards the 
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large demyelinated lesions in the corpus callosum (Fig. 3). The number of implanted hiPSC-
derived OPCs that could be detected in the corpus callosum after cortical injection 
increased with time (Figs 3C and E, Supplemental Fig. S6B). Migration across the corpus 
callosum occurred in both lateral and anterior/posterior direction from the site of injection 
as could be observed 40 days post-implantation (marmoset 4) (Fig. 3D). The double 
staining for MBP indicated that the GFP-labeled hiPSC-derived OPCs differentiated into 
myelin-producing cells (Fig. 4A). We performed co-staining for MBP and neurofilament as 
well as for MBP and GFP in subsequent serial sections (Fig. 4A) at 40 days post-
implantation (marmoset 4), and revealed the interaction between the axons in the corpus 
callosum and the grafted hiPSC-derived OPCs  (Fig. 4C). Co-staining for MBP and 
STEM121(Human cytoplasmic marker) indicated that the hiPSC-derived OPCs 
differentiated into myelin-producing cells (Fig. 4B). PDGFRα-GFP and Olig2-GFP double 
immunostaining at 40 days post-implantation showed that a substantial number of 
oligodendrocyte progenitors resided, along with MBP/GFP positive cells, in the corpus 
callosum (Fig. 4D and Supplemental Fig. S7C). However, after 40 days portion of PDGFRα-
GFP positive cells could still be detected at the site of injection (Supplemental Figs. S7A 
and B). The presence of a few GFAP-GFP double positive cells indicated that astrocyte-like 
cells may have differentiated from the injected hiPSC-derived OPCs or may have 
contaminated the cell graft (Fig. 4D). Iba-1 and Mac2 immunostaining revealed the 
accumulation of microglia/macrophages around hiPSC-derived OPCs without 
compromising their viability (Supplemental Figs. S8A and B). Quantification for PDGFRα-, 
GFAP-, MBP-, and Olig2-positive implanted (GFP+) cells in one standard area within the 
corpus callosum revealed that most cells express OPC markers or have developed into 
mature MBP-positive cells (60%) at 40 days post implantation. In order to examine whether 
the implanted hiPSC-derived OPCs were capable of forming myelin sheets around axons in 
the lesions 40 days post-implantation, we performed transmission electron microcopy 
(TEM). In order to identify the implanted cells in the EM sections, we performed a DAB-
intensified immunostaining for GFP resulting in a clear dark very specific electron-dense 
precipitate in the entire cytoplasm under the EM microscope (Fig. 5A). Figure 5B shows in 
detail a GFP-positive (=grafted) oligodendrocyte that wraps its extensions around a 
neighboring axon (indicated with a different color) in the lesion, forming a thin myelin 
sheet. 
 
Discussion 
Human iPSC-derived OPCs have previously been shown to induce widespread and 
complete remyelination after transplantation into a mouse mutant (shiverer) that mimics 
human hypomyelinating leukodystrophies, genetic disorders in which myelin is not 
formed properly 9, 10. Moreover, human iPSC-derived OPCs appeared capable to repair 
radiation-induced myelin damage as occurring in the clinic as a side effect of radiation 
therapy for pediatric brain cancers 12.The relevance of both clinical applications for iPSC-
derived OPCs may be considered limited. Genetic hypomyelinating leukodystrophies, such 
as Pelizaeus-Merzbacher disease, are rare 22 and for an effective treatment autologous 
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iPSC-derived OPCs (after gene correction) have to be administered intra-uterinary in order 
to successfully compete with the endogenous, affected, OPCs to produce normal myelin. 
Clinical application of autologous iPSC-derived OPCs after brain irradiation is only relevant 
in very young cancer patients, < 0.5 year of age, when dividing OPCs, vulnerable to 
irradiation, may still be present. 
However, the most common demyelinating disorder (incidence 1:1000 in western 
societies) and as such the most relevant target for an autologous iPSC-derived OPC 
transplantation therapy is MS. In the current nonhuman primate study we have shown for 
the first time that intracerebrally implanted human iPSC-derived OPCs survive for at least 
40 days, albeit under immunosuppression with cyclosporine A, that they selectively 
migrate to MS-like lesions and are capable of initiating remyelination of denuded axons 
within the inflammatory conditions of these lesions. Our marmoset EAE model is generally 
considered the animal model that most closely mimics the secondary progressive stage of 
MS in clinical and pathological presentation. The application of iPSC-derived OPCs is 
particularly relevant for MS patients in the secondary progressive stage, when endogenous 
OPCs are no longer able to remyelinate and rescue damaged axons and so to prevent 
retrograde, irreversible neuronal degeneration. It is the most debilitating stage of the 
disease for which no therapeutical treatment is yet available. We have injected iPSC-
derived OPCs into the EAE marmosets during an early phase with functional endogenous 
OPCs still present. Moreover, due to the limited number of monkeys in this study, their 
outbred nature, the small stereotactically injected cell grafts, the relatively short post-
transplantation period (due to Animal care legislation imposed restrictions) and the usage 
of cyclosporine A, firm conclusions about the consequences of iPSC-derived OPC 
transplantation for clinical improvement could not be drawn as yet. Nevertheless, 
extrapolation of the beneficial effect of the iPSC-derived OPCs observed in the mouse EAE 
model to the EAE model in marmosets, warrants the assumption that under comparable 
experimental conditions a clinical effect is likely. 
Previous studies have shown that rodent NSCs and OPCs produce a variety of 
immunomodulatory, anti-inflammatory and neurotrophic factors, responsible for a 
significant reduction in clinical scores in EAE animals after intraventricular or intravenous 
injection19, 21, 23-26. In addition, neuroprotective effects of the secretome of NSCs have been 
demonstrated after spinal cord injury in mice20 and after intracerebellar injection of NSCs in 
Machado-Joseph disease mice27. The responsible factors in the secretome of NSCs and 
OPCs have been determined21, 28-30. Also in this study, human iPSC-derived OPCs appeared 
to express a similar set of factors and were able to reduce the EAE clinical score in mice 
after intraventricular injection, mainly by reducing cell infiltration and lesion size. In 
particular, leukemia inhibitory factor (LIF) secreted by mouse NSCs or OPCs has been 
forwarded as playing a crucial neuroprotective and inflammation suppressive role in the 
EAE mouse model31, 32. However, our analyses show that LIF production by human NSCs 
and human OPCs, in contrast to mouse NSCs and human OPCs, is only at a low basic level, 
suggesting that other factors secreted by the human OPCs might play a more prominent 
neuroprotective role. The local stereotactical injection of the human iPSC-derived OPCs in 
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the marmoset cortex did not provoke a reduction in clinical scores, most likely due to only 
a very limited, local diffusion of the effectors (in contrast to the more systemic 
intraventricular or intravenous administration in the EAE mice).  
In conclusion, our results show for the first time efficacious remyelination of hiPSC-derived 
OPCs in primates with MS-like disease, which represents the closest possible 
approximation to the human situation. Although, the results are very encouraging, they 
also immediately point to required follow up experiments addressing the optimal mode of 
administration that will allow migration of sufficient hiPSC-derived OPCs to multiple lesion 
sites. Some of these sites may be less accessible, e.g. when they are clinically silent with 
only a low release of chemotactic factors attracting the implanted iPSC-derived OPCs 
and/or enclosed by an astrocytic scar. In view of the current safe possibilities to genetically 
modify human iPSC-derived cells, the hiPSC-derived OPCs may be equipped with 
additional chemokine receptors and/or enzymes that degrade the astrocytic scar. Long-
term studies will be essential to determine the safety and stability of grafted iPSC-derived 
OPCs. Moreover, it will be interesting to evaluate whether remyelination capacity and 
immune modulation by hiPSC-derived OPCs may be of therapeutic use for primary 
progressive MS. Some concern may exist on the safe large scale production of autologous 
iPSCs and iPSC-derived OPCs and the time and costs associated with that. The wide scale 
implementation of haplotype-based banking of readily available, well-characterized 
human iPSCs (fulfilling cGMP criteria) for transplantation, may eventually obsolete the 
need to generate iPSC lines for each individual MS patient33, 34. Moreover, recent 
improvements in the protocol for the differentiation of human iPSCs into OPCs have led to 
a significant reduction in the duration of this procedure35, 36.  Finally, in a recent report, Rao 
and Atala have proposed important steps to reduce the costs for iPSC production 
significantly37.  
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Supplementary files 
Supplementary Materials and Methods  
Generation of hiPSCs 
iPSCs cells were generated from human dermal fibroblasts (from a skin biopsy taken from 
the inside of the upper arm, because of least exposure to UV and eventually less visible 
scar formation) using lentiviral transduction. Lentivirus was produced in HEK293T cells in a 
100mm cell culture dish following transfection with EF1α-STEMCCA-RedLight-LoxP 
plasmid containing OCT4, KLF4, SOX2 and mCherry genes, together with pMD2-VSV-G and 
pCMV-D8.91 plasmids. Lentivirus containing medium was collected 48h post-transfection, 
filtered through an 0,45µm filter and concentrated with Amicon Ultra 100,000 MWCO 
centrifugal filters (Millipore). The concentrated supernatant was diluted with 1ml of fresh 
fibroblast medium containing 8μg/ml polybrene (Sigma-Aldrich) and used to transduce 
circa 100,000 human fibroblasts. Lentivirus containing medium was discarded the 
following day and cells were cultured in fibroblast medium for another 3 days. Transduced 
cells were then trypsinized, seeded onto an irradiated mouse embryonic fibroblast (MEF) 
feeder layer and cultured in hES medium (DMEM/F12, 20% KSR, 1% NEAA, P/S, 0,1mM β-
mercaptoethanol, 5ng/ml bFGF) until hiPSC colonies appeared. Around 28 days post-
transduction, large hiPSC colonies were picked, cut into pieces and plated on Matrigel-
coated cell culture plates in mTESR medium (StemCell Technologies). Subsequent hiPSC 
passages were performed mechanically and propagated in mTESR medium.  
 
Pluripotency assays for hiPSCs  
Subconfluent undifferentiated hiPSCs were harvested by cutting the colonies into small 
pieces and scraping them off the cell culture dish. Colony fragments were transferred into 
non-adherent cell culture plates and cultured in hEB medium (DMEM/F12, 20% KSR, 1% 
NEAA, 1:1000 MycoZap+) for 8 days (medium was changed every other day). At day 9, 
developing embryoid bodies (EBs) were plated onto gelatin (0,1%) or Matrigel-coated 
coverslips and cultured for another 2 - 4 weeks. At the end of the differentiation period 
cells were fixed with 4% PFA and examined for the presence of cells of all three germ layers 
with immunocytochemistry. 
For the teratoma formation assay, undifferentiated hiPSCs were injected subcutaneously in 
the flank of NOD-SCID mice. For that, undifferentiated hiPSC colonies were harvested using 
dispase, gently dissociated into single cells and resuspended in 70% DMEM/F12 and 30% 
Matrigel solution. A volume of 300µl containing ~1x106 cells was used for each injection. 
The animals were sacrificed 5-7 weeks post-injection when the teratomas were clearly 
visible. Tumors were explanted, fixed with 4% PFA and subjected to immunohistochemical 
analysis for the presence of tissues of all three germ layers. 
 
Differentiation of hiPSCs towards oligodendrocytes 
For the differentiation of hiPSCs into oligodendrocytes, a 5-stage protocol was developed: 
Stage 1 – Generation of primitive neuroepithelial cells 
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hiPSCs were cultured on matrigel in mTESR1 medium, refreshed every other day. hiPSCs 
were passaged when they reached ~60% confluence and allowed to form EBs as described 
above. On day 8, EBs were collected and plated onto laminin-coated dishes in Neuronal 
Differentiation (ND) medium (DMEM/F12, 1% N2 supplement (PAA), 1% NEAA, 1mg/ml 
heparin, 1:1000 MycoZap+). Medium was changed every other day. Cells were kept in 
these conditions for a variable period of time (typically around 10-15 days) until clear 
neural rosette structures appeared.  
Stage 2 – Specification of Olig2 progenitor cells 
Medium was changed to ND+ medium (ND medium with 2% B27) supplemented with 
retinoic acid (RA, 100nM) for 5-7 days. “Mature” neural rosettes were collected, gently 
dissociated into small fragments and transferred into non-adherent cell culture dishes in 
ND+ medium supplemented with RA and 100nm Sonic Hedgehog (SHH) for 10 days (from 
now on cells were grown as spheres in suspension). After that period, cell aggregates were 
dissociated into single cells using accutase and cultured for another 10 days in ND+ 
medium supplemented with 10ng/ml bFGF and SHH (RA was removed). 
Stage 3 – Generation of pre-OPCs 
Next, hiPSC-derived spheres were cultured in GLIA medium (DMEM/F12, 1% N1 
supplement, 2% B27 supplement, 1% NEAA, 60ng/ml T3, 100 ng/ml Biotin, 1μm cAMP) 
supplemented with PDGF-AA, IGF-1 and NT3 (all at 10ng/ml) and 100ng/ml SHH but 
without bFGF. Half of the cell culture medium was changed every 2 days and cells were 
kept in these conditions for 21 days. At the end of that period spheres were dissociated 
once again with accutase and kept in medium described above without SHH. Spheres were 
allowed to grow in these conditions for another 42 days (half of the medium was changed 
every other day) 
Stage 4 – Maturation of pre-OPCs to OPCs 
After 42 days, hiPSC-derived spheres grew big enough to be disaggregated one more time 
with accutase. After dissociation cells were cultured in GLIA medium except that 
concentrations of PDGF-AA, IGF-1 and NT3 were reduced to 5ng/ml.  
Stage 5 – Differentiation of OPCs on substrate 
At defined time points (e.g. every 2 weeks) some of the floating hiPSC-derived spheres 
were seeded onto polyornithine/laminin (20μg/ml) coated coverslips to check for the 
identity of the cells migrating out of the cell clusters. At this stage, cells were cultured in 
the medium described for Stage 4. The number of OPCs migrating out typically increased 
over time; on average it took around 140-150 days to complete the protocol. 
 
Cuprizone experiments 
For cuprizone experiments, a total of twelve  8 – 10 weeks old female C57BL/6 mice were 
fed with powder food diet containing 0,2% cuprizone (Sigma-Aldrich) for 7 – 8 weeks. One 
week before cell implantation, one of the animals was sacrificed and its brain was assessed 
for the extent of demyelination of the corpus callosum using Luxol Fast Blue (LFB) and 
cresyl violet (CV) staining. The animals were implanted stereotactically with ~50.000 of 
either hiPSC-derived OPCs (5 mice) or human fibroblasts (control group, 5 mice) in 3μl of 
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PBS. Stereotaxic coordinates (in relation to Bregma): anterior-posterior +1; lateral -1,75; 
vertical -2,25 (Paxinos atlas, 2002). After the operations, animals were kept on standard ad-
libitum diet and were sacrificed at specific time points (perfusion with 4% PFA under 
anesthesia). The brains of the mice were collected, sectioned (20μm coronal cryosections) 
and subjected to immunohistochemical and histological analysis. 
 
Experimental Autoimmune Encephalomyelitis (EAE) induction in mouse 
11-13 week old female C57BL/6 inbred mice (C57BL/6 OlaHsd, Harlan Laboratories, The 
Netherlands) were used in this study. Animals were housed under standard conditions in a 
quiet environment with ad-libitum access to water and food. EAE was induced with an EAE 
kit (Hooke Laboratories, USA, Cat # EK-0114). Briefly, mice were subcutaneously injected at 
the lower and upper back with a total of 200µg MOG35-55 emulsified in complete Freund’s 
Adjuvant followed by an intraperitoneal injection of 375ng of pertussis toxin (day 0). The 
pertussis toxin injection was repeated 24 hours after post immunization. Mice were daily 
monitored for their weight and EAE score. The following scoring system was used: 0) no 
obvious changes, 1) limp tail, 2) limp tail and impaired righting reflex, 3) limp tail and 
partial paralysis of hind legs, 4) limp tail and complete paralysis of hind legs, 5) moribund, 
6) death due to EAE. 
Transplantation of hiPSC-derived OPCs was performed on day 11 after EAE induction when 
the first symptoms of EAE could be detected, according to  a procedure tested and 
described before [20]. hiPSC-derived-OPCs were gently detached from the substrate using 
accutase, spun down and resuspended in PBS at a concentration of 12.500 cells/μl. 4μl of 
cell suspension was stereotactically injected into the right ventricle of experimental group 
(n=10) using the following coordinates in relation to Bregma: anterior-posterior -0,5; lateral 
-1; vertical -2,3 (Paxinos atlas, 2002). Injection speed was kept at 1μl of cell suspension per 
minute followed by 5 minutes of deposition time before needle retraction. Control EAE 
mice (n=8) received an injection with PBS. To prevent immune-rejection of the grafts, both 
animal groups received daily cyclosporine A (Novartis) injections (subcutaneous; 10mg/kg 
of body weight) starting from 1 day before operation. To evaluate a potential effect of 
cyclosporine on EAE progression, an extra control group (n=4) was included in which 
control animals received a daily subcutaneous injection of saline instead of cyclosporine. 
 
In-vivo cell imaging 
Two weeks before implantation, the cells were lentivirally labeled with luciferase to enable 
tracking using the IVIS-camera (Caliper Life Sciences IVIS 200). At specific time points post-
implantation, mice were i.p. injected with 300mg/kg D-luciferine (Caliper Life Sciences) 
according to manufacturer’s recommendations. Mice were anesthetized with isoflurane 
and imaged at 4 minutes intervals until the peak of bioluminescence signal was reached. 
The intensity of the signal (photons per second) was analyzed using Living image software. 
35 days after EAE induction, animals were perfused with 4% PFA under anesthesia; brain 
and spinal cord were explanted, sectioned (20μm cryosections) and prepared for 
immunohistochemical and histological analysis. 
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RT-PCR and qRT-PCR 
RNA was isolated using the standard Trizol-based procedure. Following cDNA synthesis 
and PCR reaction, DNA was visualized in an 1% agarose gel (RT-PCR). For qRT-PCR iTaq 
Supermix with ROX (Biorad, 172-5855) was used. Primer sequences used in this study are 
listed in Figure .S3 
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Supplementary Figure 1. In-vitro and in-vivo myelination of human iPSC-derived OPCs. (A) 4-week old co-
culture of hiPSC-derived OPCs (MBP-green) and rat DRG neurons (Neurofilament-red); High magnification 
images show the wrapping of green MBP-positive OPC extensions along and around red Neurofilament-
stained axons. Scale bars: 50µm. (B) Set-up of implantation experiments with hiPSC-derived OPCs in the 
cuprizone mouse model. (C) Luxol fast blue (LFB) staining demonstrates a demyelinated lesion within the 
corpus callosum (CC). (D) Human nuclei (hNucl) immunostaining of implanted cells shows their distribution 
along the CC (LV=lateral ventricle). Scale bars: 200µm. (E) Human nuclei/MBP double immunostaining shows 
the contribution of implanted cells to remyelination (arrows). (F) Human nuclei/NF double immunostaining 
reveals implanted human cells located amongst CC axons (arrows); most of these cells appear to be 
immature OPCs (i.e. hNucl/PDGFRα-positive); hNucl/GFAP double immunostaining reveals that none of the 
implanted cells differentiated into astrocytes. (G) Quantification of MBP-, PDGFRα-, and GFAP-positive cells as 
percentage of implanted (hNucl-positive) cells in one standard area within the corpus callosum at 40 days 
after implantation, indicating that the majority of implanted cells became MBP-positive oligodendrocytes 
(n=5, mean ± SEM). Scale bars: 50µm. 
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Supplementary Figure 2. Implantation of hiPSC-derived OPCs in EAE mice. (A) Set-up of hiPSC-derived OPCs 
implantation experiments in mouse EAE model. (B) Average EAE score of experimental (with hiPSC-derived 
OPC grafts) (n=10) and control (PBS-injected) (n=8) mice demonstrates significant reduction of EAE 
symptoms in OPC-implanted animals. Statistics: One-way ANOVA; ***P<0,001; PBS. (C) LFB-staining 
demonstrates demyelination within the cerebellum in the EAE-PBS mice and not in EAE-hiPSC-derived OPCs 
injected mice. Scale bars: 2mm.  (D) IVIS bioluminescence imaging of PBS (control) and human iPSC-derived 
OPCs implanted animals shows intracerebral localization of implanted cells but not in control group (13 days 
post implantation). (E) Immunostaining for IBA, mouse CD11c, CD3 and Ly6c within the cerebellum in the 
EAE-PBS mice and the EAE-hiPSC-derived OPCs injected mice shows differences in cell infiltrates. (F&G) 
Quantification of mouse CD11c-, CD3- and Ly6c-positive cells within the cerebellum in the EAE-PBS group 
and the EAE-hiPSC-derived OPCs injected group (n=4,  mean ± SEM, Statistics: t-test ; *P<0,05). Scale bars: 
250 µm (for magnification: 50µm). 
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Supplementary Figure 3. Implantation of hiPSC-derived OPCs in EAE mice. (A) LFB staining reveals 
demyelination within the cerebellum in the EAE-PBS mice and not in the EAE-hiPSC-derived OPCs injected 
mice. Scale bars: 2mm. (B) Neurofilament/MBP double immunostaining within the cerebellum in the control, 
EAE-PBS group and EAE-hiPSC-derived OPCs injected mice. (C) Quantification of Neurofilament and MBP 
within the cerebellum in the control, the EAE-PBS and EAE-hiPSC-derived OPCs injected mice (n=4, mean ± 
SEM). Scale bars: 50µm. 
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Supplementary Figure 4. Implantation of hiPSC-derived OPCs in EAE mice. (A) PDGFRα immunostaining 
within the cerebellum in the control, the EAE-PBS and the EAE-hiPSC-derived OPCs injected mice. Scale bars: 
250 µm (for magnifications 50µm). (B) Quantification of PDGFRα positive cells within the cerebellum in the 
control, the EAE-PBS and the EAE-hiPSC-derived OPCs injected mice (n=4, mean ± SEM). (C) IBA-1 
immunostaining within the cerebellum in the EAE-PBS and the EAE-hiPSC-derived OPCs injected mice. Scale 
bars: 250µm. 
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Supplementary Figure 5. Analysis of cytokine production by hiPSC-derived OPCs and hiPSC-derived NSCs. 
(A) Heat map presents the expression of the major immunomodulatory and neurotrophic factors expressed 
by hiPSC-derived OPCs and NSCs based on quantitative-PCR analysis. Data normalized to undifferentiated 
pluripotent cells. (B) Primer sequences used in the study. 
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Supplementary Figure 6. EAE marmosets and implanted hiPSC-derived OPCs. (A) Immunostaining for IBA, 
MAC2 in the marmoset EAE brain shows activated microglial cells in the lesion and no OLIG-2 positive cells. 
Scale bars: 25µm. (B) GFP-positive implanted hiPSC-derived OPCs within the marmoset brain (animals 20 and 
30 days post implantation). Scale bars: 100µm. (C) Ki67/GFP double immunostaining reveals only a few 
proliferating hiPSC-derived OPCs within the marmoset EAE brains at 40 days post implantation. Scale bars: 
50µm. 
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Supplementary Figure 7. Migration of implanted hiPSC-derived OPCs in EAE marmosets. (A) GFP/PDGFRα 
double immunostaining reveals immature OPCs (arrows) among the implanted cells near the injection site 
(20 and 40 days post implantation) and negative for MBP (data not shown). Scale bars: 50µm (B) 
MBP/Hoechst counterstained GFP-labeled hiPSC-derived OPCs migrate in the corpus callosum from the site 
of injection and express MBP. Scale bars: 25 µm. (C) GFP/OLIG2 immunostaining shows the typical location 
and morphology of the implanted OPCs progenitors within the CC (arrows). Scale bars: 25 µm. 
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Supplementary Figure 8. Response of microglia/macrophages to implanted hiPSC-derived OPCs in EAE 
marmosets. (A & B). At 40 days post implantation, viable implanted GFP-labeled hiPSC-derived OPCs are 
surrounded by IBA and MAC2 positive microglia/macrophages. Scale bars: 25µm (IBA-1) and 50µm (MAC2). 
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Abstract 
Multiple sclerosis (MS) has long been considered an autoimmune disease marked by the 
invasion of reactive immune cells across the blood-brain barrier (BBB) into the brain and 
spinal cord. These immune cells induce lesion formation, characterized by local 
demyelination and axonal damage. New insights tend to consider MS as a chronic, 
gradually aggravating neurodegenerative disease with oligodendrocytes and axons as 
primary affected targets. In this view, primary progressive MS (PPMS) is thought to reflect 
the basic neurodegenerative process underlying MS1. In the relapsing-remitting type of MS 
(RRMS), an aberrant immune response to antigenic debris (myelin, neurofilaments), caused 
by the ongoing neurodegeneration process, is convoluted on top of the underlying 
neurodegeneration. The first genome-wide association studies (GWAS) on RRMS patients 
provided evidence for the presence of risk loci mostly associated with the immune system. 
More recently, GWAS studies also uncovered risk loci related to other functions, such as cell 
metabolism and oligodendrocyte differentiation. These findings suggest that intrinsic, 
genetic, differences in MS oligodendrocytes and neurons may underlie the onset of the 
primary neurodegenerative events of MS. We have generated induced pluripotent stem 
cells (iPSCs) from relapsing-remitting (RM) and PPMS patients as well as from healthy 
controls in order to study potential intrinsic differences in the iPSC-derived 
oligodendrocytes and neurons between these groups. All our MS patient-derived iPSCs 
met all major pluripotency criteria and all had the capacity to differentiate into the three 
germ layers, and ultimately into neurons and oligodendrocytes. No differences in the 
efficiency and capacity of neural differentiation were observed between the 3 groups.  
With these iPSC cell lines, we will be able to investigate metabolic changes and stress 
responses in neurons and oligodendrocytes of the different patient groups, potentially 
leading to new insights in the primary cause and disease progression in MS. In addition, 
these iPSC-derived oligodendrocytes and neurons can be used in screening for new MS 
drugs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Key Words: Multiple sclerosis, Neurodegeneration, Oligodendrocytes, Axonal damage, Induced pluripotent 
stem cells 
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Introduction 
A vast heterogeneity in the disease course has always made it difficult to understand the 
pathophysiology of multiple sclerosis (MS). Until recently, MS was standardly described as 
a chronic neuroinflammatory disease with ongoing degeneration in the brain and spinal 
cord2. The pathological hallmarks of MS lesions were thought to be caused by infiltration of 
immune cells across the blood-brain barrier3, leading to inflammation, loss of 
oligodendrocytes, gliosis, and axonal damage in white matter4. Demyelination was 
generally accepted to cause axonal degeneration, although it had been reported that 
axonal injury can occur without any ongoing demyelination5. Subsequently, this primary 
MS-related damage was thought to further trigger inflammation and recruit auto-reactive 
lymphocytes to the CNS, thus driving the chronic progression of the disease. The first 
genome-wide association studies (GWAS) on relapse-remitting (RRMS) patients provided 
strong evidence for risk alleles predominantly in immune-related genes, supporting the 
primarily inflammatory, (auto-)immune nature of MS6. And indeed, administration of anti-
inflammatory and immune-suppressing drugs appeared to be effective to reduce the 
progression of MS, however, it did not prevent the destruction of myelin and axonal 
damage7. Examination of post-mortem MS lesion pathology indicates that 
neurodegeneration and inflammation occur simultaneously8. Currently, instead of a 
primary inflammatory disease, MS is considered to be primarily a chronic, gradually 
aggravating neurodegenerative disease with oligodendrocytes and axons as primary 
affected targets and on top of that a sometimes vigorous aberrant immune response. In 
this view, PPMS is thought to be the actual, “pure” form of MS implying that future studies 
on MS pathology should focus on PPMS and the processes of axonal damage and 
neurodegeneration1. GWAS studies in RRMS and PPMS patients identified various risk loci 
associated with the mitochondrial respiratory chain that can be linked to 
neurodegeneration. Especially changes in the mitochondrial respiratory chain causing 
mitochondrial dysfunction have been shown to lead to axonal damage and degeneration, 
followed by demyelination and aggravated by the infiltrating immune cells and microglial 
activation9-12.  
Interestingly, genome-wide association studies in MS patients have indicated common 
genetic variants in MANBA, CXCR5, RPS6KB1 and ZBTB46, or nearby genes such as SOX813, 
which play an important role in modulating glial specification and differentiation14. The 
GWAS studies in MS patients and the detection of various risk genes need to be followed 
by cellular studies addressing the potential role of these genes in MS pathogenesis. The 
iPSC technology offers a unique opportunity to study the intrinsic functional properties 
and potential differences in them in true RRMS- and PPMS-patient derived neurons and 
oligodendrocytes. In this chapter, we report the reprogramming of healthy control and MS 
patient-derived skin fibroblasts, using the iPSC protocol described by Okita et al15 and their 
subsequent differentiation into functional neurons and oligodendrocytes. 
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Materials and methods 
Human subjects 
The experiments were performed with the understanding and written consent of each 
subject. Fibroblast samples were obtained from five healthy individuals, five clinically 
affected PPMS patients, and five RRMS patients. Subjects were randomly approached for 
participation in this research. After applying local anaesthesia (Xylocaine), a small round 
skin biopt (diameter 6 mm) was excised from the inner side of the upper arm and collected 
in cold PBS. Due to some unforeseen practical problems, for the present study, we have 
only generated iPSCs from three of the PPMS patients and from one healthy control. 
 
Generation of iPSCs with episomal vectors  
After skin tissue dissociation, human dermal fibroblasts (HDFs) from control- and MS 
patients were cultured in Dulbecco’s modified Eagle medium (DMEM, Gibco) containing 
10% fetal bovine serum (FBS, Gibco), 1 mM non-essential amino acids (NEAAs, Gibco), 1× 
GlutaMAX (Gibco), and 100 units/ml penicillin with 100 µg/ml streptomycin (Gibco). The 
episomal iPSC reprogramming plasmids, pCXLE-hOCT3/4, pCXLE-hSK and pCXLE-hMLN 
were purchased from Addgene. The plasmids were mixed in a ratio of 1:1:1 for efficient 
reprogramming. Three microgram of expression plasmid mixtures was applied for 
electroporation of 5× 105 human-derived fibroblasts (HDFs) using an Amaxa® Nucleofector 
Kit according to the manufacturer’s instructions. After nucleofection, cells were plated in 
DMEM containing 10% FBS and 1% penicillin/streptomycin until the cell culture reached 
70-80% confluence. The culture medium was replaced the subsequent day by human 
embryonic stem cell medium (HESM) containing knock-out (KO) DMEM, 20% KO serum 
replacement (SR-Gibco), 1 mM NEAAs (non-essential amino acids), 1× GlutaMAX(Gibco), 
0.1 mM β-mercaptoethanol, 1% penicillin/streptomycin, and 10 ng/ml bFGF (basic 
fibroblast growth factor-Peprotech). Between 26-32 days after plating, cell colonies 
developed and colonies with a morphological phenotype similar to human ESCs were 
selected for further cultivation and evaluation. Selected iPSC colonies were passaged on 
plates coated with matrigel (BD, hES qualified matrigel) containing mTeSR™1 (defined, 
feeder-free maintenance medium for human ESCs and iPSCs, Stem Cell Technologies). 

 
Pluripotency assays for hiPSCs  
Subconfluent, undifferentiated hiPSCs were harvested by cutting the colonies into small 
pieces and scraping them off the cell culture dish. Colony fragments were transferred into 
non-adherent cell culture plates and cultured in human embryoid body (hEB) medium 
(DMEM/F12, 20% KOSR, 1% NEAA, 1:1000 MycoZap+) for 8 days (medium was changed 
every second day). At day 9, developing embryoid bodies (EBs) were plated onto gelatin 
(0,1%) or Matrigel-coated coverslips and cultured for another 2 - 4 weeks. At the end of the 
differentiation period cells were fixed with 4% PFA and examined for the presence of cells 
of all three germ layers with immunocytochemistry (Data not shown). 
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Differentation of MS iPSCs towards neural stem cells and neurons 
IPSCs were dissociated manually and plated on a non-coated dish in human embryonic 
stem cell medium (HESM). After 4 days, embryoid bodies (EBs) were formed and 
transferred to neural differentiation medium containing DMEM/ F12, 1 mM NEAAs, 1× 
GlutaMAX, 1% penicillin/streptomycin, and 1× N1 supplement (100X) for another 4 days.  
EBs were plated on matrigel-coated plates for neural rosette formation for 8-10 days with 
0.01mM retinoic acid. Neural rosettes were handpicked and cultured in neural stem cell 
medium containing DMEM/F12 (GibcoR), 1 mM NEAAs (non-essential amino acids- GibcoR), 
1×GlutaMAX (GibcoR), 1% penicillin/streptomycin, 1×N1 supplement (100X), 20 ng/mL 
bFGF (peprotech), 20 ng/mL EGF (peprotech), and 2 µl/ml B27 supplement (InvitrogenR). 
Terminal neural differentiation was induced by dissociating the neural stem cells (NSCs) 
using accutase (Sigma) for 20 min at 37ºC and plating them on a matrigel-coated plated for 
attachment. The next day, the medium of these cell cultures was changed to neuronal 
differentiation medium containing DMEM/F12, 1 mM NEAAs, 1× GlutaMAX, 1% 
penicillin/streptomycin, 1× N1 supplement (100X), 20 ng/mL BDNF (Brain derived 
neurotrophic factor-Peprotech), 20 ng/mL GDNF (Glial cell derived neurotrophic factor-
Peprotech), 50 ng/mL SHH (Peprotech), 1 mM  dibutyryl-cAMP (Sigma) and  2 µl/ml B27 
supplement (Invitrogen) for 80-90 days.  
 
Differentiation of hiPSCs towards oligodendrocytes 
For the differentiation of hiPSCs into oligodendrocytes, a 5-stage protocol was developed: 
Stage 1 – Generation of primitive neuroepithelial cells 
hiPSCs were cultured on matrigel in mTESR1 medium, refreshed every other day. hiPSCs 
were passaged when they reached ~60% confluence and allowed to form EBs as described 
above. On day 8, EBs were collected and plated onto laminin-coated dishes in Neuronal 
Differentiation (ND) medium (DMEM/F12, 1% N2 supplement (PAA), 1% NEAA, 1 mg/ml 
heparin, 1:1000 MycoZap+). Medium was changed every other day. Cells were kept in 
these conditions for a variable period of time (typically around 10-15 days) until clear 
neural rosette structures appeared.  
Stage 2 – Specification of Olig2 progenitor cells 
Medium was changed to ND+ medium (ND medium with 2% B27) supplemented with 
retinoic acid (RA, 100nM) for 5-7 days. Mature neural rosettes were collected, gently 
dissociated into small fragments and transferred into non-adherent cell culture dishes in 
ND+ medium supplemented with RA and 100 nm Sonic Hedgehog (SHH) for 10 days (From 
this point onwards cells were grown as spheres in suspension). After that period, cell 
aggregates were dissociated into single cells using accutase and cultured for another 10 
days in ND+ medium supplemented with 10 ng/ml bFGF and SHH (RA was removed). 
Stage 3 – Generation of pre-OPCs 
Next, bFGF was withdrawn from the culture medium and hiPSC-derived spheres were 
cultured in GLIA medium (DMEM/F12, 1% N1 supplement, 2% B27 supplement, 1% NEAA, 
60ng/ml T3, 100 ng/ml Biotin, 1 μm cAMP) supplemented with PDGF-AA, IGF-1 and NT3 (all 
at 10ng/ml) and 100 ng/ml SHH. Half of the cell culture medium was changed every 2 days 
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and cells were kept in these conditions for 21 days. At the end of that period spheres were 
dissociated once again with accutase and kept in medium described above without SHH. 
Spheres were allowed to grow in these conditions for another 42 days (half of the medium 
was changed every other day) 
Stage 4 – Maturation of pre-OPCs to OPCs 
After 42 days, hiPSC-derived spheres grew big enough to be disaggregated one more time 
with accutase. After dissociation cells were cultured in GLIA medium except that 
concentrations of PDGF-AA, IGF-1 and NT3 were reduced to 5 ng/ml.  
Stage 5 – Differentiation of OPCs on substrate 
At defined time points (e.g. every 2 weeks) some of the floating hiPSC-derived spheres 
were seeded onto polyornithine/laminin (20 μg/ml) coated coverslips to check for the 
identity of the cells migrating out of the cell clusters. At this stage, cells were cultured in 
the medium described for Stage 4. The number of OPCs migrating out typically increased 
over time; on average it took around 140-150 days to complete the protocol. 
 
Immunocytochemistry  
IPSCs derived from MS patients, control iPSCs and in vitro differentiated neurons and 
oligodendrocytes were fixated with 4% paraformaldehyde for 20 min. PFA-fixed cells were 
washed two times with PBS. Unspecific antibody binding sites were blocked with PBS+ 
(PBS containing 0.1% Triton-X) with 5% normal goat serum (NGS) and 2% fetal calf serum 
(FCS) for 1 h at room temperature. Subsequent incubation with primary antibodies diluted 
in PBS+ with 1%NGS and 1%FSC was performed overnight at 4oC. After extensive washing 
with PBS, cells were incubated with appropriate secondary antibodies and Hoechst for 1 h 
at room temperature washed with PBS and mounted on glass slides. The following primary 
antibodies were used, directed against: OCT4 (SantaCruz; sc-5279), SOX2 (CellSignaling; 
#4900S), TRA-1-60 (Millipore; MAB4360), TRA-1-80 (SantaCruz; sc-21706), TRA-2-54 (made 
by group Prof. Peter Andrews, The University of Sheffield, UK), βIIItubulin (AbCam; ab7751), 
Nestin (Millipore; MAB353), PAX6 (Millipore; AB2237), OLIG2 (IBL; 18953), PDGFRα 
(SantaCruz; sc-338). Alexa 488 and Cy3-conjugated secondary antibodies were used in 
combination with Hoechst nuclear staining. Confocal imaging was performed with a Zeiss 
LSM confocal laser scanning microscope (SP8). 
 
RT-PCR and qRT-PCR 
RNA was isolated using the standard Trizol-based procedure. Following cDNA synthesis 
and PCR reaction, DNA was visualized in an 1% agarose gel (RT-PCR). For qRT-PCR the iTaq 
Supermix with ROX (Biorad, 172-5855) was used. Primer sequences used in this study are 
listed in supplementary Table.1.  
 
FACS 
Differentiated OPCs from control and MS patients were dissociated using accutase, stained 
with CD140a-APC antibody and collected in colorless DMEM. Stained cells were sorted on a 
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MoFlow-XDP with 100 nozzle at a pressure of 15-20psi and replated onto 
polyornithine/laminin (20 μg/ml) coated coverslips or dishes for maturation. 

 
Figure 1. Generation of human iPSCs from control and MS patients. (a) Schematic representation of the 
study set-up. (b) Generation of hiPSC clones from control and primary progressive multiple sclerosis patients: 
Phase-contrast images (three patients PP1C-1, PP2C-1 and PP3C-1) and hiPSCs differentiated via embryoid 
bodies (EB) on serum free medium without growth factors. Scale bars: 100µm (c) Immunocytochemical 
detection of pluripotency-associated transcription factors (OCT4 and SOX2) and membrane markers (TRA-2-
54, TRA-1-60, TRA-1-81). Scale bars: 50µm 
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Results 
Generation and characterization of control and MS patient iPSCs 
In the present study, we have only used skin fibroblasts from one healthy and three PPMS 
donors to generate hiPSC lines. Fibroblast lines were electroporated with episomal 
constructs encoding for Oct4, Sox2, Klf4, Nanog, cMyc and Lin28 driven by the CAG 
promoter. The electroporation efficiency was calculated (nearly 80%) by episomal 
constructs encoding GFP. Out of several emerging colonies, we picked two from each 
control- and patient fibroblast cultures, further referred as control from healthy donor and 
PP1clone-1(PP1C-1), PP2clone-1(PP2C-1), and PP3clone-1(PP3C-1) from MS patients, and 
expanded these under feeder-free conditions. We extensively tested the selected colonies 
for pluripotency criteria (Fig. 1B and C). Picked colonies showed typical human ESC-like 
morphology (Fig. 1B), expressed pluripotency-associated genes (Fig. 1C & 7) and were able 
to differentiate in-vitro into derivatives of the three germ layers (Data not shown). 

 
Figure 2. Differentiation of control- and MS patient derived iPSCs. (a) Schematic representation of hiPSC 
differentiation into oligodendrocytes and neurons; a simplified scheme of the differentiation protocol. (b) 
Bright field images of iPSC-differentiated neural rosettes (16 days with retinoic acid) from control and primary 
progressive MS donors. Scale bars: 100µm (c) Immunocytochemical detection neuroepithelial associated 
transcription factor (PAX6) on control and MS iPSC-derived neural rosettes. Scale bars: 100µm. 
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Differentiation of iPSCs into neural stem cells 
We differentiated control and MS patient iPSC lines into neural progenitors according to a 
modification of the protocol described for human ESCs by Zhang et al16 (Fig. 2a). At first, 
pluripotent cells were converted into embryoid bodies (EBs) that started to develop into 
early neuroepithelial cell clusters known as neural rosettes after seeding on the substrate 
in neural differentiation-promoting medium (Fig. 2b). At this stage of differentiation, cells 
expressed the NSC markers PAX6 and vimentin (Fig. 2c and 3b). Individual neural rosette 
structures were picked, cultured in neural stem cell differentiation medium containing 
bFGF/EGF in suspension (Fig. 3a). The neural stem cell phenotype was further 
characterized by immunostaining and qPCR for markers including nestin, vimentin and 
SOX2 (Fig. 3b & 7).  

 
Figure 3. Characterization of control and MS patient derived neural stem cells. (a) Bright field images of 
iPSC-differentiated neurospheres cultured in proliferation medium with bFGF/EGF (24 days). Scale bars: 
50µm. (b) Immunocytochemical detection of multipotent-associated transcription factor (SOX2) and NSC-
markers (Nestin, Vimentin) on control and MS iPSC-derived neural stem cells. Scale bars: 100µm.  
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Differentiation of iPSCs into neurons 
Control- and MS patient-derived neural stem cells were dissociated and plated on 
matrigel-coated dishes. The cell culture medium contained the neurotrophic factors BDNF, 
GDNF and also cAMP, which limits cell proliferation and facilitates neuronal differentiation. 
MS iPSC-derived neurons showed a morphology indistinguishable from those derived 
from controls and showed no altered expression of markers such as βIII-tubulin (Fig. 4a and 
b). IPSC-derived neurons from control and MS patients were further characterized by qPCR 
for markers such as MAP-2 and βIII-tubulin (Fig. 7).  
 
Differentiation of iPSCs into oligodendrocytes 
We differentiated control- and MS patient-derived iPSC lines into oligodendrocytes 
according to a modification of the protocol described for human ESCs. Individual neural 
rosette structures were picked, mechanically dissociated and cultured in suspension. At 
this stage, cell culture medium contained the growth factor bFGF and the morphogen SHH 
that allowed limited cell proliferation and conversion of cells into pre-OPCs characterized 
by the expression of the transcription factors Olig2 (Fig. 3b). Maturation of pre-OPCs into 
OPCs was achieved by withdrawal of SHH from the culture medium and addition of the 
growth factors and morphogens PDGF-AA, IGF-1, NT-3, and T3.  

 
Figure 4. Differentiation of control and MS patient derived iPSCs into neurons. (a) Phase-contrast 
images of differentiated neuron (120 days plated on matrigel coated dishes) from control and MS patients 
iPS cells, maintained on serum free medium with growth factors (BDNF/GDNF/cAMP). Scale bars: 100µm (b) 
Immunocytochemical detection of βIII tubulin/Hoechst on control and MS iPSC-derived neuron. Scale bars: 
100µm. 
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At the end of this process, which lasted typically around 10 weeks, the formed 
oligospheres (clusters of OPCs) were seeded on laminin substrate allowing OPCs to 
migrate out of the cell aggregates. Most of the migrating cells showed a typical multipolar 
OPC morphology (Fig. 5b) and expressed specific OPC markers such as PDGFRα (Fig. 5c). At 
this stage, the efficiency of differentiation was assessed by expression of PDFGRα or 
CD140a by FACS. The efficiency of differentiation varied between the control- and MS 
patient-derived iPSC lines and ranged typically between 12-25% pure OPCs (Fig. 6a). 
Maturation of OPCs into functional oligodendrocytes was achieved by culturing them for 
another 2-3 weeks in medium with reduced growth factors. OPCs were indeed able to 
develop into mature MBP-positive oligodendrocytes (Fig. 6b&c). MS iPSC-derived 
oligodendrocytes showed a morphology indistinguishable from those derived from 
controls and showed no altered expression of markers such as PDFGRα and MBP (Fig. 
5c&6b). The oligodendrocyte phenotype was further confirmed by quantitative PCR for 
markers such as Olig-2, PDFGRα, and MBP (Fig. 7). 
 

 
Figure 5. Differentation of control and MS patient derived iPSCs into oligodendrocytes. (a) Phase-
contrast images of oligospheres derived from control- and MS patients iPSCs, maintained on serum free 
medium with growth factors.  Scale bars: 100µm.  (b) Bright field images of differentiated OPCs (108 days 
plated on laminin-coated dishes) from control and primary progressive MS patients. Scale bars: 100µm (c) 
Immunocytochemical staining of control- and MS iPSC-derived OPCs with PDGFRα/Hoechst. Scale bars: 
100µm. 
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Discussion 
In this chapter, we have reported the generation of iPSCs from PPMS patients and a 
healthy control and differentiated them into neural stem cells, neurons, and 
oligodendrocytes. All control and MS iPSC-derived OPCs and neurons showed normal cell 
morphology and expressed all relevant specific cell markers; no differences in 
differentiation capacity were observed between the different iPSC cell lines. Our findings 
seem to be in line with a previous study that shows that iPSCs derived from MS patients 
differentiate efficiently into oligodendrocytes which are capable of myelinating both in 
vitro (co-culture with DGR neurons) and in vivo (implanted in shiverer mice)17, 18. 

 
Figure 6. Characterization of control- and MS patient derived oligodendrocytes. (a) Purified control and 
MS patient iPSC-derived oligodendrocytes based on expression of PDGFRα (CD140a) and cultured for 30 days  
on laminin-coated dishes. (b) Phase-contrast images of matured oligodendrocytes (140 days). Scale bars: 
100µm. (c) Immunocytochemical detection of MBP/Hoechst on control and MS iPSC-derived 
oligodendrocytes. Scale bars: 100µm. 

The ability to generate unrestricted amounts of functional OPCs from individual MS 
patients may provide unique therapeutical opportunities for MS and new tools for 
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fundamental research on MS pathogenesis and for high throughput screening in personal 
drug development19.  
 

 
Figure 7. Characterization of control and MS patient-derived iPSCs, neural stem cells, neurons, 
astrocytes and oligodendrocytes. (a) Quantitative-PCR analysis of control and MS iPSCs for transcription 
factors (OCT-4, NANOG and SOX-2), for neural stem cells markers (SOX-2, nestin and vimentin), for neuron 
markers (βIII- tubulin and MAP2), for astrocyte markers (GFAP and S100β) and for oligodendrocyte markers 
(Olig-2, PDGFRα and MBP). 

To examine the potential of cell transplantation as a remyelination therapy, studies have 
used rodent or primate models to mimic MS-like symptomes (e.g. EAE) and implanted 
NSC- or iPSC-derived OPCs: in these models, indeed, efficient remyelination of axons in the 
inflammatory environment was observed 20, 21. Similar studies have to be conducted to 
examine the migration and re-myelination capacity of MS patient-derived OPCs. As far as 
the therapeutic application of autologous iPSC-derived OPCs for myelin repair in MS 
patients is concerned, we have demonstrated before that intracerebrally injected human 
iPSC-derived OPCs can contribute to remyelination in the brain of marmosets in which EAE 
was induced22. Many practical hurdles have to be taken before clinical application of this 
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approach. Though remyelination may occur, important questions still need to be 
answered, like whether ongoing axonal dysfunction and degeneration in active MS lesions 
can be counteracted by the grafted OPCs and whether myelin formed by the grafted OPCs 
will soon be affected as well. Such questions are as yet difficult to answer due to a lack of 
evidence and to a still poor understanding of the mechanisms underlying axonal 
homeostasis and (re)myelination failure. Extensive detailed in-vitro myelination assays co-
culturing MS iPSC-derived neurons and oligodendrocytes, may be useful in optimizing 
implantation strategies for clinical application in patients. 
MS iPSC-derived cells can serve as a tool to examine neuroaxonal homeostasis in-vitro to 
identify potential risk factors associated with MS. Neurodegeneration accompanied by 
inflammation in the lesion causes release of glutamate by the resident immune cells 
(microglia)23. This could trigger a massive influx of calcium ions into neurons resulting in 
axonal loss and cell death5. Several studies have reported that glutamate-induced 
excitotoxicity could be the primary cause of the degeneration of neurons and 
oligodendrocytes24. Examining and understanding the pathways involved in excitotoxicity 
in MS patient-derived neurons might reveal pathogenic mechanisms and help in 
identifying new therapeutic targets25. Observations in animal models for MS have 
suggested that mitochondrial dysfunction and neurological deficits occur in parallel, but 
mechanisms underlying these observations are as yet unclear26, 27. Histological 
observations in post mortem  MS brain tissue and in brain tissue of MS animal models 
showed that astrocytes are damaged in the lesion with upregulation of glycolysis in 
response to mitochondrial dysfunction28. MS patient-derived neurons and glial cells will 
allow us to study real-time changes in mitochondrial trafficking and aberrations. GWA 
studies in MS patients have revealed a number of significantly associated genetic variants 
in genes (e.g. in SOX8, MANBA, GALC, ZNF746, and Kif21b) involved in CNS function29-31. 
These genes play important role in central nervous system (CNS) for differentiation, 
myelination, and lysosomal activity. Genetic variants in these genes might affect cellular 
function and contribute to remyelination failure. In-vitro experiments on MS patients-
derived cells will allow to examine the impact of these specific genetic variants and its 
important role in MS pathogenesis.  Differentiating oligodendrocytes from control and MS 
patients-derived iPSCs and comparing there epigenetic profiles could reveal novel 
mechanisms for MS pathogenesis32. Targeting these epigenetic changes by molecules 
interfering with the methylation status could be a potential treatment for MS. Current 
studies show the possibility of deriving three-dimensional spheroids (brain organoids) 
from human pluripotent stem cells33-35. Deriving 3D spheroids/organoids from MS patient-
derived iPSCs might be a useful technique to recapitulate in-vitro an MS like in-vivo 
microenvironment allowing detailed studies on neuron-glia interactions, oxidative 
damage, ROS production, and metabolic aberrations. Such organoids derived from 
individual MS-patients can be used for high throughput drug screening in order to 
develop a personalized pharmaceutical therapy. In conclusion, MS patient-derived cells 
using the iPSC technology represent a novel, promising tool both for further identifying 
pathogenic factors/mechanisms and or (personalized) drug discovery.  
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Supplementary Table 1.  Primers used in quantitative polymerase chain reaction analysis. 

 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Name Forward primer Reverse primer 

HPRT1 TGGACAGGACTGAACGTCTTGCTCG CCCCTTGAGCACACAGAGGGCTA 

HMBS TGCCAGAGAAGAGTGTGGT CCGAATACTCCTGAACTCC 

Oct4  GAAGCAGAAGAGGATCACCC CTGAATACCTTCCCAAATAGAACC 

Sox2 CACAACTCGGAGATCAGCAA CGGGGCCGGTATTTATAATC 

Nanog  CAGCTACAAACAGGTGAAGAC CACACCATTGCTATTCTTCGG 

Nestin  CAAGACTTCCCTCAGCTTTCAG AGGTGTCTCAAGGGTAGCAG 

Vimentin ACGCCATCAACACCGAGTTC GCGCACCTTGTCGATGTAGT 

GFAP  ACCGGATCACCATTCCCGT TTGAGGTGGCCTTCTGACACA 

S100b  TCTTAGAGGAAATCAAAGAGCAGG GAATTCCTGGAAGTCACATTCG 

Map2 CCCAAGCTAAAGTTGGTTCTC GGCTGTCAATCTTGACATTACC 

Tubb3  GGCCTCTTCTCACAAGTACG GAAGAGATGTCCAAAGGCCC 

Olig2 AGAAGCAACAGCCCGACCGC CCGAACGCCGGCTTCCAACT 

PDGFRα  TCCCTTGGTGGCACCCCTTACC GCTTGGCCATCCGGTACCCAC 

MBP GCCGGACCCAAGATGAAAAC GTGCGAGGCGTCACAATGT 
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Abstract 

Multiple sclerosis (MS) is an autoimmune disease, which causes demyelination in the 
central nervous system. Under physiological conditions repair of MS lesions by 
endogenous remyelination is minimal. Therefore, several clinical trials on stem cell therapy 
for oligodendrocyte replacement are ongoing. It has been shown that forced expression of 
specific transcription factors promotes the conversion of mouse fibroblasts into functional 
oligodendrocytes. We have adapted this procedure to convert mouse reactive astrocytes 
into oligodendrocytes in-vitro by forced expression of the transcription factors Sox10, 
Olig2, Zfp536, and the epigenetic regulator Ezh2. These astrocyte-derived oligodendrocyte 
precursor cells (iOPCs) are capable to form myelin in-vitro. This transcription factor-induced 
reprogramming of astrocyte into oligodendrocyte conversion may be applied to induce 
local myelin repair in demyelinating diseases such as MS. 
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Introduction 

Demyelination and loss of oligodendrocytes are primary hallmarks of multiple sclerosis 
(MS). Demyelinated axons ultimately degenerate, leading to the neurological symptoms of 
MS1, 2. Recovery from axonal degeneration is dependent on remyelination of regenerating 
and spared axons3. The mammalian CNS maintains an endogenous reservoir of 
oligodendrocyte precursor cells (OPCs), capable of generating new oligodendrocytes. 
However, the endogenous response is insufficient to remyelinate surviving axons. Anti-
inflammatory therapy is currently applied to slow down the disease process but 
therapeutic targets for the promotion of myelin repair are not available4. Autologous OPCs 
can be derived from skin-derived neural crest cells5. However, the quantity of these 
autologous pro-neural cells is too limited for cell transplantation-based remyelination 
therapy. The discovery that autologous, induced pluripotent stem cells can be generated 
from easily accessible skin cells, may offer a therapeutic approach for MS patients6-8. 
Previous research from our lab has shown that remyelination can be achieved either by 
implanting neural stem cells or iPSC-derived (mouse and human) OPCs in various mouse 
models for MS9, 10. Recently, as a proof of principle towards a clinical trial, we grafted 
human iPSC-derived OPCs in a marmoset MS model and showed efficient myelination by 
the implanted cells11. However, the risk of using pluripotent cell-derived precursors and the 
prolonged period required to differentiate iPS cells to oligodendrocyte precursors still 
pose considerable hurdles.  
 Using iPS-based technology, it has been shown that fibroblasts or astrocytes can be 
converted directly into neurons in both in-vitro and in-vivo conditions12-14. In-vivo 
reprogramming could become the future cell-based therapy for many neurodegenerative 
diseases15. In this respect, direct conversion of astrocytes towards oligodendrocytes for 
local myelin repair in-vivo would be a logical step towards efficient cell-based 
remyelination therapy. It has been shown that mouse fibroblasts can be converted to 
induced oligodendrocyte progenitor cells using three defined transcription factors (Sox10, 
Olig2, and Zfp536)16, 17. Based on these studies, we have developed a method for direct 
conversion of cultured mouse astrocytes into oligodendrocytes. Reactive astrocytes are 
abundantly present in MS plaques and express increased levels of OLIG2 and SOX218-20. 
Considering that, as a next logical step, we induced conversion by overexpression of three 
transcription factors (Sox10, Olig2, and Zfp536) in combination with Ezh2, a polycomb 
complex-2 protein, which allowed the conversion of astrocytes into oligodendrocytes. The 
functionality of astrocyte-derived OPCs (induced OPCs or iOPCs) were compared with 
those of OPCs that were differentiated along the normal path from neural stem cells.  

 
Materials and methods 
Cell culture 
Human Embryonic Kidney 293T (HEK293T) cells and primary mouse astrocytes, were 
cultured in standard complete medium (Dulbecco’s modified Eagle’s medium (DMEM-
GIBCO) supplemented with 10% Fetal Bovine serum (GIBCO), 1%  penicillin/streptomycin 
(GIBCO) and 0.1% MycoZap and filtered through a 0.45-μm filter). Primary neonatal 
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astrocytes were isolated from brains of postnatal day 1–3, C57BL/6 mice (both female and 
male pups were used). After removal of the meninges and brain stem, the brains were 
minced and washed in dissection medium (Hanks bovine salt serum, PAA; D-(+)-Glucose 
solution, Sigma; HEPES, PAA) and incubated in dissection medium supplemented with 
2.5% trypsin for 20 min. The trypsin treatment was stopped by addition of trypsin 
inhibition medium followed by washing with dissection medium supplemented with 10% 
FCS and 0.5 μg/ml DNase1. Cells were triturated using a glass pipette in 25 ml complete 
medium and centrifuged for 12 min, 165g at 12 °C. After centrifugation, the cell pellet was 
resuspended in standard complete medium and plated as 1.5 brains per T75 culture flask. 
HEK293T cells were used for lentiviral particle production and primary astrocytes were 
used for lentiviral transduction and conversion to oligodendrocytes precursor cells (OPCs). 
Mouse fibroblast were isolated form CNPase-GFP transgenic mouse background and 
reprogrammed using polycistronic lentivirus harboring 4 factors (Oct4, Sox2, Klf4 and 
cMyc). Derived iPSCs were differentiated in to neural stem cells as previously described by 
Marcin et al10. CNPase iPSC-derived neural stem cells were cultured in NSC-medium 
containing DMEM/F12 (GIBCO) and supplemented with 2mM Glutamax (GIBCO), 1% non-
essential amino acids (GIBCO), 1% penicillin/streptomycin (GIBCO), 1% N1 (Sigma), 2% B27 
without vitamin A (GIBCO), 5µg/ml heparin, 20ng/ml basic fibroblast growth factor (bFGF-
peprotech), 20ng/ml epidermal growth factor (EGF-peprotech) and 0.1% MycoZap. Cells 
were incubated in a 37°C incubator with a humidified atmosphere of 5% CO2 and 
passaged with trypsin-EDTA or Accutase when confluent.  
 
Lentivirus production 
Lentivirus was produced in HEK293T cells in a 100mm cell culture dish following 
transfection with plasmids containing Sox10, Zfp536, Ezh2, and Olig2, together with 
pMD2-VSV-G and pCMV-D8.91 plasmids. Lentiviral particle containing medium was 
collected 48h post-transfection, filtered through a 0,45µm filter and concentrated with 
Amicon Ultra 100,000 MWCO centrifugal filters (Millipore). The concentrated supernatant 
was diluted with 1 ml of fresh astrocyte medium, consisting of Dulbecco’s modified Eagle’s 
medium (DMEM-GIBCO) supplemented with 10% Fetal Bovine serum (FBS-GIBCO), 1%  
penicillin/streptomycin (GIBCO) and 0,1% MycoZap, containing 8μg/ml polybrene (Sigma-
Aldrich) and used to transduce circa 100,000 astrocytes. Primary astrocytes were co-
infected with a ubiquitin promoter driving M2rtTA, enabling conditional and controlled 
expression of the reprogramming factor, i.e. only in the presence of doxycycline. 
Lentivirus-containing medium was replaced the following day and cells were cultured in 
astrocyte medium for another 3 days. Different combinations of factors were used for 
transduction: 1) all four factors: Olig2, Sox10, Zfp536, and Ezh2 2) three factors: Sox10, 
Zfp536, and Ezh2; Sox10, Olig2, and Ezh2; or Zfp536, Olig2, and Ezh2, and 3) two factors: 
Sox10 and Ezh2; Zfp536 and Ezh2; Olig2 and Ezh2. After 4 days, viral media was removed 
and replaced with medium containing 2μg/ml doxycycline to induce the expression of 
reprogramming factors (day 0). 
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Transdifferentiation of astrocytes to oligodendrocytes 
Transduced astrocytes were replated on poly-L-ornithine/laminin-coated plates in 
standard complete astrocyte medium. After 72 hrs, this medium was changed to 
proliferation medium (day 6) which consisted of DMEM/F12 (GIBCO) supplemented with 
2mM Glutamax (GIBCO), 1% NEAA (GIBCO), 1% penicillin/streptomycin (GIBCO), 1% N1 
(Sigma), 2% B27 without vitamin A (GIBCO), 5 µg/ml Heparin, 50µM cAMP (Sigma), 200 
ng/ml sonic hedgehog (SHH-peprotech), 20 ng/ml bFGF, 20 ng/ml platelet-derived growth 
factor receptor alpha (PDGFRα- peprotech) and 0,1% MycoZap either in presence or 
absence of 2 μg/ml doxycycline. At day 31, proliferation medium was replaced by 
maturation medium that consisted of DMEM/F12 supplemented with 2mM Glutamax, 
1%NEAA, 1%penicillin/streptomycin, 1% N1, 10ng/ml neurotrophin 3 (NT3- peprotech), 
5µg/ml Heparin, 10 ng/ml insulin growth factor (IGF- peprotech), 20 ng/ml PDGFRα 
(peprotech) and 0.1% MycoZap. For OPC differentiation, NSCs were cultured in DMEM/F12 
supplemented with 2mM Glutamax, 1% Sodium-Pyruvate, 1% penicillin/streptomycin, 2% 
N1, 20ng/ml bFGF, 20ng/ml EGF, 10ng/ml PDGFRα and 0,1% MycoZap for 2 days. The 
following 2 days bFGF and EGF were omitted from the medium and PDGFRα was the only 
growth factor supplemented. Subsequently, 30ng/ml triiodothyronine (T3) and 10ng/ml 
NT3 were added to the medium without PDGFRα for 6-10 days (Glia medium). 
 
FACS sorting 
Mouse NSC-derived OPCs and astrocyte-derived OPCs were dissociated using accutase and 
collected in colorless DMEM. Astrocyte-derived iOPCs were stained with antibody 
(CD140a-PE : eBioscience) and collected in colorless DMEM. Cells were sorted on a MoFlow-
XDP flow cytometry using a 100μm  nozzle at a pressure of 15-20psi and replated on 
polyornithine/laminin (20μg/ml) coated coverslips or dishes for maturation. NSC-derived 
OPCs were sorted based on the expression of CNPase-GFP expression. 
 
Co-cultures of iOPCs and DRG neurons  
To examine the myelinating capacity of the mouse iOPCs (induced OPCs) in-vitro, they 
were co-cultured with rat DRG (dorsal root ganglion) neurons. DRG neurons were isolated 
from 15-day-old Wistar rat embryo's and digested in papain (1.2U/mL, Sigma), L-cysteine 
(0.24mg/mL, Sigma) and DNase I (40mg/mL, Roche) for 1 h at 37°C. The dissociated cells 
were plated at a density of 60,000 cells per 13-mm coverslips pre-coated with 
polylysine/laminin (PLL, 5μg/mL) and growth factor reduced matrigel (1:40 dilution). DRG 
neurons were cultured 21 days in DMEM (Gibco, supplemented with 10% FCS, L-glutamine 
and pen/strep) in the presence of nerve growth factor (100ng/mL). Cells were pulsed four 
times for 2 days with fluorodeoxyuridine (10μM) to remove contaminating proliferating 
cells, in particular, fibroblasts and Schwann cells. The purity of the DRG culture was 
microscopically confirmed. Subsequently, approximately 25,000 iOPCs and NSC-derived 
OPCs were seeded onto coverslips containing the DRG neurons with extensive axonal 
outgrowth. The following day, the medium was changed to Glia medium (described above 
without PDGF-AA. OPCs were co-cultured with the DRG neurons for 24 days with medium 
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change every second day. After that period, cultures were fixed with 4% PFA and 
immunostained for myelin-basic protein (MBP) and neurofilament (NF). 
 
Immunohistochemistry 
PFA-fixed cells were washed two times with PBS. Nonspecific antibody binding sites were 
blocked using PBS+ (PBS containing 0,1% Triton-X) supplemented with 5% normal goat 
serum (NGS) and 2% fetal calf serum (FCS), for 1h at room temperature. Subsequent 
incubation with primary antibodies diluted in PBS+ with 1%NGS and 1%FSC was 
performed overnight at 4oC. After extensive washing with PBS, cells/tissues were incubated 
with appropriate secondary antibodies and Hoechst for 1h at room temperature washed 
with PBS and mounted on glass slides. The following primary antibodies directed against: 
Sox2 (CellSignaling; #4900S), Nestin (Millipore; MAB353), Pax6 (Millipore; AB2237), Olig2 
(IBL; 18953), Nkx2.2 (Hybridoma Bank; 74.5A5), PDGFRα (SantaCruz; sc-338), NG2 (Millipore; 
AB5320), MBP (Millipore; AB980), Neurofilament (RT97 & 2H3; DSHB) were used. Alexa 488 
and Cy3-conjugated secondary antibodies were used in combination with Hoechst nuclear 
staining. Confocal imaging was performed with Zeiss LSM confocal laser scanning 
microscope. 
 
Electron microscopy 
Cells of the DRG-co-cultures were postfixed in 1% osmium tetroxide in 0,1M sodium 
cacodylate for 2 hrs at 4 degrees. After washing with water the samples were dehydrated 
through ethanol series (30, 50, 70, 100%), impregnated overnight in 1:1 EPON in ethanol. 
The diluted EPON was replaced by pure EPON and refreshed 3 times. Sections were flat 
embedded between 2 sheets of Aclar and polymerized at 58°C. Using a stereomicroscope 
1x1 mm areas representing normal myelination, demyelination were cut out and glued on 
an EPON stub. Ultrathin sections (70nm) were cut using a Leica UC7 ultramicrotome, 
contrasted with 2% uranyl acetate in methanol and with Reynolds lead citrate (2 minutes 
each). Images were taken with an FEI Cm100 transmission electron microscope operated at 
80 KV equipped with a Morada digital camera (Olympus SIS). 
 
Results 
Characterization of cultured (reactive) astrocytes 
For the in-vitro conversion experiments, we have isolated astrocytes from C57BL/6 inbred 
mice and cultured them in DMEM (Dulbecco's Modified Eagle's Medium) with 10%FCS 
(Fetal Calf Serum) (Fig. 1b). Cell morphology shows classical (reactive) astrocyte 
morphology with multiple extensions, over a number of passages. Cells were examined by 
immunostaining for various neural stem cell- (NSC) and oligodendrocyte precursor (OPC) 
markers (Fig. 1b). Thus cultured astrocytes expressed markers of neural stem cells such as 
nestin, vimentin, and Sox2 together with expression of GFAP (Fig. 1b). OPC markers such as 
Olig2, PDGFRα, and MBP remained negative in the astrocyte cultures, which indicated the 
absence of any progenitor that can give rise to mature oligodendrocytes (Fig. 1b). 
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Figure. 1 Characterization and conversion of cultured astrocytes into oligodendrocytes. a) Schematic 
representation for the direction conversion procedure from primary cultured astrocytes. b) Bright field image 
of cultured astrocytes and immunostaining of cultured astrocytes for various glial and neural stem cell 
markers (Astrocytes: GFAP, Oligodendrocytes: Olig2, PDGFRα and MBP, Neural stem cells: Nestin, SOX-2, and 
Vimentin). Scale bars: 50 & 100µm. c) Astrocytes after transduction with lentiviral vectors carrying 
doxycycline inducible GFP and reprogramming factors (Sox10, Olig2, Zfp536 and Ezh2), Dox (8days) : 
doxycycline withdrawn after 8days of exposure;  Dox (+) : transduced astrocytes were continuously cultured 
in the presence of doxycycline. Change in morphology of astrocytes to OPC-like cells were observed at day 
34 and 52, only in 8 days Dox exposed cultures, but not in continuously Dox exposed  cultures. Scale bars: 
100µm.  

Generation of induced iOPCs from mouse astrocytes 
Primary astrocytes were transduced with a lentiviral construct encoding for Sox10, Zfp536, 
Olig2, Ezh2, and fluorescent protein GFP under the control of the tetO promoter. Cells were 



Chapter 4 :  Direct conversion : Astrocytes to oligodendrocytes  

 
 

90 

 

also co-transduced with a lentiviral construct encoding Ubiquitin promoter driving M2rtTA 
for inducible expression of the transcription factors upon addition of doxycycline (Fig. 1c). 
The transduction efficiency of the reprogramming factors was calculated by GFP 
fluorescence marker (nearly 80-90%) upon induction with doxycycline (Fig. 1c). After a 
short induction with doxycycline (8days: temporal overexpression of Sox10, Zfp536, Olig2 
and Ezh2), we observed the change in the morphology of the astrocytes into a more 
bipolar structure similar to NSC-derived OPCs around 30days culturing in proliferation 
medium (Fig. 1c). After doxycycline withdrawal, the cells were more proliferative in the 
presence of mitogens such as platelet-derived growth factor (PDGFRα), basic fibroblast 
growth factor (bFGF), and sonic hedgehog (SHH). In contrast, we did not observe any 
change in astrocytes that were exposed to continuous activation of reprogramming 
factors under doxycycline-inducible cassette (Fig. 1c) 
 

 
Figure 2. Differentiation of NSCs into oligodendrocyte progenitor cells. a) Schematic representation of 
OPC differentiation of neural stem cells. b) Immunostaining for multipotent markers on neural stem cells 
(Nestin, SOX-2 and Vimentin). Scale bars: 50µm. c) Sorting of NSC-derived OPCs based on CNPase-GFP 
expression and bright field image of OPCs derived from neural stem cells. Scale bars: 100µm. 

This showed that short expression of the 3 transcription factors and Ezh2 is necessary for 
the conversion of astrocytes into induced oligodendrocytes progenitor cells (iOPCs). 
Moreover, cells transduced with other combination of transcription factors did not show 
any change in morphology (three factors: Sox10, Zfp536, and Ezh2; Sox10, Olig2, and Ezh2; 
or Zfp536, Olig2, and Ezh2, two factors: Sox10 and Ezh2; Zfp536 and Ezh2; Olig2 and Ezh2).  
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Figure 3. Characterization of astrocyte-derived iOPCs. a) Purification of astrocyte-derived iOPCs by FACS 
(Antibody: CD140a-PE) b) Bright field image of NSC-derived OPCs (day 14) and astrocyte-derived iOPC (day 
54). Scale bars: 100µm. c) Immunostaining for various OPC and astrocyte markers on NSC-derived OPCs and 
astrocytes derived iOPC (Olig2, PDGFRα, NG2, Nkx2.2, MBP and GFAP). Scale bars: 50µm. 

To examine the gene expression and morphology of astrocyte-derived OPCs (iOPCs), we 
compared them with OPCs that were derived from NSCs. We used NSCs differentiated from 
CNPase-GFP iPSCs derived transgenic mouse fibroblast. To differentiate NSCs into OPCs, 
we plated them on PDL-Laminin-coated coverslips with mitogen PDGFRα in N2 medium 
(Figure 2a, b). After 4days, we observed the changes in the morphology of the cells 
towards a bipolar shape and the cells started expressing various oligodendrocyte lineage 
related markers such as PDGFRα and Olig2 (Fig. 2a, b). Maturation of NSC-derived OPCs 
into oligodendrocytes was achieved by withdrawal of PDGFRα from the culture medium 
and addition of a growth factor NT-3 and T3 hormone (Fig. 2a, b). The NSC-derived OPCs 
were purified by FACS based on the GFP expression driven by CNPase. Similarly, astrocyte-
derived iOPCs were maturated by growth factor withdrawal and purified by FACS based on 
expression of PDFGRα/CD140a (Fig. 3a).   

Characterization of iOPCs 
At the end of the conversion, which typically took around 10-12 days, iOPCs or NSC-
derived OPCs were seeded on to laminin substrate for maturation. Most of the 
differentiated or converted cells showed a typical multipolar OPC morphology (Fig. 3a) and 
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stained positive for OPC markers such as PDGFRα, NKX2.2, NG2, Olig2 (Fig. 3b). After 1-2 
weeks culturing in growth factor reduced conditions, oligodendrocytes showed MBP-
positive staining (Fig. 3b). The yield of iOPCs varied between 15-20% and was dependent 
on the transduction efficiency, cell proliferation, and cell death. The efficiency of iOPCs 
conversion was assessed by expression of PDFGRα or CD140a by FACS. We observed no 
change in the expression pattern of various markers in both NSC-derived OPCs and iOPCs 
(Fig. 3b). 

 

Figure 4. In-vitro myelination of DRG axons by NSC-derived OPCs and iOPCs. (a) 5-week old co-culture of 
NSC-derived OPCs or iOPCs (MBP-green) and rat DRG neurons (Neurofilament-red); High magnification 
images show the wrapping of green MBP-positive OPC extensions along and around red Neurofilament-
stained axons. Scale bars: 100µm and 25µm. 

Functionality of iOPCs 
In order to verify the proper reprogramming and proper functionality of astrocyte-derived 
iOPCs, we examined myelin formation in iOPCs co-cultured with rat DRG neurons. Four 
weeks after co-culturing, iOPCs developed into mature, myelin-producing 
oligodendrocytes with a survival rate much higher than observed in monocultures lacking 
DRG neurons. To examine the myelination capacity of iOPCs in the presence of DRG 
neurons we stained for MBP and neurofilament after 4 weeks in culture (Fig. 4a). We 
observed no difference in the capacity to form myelin between NSC-derived OPCs and 
iOPCs. High magnification images revealed extensive myelination around the DRG axons 
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proving the myelin-forming capacity of the iOPCs (Fig. 4a). In order to identify and 
compare the myelination capacity of the NSC-derived OPCs and iOPCs, we performed 
transmission electron microscopy (TEM). After four weeks co-culturing of iOPCs with DRG 
neurons, we fixated and examined the differentiated oligodendrocytes (Fig. 5a). These 
oligodendrocytes were able to wrap their extensions around neighboring nude axons, 
forming thin myelin sheaths (Fig. 5b). We also quantified the G-ratio and numbers of 
myelin layers (cross section) around the axons of NSC-OPCs and iOPCs derived mature 
oligodendrocytes (Fig. 5c, d). This shows that derived iOPCs are capable of myelinating in-
vitro with similar quality as NSC-derived OPCs. 

 
Figure. 5. Electron microscopy analysis for NSC-derived OPCs and iOPCs. (a) Electron micrograph 
analysis of (overview: single cross section of a coverslip) NSC-derived OPCs and iOPCs co-cultured with DRG 
neurons (blue marking). Scale bars: 100µm and 50µm (b) NSC-derived OPCs and iOPCs myelinate multiple 
axons in the co-culture. Scale bars: 1µm and 500nm. (c) Quantification of the number of myelinating wraps 
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across the axon by oligodendrocytes derived from NSCs and iOPCs (n=10). (d) G-ratio calculation for a 
myelinated axon (n=10).  

Discussion 
Our findings demonstrate the possibility of conversion of reactive astrocytes into 
functional oligodendrocytes in-vitro by forced (short term) expression of three 
transcription factors (Sox10, Olig2, and Zfp536) and Ezh2, an epigenetic regulator. These 
results are in line with previous findings on the direct conversion of fibroblasts into 
neurons, astrocytes, neural stem cells and oligodendrocytes13, 16, 17, 21. Our observations 
suggest that it may become possible to reprogram astrocytes into functional 
oligodendrocytes in-situ in the vicinity of demyelinated lesions22, 23.  
Most interestingly, our study reveals the important role of Ezh2, a functional component of 
the Polycomb Repressive Complex 2 (PRC2), which plays a crucial role in epigenetic 
maintenance and differentiation of oligodendrocyte precursor cells24, 25. Previous research 
from our lab has shown that Ezh2 is downregulated upon differentation of NSCs into 
neurons and astrocytes but maintained a high level of expression during differentiation 
into oligodendrocytes precursor cells26, 27. In addition, overexpression of Ezh2 in mature 
astrocytes led to their de-differentation towards a NSC- like state27. Apparently, a high 
expression level of Ezh2 is necessary for NSC cell fate maintenance (self-renewal) and for 
oligodendrocyte cell lineage commitment. Short-term expression of epigenetic repressor 
Ezh2 with 3 other factors facilitated the conversion of reactive astrocytes to OPCs, showing 
the highly coordinated function of Ezh2 in gene regulation by altering the methylation in 
astrocytes lineage26, 28. Whereas, both NSC-derived OPCs and iOPCs myelinate DRG axons 
in-vitro, it needs to be established whether damaged axons in MS lesions can be 
remyelinated as well by iOPCs. Furthermore, it needs to be evaluated whether direct 
conversion of astrocytes into iOPCs can be achieved in MS lesions. It is thus necessary to 
acquire more insight whether direct conversion can be executed in reactive astrocytes 
under inflammatory conditions in vivo. Present work provides the proof of principle that by 
using four factors we can efficiently reprogramme astrocytes into OPCs in mouse cells; 
further experiments are necessary to show the possibility to convert human astrocytes. The 
efficiency of the conversion in-vitro is purely based on the viral titer and growth conditions, 
but in-vivo reprogramming might require a laborious standardization in an animal model 
for MS before it can be translated into humans.  
Furthermore, constitutive activation of the reprogramming factors in brain tissue may lead 
to tumor formation in-vivo. Alternative methods may need to be explored for efficient 
delivery of the required transcription factors in order to achieve safe and high conversion 
rates29-31. Even though lineage reprogramming has rapidly progressed in recent years, a 
number of issues remain to be resolved including: functional maturation of the converted 
cells, inefficient conversion, and transfection of a specific cell type in the tissue30. Once 
these obstacles have been removed, this approach could provide a cellular therapy for 
various demyelinating disorders.  
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In conclusion, our study provides a unique way of approaching remyelination in brain 
based on iPSC technology and could be a powerful tool for regenerative therapy. 
Identifying the necessary factors for reprogramming human astrocytes in-vivo is the 
essential step to resolve various demyelinating disorders. Long-term studies in animal 
models using the derived autologous iOPCs or in-vivo reprogramming will be necessary to 
evaluate the safety and efficacy of this technology.  
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Abstract 
Spinocerebellar ataxia type 3 (SCA3) is a neurodegenerative disorder caused by the 
expansion of polyglutamine (polyQ)-encoding CAG-repeats in the ATXN3 gene. The CAG-
repeat length is proportionally related to the aggregation propensity of the ataxin-3polyQ 
protein1. Although the protein is ubiquitously expressed, it only causes toxicity to neurons. 
To better understand this neuronal hypersensitivity, we generated iPSC-lines from three 
SCA3 patients. iPSC generation and neuronal differentiation is unaffected by the 
expression of the ataxin-3polyQ. No spontaneous aggregate formation is observed in the 
SCA3 neurons. However, upon glutamate treatment, aggregates form in SCA3 neurons but 
not in SCA3-derived iPSCs or iPSC-derived neural stem cells (NSCs). Analysis of chaperone 
proteins expression reveals a drastic reorganization of the chaperone network during 
differentiation, including an almost complete loss of expression of the anti-amyloidogenic 
chaperone DNAJB62, 3 in neurons. Knockdown of DNAJB6 in iPSC and NSC derived from 
patients leads to spontaneous aggregation of the polyQ proteins. Moreover, DNAJB6-
knockout cells are hypersensitive to polyQ aggregation, which is prevented by DNAJB6 re-
expression. Our data show that downregulation of DNAJB6, which occurs upon neuronal 
differentiation, is directly linked to neuronal toxicity of polyQ aggregation. 
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Spinocerebellar ataxia type 3 (SCA3), also known as Machado–Joseph disease (MJD), is the 
most common spinocerebellar ataxia and the second most common polyglutamine 
(polyQ) autosomal dominant neurodegenerative disorder characterized by neuronal loss 
in the cerebellum and other regions of the brain4. SCA3 is clinically heterogeneous, but the 
main feature is progressive ataxia. The disease is caused by an expanded stretch of CAG 
triplets in the coding region of the ATXN3 gene that encodes the ataxin-3 protein. Healthy 
individuals have up to 44 CAG repeats, whilst affected individuals have over 525. 
Aggregation propensity is related to the CAG-repeat length for all polyQ diseases, implying 
that a toxic gain of function in aggregation due to the polyQ expansion is the driving force 
initiating the disease1, 6. Although ataxin-3 and most other polyQ proteins are ubiquitously 
expressed7 neurons seem to be selectively sensitive for polyQ aggregation and 
degeneration, for which no clear explanation has been provided yet. Importantly, whilst 
CAG-repeat length accounts for 50-65% of the variance in age at onset (AO), especially for 
shorter repeat lengths, disease onset can vary up to 30 years for SCA3 patients with the 
same CAG-repeat1. Similar observations have been found in other polyQ diseases, which 
suggests that AO in polyQ diseases might be modified by common environmental 
(disease-triggering) as well as genetic (fragility) factors. What these are is yet unclear. To 
study aggregation of endogenous, full-length ataxin-3polyQ, we generated induced 
pluripotent stem cell (iPSC) lines from healthy controls and three SCA3 patients (Fig 1A; fig. 
S1A). This allows monitoring aggregate formation during the course of differentiation from 
stem cell to neurons. Fibroblasts8 as well as their derived iPSCs (Fig. 1B) express both 
wildtype and mutant alleles at equal protein levels, confirming the notion that ataxin-3 is 
ubiquitously expressed7. All iPSC lines9, irrespective of mutant ataxin-3 expression, 
exhibited a morphology indistinguishable from human embryonic stem cells and all could 
be maintained indefinitely (fig. S1,B and C). Pluripotency markers such as OCT-4, SOX-2, 
SSEA-4, TRA-1-60, and TRA-2-54 were similarly expressed in control and SCA3 patient-
derived lines (fig. S1,C and D). Control and SCA3 patient-derived lines were also equally 
able to differentiate into various germ layers in-vitro (fig. S2A). Since reprogramming 
somatic cells to iPSCs may induce genomic alterations10, we generated three clones from 
each control and SCA3 patient fibroblasts and performed whole-genome SNP sequencing 
to investigate possible copy number variation (CNV): we observed CNVs in one control and 
one SCA3 patient line (fig. S1E and S3, A and B). These lines were discarded. Diploid control 
and SCA3 iPSC lines were next differentiated into columnar epithelial cells expressing 
PAX6 (neural rosettes) (Fig. 1C), representing neural tube cells (fig. S2B). Neural rosettes 
were handpicked and cultured in the presence of the growth factors basic fibroblast 
growth factor (bFGF) and epidermal growth factor (EGF) as spheres and maintained as 
neural stem cells (NSCs) (Fig. 1C and D). The iPSC-derived NSCs express various 
multipotency markers, such as the SOX-2 transcription factor and nestin and vimentin (fig. 
S2C and S1D). The expression of the expanded ataxin-3 protein had no effect on the 
differentiation from iPSCs towards NSCs and neurons, consistent with earlier findings for 
SCA3-derived iPSCs6 or iPSCs derived from patients with Huntington’s disease (HD)10, 11, 

another polyQ disease. For NSC lines derived from iPSCs of patients with Huntington 
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disease, the CAG-repeat length was found to be increased by up to 10% after up to 30 
repetitive passages, but under the culture conditions used here, no somatic instability was 
found in the SCA3-derived lines nor in other HD-derived iPSC lines (fig. S3C).  

 

Fig. 1. Directed differentiation and functionality of the control and SCA3 iPSC-derived neurons in-
vitro. (A) Schematic representation of the study set-up. (B) Western blot of ataxin-3 expression in SCA3 
patient fibroblasts shows normal (bottom arrow) and mutant (top arrow) ataxin-3. (C) Bright field images of 
iPSC differentiation into embryoid bodies (8 days), neural rosettes (16 days with retinoic acid), and 
neurospheres cultured in proliferation medium with bFGF/EGF (24 days). Scale bars: 100µm. (D) 
Differentiated NSCs (30 days post differentiation) and neurons (90 days post differentiation). Scale bars: 
100µm. (E) Differentiated control- and SCA3 iPSC-derived neurons and glial cells at 90 days post 
differentiation characterized for various markers: βIII-tubulin and MAP-2 (both for neurons) and GFAP (for 
astrocytes). Scale bars: 100µm. (F) Electrophysiological activity of control and SCA3 patient iPSC-derived 
neurons post 90 days. Data on the left show fast inward currents activated by depolarizing voltage steps 
(voltage clamp). Data on the right show repetitive action potentials following activation by 50ms 
depolarizing current pulses(n=4). (G) Purified control and SCA3 patient iPSC-derived neurons based on cell 
surface marker (CD24+, CD44- and CD184-) and cultured for 30 days after sorting for axonal regeneration. 
Scale bars: 50µm. (H) Percentage of neuronal population obtained post-sorting based on expression of 
CD24+, CD44- and CD184- (n=3). 
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Furthermore, iPSC-derived SCA3 neurons show a morphology that is indistinguishable 
from those derived from controls (Fig. 1E) and showed no altered expression of various 
neuronal markers such as MAP-2 and βIII-tubulin (fig. S1D). Whole-cell patch-clamp 
recordings of the control and SCA3 patient-derived neurons after 120 days of 
differentiation all showed a repetitive firing pattern upon application of depolarizing 
current (Fig. 1F), indicating that the ataxin-3polyQ expression as such has no effect on the 
basic electrophysiological properties of the neurons. Directed differentiation of control 
and SCA3 patient-derived NSCs towards neurons was found to result in a mixed 
population of glial restricted progenitors and different neuronal subtypes including 
glutamatergic, GABA-ergic, cholinergic motor neuronal populations with astrocytic 
contamination (data not shown). To be able to study intrinsic neuronal aggregation 
sensitivity, we therefore next purified the neurons by a multistep FAC-sorting procedure12 
using the cell-surface markers CD184+ and CD44- as a signature for NSCs, 
CD184+/CD44+/CD24- for glia cells, and CD184-/CD44-/CD24+ for neurons (fig. S3D). After 
sorting, neurons (CD184-/CD44-/CD24+) were plated and cultured for an additional 30 days 
to allow axonal growth and maturation in the presence of the growth factors BDNF and 
GDNF (Fig. 1G). Post-sorting analysis of this neuronal population with cell surface markers 
showed that 60-80% of the cells expressed CD184-/CD44-/CD24+ and this percentage was 
the same in all lines used (Fig. 1H).  

To study ataxin-3polyQ aggregation, we fractionated iPSCs, NSCs and the purified neurons 
into Triton-soluble (TX-100), SDS-soluble (SDS) and SDS-insoluble (formic acid (FA) 
solubilized) fractions (Fig. 2C). However, in none of the different cell populations SDS-
insoluble material was detected (Fig. 2C), implying that under the used culture conditions 
no spontaneous aggregation occurs. This is consistent with literature data suggesting that 
the full-length SCA3 protein is not or only moderately aggregation-prone and that 
secondary events including alterations in protein homeostasis13 or (external) protease-
activating triggering events are required1, 14. Based on protocols used by Koch et al.6, we 
therefore exposed the iPSCs, NSCs and neurons to the excitatory neurotransmitter L-
glutamate. When treating neurons with 0.1mM glutamate, a fraction of the expanded 
ataxin-3, but not the normal ataxin-3, is detected in the SDS-insoluble (FA fraction) of all 3 
SCA3-derived neuronal populations (Fig. 2C). The extent of aggregation between the 3 
SCA3 lines was variable between experiments but showed no clear relation with the 
differences between the AO of disease in these patients (fig. S1A). Interestingly, however, 
the glutamate treatment does not result in aggregation of ataxin-3polyQ in the iPSCs (data 
not shown) or in NSCs (Fig. 2C) even though the NSCs express functional glutamate 
receptors as revealed by calcium imaging (fig. S5, A and B). Immunostaining of L-
glutamate-stimulated SCA3-derived neurons with ataxin-3 and 1C2 antibodies (that 
recognize polyQ aggregates) confirms the presence of both intranuclear and cytosolic 
aggregates in SCA3-derived neurons (Fig. 2D, fig.S4A and B). Immunostaining of neurons 
from controls never showed aggregation (fig. S4A and B). 
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Fig. 2. Ataxin-3 aggregation in control and SCA3 patient iPSC-derived cells. (A,B) Schematic 
representation of the aggregation assay in NSCs (A) and neurons (B); NSCs or neurons were treated with 0.1 
mM L-glutamate for 1 hour in total with 30 min interval or left untreated. (C) Subsequently whole cell lysates 
were fractionated by treatment with TX-100 to yield a TX-soluble fraction (TX-100) and an TX-insoluble pellet. 
This pellet was treated with SDS to yield an SDS-soluble fraction (SDS) and SDS-insoluble fraction that was 
dissolved in formic acid (FA). The fractions were run on SDS-PAGE and Western blots were probed with anti-
ataxin antibody (*-Expanded allele) (n=2). (D) 1C2/MAP2 double immunostaining on healthy control and 
SCA3 iPSC-derived neurons treated with L-glutamate 100 µm (150 days post differentiation). Glutamate-
induced ataxin-3 inclusions are indicated by arrows. Scale bars: 25µm. 

Over the last decade several potential modifiers for SCA3 aggregation have been identified 
using cell- and animal models. Many of these modifiers are components of the cellular 
protein quality control (PQC) system such as heat shock protein (HSP) expression, 
proteasomal activity or autophagosomal activity15-17. Here, we addressed whether 
differential PQC could be a fragility factor related to either neuronal hypersensitivity to 
polyQ aggregation. Disturbances in protein homeostasis (e.g. as induced upon heat shock) 
classically are known to activate a transcriptional cascade known as the heat shock 
response (HSR), which is under control of a conserved transcription factor (Heat Shock 
Factor-1)18. This response increases the levels of various members within different classes 
of HSP families, of which several members also have been found be present in polyQ 
inclusions in post-mortem brain tissues. To test whether differential ability to activate the 
HSR upon the expression of the mutant ataxin-3polyQ could underlay neuronal 
hypersensitivity, we measured different HSP protein family members in the various cell 
populations before and after glutamate treatment. Strikingly, the strictly HSF-1-regulated 
HSPs, including HSPA1A or HSPA619, that are not expressed in non-stressed cells, are also 
not expressed in the different SCA3-derived cell populations (Fig. 3B), not even when 
aggregation is induced in SCA3-derived neurons upon treatment with glutamate (Fig. 3B). 
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Also, other HSF-1-regulated HSPs, like DNAJB1 (Hsp40) or HSPB1 (Hsp27), are not 
upregulated in any of the SCA3-derived cell populations (Fig. 3A). This implies that neither 
the expression nor the aggregation of polyQ proteins is sensed as a disturbance of protein 
homeostasis large enough to activate a HSR. Thus, this response is not key to the 
differential sensitivity of NSCs and neurons to glutamate-induced polyQ aggregation. 
However, we noticed a number of striking changes in chaperone expression upon 
differentiation of NCSs to neurons, irrespective of SCA3 expression. Remarkably, the 
expression of HSR-regulated DNAJB1 declines upon differentiation from NSCs to neurons, 
whereas HSPB1 shows an increased expression in neurons (Fig. 3A). Particularly, expression 
of two known strong suppressors of polyQ aggregation, DNAJB63, 20 (Fig. 3B) and TCP21 (fig. 
S7A) were found to decline upon differentiation towards neurons, all pointing to a re-
wiring of the PQC network. To substantiate the generality of these observations, we also 
analyzed the expression of these chaperones in a series of iPSC lines derived from controls 
and HD-patients. Using three entirely different differentiation protocols22, 23, we noted 
similar changes in chaperone expression (Fig. 3C, D and fig. S9 A-C), the most prominent 
and consistent changes being DNAJB6 down- and HSPB1 upregulation during 
differentiation towards neurons.  

To determine whether DNAJB6 expression levels are generally high in progenitor/ stem 
cells and down-regulated during differentiation in situ, we analyzed its expression in 
intestinal tissue where the stem cell compartment and differentiated cells can be easily 
distinguished on the basis of their position within the crypts. Immunohistochemical 
analyses clearly showed the highest level of DNAJB6 expression at the basis of the crypts, 
where the stem cells reside, with differentiated cells showing much lower levels of 
expression (Fig. 3E and fig. S8A). Interestingly, this corroborates that differentiated cells, 
but not stem cells, within the crypts of SCA3 patients were previously found to be positive 
for ataxin-3polyQ aggregates24. Moreover, database analysis of ribosome profiles of 
differentiating human ES towards neural crest cells revealed a decline in DNAJB6 and all 
CCT subunits (fig. S7D)25. Finally, we analyzed RNA sequencing data from the BrainSpan 
consortium (www.brainspan.org) obtained from over 250 samples of each prenatal (high 
percentage of stem cells) and postnatal brains (low percentage of stem cells). Again, we 
noticed a re-wiring of the chaperone network with DNAJB6 and CCT components 
expressed at higher levels in prenatal than postnatal brain tissue (fig. S7D).  

We previously identified DNAJB6 as a highly potent anti-amyloidogenic protein in vitro26, 27 

and showed that DNAJB6 overexpression in cells, neurons and animal models reduces 
aggregation of polyQ-containing fragments and polypeptides and delayed disease onset2, 

3, 28. To test whether the drastic drop in DNAJB6 expression in neurons is related to 
hypersensitivity towards aggregation of full-length endogenous ataxin-3polyQ aggregation, 
we downregulated its expression in NSCs that initially showed high DNAJB6 expression 
and resistance to ataxin-3polyQ aggregation. Remarkably, siRNA-mediated knockdown of 
DNAJB6 in NSCs and HD-iPSCs (Fig. 4E and fig. S9 D,E) results in the spontaneous formation 
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of SCA3 (even without glutamate treatment) and HTT aggregation, strongly suggesting 
that DNAJB6 levels play a key role in the susceptibility to polyQ aggregate formation.  

 

Fig. 3. Heat shock protein expression levels in control and SCA3 patient-derived cells. (A) 
Representative Western blots of GAPDH and selective members of the HSP family (HSPA8, DNAJB1 & HSPB1) 
in control and SCA3 patient-derived iPSCs, NSCs and neurons with total fraction treated with L-glutamate 
and untreated (n=2). (B) Representative Western blots of GAPDH and selective members of the HSP family 
(HSPA6, HSPA1A & DNAJB6) in control and SCA3 patient-derived iPSCs, NSCs and neurons on total fraction 
treated with L-glutamate and untreated (n=2). +Ve is positive control. (C) Representative Western blots of 
GAPDH and selective members of the HSP family (HSPA6, HSPA8, DNAJB1, & DNAJB6) in control and 
Huntington patient-derived neurons during various stages of differentiation time points (day0, 7, 13 & 31) on 
total fraction (n=3). (D) Representative Western blots of β-actin and selective members of the HSP family 
(HSPA6, HSP90B1, & DNAJB6) in Huntington patient-derived iPS (iPSCs) and striatal neurons (Neu), neurons 
are derived from iPS cells using an embryoid body method directed toward striatal neuron differentiation 29, 
(E) mouse intestinal crypts (n=3), Scale bars: 10 & 25µm. 
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Fig. 4. DNAJB6-knockout and -knockdown lead to hypersensitivity to polyglutamine aggregation in a 
cell model and in SCA3 patient-derived NSCs, respectively. (A) Validation of DNAJB6-knockout cell line. 
Western blot of HEK293T wild-type (WT) and DNAJB6-knockout (KO) cells, transfected with either empty 
vector (FRT-TO) or with V5-tagged DNAJB6b. The DNAJB6 antibody used recognizes two bands in WT cells, 
corresponding to the long DNAJB6a (40 kDa) and short DNAJB6b (26 kDa) isoforms. Western blots for the 
indicated antibodies are shown. (B) Representative image of a filter trap assay in HEK293T WT and DNAJB6-
KO cells. Both cell lines were transfected with a GFP-tagged exon 1 fragment of huntingtin with 71 
glutamines (GFP-Htt-Q71) with or without co-overexpression of V5-DNAJB6b. PolyQ aggregates were 
trapped in an acetate nitrocellulose membrane and visualized by immunoblotting for GFP. Dark triangles 
indicate serial dilutions (1x, 0.2x and 0.04x). (C) Quantification of the percentage of aggregation normalized 
to wildtype (WT) presented in (b), shown as means ± standard error of the mean of 4 independent biological 
replicates. (D) Representative image of a polyglutamine aggregation time-course in HEK293T WT and 
DNAJB6-KO cells. Cells from both genotypes were transfected with GFP-Htt-Q71 alone or in combination 
with V5-DNAJB6b and collected after 36, 48 or 60 hours. The GFP material accumulated in the stacking 
portion of the gel corresponds to the amount of Htt-Q71 aggregation. Western blots for the indicated 
antibodies are shown. (E) DNAJB6-knockdown SCA3-3 NSCs were treated with 0.1 mM L-glutamate for 1 hour 
in total with 30 min interval or left untreated. Subsequently whole cell lysates were fractionated by treatment 
with TX-100 to yield a TX-soluble fraction (TX-100) and a TX-insoluble pellet. This pellet was treated with SDS 
to yield an SDS-soluble fraction (SDS) and an SDS-insoluble fraction that was dissolved in formic acid (FA). 
The fractions were run on SDS-PAGE and Western blots were probed with anti-ataxin-3 antibody. 
Insolubilization of Ataxin3 in NSCs SCA3 patients’ cells in mock and DNAJB6 siRNA treated cells. Cells were 
treated with 0.1 mM L-glutamate for 1 hour. Cells were fractionated resulting in triton soluble (TX100), SDS 
soluble (SDS) and SDS insoluble (FA) fractions. Western blot for ataxin3 antibody is shown (*-Expanded allele) 
(n=2). 

To fully confirm whether DNAJB6 is a key factor in polyQ aggregation sensitivity, we 
generated DNAJB6-knockout lines in the HEK293 cell line using CRISPR/Cas9 technology 
(HEK293DNAJB6 k/o: Fig. 4A). Expression of a fragment of the huntingtin protein with 71 
glutamines (GFP-HttQ71) results in low levels of aggregation in HEK293wt as detected by the 
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filter trap (Fig. 4B and C) immunofluorescence (fig. S6A and B) and Western blot analysis 
(Fig. 4D: High Molecular Weight material in the stacking). Strikingly, the amount of 
aggregates increase by a factor of 3 in the HEK293DNAJB6 k/o cells (Fig. 4, B-D) showing that 
endogenous levels of DNAJB6 are required to suppress GFP-HttQ71 aggregation. 
Importantly, re-expression of DNAJB6b in the HEK293DNAJB6 k/o cells fully abrogates polyQ 
aggregation (Fig. 4, B and C and fig. S6, a and b). Qualitatively similar data have been 
observed in DNAJB6-knockout U2OS cells (fig. S6, C-E).  

Our data as well as those reported by the Vonk et alco-submitted and Leeman et alco-submitted 
demonstrate that stem cells are equipped with an extremely efficient PQC system that is 
required to assist in cellular differentiation and ensures them of being protected against 
situations that may cause imbalances in protein homeostasis that would endanger their 
ability to generate progeny. In addition to expressing high levels of certain chaperones, 
stem cells were described to have extremely efficient proteasomes30 and are even able to 
re-juvenate through asymmetric segregation of protein damage that escaped these 
efficient PQC systems24, 31, 32. This illustrates the utmost importance of protein homeostasis 
for cellular and organismal fitness. 

The relatively high expression of DNAJB6 in diverse stem cell lineages as well as in 
progenitor/stem cells, furthermore points to a central role of this DNAJB6 for stem cell 
survival. Interestingly, DNAJB8, a functional homolog of DNAJB6, is also expressed in 
cancer stem cells and required for cancer stem cell survival and tumorgenicity33.  

The re-wiring of the PQC system in differentiated cells is striking and illustrates the 
versatility of the protein quality control system to adapt to altered proteomes and 
underscores the importance of adjusting it to protein homeostasis. The strongly reduced 
expression of anti-amyloidogenic proteins in neurons also illustrates that there is no 
evolutionary selection against amyloids diseases, whereas in stem cells avoiding 
amyloidogenesis seems beneficial. In addition, our data also raise the question as to 
whether high chaperone expression may even interfere with physiological functions of the 
neuronal cells. A speculation could be that part of the functioning of neurons may depend 
on the formation of so-called functional prion-amyloids required for, for example, 
transport of RNA-containing granules from the soma of neurons to axonal synapses34, 35. 
DNAJB6 was recently found to also suppress the formation of prions by sup35NM36, which 
is crucial for the formation of liquid /gel droplets to promote survival of yeast during stress 
(Simon Alberti, pers. communication). High expression levels of potent anti-amyloidogenic 
proteins such as DNAJB6 might negatively impede on such processes. It is also interesting 
to note that, whilst the expression of most chaperones is unaffected or declines during 
differentiation, expression of several members of the group of small HSPs increases (Fig. 3, 
fig S8). Small HSPs are known to be very promiscuous “holdases” of many different mis- or 
unfolded clients37 and may as such act as reservoirs compensating for accumulated 
damage in cells with lower PQC capacity without interfering with specific functions. In fact, 
small HSP function as such in the eye-lens, where they maintain transparency38. In addition, 
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small HSPs are upregulated with aging39 and inversely the upregulation of small HSP can 
increase organismal life span40-42.  

Finally, the DNAJB6 down-regulation in neurons may be a key factor in the neuronal 
hypersensitivity to polyQ-mediated neurodegeneration. The same may hold true for CCT 
expression. As the re-wiring of the chaperone network occurs in a more general fashion 
during differentiation, it cannot explain regional hypersensitivities of specific brain areas 
and neurons to degeneration (Purkinje cells in cerebellum in SCA3, striatal neurons in HD). 
However, it does explain why only small elevations in its function or expression in neurons 
might suffice to delay the onset of these polyQ disease as supported by our recent mouse 
work with DNAJB63. This urges for strategies to activate DNAJB6 and re-rewire the 
chaperone networks in neurons of patients with polyQ diseases. 
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Supplemental Information 
 
DNAJB6, a key factor in neural stem cell resistance to polyglutamine protein 
aggregation 
Arun Thiruvalluvan1, Eduardo P. de Mattos2,3, Jeanette F. Brunsting2, Hette Faber2, Rob Bakels1, Paola 
Conforti4, Azra Fatima5, Elena Cattaneo4, David Vilchez5, Steven Bergink2, Erik HWG Boddeke1, Sjef Copray1*, 
Harm H. Kampinga2*. 
 
 
Materials and methods 
Human subjects 
Human subjects. The experiments were undertaken with the understanding and written 
consent of each subject, and were been carried out in accordance with The Code of Ethics 
of the World Medical Association (Declaration of Helsinki) for experiments involving 
humans. Fibroblast samples were obtained from one healthy individual and three clinically 
affected and genetically confirmed Dutch patients with SCA3. Subjects were randomly 
approached for participation in this research. A single experienced neurologist determined 
the AO in all patients as the age at which the first clinical manifestations of unsteadiness of 
gait and stance were unmistakably present. The patient group contained heterozygotes 
only. 
 
Generation of iPSCs with episomal vectors  
Human dermal fibroblasts (HDFs) were cultured in Dulbecco’s modified Eagle media 
(DMEM, Gibco) containing 10% fetal bovine serum (FBS), 1 mM non-essential amino acids 
(NEAAs), 1× GlutaMAX, and 100 units/ml penicillin with 100 µg/ml streptomycin. The 
episomal iPSC reprogramming plasmids, pCXLE-hOCT3/4, pCXLE-hSK and pCXLE-hMLN 
were purchased from Addgene. The plasmids used in our experiments were mixed in a 
ratio of 1:1:1 for efficient reprogramming. Three micrograms of expression plasmid 
mixtures were electroporated into 5× 105 HDFs with Amaxa® Nucleofector Kit according to 
the manufacturer’s instructions. After nucleofection, cells were plated in DMEM containing 
10%FCS and 1% penicillin/streptomycin until it reaches 70-80% confluence. The culture 
medium was replaced the next day by human embryonic stem cell medium (HESM) 
containing knock-out (KO) DMEM, 20% KO serum replacement (SR), 1 mM NEAAs, 1× 
GlutaMAX, 0.1 mM β-mercaptoethanol, 1% penicillin/streptomycin, and 10ng/ml bFGF 
(Invitrogen). Between 26-32 days after plating colonies developed and colonies with a 
phenotype similar to human ESCs were selected for further cultivation and evaluation. 
Selected iPSC colonies were mechanically passaged on matrigel (BD, hES qualified 
matrigel) coated plates containing mTeSR™1 (defined, feeder-free maintenance medium 
for human ESCs and iPSCs). 

HD-iPS cell lines 
Non-integrating HD and control iPS cell lines were generated from control (CTRL-28#6 and 
CTRL-33#1) and HD (HD-60#5, HD109#1 and HD-180#1) fibroblasts carrying a different 
number of CAG repeats as described V. B. Mattis et al.,201511. The lines/clones used in this 
study were regularly tested and maintained mycoplasma free. Cells were maintained in 
mTeSR1 medium (Voden) and plated on Matrigel (BD, Becton Dickinson). At 80% of 
confluence iPSC colonies were mechanically isolated and transferred onto new plates.  
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Pluripotency assays for hiPSCs  
Subconfluent undifferentiated hiPSCs were harvested by cutting the colonies into small 
pieces and scraping them off the cell culture dish. Colony fragments were transferred into 
non-adherent cell culture plates and cultured in hEB medium (DMEM/F12, 20% KSR, 1% 
NEAA, 1:1000 MycoZap+) for 8 days (medium was changed every other day). At day 9, 
developing embryoid bodies (EBs) were plated onto gelatin (0,1%) or Matrigel-coated 
coverslips and cultured for another 2 - 4 weeks. At the end of the differentiation period 
cells were fixed with 4% PFA and examined for the presence of cells of all three germ layers 
with immunocytochemistry. 

Genome-wide SNP genotyping and Genomic CAG repeat length analysis  
Genomic DNA was extracted using the DNeasy Blood & Tissue Kit (Qiagen). The Genomic 
CAG repeat length analysis of fibroblast, iPSC and NSC samples was performed as 
previously described in Verbeek DS et al., 2004. Genome wide SNP genotyping was 
performed using 320k cyto Illumina arrays as per the manufacturer’s protocol (Illumina). 
Data were collected using the Illumina Bead Station scanner and data software. Genotypes 
were produced using the genotyping module of Genome Studio and copy number 
variation (CNV) analysis was performed. In addition, the B-allele frequencies and log R 
ratios were visualized using the genome viewer tool within this package. 

Generation of iPSC-derived neural stem cells and neuron 
IPSCs were dissociated manually and plated on a non-coated dish in human embryonic 
stem cell medium (HESM). After 4 days, embryoid bodies (EBs) were formed and  
transferred to neural differentiation medium containing DMEM/ F12, 1 mM NEAAs, 1× 
GlutaMAX, 1% penicillin/streptomycin, and 1× N1 supplement (100X) for another 4 days.  
EBs were plated on matrigel-coated plates for neural rosette formation for 8-10 days with 
0.01mM retinoic acid. Neural rosettes were handpicked and cultured in neural stem cell 
medium containing DMEM/F12, 1 mM NEAAs, 1×GlutaMAX, 1% penicillin/streptomycin, 
1×N1 supplement (100X), 20 ng/mL FGF2 (peprotech), 20 ng/mL EGF (peprotech), and  
2µl/ml B27 supplement (Invitrogen). Terminal neural differentiation was induced by 
dissociating the neural stem cells (NSCs) using accutase (Sigma) for 20 min at 37ºC and 
plating them on a matrigel-coated plated for attachment. The next day, the medium of 
these cell cultures were changed to neuronal differentiation medium containing 
DMEM/F12, 1 mM NEAAs, 1× GlutaMAX, 1% penicillin/streptomycin, 1× N1 supplement 
(100X), 20 ng/mL BDNF (Peprotech), 20 ng/mL GDNF(Peprotech), 50 ng/mL 
SHH(Peprotech), 1mM  dibutyryl-cAMP (Sigma) and  2µl/ml B27 supplement (Invitrogen) 
for 80-90days.  

Striatal differentiation 
Human HD and control iPS cell lines were exposed to striatal differentiation according to 
Delli Carri et al., 2012. Briefly, for neuronal induction cells were plated at a density of 
0.6X105 cells per cm-2 on Matrigel-coated dishes in Matrigel with 10μM ROCK inhibitor (Y-
27632, Sigma). The starting differentiation medium included DMEM/F12 (Life 
Technologies) supplemented with N2 and B27 (Life Technologies), 10uM SB431542 
(Evotec) and 500nM of LDN (Evotec). Medium was replaced every day. At day 5 of 
differentiation 200ng/mL SHHC-25II (Tocris) and 100ng/mL DKK1 (Peprotech), were added 
and maintained for 3 weeks. At day 15, the cell population was detached by Accutase 
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(Millipore) and replated on Matrigel at density of 2.5 X104 cells per cm-2. Finally, the cells 
were terminally differentiated by adding 30ng/mL BDNF. 

Pan-neuronal differentiation 
Neural differentiation of induced pluripotent stem cells (iPSC) was performed using the 
monolayer culture protocol following the STEMdiff Neural Induction Medium (Stem Cell 
Technologies) method based on ref.(Chambers, Fasano et al. 2009). Briefly undifferentiated 
pluripotent stem cells were rinsed were treated with 1 ml of Gentle Dissociation Reagent 
(Stem Cell Technologies) for 10 min after rinsing once with PBS. After the incubation 
period, pluripotent cells were gently dislodged by adding 2 ml of Dulbecco's Modified 
Eagle Medium (DMEM)-F12+10 μM ROCK inhibitor (Abcam). Cells were then centrifuged at 
300g for 10 min. Cells were resuspended in STEMdiff Neural Induction Medium+10 μM 
ROCK inhibitor and plated on polyornithine (15 μg ml−1)/laminin (10 μg ml−1)-coated plates 
(200,000 cells cm−2). For neuronal differentiation, NPCs were dissociated with Accutase 
(Stem Cell Technologies) and plated into neuronal differentiation medium (DMEM/F12, N2, 
B27 (ThermoFisher Scientific), 1 μg ml−1 laminin (ThermoFisher Scientific), 20 ng ml−1 brain-
derived neurotrophic factor (BDNF) (Peprotech), 20 ng ml−1 glial cell-derived neurotrophic 
factor (GDNF) (Peprotech), 1 mM dibutyryl-cyclic AMP (Sigma) and 200 nM ascorbic acid 
(Sigma) onto polyornithine/laminin-coated plates as described in ref. (Vilchez, Boyer et al. 
2012). Cells were differentiated for 1–2 months, with weekly feeding of neuronal 
differentiation medium. 

Excitatory stimulation of neurons  
SCA3 neurons or control neurons cultured in 3.5-cm dishes were washed three times with 
2 ml BSS (balanced salt solution) containing 25 mM Tris, 120mM NaCl, 15mM glucose, 5.4 
mM KCl, 1.8 mM CaCl2, 0.8 mM MgCl2, pH7.4. After treatment with L-glutamate 0.1 mM 
(Sigma,no.G8415) in BSS for 30 min cells were washed again three times and left them to 
recover for 30min in differentiation media followed by a second 30min L-glutamate 
treatment in BSS, and subsequently cultured in differentiation media for 24hr until 
analysed. For analysis of fragmentation and aggregation of ATXN3 by western blotting, 
extracts were analysed either immediately after lysis or after fractionation.  

DNAJB6 knockdown in NSC 
SCA3 neural stem cells were grown to 70-80% confluence in a twelve well plates and 
transiently transfected with GENIUS DNA Transfection Reagent (Westburg; cat.no# 7-1010)  
according to the manufacturer's instruction. Cells were transfected with MOCK and siRNA 
for DNAJB6(Mock RNAi Human, D-001206-13-20, Dharmacon/GE; SMARTpool Acell 
DNAJB6 siRNA, E-013020-00-0005, Dharmacon/GE) for various time points at 37 °C and 
treated with L-glutamate and harvested for polyglutamine aggregation assay. 

Generation of DNAJB6 knockout (KO) cells 
HEK293T and U2OS cells were cultured in DMEM (Gibco) with 10% fetal calf serum, 1% 
penicillin/streptomycin (Gibco) and 1% GlutaMAX (Gibco) at 37ºC with 5% CO2. Cells were 
subsequently co-transfected with DNAJB6 CRISPR/Cas9 KO(h) and HDR(h) plasmids (1 
µg/each; sc-404227 and sc-404227-HDR, respectively, Santa Cruz Biotechnology) using 
Lipofectamine 2000 (Invitrogen) and selected 24 hours later with puromycin (2 µg/ml; sc-
108071, Santa Cruz Biotechnology). The resistant pool of cells was then seeded as single 
cells in 96-well plates and expanded for approximately 3 weeks under puromycin 
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selection. Selected clones were screened for absence of DNAJB6 expression at the protein 
level with western blotting, using a home-made rabbit polyclonal anti-DNAJB6 antibody. 

Polyglutamine aggregation assays 
HEK293T or U2OS wild type(WT) and respective DNAJB6-ko cells(KO) were cultured in 6-
wells plates treated with 0.0001% poly-L-lysine at a density of 3x105 cells/well and, 24 
hours later, subjected to transient overexpression of exon 1 fragments of huntingtin with 
either 25 or 71 glutamines (pEGFP-C1 GFP-Htt-Q25 and GFP-Htt-Q71, respectively) in 
combination with either pcDNA5 FRT-TO empty vector or human V5-DNAJB6b. 
Polyethylenimine (6 µg/well) was used as the transfection reagent. Forty-eight hours later 
(or at other indicated time-points), cells were washed twice with PBS, harvested in FTA lysis 
buffer (10 mM Tris-HCl pH 8.0, 150 mM NaCl, 2% SDS) and sonicated. Protein concentration 
was measured with the DC protein assay (Bio-Rad). Samples of equal concentration were 
used for conventional western blotting (5 µg/lane) or the filter trap assay (FTA; 120 
µg/lane), as previously described (Hageman et al., 2010; Kakkar et al., 2016). Briefly, the FTA 
consists on the selective retention of very high molecular weight species, such as polyQ 
aggregates, on 0.22 µm cellulose acetate membranes with the aid of a Bio-Dot 
microfiltration apparatus (Bio-Rad). 

Western blotting  
Neuronal cells were washed in PBS and scraped them. Cells were immediately frozen in 
liquid N2 followed by lysis in RIPA buffer (50mM Tris, 150mM NaCl, 0.2% Triton X-100) 
containing 25mM EDTA. For fractionation, lysates containing 1–2 µg/µl total protein 
dissolved in 50 mM Tris, 150mM NaCl, 0.2% Triton X-100, 25mM EDTA (RIPA buffer) were 
centrifuged at 22,000g for 30min at 4 C. The pellet fractions were separated from 
supernatants (Triton X-100-soluble fraction) and homogenized by sonication in RIPA buffer 
containing 2% SDS (SDS fraction). β-mercaptoethanol (5%) was added in all the samples 
and subsequently incubated at 99 C for 5 min. Gels were loaded with 10-20µg of the Triton 
X-100 fraction and 40 µl of the SDS fraction. Proteins were resolved by SDS-PAGE, 
transferred to nitrocellulose membrane and then processed for western blotting. 
Membranes were subsequently incubated with HRP-conjugated secondary antibodies 
(Amersham) at 1:7000 dilution. Visualization was performed with enhanced 
chemiluminescence. Samples were probed with primary antibodies : HSPA1A (Stressgen; 
SPA-810), HSPB1 (Stressgen; SPA-800), DNAJB1 (Stressgen; SPA-400), HSPB8 (Stressgen 
;SPA-815F), HSPB6 (Stressgen; SPA-754), GAPDH (Fitzgerald; 10R-G109A), CCT2 (Abcam; 
ab92746), HSP90B antibody (Abcam; ab3674), HSP70 (SPA815; Amersham), β-actin 
(Abcam; ab8226). Soluble and aggregated polyQ were detected by western blotting and 
FTA, respectively, with mouse monoclonal anti-GFP antibody (Clontech; JL-8). DNAJB6 
overexpression was detected with mouse monoclonal anti-V5 antibody (Invitrogen; R960-
25) and endogenous GAPDH was used as loading control. 

Immunocytochemistry 
IPSCs derived from SCA-3 patients, control iPSCs, in vitro differentiated neural rosette, 
neural stem cells, astrocytes and neurons were fixated with 4% paraformaldehyde for 20 
min. Cells were blocked in 5% normal goat serum and 2% Fetal calf serum; subsequently, 
samples were probed with primary antibodies : SSEA-4 (Hybridoma Bank; MC-813-70), TRA-
1-60 (Millipore; MAB4360), TRA-2-54 (made by group Peter Andrews lab, The University of 
Sheffield), OCT-4 (SantaCruz; sc-5279), Sox-2 (CellSignaling; #4900S), NANOG (AbCam, 
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ab80892), MAP-2 (Millipore; AB5622), GFAP (Dako; Z0334), βIIItubulin (AbCam; ab7751), 
GATA4 (SantaCruz; sc-25310), Desmin (DAKO; M0760), Pax6 (Millipore; AB2237), Vimentin 
(SantaCruz; sc-7557), Nestin (R&D;  MAB1259), Ataxin-3 (Acris Antibodies GmbH; 
AM21054PU-N), DNAJB6 (made by group Ineke Braakman, Hubrecht lab,Utrecht), Musashi 
(R&D systems; AF2628), polyQ-expansion diseases marker antibody (Millipore; MAB1574). 
Alexa 488, Alexa 594 and Cy3-conjugated secondary antibodies were used in combination 
with Hoechst nuclear staining. Confocal imaging was performed with Zeiss LSM 780 
confocal laser scanning microscope. Immunofluorescence for Polyglutamine aggregation 
experiments, cells were grown on glass coverslips and transfected as described above. 
Forty-eight hours later, cells were washed twice with PBS, fixed in 3.7% formaldehyde for 
15 minutes, washed twice with PBS for 5 minutes each, incubated in PBS with 0.2% triton 
X-100 for 5 minutes and washed once more for 5 minutes in PBS. Slides were incubated 
with DAPI (4',6-diamidino-2-phenylindole; 0.2 µg/ml) for 10 minutes to stain nuclei. Images 
were obtained using a Leica TCS SP8 confocal microscope (Leica Microsystems). For mouse 
tissue, we used C57BL/6 inbred mice (C57BL/6 OlaHsd, Harlan Laboratories, The 
Netherlands). Tissue was fixated with 4% formaldehyde in PBS overnight at room temp. 
Fixed tissue was dehydrated with a Leica tp1020 automatic tissue processor and paraffin 
blocks were prepared with a Leica EG1150 Modular Tissue Embedding Center. Paraffin 
blocks were sectioned 4µm with an Adamas Microm HM340E microtome. 

FACS sorting 
Differentiated neurons were dissociated using accutase, stained with antibody and 
collected in colorless DMEM. Stained cell were sorted on a MoFlow-XDP with 100 nozzle at 
a pressure of 15-20psi and replated onto matrigel coated coverslips or dishes for 
maturation. Samples were probed with antibodies : Anti-Human CD24-PE (eBioscience; 12-
0247-42), Anti-Human CD184 (CXCR4)-APC (eBioscience; 17-9999-42) and Anti-
Human/Mouse CD44-FITC (eBioscience;  11-0441-85).                            

RT-PCR and qRT-PCR 
RNA was isolated using the standard Trizol-based procedure. Following cDNA synthesis 
and PCR reaction, DNA was visualized in an 1% agarose gel (RT-PCR). For qRT-PCR iTaq 
Supermix with ROX (Biorad, 172-5855) was used. Primer sequences used in this study are 
listed in Figure (Fig. S6e). 

Calcium imaging 
Cells were washed with 1X HBSS and loaded with 3uM Fluo4AM (ThermoFisher, The 
Netherlands) by 15 minutes incubation at 37ºC after cells were washed again with 1X HBSS 
and placed in the microscope. Images were acquired using the 40x NA=1.3 oil-
objective(Olympus) of a DeltaVision Elite fluorescence microscope (Applied Precision, 
Issaquah, WA) equipped with a CoolSNAP HQ Camera and 37ºC incubation chamber. Lamp 
intensity was  2% and the FITC filter was used for excitation/emission, the acquisition rate 
was 1 frame per second for a duration of 120 seconds per cell. Glutamate (100µM) was 
added after 20 seconds. Image sequences were analysed using Fiji.  

Electrophysiology 
The cells on matrigel coated coverslips  were placed in a measuring chamber attached to a 
microscope (Axioskop 2 FS, Zeiss, Oberkochen, Germany). Membrane currents and 
voltages were measured using an Axopatch 200 B amplifier (Molecular devices, Sunnyvale, 
CA, USA) using the whole-cell patch clamp technique. Pipettes were pulled from 1.2 mm 
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O.D. borosilicate glass (Harvard Apparatus, Edenbridge,  UK) and were filled with a solution 
containing: K-gluconate 140 mM, KCl 10 mM, Hepes 10 mM, MgCl2 4, 1,2-bis (2-
aminophenoxy)-ethane-N,N,N′,N′-tetraacetic acid (BAPTA) 0.1 mM, Na2ATP 2 mM (280–290 
mOsm). The pH was adjusted to 7.40. The bathing solution contained NaCl 130 mM, KCl 3 
mM, MgCl2 2 mM, CaCl2 2 mM, NaH2PO4 1.25 mM, NaHCO3 26 mM and glucose 10 mM 
(mOsm 330). The pH was adjusted to 7.40. When used with these solutions, the pipettes 
had initial resistances of 5–8 MΩ. Membrane currents were recorded at room temperature 
(20–22 °C) with the amplifier in voltage clamp mode. Currents were low-pass filtered at 2 
kHz and sampled at 50 kHz using a Digidata 1320 AD converter (Axon Instruments). The 
junction potential was corrected with the pipette in the bath solution. After measuring the 
membrane currents in response to depolarizing voltage steps, the amplifier was switched 
to current clamp mode. Following measurement of the resting membrane potential, the 
membrane potential was set to −60 to 70 mV using steady injected current through the 
patch pipette. Next, the membrane was briefly depolarized by injecting depolarizing 
current pulses  through the pipette (duration 50 ms and 500 ms) in order to evoke action 
potentials. Voltage clamp step protocols were generated and data analyzed using Pclamp 
v10 software (Molecular devices). 
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Fig. S1. Generation and characterization of control and SCA3 patient-derived iPSCs. (A) Information on 
CAG-repeat length and age at onset (AO) of the SCA3 patients from which the iPSCs were generated. (B) 
Phase-contrast images of control and SCA3 patient iPSCs and clones derived from patient fibroblasts by non-
integrative episomal reprogramming. Scale bars: 50µm. (C) Immunocytochemical detection of pluripotency-
associated transcription factors (OCT4, SOX2) and membrane markers (SSEA4, TRA-1-60, TRA-2-54) in control 
and SCA3 iPSCs. Scale bars: 50µm. (D) Quantitative-PCR analysis of control and SCA3 iPSCs for transcription 
factors (OCT-4, KLF-4, NANOG, SOX-2 and cMYC), for neural stem cell markers (SOX-2, nestin and vimentin), 
for neuron markers (βIII-tubulin or Tubb-3 and MAP2) and astrocyte markers (GFAP and S100β). (E) SNP 
analysis on various clones of control and SCA3 patient-derived iPSCs. 
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Fig. S2. Characterization of control and SCA3 patient-derived iPSCs and neural stem cells. (A) In vitro 
spontaneous differentiation of control and SCA3 patient iPSCs. In vitro, iPSCs differentiated via embryoid 
bodies (EB) into ectoderm (βIII-tubulin), endoderm (GATA4) and mesoderm (Desmin) on serum-free medium 
without growth factors. Scale bars: 50µm. (B) Immunocytochemical detection of neuroepithelial-associated 
transcription factor (PAX6) in control and SCA3 iPSC-derived cells. Scale bars: 50µm.  (C) 
Immunocytochemical detection of multipotent-associated transcription factor (SOX2) and NSC-markers 
(nestin, vimentin) in control and SCA3 iPSC-derived neural stem cells. Scale bars: 50µm. 
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Fig. S3. Characterization of control and SCA3 patient-derived iPSCs/neural stem cells and purification 
of control and SCA3 patient iPSC-derived neurons. (A) Chromosome 7 and 15 show duplications as 
indicated by aberrant SNP profiles (B allele frequency) and the increased log R ratios (lower panel) 
highlighted within the red box. (B) Chromosome 5 and 11 exhibit deletions as indicated by the homozygous 
SNP profiles (B allele frequency) and reduced log R ratios (lower panel) highlighted within the red box. (C) 
CAG-repeat sizes in the control and SCA3 fibroblasts, iPSCs and NSCs. (D) Cell surface marker FACS sorting of 
control and SCA3 patient iPSC-derived neurons (CD24+, CD44- and CD184-). 
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Fig. S4. Ataxin-3 aggregation in control and SCA3 patient iPSC-derived neurons. (A) Ataxin-3/MAP-2 
double immunostaining in differentiated control and SCA3-iPSC-derived neurons treated with glutamate or 
untreated in the presence and absence of BDNF (150 days post differentiation) Scale bars: 100µm and 25µm. 
(B) 1C2/MAP-2 double immunostaining in differentiated control and SCA3 iPSC-derived neurons treated with 
glutamate or untreated in the presence and absence of BDNF (150 days post differentiation) Scale bars: 
100µm and 25µm. 
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Fig. S5. Calcium imaging in control and SCA3 patient-derived cells. (A) Ca2+ imaging with Fluo-4 dye in 
control and SCA3 patient-derived cells reveals a clear increase of intracellular Ca2+ upon exposure to L-
glutamate only in NSCs and neurons. Scale bars: 20µm. (B) Quantification of calcium influx upon L-glutamate 
treatment (n=10) in SCA3 patient-derived cells. 
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Fig. S6. DNAJB6-knockout (KO) in HEK293T cells and DNAJB6-knockdown in SCA3 NSCs. (A) 
Immunofluorescence of HEK293T WT and DNAJB6-KO cells transfected with GFP-Htt-Q71 alone or in 
combination with V5-DNAJB6b. Soluble polyQ corresponds to the diffuse green staining, while aggregates 
form puncta. Nuclei were stained with DAPI. Scale bar: 20 µM. (B) Quantification of the results shown in (A), 
represented as the percentage of transfected cells with GFP-positive puncta. Approximately 500 cells per 
condition were counted. Data are expressed as means ± standard error of the mean. (C) Generation of a 
DNAJB6-knockout cell line. Western blot of U2OS wild-type (WT) and DNAJB6-knockout (KO) cells. (D) 
Representative image of a filter trap assay in U2OS WT and DNAJB6-KO cells. Both cell lines were transfected 
with a GFP-tagged exon 1 fragment of huntingtin with 25 glutamines (GFP-Htt-Q25) and 71 glutamines (GFP-
Htt-Q71) with or without co-overexpression of V5-DNAJB6b. PolyQ aggregates were trapped in an acetate 
nitrocellulose membrane and visualized by immunoblotting for GFP. Dark triangles indicate serial dilutions 
(1x, 0.2x and 0.04x). (E) DNAJB6 increases the amount of soluble polyQ. WT U2OS cells or DNAJB6 KO UOS 
cells were transfected with either GFP-htt-Q71 or GFP-htt-Q25 and fractionated. Soluble fractions were 
loaded and stained with the indicated antibodies. Western blots for the indicated antibodies are shown. (F) 
Representative Western blots of DNAJB6 knockdown in SCA3-3 NSCs at various time points (24, 48, 72 and 
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96hrs) with loading control GAPDH. (G) Representative Western blots of DNAJB6-knockdown in SCA3-3 NSCs 
after 52hrs with loading control GAPDH. (H) Primers used in this study. 

 

Fig. S7. Analysis of CCT and HSPs expression levels. (A) Representative Western blots of TCP1 alpha in 
control and SCA3 iPSCs-derived neural stem cells and neurons on total fraction treated with L-glutamate and 
untreated (n=2). (B) Representative Western blots for selective members of the HSP family (HSPB1 & HSPA1A) 
and TCP1 alpha in control and Huntington patient-derived neurons during various stages of differentiation 
time points (Day 0, 7, 13 & 31) on total fraction (n=3). (C) Comparison of brain-specific messenger RNA levels 
of several molecular chaperones before and after birth. Publicly available RNA sequencing data from the 
BrainSpan consortium (www.brainspan.org) in 524 samples from different brain areas of human fetuses 
(ranging from 8 to 37 postconceptional weeks) and of individuals from 4 months to 40 years of age. Selected 
brain areas include the amygdaloid cortex, anterior cingulate cortex, caudal ganglionic eminence, cerebellar 
cortex, cerebellum, dorsal thalamus, dorsolateral prefrontal cortex, hippocampus, inferolateral temporal 



                                                                                                                                                                                     Chapter 5 : DNAJB6 & PolyQ-mediated protein aggregation 

 127 

cortex, lateral and medial ganglionic eminences, mediodorsal nucleus of the thalamus, occipital cortex, 
orbital frontal cortex, parietal neocortex, posterior superior temporal cortex, posteroventral parietal cortex, 
primary auditory, visual and somatosensory cortices, striatum, temporal neocortex, upper rhombic lip and 
ventrolateral prefrontal cortex. Data were analyzed in the R2 Genomics Analysis and Visualization Platform 
(www.hgserver1.amc.nl). Gene expression values for individual genes are represented as box plots (2.5% to 
97.5% confidence interval) of transformed log2 values from reads per kilobase per million. Black dots 
represent outlier values. For each gene, the mean expression values in the prenatal versus postnatal groups 
and p-value for the Mann-Whitney test are given. (D) Ribosome profiling data from human embryonic (hES) 
stem H1 cells before and after 1 (nd1), 3 (nd3) and 6 (nd6) days of neural induction were generated by 
Werner et al. (2015) and retrieved from Gene Expression Omnibus accession GSE62247. For each chaperone, 
expression patterns of the probe set with the highest average present signal were compared using the R2 
Genomics Analysis and Visualization Platform (http://r2.amc.nl) and are presented as log2 ratios. As an 
illustration of the successful neural differentiation protocol, expression levels of the stem cell marker OCT4 
and of the neural lineage marker PAX6 are shown. P-values refer to the significance of correlation between 
the hES, nd1, nd3 and nd6 groups, as assessed by the Pearson product-moment correlation coefficient (R). 

 

                  

Fig. S8. Immunostaining for DNAJB6 on mouse intestinal crypts. (A) DNAJB6/Musashi double 
immunostaining shows expression of DNAJB6 only on the stem cell population in the crypts. Scale bars: 10 & 
25µm. 
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Fig. S9. Analysis of DNAJB6-knockdown in HD patient-derived cells. (A) Phase contrast images of HD and 
control lines at day 30 of differentiation. Immunocytochemistry for MAP2a/b (red) and Hoechst (blue) at day 
30 of differentiation in HD and control line. (B) Immunofluorescence showing MAP2 expressing neurons 
derived from stable KD iPS cells. Scale bars: 20µm. (C) Representative Western blots of β-actin and selective 
members of the HSP family (HSPA6, HSP90B1, & DNAJB6) in Huntington patient-derived iPS, neural 
progenitor cells (NPC) and PAN-NEURONAL neurons (NPC and Neurons were derived from the iPS cells in a 
monolayer differentiation protocol). (D) Western blot of control iPS (Q33) and Huntington patient-derived iPS 
(Q71) showing the knockdown of DNAJB6 with two shRNA and control with non-targeting shRNA. (E) 
Immunofluorescence showing Poly Q aggregates (1C2 antibody) after DNAJB6 Knockdown in Huntington 
patient-derived iPS (Q71) cells and  control iPS cells (Q33), Scale bars: 20µm. 
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Recent progress in the field of stem cell research has opened up multiple opportunities in 
developmental biology and regenerative medicine1. Especially, iPSCs derived from many 
patient cell types (fibroblasts, keratinocytes, urine cells, etc.) can be used to model 
different diseases and mimic an in-vivo microenvironment in dishes2, 3. In regenerative 
medicine, autologous patient iPSC-derived cells can be implanted at the site of injury to 
replace damaged or degenerated tissue4. Another important application offered by the 
iPSC technology is its use for the screening of novel therapeutic drugs in patient-derived 
cells5, 6. Moreover, the groundbreaking CRISPR/Cas9 gene editing technology enables us to 
correct gene mutations in patient-derived cells and allows us to identify putative disease 
mechanisms7, 8. Thus, autologous iPS cells allow us to model complex disorders and 
provide new possibilities for development of personalized therapy9-11. From the moment 
the iPSC technology was discovered, it has been further improved and successfully applied 
in various fields of biology. In this dissertation, we have evaluated the potential use of 
iPSC-derived cells as a source for cell-based remyelination therapy for MS and as a tool for 
modeling of the SCA3 disease. 

In chapter I, we describe the induced pluripotent stem cell (iPSC) technology and its 
application in various fields of biology. The ability to generate embryonic stem cell like 
cells by reprogramming somatic cells provides new opportunities for disease modeling 
and drug screening12, 13. Although animal models such as mice, rats, and nonhuman 
primates have been used to model various human diseases, due to the complexity of some 
disorders, they were far from realistic.. Moreover, the physiological conditions in mice and 
human differ in many ways due to variations in tissue organization and cellular functions14, 

15. This physiological difference can make it difficult to identify disease-initiating 
mechanisms in animal models. So, we have gratefully adopted the use of patient iPSC-
derived cells as a tool to identify various risk factors in diseases like multiple sclerosis (MS). 
In addition, patient derived iPSCs are useful to model for instance complex metabolic 
disorders and early- and late-onset monogenic diseases (spinocerebellar ataxia-3 and 
Huntington’s disease)2, 16. Additionally, the possibility of obtaining iPSCs using non-
integrative methods (employing episomal vectors) allow us to study disease phenotypes 
without any genome modification17. The ability to differentiate these pluripotent stem cells 
into multiple cell types allows us to study pathogenic mechanisms in the specific cells that 
are affected in that particular disorder. Reprogramming fibroblasts from different patients 
with the same genetic mutation provides the possibility to analyze the effect of the same 
mutation in different genetic backgrounds18. In the future, the above-mentioned technical 
possibilities will allow us to develop strategies for personalized stem cell therapy for 
various genetic- and other complex disorders. Recent advancement in reprogramming 
techniques allowed us to derive cell types by direct transdifferentiation of somatic cells 
(like fibroblasts) avoiding risky and tedious differentiation procedures19. This could provide 
new possibilities in regenerative medicine. Over all, iPS technology and related 
(trans)differentiation techniques have provided a boost in regenerative medicine and in 
understanding pathogenesis by disease modelling. 
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In chapter II, we described experiments concerning the potential applicability of cell 
replacement therapy for MS. Restoring the myelin sheath around axons damaged in MS by 
the implantation of exogenous remyelinating cells may protect neurons and possibly 
reduce the disease severity. We therefore generated iPSCs from human fibroblasts and 
differentiated these cells into OPCs. We tested the capacity of these human iPSC-derived 
OPCs to induce remyelination in-vitro and in-vivo. Previous studies have shown that human 
iPSC-derived oligodendrocytes are capable of complete remyelination after 
transplantation in a mouse model that mimics human hypomyelinating leukodystrophies 
(the shiverer mouse)20. However, the most common demyelinating disorder is MS and as 
such the most relevant demyelinating disease for an autologous iPSC-based therapy. We 
implanted human iPSC-derived OPCs in a toxin-induced mouse model for demyelination 
and in mice in which experimental autoimmune encephalomyelitis (EAE) was induced. Our 
implantation experiments showed that implanted human OPCs are capable to migrate and 
myelinate nude axons at the demyelinating lesions in these mouse models for MS. 
Moreover, we observed clinical improvement in the mouse EAE model, that probably 
could be ascribed to an immunomodulatory effect by factors secreted by the implanted 
human OPCs. Previous studies have shown that rodent NSCs and OPCs produce a variety 
of anti-inflammatory and neurotrophic factors, responsible for a significant reduction in 
clinical scores in EAE animals after intraventricular or intravenous injection21, 22. The next 
step in our research concerning the potential clinical application of an OPC implantation 
therapy for MS was to study the implantation of human iPSC-derived OPCs in a nonhuman 
primate model for MS, the marmoset EAE model. This EAE primate model shows clinical 
symptoms and pathology similar to secondary progressive stages in MS patients. We 
implanted human iPSC-derived OPCs intracerebrally in the marmoset EAE model and 
showed their capacity to myelinate denuded axons in the inflammatory environment. 
Although previous studies with intrathecal injection of human NSCs showed beneficial 
effects on the disease score in marmoset EAE model23 , our experimental set up in the 
marmoset did not allow to follow the disease score for a long period of time. It is obvious 
that still a large number of obstacles, questions and problems need to be addressed before 
a similar iPSC-based cell therapy can be applied in humans. The tumorigenic capacity of 
the iPSCs, their potential genomic instability, inefficient differentiation and 
dedifferentiation of implanted cells are essential issues. Moreover, the MS pathology per se 
adds an additional level of complexity for an iPSC-based cell therapy in humans. In MS 
brain, persistent CNS inflammation, blood brain barrier leakage, infiltrating immune cells, 
constant secretion of proinflammatory cytokines by immune cells and other cytotoxic 
molecules may interfere with the survival and proper function of iPSC-derived OPCs24-26. 
This hostile environment in the CNS may inhibit the myelin production, mediated by both 
exogenous (transplanted) and endogenous OPCs. In spite of all these difficulties it may be 
expected that recent advances in iPSC technology, gene editing, and in highly efficient cell 
differentiation and purification will eventually lead to an effective cell therapy for MS. 
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In chapter III, we reported our attempts to generate iPSCs from skin fibroblasts taken from 
MS patient and to differentiate them into OPCs. The rationale to generate iPSCs (and OPCs 
differentiated from them) from different types of MS patients was provided by genome-
wide association studies (GWAS) on MS patients: Several of these GWA studies have 
identified a number of MS risk factors, associated with various disease initiation 
mechanisms for MS27, 28. GWAS studies have uncovered risk loci related to functions other 
than immune-related genes, such as cell metabolism and oligodendrocyte 
differentiation29. These findings suggest that intrinsic, genetic, differences in MS 
oligodendrocytes and neurons may provide a primary cause of the disease and so MS 
patient derived iPSCs may provide ideal tools to study these intrinsic mechanisms. 
Moreover, the ability to generate unrestricted amounts of functional OPCs and neurons 
may serve as a tool for high throughput screening for therapeutic drug development and 
the development of a personalized pharmaceutical therapy30. In addition, development of 
MS iPSC-derived neurons will furthermore allow investigation of neuronal homeostasis in-
vitro by testing other possible disease initiation mechanisms such as glutamate-induced 
excitotoxicity and mitochondrial dysfunction31, 32. Our first attempts demonstrated that it 
was indeed possible to generate iPSCs from skin fibroblasts of MS patients and that these 
iPSCs can be differentiated efficiently into oligodendrocytes and neurons, corroborating 
similar finding by others11. In-vitro and in-vivo studies with the iPSC-derived OPCs from MS 
patients will be necessary to establish their proper myelination function.  

In chapter IV, we have attempted to convert reactive astrocytes in-vitro into functional 
oligodendrocytes by inducing the overexpression of a specific set of transcription factors 
via gene transfection. Deriving functional cells from pluripotent stem cells has been a 
major goal in biomedical research for the last decade35, 36. Currently, various strategies have 



Chapter 6 : Summary and discussion 

 

136 

 

been developed to generate specific functional cell types for clinical application and 
disease modeling19. Since the advent of iPS cells, researchers have developed novel 
methods to derive specific cell phenotypes by the direct transdifferentiation of somatic 
cells via the overexpression of cell-type-specific transcription factors37-40. This strategy has 
now been used for generating several cell types such as neural cells (astrocytes and 
neurons), cardiomyocytes, and hepatocytes, etc. Moreover, reprogramming by 
transcription factors was quickly adapted from in-vitro to in-vivo in various disease 
models41, 42. Rapid progress and development of novel strategies show that in-vivo 
reprogramming could become the future cell-based therapy for many neurodegenerative 
diseases. In this respect, we attempted to convert astrocytes into functional 
oligodendrocytes in-vitro by the conditional (tetracycline inducible) expression of a set of 
four transcription factors (Sox10, Olig2, Ezh2, and Zfp536)43, 44. We showed that these 
induced oligodendrocyte precursors (iOPC) express markers similar to normal (NSC-
derived) OPCs and that they mature into myelin producing cells in-vitro. The next logical 
step will be to convert resident reactive astrocytes in the MS lesion to OPCs with our 
transcription factors to promote local myelin repair, which would comprise an novel cell-
based remyelination therapy approach. Several studies have reported that cuprizone-
induced mouse model for demyelination and the mouse EAE model (experimental 
autoimmune encephalomyelitis) have abundant reactive astrocytes in the demyelinating 
lesions45, 46. Testing transfection in-vivo with the aforementioned transcription factors in 
these MS models will allow us to evaluate whether lineage reprogramming of astrocytes is 
possible in MS lesions. Even though lineage reprogramming has rapidly progressed in 
recent years, a number of issues remain to be resolved including: constitutive activation of 
the reprogramming cassette, potential tumor formation, functional maturation of the 
converted cells, inefficient conversion, and cell type specificity of the transfection47. 
Furthermore, a keen awareness is required with respect to linage reprogramming of neural 
cells such as preservation of genetic and epigenetic identity and recapitulating various 
aspects of neurodevelopment.  

In chapter V, we generated iPSCs from SCA3 and HD patients by non-integrative 
methods17 and differentiated them into neurons as a tool to examine cell type and patient-
related sensitivity to protein aggregation of the respective endogenously expressed polyQ 
proteins. IPSC generation and neuronal differentiation were found to be unaffected by the 
expression of the polyQ in both SCA3 and HD cells. Moreover, iPSC-derived SCA3 and HD 
neurons were both morphologically and functionally indistinguishable from those derived 
from controls. Based on the previous study by Koch et al48, we exposed SCA3 patient-
derived NSCs and neurons to the excitatory neurotransmitter L-glutamate. We observed 
glutamate-induced polyQ aggregation only in the SCA3 iPSC-derived neuronal population. 
Glutamate treatment did not result in aggregation of ataxin-3 polyQ in the iPSCs or in 
NSCs. Interestingly, analysis of chaperone proteins expression revealed a drastic 
reorganization of the chaperone network during differentiation of iPSC to neurons, 
including an almost complete loss of expression of the anti-amyloidogenic chaperone 
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DNAJB6. Previous studies have identified DNAJB6 as a highly potent anti-amyloidogenic 
protein. Upon neuronal overexpression, DNAJB6 also was shown to suppress polyQ 
aggregation in animal models49. To test the anti-amyloidogenic property of DNAJB6, we 
knocked down DNAJB6 in SCA3-derived NSCs and HD-iPSCs. Reduced expression of 
DNAJB6 resulted in the spontaneous formation of SCA3 and HTT aggregation. This not 
only highlights the importance of endogenously expressed DNAJB6 for polyQ aggregate 
prevention but also adds to a more general emerging concept that stem cells are 
equipped with a highly efficient protein quality control (PQC) system, that includes crucial 
chaperones like DNAJB6, to ensure their resistance to situations that may cause 
imbalances in protein homeostasis. PQC mechanisms being important to stem cell 
function and more specifically to neural stem cell (NSC) self-renewal, proliferation and 
neurogenesis in vivo50. Especially the finding that stem cells also have elevated 
proteasomal activity51 is interesting in the context of our findings that DNAJB6 is part of 
the PQC elements that are elevated in stem cells. The Kampinga & Bergink lab has 
evidence that DNAJB6 activity is directly linked to proteasomal activity, providing a direct 
link between the chaperone system and the proteasomal system as responsible for 
maintaining stem cell fitness to ensure they can maintain tissue homeostasis throughout 
the entire human lifespan. Our study also suggest that the lowered expression of DNAJB6 
in neurons is a key factor in the neuronal hypersensitivity to polyQ-mediated protein 
aggregation and likely also the aggregation of other disease-associated proteins since it 
was found to also act on prions52, amyloid beta53 and α-synuclein aggregation54. The 
question as to why PQC and chaperones are re-wired upon differentiation as we show in 
Chapter V remains an enigma. All in all, our data in Chapter V not only illustrate the 
mechanistic power of iPSC research, but also re-emphasize that (re)activation of DNAJB6 in 
neurons in SCA3 and HD patients and maybe patients with other neurodegenerative 
diseases could be a possible therapeutic option. 

In conclusion, in this thesis we examined the potential use of human iPSCs derived cells as 
a tool for stem cell-based therapy and disease modeling. We provided evidence that iPSC-
derived oligodendrocytes can potentially turn into a valid cell therapy for MS. In addition, 
we demonstrated the feasibility for in-situ direct conversion of reactive astrocytes into 
OPCs that may lead to a new therapy promoting local remyelination. Moreover, we 
established MS patient derived iPSC cell lines that may serve as disease modeling tools to 
study intrinsic mechanisms underlying MS pathogenesis.  
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Recente ontwikkelingen op het gebied van stamcelonderzoek hebben tot verrassende nieuwe 
inzichten en therapeutische mogelijkheden geleid, respectievelijk voor de medische biologie 
en voor de regeneratieve geneeskunde. Met name de mogelijkheid om induced pluripotente 
stamcellen (iPSCs) te genereren uit somatische cellen (b.v. huidfibroblasten of cellen aanwezig 
in urine) van patiënten met verschillende pathocellulaire aandoeningen, heeft een uniek 
gereedschap geboden om die aandoeningen in celkweek na te bootsen, ze uitgebreid en 
gedetailleerd te bestuderen en een breed scala van nieuwe drugs op uit te testen. Voor de 
regeneratieve geneeskunde kunnen patiënt-eigen iPSCs een onuitputtelijke bron bieden van 
nieuwe cellen/weefsels die, zonder afstotingsverschijnselen, getransplanteerd kunnen 
worden ter vervanging van ziek of beschadigd weefsel. Toepassing van de nieuwe 
mogelijkheden van de CRISPR/Cas9 gene-editing technologie kan daarbij zorgen voor 
correctie van het gemuteerde gen dat aanleiding is tot het ontstaan van de aandoening. In dit 
proefschrift worden beide toepassingsmogelijkheden van de iPSC technologie verder 
onderzocht: hun gebruik als bron voor celtransplantatie voor het herstellen van myeline-
schade in de hersenen van MS (multiple sclerose) patiënten en hun gebruik om het 
pathogene mechanisme dat ten grondslag ligt aan het ontstaan van SCA3 (spinocerebellaire 
ataxie) te doorgronden in kweken van de aangedane (patiënt-eigen) zenuwcellen. In 
hoofdstuk 1 geven wij een uitgebreide inleiding over de iPSC technologie en beschrijven hoe 
de reprogrammering van normale somatische cellen, m.b.v. de geforceerde expressie van een 
4-tal transcriptiefactoren, tot de embryonale stamcel-achtige iPSCs in zijn werk gaat. Wij gaan 
verder in op hoe deze technologie gebruikt kan worden voor “disease modeling in a dish”, 
leidend tot nieuwe inzichten in de cellulaire en moleculaire mechanismes achter het ontstaan 
van allerlei complexe aandoeningen. Een belangrijk voordeel van het gebruik van iPSCs is dat 
allerlei diermodellen die in biomedisch onderzoek gebruikt worden voor het zo goed mogelijk 
nabootsen van die aandoeningen veel minder nodig zijn. De iPSC technologie heeft ook 
geleid tot de ontwikkeling van procedures waarbij somatische cellen direct 
gereprogrammeerd worden tot een ander somatisch celtype (“transdifferentiation”) zonder de 
intermediaire vorming van iPSCs. Hoofdstuk 1 sluit af met de omschrijving van de 
vraagstellingen die aan het onderzoek in dit proefschrift ten grondslag liggen: kan 
reprogrammering van somatische cellen via de iPSC technologie en wellicht via directe 
transdifferentiatie gebruikt worden voor de ontwikkeling van een celvervangingstherapie 
voor MS en kan de iPSC technologie gebruikt worden om de pathologie van MS en die van 
een andere neurologische aandoening, SCA3, te doorgronden? 

Het mogelijk gebruik van iPSCs als bron voor te implanteren autologe myeline-vormende 
cellen die remyelinisatie kunnen bewerkstelligen in MS hersenlaesies is onderzocht en 
beschreven in hoofdstuk 2. Tijdig herstel van de myeline-schede rond de uitlopers (axonen) 
van zenuwcellen (neuronen) via cellulaire transplantaties kan ervoor zorgen dat deze 
neuronen niet verloren gaan, daarbij neurologisch functie-uitval, karakteristiek voor MS, 



Chapter 7 : Nederlandse samenvatting 

 

144 

 

voorkomend. Er is tot nu toe geen enkele therapeutische ingreep beschikbaar waarmee 
remyelinisatie bij MS patiënten gestimuleerd kan worden, terwijl demyelinisatie en 
neuronenverlies toch de belangrijkste oorzaken zijn van de meest invaliderende symptomen 
van MS. Wij hebben iPSCs gegenereerd uit humane huidfibroblasten en, na verificatie van hun 
pluripotentie, gedifferentieerd tot oligodendrocyte precursor cellen (OPCs), voorlopercellen 
van oligodendrocyten, de eigenlijke myeline-producerende cellen in het centraal 
zenuwstelsel. In in-vitro experimenten, waarbij we rattenneuronen samen kweekten met de 
iPSC-OPCs, konden we laten zien dat deze iPSC-OPCs na een aantal dagen inderdaad myeline-
schedes konden vormen rondom de axonen die vanuit de neuronen gevormd waren. Om te 
testen of deze iPSC-OPCs dat ook konden doen na implantatie in het centraal zenuwstelsel 
met MS-achtige laesies, hebben we gebruik gemaakt van een aantal diermodellen voor MS.  
Allereerst in 2 muismodellen voor MS, waarbij op 2 verschillende wijzen MS-achtige laesies in 
het zenuwstelsel werden geïnduceerd, i.e. d.m.v. toediening van een demyeliniserend toxine 
of door opwekking van experimentele auto-immuun encephalomyelitis (EAE) middels 
subcutane injectie van myeline-componenten. Wij toonden aan dat de geïmplanteerde iPSC- 
OPCs in beide MS diermodellen migreerden naar de MS-laesies en daar bijdroegen tot de 
remyelinisatie van “naakte” axonen, d.w.z. axonen die hun myeline-schede waren kwijtgeraakt 
in het nagebootste MS ziekteproces. Opvallend was dat de implantatie van iPSC-OPCs in het 
EAE muismodel voor MS snel resulteerde in een algehele verbetering van de klinische 
verschijnselen, een effect wat toegeschreven lijkt te kunnen worden aan neurotrofines, 
immunomodulerende en ontstekingsremmende factoren geproduceerd door de 
geïmplanteerde OPCs; de secretie van deze factoren en hun effect op klinische verschijnselen 
waren reeds in eerdere onderzoeken waarin OPCs en NSCs (neurale stamcellen) 
geïmplanteerd werden in EAE dieren, beschreven.  De volgende stap in ons onderzoek naar 
de mogelijke klinische toepassing van OPC-implantaties bij MS patiënten, was het 
implanteren van humane iPSC-OPCs in een nonhumaan primatenmodel voor MS, het 
marmoset EAE model. Dit marmoset MS model, ontwikkeld in het BPRC te Rijswijk, vertoont 
hetzelfde ziekteverloop, dezelfde klinische symptomen en dezelfde vorming van 
hersenlaesies als patiënten in het secondaire progressieve stadium van MS. Onze 
intracerebrale implantatie-experimenten met humane iPSC-OPCs in de MS marmosets 
toonden ook in dit primatenmodel de capaciteit van de iPSC-OPCs om selectief te migreren 
naar demyelinisatie-laesies alwaar ze bijdroegen aan nieuwe myeline-vorming. De proof-of-
principle opzet van ons MS marmoset implantatie-onderzoek was noodgedwongen 
kleinschalig en slechts van een beperkte duur, i.e. tot maximaal 40 dagen na de intracerebrale 
injecties van de iPSC-OPCs. Daardoor was het niet mogelijk om de langere termijn effecten 
van de implantaties op de ontwikkeling van de EAE ziektescores te bestuderen. Het 
nauwkeurig volgen van het lot van de geïmplanteerde iPSC-OPCs over een lange termijn is 
cruciaal voordat een trial met autologe iPSC-OPC implantatie therapie voor MS patiënten 
gepland kan worden. Essentiële vragen over de stabiliteit van de geïmplanteerde iPSC-OPCs 
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(stabiele differentiatie?, optreden van dedifferentiatie?, genoom instabiliteit?) en het risico op 
tumorformatie zullen afdoend beantwoord moeten worden. Ook de overleving en de 
functionaliteit van de iPSC-OPCs en de daaruit gematureerde oligodendrocyten in de 
vijandige ontstekingsomgeving van het MS brein zal moeten worden vastgesteld. Wellicht 
kan met nieuwe gene-editing technieken er voor gezorgd worden dat de geïmplanteerde 
iPSC-OPCs resistent zijn tegen de specifieke MS pathogene factoren en de daarmee gepaard 
gaande celstress. Hoewel ontegenzeggelijk nog een groot aantal hindernissen genomen 
moeten worden, is autologe iPSC-OPC implantatie tot nu toe de enige therapeutische 
benadering die direct gericht is op myeline-reparatie en neuronenprotectie bij MS patiënten; 
de urgentie daarvan is evident daar, nogmaals,  demyelinisatie en neuronenverlies toch de 
belangrijkste oorzaken zijn van de meest invaliderende symptomen van MS. 
 
In hoofdstuk 3 doen wij verslag van onze pogingen om iPSCs te genereren uit huidbiopten 
van verschillende type MS patiënten en die vervolgens te differentiëren tot functionele OPCs 
en oligodendrocyten. Buiten het gebruik van deze cellen ten behoeve van implantatie-
doeleinden, kunnen deze cellen ons wellicht meer inzicht geven in de etiologie van MS.  
Immers, naast het idee dat MS primair als een auto-immuun ziekte beschouwd dient te 
worden waarin agressieve immuuncellen de hersenen binnendringen en secundair een 
heftige abnormale respons op myeline-componenten teweegbrengen, is in de laatste jaren 
het idee ontstaan dat MS wellicht primair een neurodegeneratieve ziekte is die slechts 
secondair tot een afwijkende immuunrespons leidt. Het primaire optreden van 
neurodegeneratie en myeline-beschadiging/verlies en een afwijkende immuunrespons lijkt 
daarbij in belangrijke mate te berusten op intrinsieke, genetische verschillen tussen 
(verschillende types) MS patiënten en gezonde personen. Zogenaamde GWAS, genome-wide 
association studies, bij grote groepen MS patiënten, hebben een groot aantal risico-genen aan 
het licht gebracht die geassocieerd lijken met moleculaire en cellulaire mechanismes 
betrokken bij het ontstaan van MS. De bij MS patiënten gevonden risico-gen mutaties 
betroffen niet alleen immuunrespons gerelateerde genen, maar ook genen betrokken bij het 
celmetabolisme van neuronen en oligodendrocyten en bij oligodendrocyte differentiatie en 
maturatie. De iPSC technologie is bij uitstek geschikt om intrinsieke verschillen tussen 
neuronen, OPCs en oligodendrocyten en de consequenties daarvan in detail te onderzoeken. 
Buiten onderzoek naar hun celmetabolisme en functionaliteit, kan onderzocht worden hoe 
deze van MS patiënten -via iPSCs- afkomstige neurale cellen reageren op kleine stress signalen 
die dagelijks optreden in de hersenen en in hoeverre ze daarin afwijken van dezelfde via iPSC 
verkregen cellen van gezonde personen. Indien inderdaad intrinsieke, genetische verschillen 
ontdekt worden tussen neurale (maar ook immuun) cellen van MS patiënten en die van 
gezonde personen, kan deze in-vitro technologie gebruikt worden om nieuwe drugs te 
ontwikkelen en te testen, uiteindelijk leidend tot een “personalized” farmaceutische therapie. 
Wij hebben huidbiopten verkregen van 2 verschillende type MS patiënten (“relapsing 
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remitting” en “primaire progressieve” MS patiënten) zowel als van een aantal gezonde 
controles (zelfde leeftijd, zelfde geslacht) en zijn er in een eerste kleinschalige opzet in 
geslaagd om iPSCs te genereren en te differentiëren tot functionele OPCs en neuronen. Op 
het moment dat er een voldoende aantal iPSCs-OPCs/neuronen van een voldoende aantal 
verschillende MS patiënten en controles beschikbaar zijn, kunnen uitgebreide vergelijkende 
analyses verricht worden naar intrinsieke, functionele verschillen.  
 
De iPSC-technologie heeft ook geleid tot andere toepassingen van het reprogrammeren van 
somatische cellen door middel van geforceerde expressie van celtype-specifieke 
transcriptiefactoren. Er zijn protocollen ontwikkeld waarmee bijvoorbeeld fibroblasten direct 
geconverteerd konden worden in neuronen, cardiomyocyten of hepatocyten. Een mogelijk 
zeer interessante toepassing van een dergelijke directe celconversie voor MS zou het direct 
omzetten kunnen zijn van reactieve astrocyten rondom MS hersenlaesies in functionele 
oligodendrocyten die meteen ter plekke kunnen bijdragen aan remyelinisatie. In hoofdstuk 4 
beschrijven wij onze pogingen om reactieve muizenastrocyten in-vitro direct te converteren 
tot functionele OPCs door middel van transfectie van specifieke oligodendrogene 
transcriptiefactoren. Met een combinatie van de 3 transcriptiefactoren Sox10, Olig2, en Zfp536 
aangevuld met Ezh2, een (epigenetische) regulator van gentranscriptie, zijn wij er in geslaagd 
om astrocyten inderdaad te converteren in OPCs. Deze geïnduceerde OPCs (iOPCs) bleken 
identiek aan normale muizenOPCs en konden zich verder ontwikkelen tot functionele 
myeline-vormende oligodendrocyten in-vitro. Vervolg onderzoek zal moeten aantonen of het 
direct converteren van astrocyten in-situ, i.e. rondom MS laesies in de hersenen, tot 
functionele oligodendrocyten haalbaar is. Hoewel ook bij deze technologie met direct 
geconverteerde cellen, net als bij iPSC cellen, nog een groot aantal hindernissen betreffende 
stabiliteit en veiligheid genomen moeten worden voordat klinische toepassing in zicht komt, 
zijn de razendsnelle ontwikkelingen in de efficiëntie van celreprogrammering en in effectieve, 
celspecifieke in-situ gentransfectie-methodieken aanleiding tot optimisme voor deze nieuwe 
experimentele therapeutische benadering voor het herstel van myeline bij MS patiënten. 

Het laatste deel van dit proefschrift betreft de toepassing van iPSCs in onderzoek naar 
pathogene mechanismes achter het ontstaan van 2 neurodegeneratieve polyQ 
aandoeningen, i.e. spinocerebellar ataxia type 3 (SCA3) en de ziekte van Huntington. Beide 
aandoeningen berusten op de aanwezigheid van extra vermenigvuldiging van CAG tripletten 
respectievelijk in het gen coderend voor ataxine-3 en het gen coderend voor huntingtine. 
Deze mutaties leiden tot lange glutamine ketens in beide eiwitten (vandaar de aanduiding 
polyQ aandoeningen), die daardoor gevoeliger zijn voor aggregatie.  Hoewel deze eiwitten in 
vrijwel alle cellen tot expressie komen, blijken, om nog onbekende redenen, alleen neuronen 
gevoelig voor aggregatie van deze polyQ eiwitten leidend tot hun degeneratie. De iPSC 
technologie is bij uitstek geschikt om cellulaire aggregatie processen van deze eiwitten in 
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detail te bestuderen in neuronen van SCA-3 en Huntington patiënten met verschillende 
aantallen CAG repeats in de desbetreffende genen. In hoofdstuk 5 beschrijven wij het 
genereren van iPSCs uit huidfibroblasten van SCA-3 patiënten en van patiënten met de ziekte 
van Huntington en de differentiatie van deze patiënten iPSCs in neuronen, via intermediaire 
neurale stamcellen (NSCs). In geen van de cellen (iPSCs, NSCs of neuronen) gegenereerd van 
de patiënten trad spontane eiwit-aggregatie op. Echter, indien de patiënten neuronen 
ernstige cel stress ondergingen door middel van blootstelling aan een hoge dosis van de 
excitatoire neurotransmitter L-glutamaat, trad eiwit-aggregatie op; blootstelling van de 
andere patiënten celtypes (iPSCs en NSCs) aan glutamaat resulteerde niet in eiwit-
aggregaatvorming. Verder onderzoek naar de mogelijke rol van chaperones in het optreden 
van eiwit-aggregatie liet zien dat, in tegenstelling tot iPSCs en NSCs, de expressie van de anti-
amyloidogene chaperone DNAJB6 in neuronen bijna volledig afwezig is. Onze aanvullende 
experimenten suggereerden dat de lage/afwezige expressie van DNAJB6 een cruciale factor is 
in de overgevoeligheid van neuronen voor poly-Q gemedieerde ataxine-3 en huntingtine 
eiwit-aggregatie en wellicht ook voor het optreden van eiwit-aggregatie, o.a. van prionen, 
amyloid beta en a-synucleine, in andere neurodegeneratieve aandoeningen. 

Het onderzoek in dit proefschrift, samengevat en bediscussieerd in hoofdstuk 6, heeft de 
unieke potentie van de iPSC technologie laten zien voor het doorgronden van cellulaire en 
moleculaire mechanismes in neurodegeneratieve aandoeningen doordat normaliter 
ontoegankelijke patiënt-eigen neurale cellen nu in grote aantallen voor gedetailleerd 
onderzoek ter beschikking komen. Deze toepassing, naast de mogelijkheid tot het genereren 
van vrijwel onbeperkte hoeveelheden van allerlei nieuwe autologe celtypes (al dan niet met 
gencorrectie) afkomstig van individuele patiënten ten bate van celvervangende implantaties, 
maakt de iPSC technologie, ontwikkeld door Shinya Yamanaka en beloond met de Nobelprijs 
voor Geneeskunde in 2012, tot een van de meest innoverende biomedische ontwikkelingen 
van de laatste 3 decennia.  
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