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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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