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Abstract

Stem cell transplantation could potentially be a treatment option for Vanishing White 
Matter (VWM), a severe leukodystrophy characterized by chronic progressive neurological 
deterioration, central nervous system white matter degeneration, and glial pathology. A 
first study, transplanting primary isolated mouse glial cells in the mouse model for VWM, 
showed improvement of pathological hallmarks. In this study we aim to investigate whether 
transplantation of human stem cell-derived glial cells could induce recovery. Even though in 
this study the pathology and clinical phenotype of VWM mice did not improve after human 
stem cell-derived glial cell transplantation, the human cells had survived and successfully 
migrated throughout the mouse brain. Transplanted human cells were observed in increased 
numbers in the white matter of VWM mice, suggesting that the diseased micro-environment 
influenced the transplanted cells. As most cells differentiated into oligodendrocyte lineage 
cells, and recent data suggest that in VWM the astrocytes are the primary affected cells, 
new astrocyte differentiation protocols have been explored for follow-up transplantation 
studies. Our findings demonstrate that VWM mice are susceptible to transplantation of 
human stem cell-derived GPCs.
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Introduction

Vanishing white matter (VWM) is a progressive leukodystrophy that results in severe 
disability and often early death 1. Even though the disease was originally described as a 
childhood disorder, also older patients with a milder disease course have been diagnosed 2. 
The patients suffer from chronic progressive motor dysfunction due to cerebellar ataxia and 
spasticity, incidental epileptic seizures, and mild cognitive decline. Neurological deterioration 
is also characterized by episodes of worsening, triggered by stressors including fever, 
infections, minor head trauma and acute fright. The central nervous system (CNS) white 
matter shows cystic degeneration, and is eventually replaced by cerebrospinal fluid (CSF), 
which is clearly visible on MRI and a hallmark for diagnosis of the disease 3. VWM is caused 
by mutations in the genes EIF2B1-5 4, which encode the subunits of eukaryotic translation 
initiation factor 2B (eIF2B). While eIF2B has important regulatory roles in protein translation 
in all cells, the glial cells in the CNS white matter are selectively affected in VWM 5. VWM 
astrocytes fail in their functions, resulting in meagre astrogliosis. VWM astrocytes are also 
suggested to impair the maturation of oligodendrocytes, which results in myelin pathology 
and defective (re)myelination 6. There is urgent need for a treatment.

VWM is a potential candidate for cellular replacement therapy, in which healthy glial 
precursor cells (GPCs) are transplanted in the brain, with the intention to halt or even repair 
the pathology, and improve the clinical phenotype 7,8. Several studies already showed 
myelin repair and clinical improvement after transplantation of primary isolated glial cells 
in the Shiverer congenital mouse model for myelin deficiency 9. Although these results are 
very encouraging, the Shiverer mouse does not represent any human disease. Recently, a 
mouse model has been developed that recapitulates both the clinical phenotype and white 
matter pathology of VWM 6,10,11. The mice show a shortened lifespan, cerebellar ataxia and 
affected glial cells. In a proof-of-principle study using this mouse model, we demonstrated 
that neonatal transplantation of primary isolated embryonic murine GPCs significantly 
improved the pathology and reduced motor symptoms in one third of the transplanted 
animals, demonstrating that glial cell replacement has therapeutic prospects for VWM 12.

To bring current findings closer to the clinic, the regenerative capacity of human cells 
in a VWM mouse model should be tested. Human induced pluripotent stem cell (iPSC) 
technology provides the opportunity to generate an unlimited supply of autologous GPCs, 
thereby reducing the risk of rejection after transplantation. Several studies in the Shiverer 
mouse model already demonstrated that transplantation of human iPSC-derived GPCs could 
induce remyelination and improve the clinical phenotype 13-16.

In the current study, we explored the potential of human stem cell-derived GPCs in cellular 
replacement therapy for VWM. After transplantation in the neonatal VWM mice the GPCs 
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successfully migrated throughout the brain. At 5 months the cells had spread from the 
injection site throughout the entire brain, and integrated in the host tissue. The transplanted 
cells were more abundant in the white matter than in grey matter of the VWM mice, and 
in control brains, suggesting the VWM environment impacted the cells. Surprisingly, most 
human embryonic stem cells (hESC)-derived GPCs had differentiated into oligodendrocyte 
precursor cells (OPCs). The hESC-derived GPC-transplanted VWM mice showed lack of 
improvement in pathology and clinical phenotype. As more evidence suggests that in VWM 
the astrocytes are the primary affected cells, new astrocyte differentiation protocols have 
been explored for future transplantations.

Materials and methods

Human stem cell derived GPC differentiation

For differentiation of hESCs towards GPCs, an adapted version of published protocols was 
used 17,18. hESC colonies were broken up in fragments using EDTA, and transferred to an anti-
adhesive plate in N2B27 medium, which is a 1:1 mixture of N-2 and B-27-containing media. 
N-2 medium consists of DMEM/F-12 GlutaMAX, 1× N-2, 5μg/ml insulin, 1mM L-glutamine, 
100μm non-essential amino acids, 100μM 2-mercaptoethanol, 50U/ml penicillin and 50mg/
ml streptomycin. B-27 medium consists of Neurobasal, 1× B-27, 200mM L-glutamine, 50U 
/ml penicillin and 50mg/ml streptomycin. The N2B27 medium was supplemented with 
fibroblast growth factor 2 (FGF2; 4 ng/ml), epidermal growth factor (EGF; 20 ng/ml) and 
Rock inhibitor (RI, 10μM) for the overnight formation of embryoid bodies (EBs). Every other 
day, half of the medium was refreshed. After 2 days, the RI was replaced with Retinoic Acid 
(RA; 10 μM). At day 10, the EBs were plated on geltrex-coated plates and incubated with 
N2B27 medium supplemented with EGF (20 ng/ml). After 8 days the cells were passaged 
using Accutase, and cultured in N2B27-vitamin A (same medium as N2B27 medium, but 
with B27-vitamin A instead of regular B27), supplemented with EGF (20 ng/ml). The cells 
were passaged 5 more times for expansion, and frozen at day 53 in Dulbecco’s modified 
Eagle’s medium (DMEM)/F12 with 20% Knock-out serum replacement and 10% DMSO. At 
2 days before injection, the cells were thawed, and cultured in a similar way.

Human stem cell-derived astrocyte differentiation

For pilot transplantation experiments, 3 different populations of astrocytes were generated 
18. The populations were generated from different pluripotent stem cells lines and received 
different types of neural induction the first 18 days of culturing.

• Astrocytes 1: generated from hESC line H1 via Dual Smad Inhibition (DSI) induction. 
hESC colonies were fragmented with 0.5mM EDTA in PBS and plated in the ratio of 3:2 
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on GelTrex-coated 12 wells plate (WP) in 1.5ml E8 medium supplemented with RI (10µM; 
considered as day -3). From day -3 to 0, half of the media was refreshed daily. At day 
0, medium was switched to N2B27 medium supplemented with Dorsomorphine (1µM; 
Tocris bioscience), SB431542 (10µM; Selleckem) and refreshed entirely every day for 
12 days. When rosette-like structures were formed, rosettes were manually picked and 
transferred into a PLO/Laminin- (20 µg/ml) coated 6WP. The cells were maintained in 
the same induction medium and passaged using TrypLE and defined trypsin inhibitor 
(DTI; both Life technologies).

• Astrocytes 2: generated from hESC line H1 using FGF2 induction. To create EBs, hESC 
colonies were fragmented using 0.5 mM EDTA in PBS and plated in the ratio of 2:1 wells 
on anti-adhesive (AA) poly-2-hydroxyethyl methacrylate (Sigma) coated plates the cells 
were cultured in N2B27 medium supplemented with FGF2 (4ng/ml) and RI (10 µM). 2/3 
of the medium was changed every other day, and RI was omitted from the medium after 
3 days. On day 10, the EBs were plated on GelTrex-coated 6WP and formed rosette-
like structures. These cells passaged to P1 at day 14 using Accutase (Sigma-Aldrich).

• Astrocytes 3: generated from hIPSCs control line 42 (derived from fibroblast donor 
C5) or control line 88 (derived from fibroblast donor C2) using RA. The hIPSCs were 
differentiated towards neural precursors in a similar way as the FGF condition, except 
from different medium supplementation. EBs were created and handled as described, 
and cultured in N2B27 medium supplemented with T3 (40ng/ml; Sigma), FGF2 (4ng/
ml) and EGF (20ng/ml; Peprotech). On day 3, the medium was switched to N2B27 
supplemented with T3 (40ng/mL), FGF2 (4ng/mL), EGF (20ng/mL) and RA (10uM; 
Sigma). From day 10 onwards, RA and FGF2 were omitted from the medium.

After 18 days, neural precursor cells from all the 3 populations were differentiated towards 
astrocytes, using a glial differentiation protocol described previously with small adaptations 
17. In short, NES cells (day 18-20) were cultured in N2B27 medium without vitamin A (N2B27-
vitA) supplemented with T3 (40 ng/ml) and EGF (20 ng/ml) on geltrex-coated plates. The 
medium was refreshed entirely every other day. When confluent, the cells were passaged 
using Accutase. After ~20 days and 4 passages (day 37 in the protocol), the medium was 
switched to N2B27-vitA supplemented with T3 (40 ng/ml), EGF (5 ng/ml), FGF2 (5 ng/ml), 
Noggin (50 ng/ml Peprotech), Vitamin C (50 μg/ml, Sigma) and Laminin (1 μg/ml, Sigma). 
After 5 days, EGF and FGF2 were omitted from the medium. Cells were kept in this medium 
until transplantation.
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Animals

Immunodeficient RAG2-/- mice with a homozygous mutation in Eif2b 
Arg191His/Arg191His (VWM 

mutants), known to cause a severe variant of VWM in patients, were used in this study 6. 
Littermates heterozygous for Eif2b5

 Arg191His/WT were used as wild-type (wt) controls. At day 
p28 the pups were weaned, received an ear-punch for identification and genotyping, and 
were housed in groups separated by sex. Between 7 and 10 months of age, untreated VWM 

mutant mice reach their humane endpoint, defined as the moment they become unable to 
take food or water, or when they have lost more than 15% of their body weight 6. To monitor 
for the humane end point, animals were weighted weekly from the age of 5 months. Mice 
were sacrificed at 2, 5 and 8 months of age by anesthesia with 2,2,2-tribromoethanol (Avertin) 
followed by transcardial perfusion with 4% paraformaldehyde. The brain was post-fixed for 
24 - 48h with 4% paraformaldehyde and removed from the skull. Right hemispheres were 
cryoprotected in 30% sucrose overnight and snap-frozen in Optimal Cutting Temperature 
mounting medium (Sakura Finetek Europe BV) and stored at -80°C. Left hemispheres 
were used for paraffin embedding, and were not used in this study. All mouse procedures 
were carried out according to the guidelines of the Animal Approval Committee of the VU 
University Amsterdam.
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Cell population Cell source Genotype Gender 2 months 5 months Motor tests and 
8 months

hGPC hESC line H1

wt
male n=2 n=1 n=2

female n=3 n=7 n=2

mutant
male n=3 n=2

female n=2  n=5 n=3

Saline batch 1 x

wt
male n=7

female n=3

mutant
male n=4

female n=1

Astrocytes 1 hESC line H1

wt
male n=3 n=2

female n=1 n=1

mutant
male n=1

female n=1

Astrocytes 2 hESC line H1

wt
male n=3 n=1

female n=1

mutant
male n=1

female n=2

Astrocytes 3
hiPSC line 
42 control 
donor 5

wt
male n=2

female n=1 n=1

mutant
male

female n=5

Astrocytes 3
hiPSC line 
88 control 
donor 2

wt
male n=1

female n=1

mutant
male n=2

female

Saline batch 2 x

wt
male n=3

female n=6

mutant
male n=8

female n=2

Table 1. Animals used for transplantation, and age at end point.
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Transplantation

The mice were injected on post-natal day 0 (P0) at 6 injection sites: bilaterally in the posterior 
corpus callosum, anterior corpus callosum and cerebellum. The location of injection was 
measured from lambda (λ) according to set coordinates and depending on the weight of 
the pup, using a stereotactic setup. The pups received 6 minutes cryoanesthesia, and were 
transplanted with either saline or 1*105 cells in 0,4 µl saline per injection site. DNase-inhibitor 
(100μg/ml) was added to avoid clumping of the cells. Post-injection, the transplanted pups 
were transferred to a 37°C heating mat to recover before being returned to their mother.

Motor tests

Neuromuscular function was tested at 7 months of age using a grip strength meter, a foot 
print test and a balancing beam. Grip strength was assessed by sensing the peak amount of 
force (N) that mice applied in grasping a pull bar connected to a force meter. In the foot print 
test, the hind paws and front paws were colored with ink, and the mice were allowed to walk 
over a sheet of paper, after which stride length, overlap between front and hind prints, trail 
width and amount of drags were measured. For the balance beam test, mice were placed 
on a narrow beam and allowed to walk along into an enclosed box. The number of foot slips 
was counted, and the time required to complete the run was measured. For behavioral data 
T-tests were performed, and data of foot prints was corrected for weight.

RT-PCR

Total RNA was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). cDNA was 
synthesized from 1 μg RNA using 5x First strand buffer (Invitrogen), Random hexamer 
oligo (Qiagen), Oligo dT 10-20 (Clontech), 25 mM Deoxyribonucleotide triphosphate (dNTP) 
(Promega), RNase Out (Invitrogen) and Superscript III RT (200U/μl, Invitrogen). Samples were 
incubated for 2 hours at 50 ºC to perform the reaction, followed by 4 minutes incubation at 
94 ºC to inactivate enzymes, and cooling down to 4 ºC. For RT-PCR, 1 μl cDNA was used, 
together with μl RNase-free water, 5x Phire buffer (Invitrogen), 10 mM Deoxyribonucleotide 
triphosphate (dNTP), μl Phire III DNA polymerase (Invitrogen), and forward primer and 
reverse primer (table 2). Reaction conditions in the PCR reaction were an initial minute at 
98 ºC, then 30 cycles of 15 seconds 95 ºC, 15 seconds at 60 ºC and 15 seconds at 72 ºC, 
followed by 30 seconds at 72 ºC, before a final cooling down to 4 ºC. PCR products were 
diluted in loading reagent, and analyzed on a 2% agarose (Roche) in TBE gel with 1 μl/ ml 
ethidium bromide (Sigma), together with 5 DNA ladder (100bp, Invitrogen). The gel was run 
at constant 75 Volt for approximately 1 hour.
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Name Forward reverse

hControl 

(eIF4G2)

ATTCTTCGTTGTCAAGCCGCCAAAGTGGAG AGTTGTTTGCTGCGGAGTTGTCATCTCGTC

hNESTIN CAGGAGAAACAGGGCCTACA TAAGAAAGGCTGGCACAGGT

hBLBP GGATTGGGAGGAACTCGACC CCCACGCCTAGAGCCTTCAT

hS100β GGTGAGACAAGGAAGAGGATGT ACAGGAAAGGTTTGGCTGCT

hALDOC CCATGCCTGTCCCATCAAGT TGCAAGCCCATTCACCTCAG

hAQP4 AAGGCGGTGGGGTAAGTGTG CACTGGGCTGCGATGTAGAA

hGLAST ACATGAAGGAACAGGGGCAG ACCCAAGGGTTTTTCCGTGT

hGFAP GCAGATTCGAGAAACCAGCC GAGGGCGATGTAGTAGGTGC

hCD44 TTACAGCCTCAGCAGAGCAC AGGTGGAGCTGAAGCATTGA

hSOX2 CATCACCCACAGCAAATGAC TTTTTCGTCGCTTGGAGACT

hPDGFR-α GAAGCTGTCAACCTGCATGA CTTCCTTAGCACGGATCAGC

hOLIG2 TCGCATCCAGATTTTCGGGT AAAAGGTCATCGGGCTCTGG

hMBP CAGGGAAAGGGGAGAGGACT TGGGTGATCCAGAGCGACTA

hHOXB4 GTGAGCACGGTAAACCCCAAT CGAGCGGATCTTGGTGTTG

hOTX1 CACTAACTGGCGTGTTTCTGC GGCGTGGAGCAAAATCG

Table 2. Primers used in RT-PCR analysis

 
Immunocytochemistry

Serial 12 μm thick frozen sections were cut on a cryostat (Leica CM 1950) and mounted on 
glass slides. Slides were stored at -20°C until use for immunohistochemistry. Slides were 
brought to room temperature and washed in phosphate-buffered saline (PBS). After 30 
minutes heat-induced antigen retrieval in 0.01M citrate buffer (pH6), slides were washed 
in PBS. Aspecific binding of antibodies was blocked with a blocking solution (PBS + 5% 
normal goat serum (Gibco) + 0.1% bovine serum albumin + 0.3% Triton X-100 (Sigma)) at 
room temperature for one hour. The slides were then incubated with the primary antibody 
(table 3) diluted in blocking solution at 4°C overnight. After washing with PBS, slides were 
incubated with secondary antibodies (goat anti mouse or rabbit, Alexa Fluor 488 or Alexa 
Fluor 594, 1:1000) at room temperature for 1.5 hour. The slides were counterstained with the 
nuclear fluorescent dye 4’-6-diamidino-2-phenylindole (DAPI; Molecular Probes, 10 ng/ml), 
subsequently washed one more time with PBS, before they were embedded in Fluoromount 
G (SouthernBiotech) and coverslipped.
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A Leica DM6000B microscope (Leica microsystems) was used to photograph the tissue 
sections. Pictures acquired as TIFF files were optimized for brightness and contrast using 
Photoshop, version 13.0 (Abode systems, San Jose, CA).

Name Species Company Number Dilution

GFAP mouse Sigma G3893 1:1000

GFAP rabbit DAKO Z0334 1:1000

Nestin mouse BD biosciences 611658 1:500

S100β Rabbit ProteinTech 15146-1-AP 1:1000

Olig2 rabbit Millipore AB9610 1:500

Sox9 rabbit Cell Signalling 82630 1:500

CD44 Mouse Hybridomabank H4C4 1:250

Id3 rabbit Cell Signalling 9837 1:250

Human Nucleus mouse Millipore MAB1281 1:500

Table 3. Primary antibodies used in immunocytochemistry.

 
Cell counts and analysis

For each analysis 1 – 4 slides were stained, and all slides contained 4 – 6 tissue sections. For 
pathology measurements, Nestin expressing astrocytes and Bergmann glia translocation 
were investigated. Per animal 1 slide, containing 6 tissue sections, was stained for Nestin and 
GFAP. Per animal 3 brain slices were then photographed, 3 photos of the rostrum and 3 of the 
splenium. For each section, the total number of Nestin-positive astrocytes was counted in 
the rostrum and splenium of the corpus callosum and expressed as a ratio of DAPI-positive 
cells. Counts were averaged from 3 sections for each animal, and used for statistical testing. 
Bergmann glia translocation was assessed in 6 cerebellar sulci per animal. One slide per 
animal was stained for S100β and photos were made in only 1 brain slice to avoid counting 
sulci several times. A 0.16 inch line was drawn through the Purkinje cell layer and Bergmann 
glia outside this line were counted and expressed as a ratio of the total number of Bergmann 
glia. For pathology measurements T-tests were performed.

For cell fate analysis of transplanted cells, slides were stained for HN combined with OLIG2 
(all ages), SOX9 (5 and 8 months) and GFAP (2 months), and for Nestin alone (2 months). 
Photos were taken of all areas with transplanted cells expressing HN. The number of HN/
OLIG2 and HN/SOX9 double positive cells were counted using the automated cell count 
plugin of the Image J software (settings 10x magnification pictures: width 14, minimum 
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distance 5 and threshold 0.1) and expressed as a ratio of the total number of HN positive 
cells. For pathology measurements T-tests were performed.

For density of transplanted cells, the number of HN-expressing cells per square inch of 
the photograph was calculated. Cell densities in the rostrum and splenium of the corpus 
callosum (white matter) and the deep and superficial layers of the cortex (grey matter) were 
averaged. Animals without HN cells in the corpus callosum or cortex were excluded from the 
analysis. The difference in HN cell density between white and grey matter was determined 
by a within subjects repeated-measures ANOVA (genotype × density). A paired T-test was 
used to compare white- and grey matter densities within the same animals, and a T-test 
was used to compare white- and grey matter densities between wt and mutant animals.

Results

Characterization of GPC transplantation population

To test the hESC-derived hGPCs for marker expression of the glial lineages, we performed 
immunocytochemistry (ICC) and RT-PCR analysis. We showed staining for both OLIG2 and 
GFAP (Figure 1A), respectively oligodendrocyte and astrocyte lineage-associated proteins. 
RT-PCR showed mRNA expression of neural progenitor markers Nestin and SOX2, radial 
glial marker BLBP, glial marker S100β and astrocytic marker ALDOC. Expression of astrocyte 
markers AQP4 and GFAP was also observed, although lower (Figure 1B). This expression 
profile, together with absent expression of mature oligodendrocyte marker MBP, suggests 
a mixed glial precursor population containing both OPCs and (immature) astrocytes.

Figure 1. Expression profiling of hGPC transplantation population indicated early mixed glial identity. 
Immunocytochemistry showed that the population contains both GFAP- and Olig2-positive cells (A). 
RT-PCR analysis of the cell population showed mRNA expression of progenitor cell markers NESTIN, 

SOX2 and BLBP, and astrocyte markers S100β, ALDOC, AQP4 and GFAP, where oligodendrocyte markers 
OLIG2, PDGFR-α and MBP were absent (B). Scale bar: 250 μm.

4



122

Chapter 4

Migration of transplanted cells

To investigate the survival and migration of the transplanted GPCs, the brains of the 
transplanted animals were analyzed for the presence of cells expressing Human Nucleus 
(HN) at 2 months (VWM mutants n = 5, wt n = 5), 5 months (VWM mutants n = 5, wt n = 8) and 
8 months (VWM mutants n = 5, wt n = 4) after transplantation. Transplanted hESC-derived 
GPCs survived and were present in all treated animals. At 2 months of age, transplanted 
GPCs mostly clustered at the injection sites, and showed limited migration and integration 
into the tissue (Figure 2A). However, at 5 and 8 months of age, the transplanted human cells 
extensively migrated throughout the rest of the brain (Figure 2B, C), demonstrating good 
migratory properties of the human cells and extensive integration into the host brain tissue 

Figure 2. Transplanted hGPCs spread through the mouse brain. Immunocytochemical staining was 
performed against human nucleus (HN). At two months after transplantation the transplanted cells 
clumped together in high quantities at an injection site. (A). From five months of age, the transplanted 
cells had spread throughout the corpus callosum (CC) and cortex (B), and over the rest of the brain 
(C). Images of panel B and C are composed of merged photos. Scale bar: 50μm
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VWM pathology

To investigate the effect of hGPC transplantation on pathology measurements, VWM disease 
markers were investigated in the 8-month-old animals (VWM saline-treated animals n = 5, 
VWM hGPC-treated animals n = 4, WT animals n = 13). Reliable markers for VWM pathology 
as demonstrated previously include the number of Nestin-expressing astrocytes 5,6 and the 
degree of Bergmann glia translocation 10. The number of co-labeled Nestin-GFAP cells in 
the corpus callosum was quantified in the transplanted and saline-treated VWM animals 
(Figure 3A). While hGPC-transplanted VWM animals showed a reduced number of Nestin-
expressing astrocytes compared to saline-treated animals, it did not reach statistical 
significance (Figure 3B, T-test, p = .103). The Bergmann glia of the cerebellum were identified 
with immunostaining for S100β (Figure 3C-G). Bergmann glia translocation in VWM mice 
was classified as the translocation of the nucleus of the Bergmann glia to the molecular 
layer in the cerebellar cortex (Figure 3D, F). The transplanted VWM animals did not show a 
significantly different number of translocated Bergmann glia compared to the saline-treated 
VWM mutant animals (Figure 3G, T-test, p = .922). To check whether combinatory analysis 
would reveal improved animals, we generated a scatterplot with both pathology markers. 
However, no clear distinction between saline-treated or hGPC-transplanted VWM animals 
was observed (Figure 3H). Altogether, these findings demonstrate that the pathology of 
VWM mutant mice did not improve after the hGPC transplantation.

4
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Figure 3. Pathology markers of transplanted animals did not significantly improve. 
Immunocytochemical staining was performed for immature astrocytes using Nestin and GFAP on 
the eight-month-old animals (A). The numbers of Nestin and GFAP double positive cells in the corpus 
callosum were quantified. While the hGPC-injected VWM mutant mice show reduced Nestin-GFAP 
cells compared to saline-treated animals, it did not reach significance (B). Immunocytochemistry for 
S100β was used to visualize the localization of Bergmann glia in the cerebellum of wt mice (C, E) and 
VWM mutant mice (D, F). The translocation of Bergmann glia was unchanged between the saline- and 
hGPC-injected VWM mutant mice (G). A scatterplot for Nestin/ dapi ratio on the x-axis and the ratio of 
translocated Bergmann glia on the y-axis shows clustering of wt animals on both pathology markers, 
but no clear discrimination between saline and hGPC -treated VWM mutant animals (H). Scale bar A, 
E, F: 25 μm. Scale bar C, D: 100 μm. * = p < .05

 
Motor tests

To assess the clinical improvement after transplantation, balancing beam motor behavioral 
tests were performed on the 7-month-old transplanted animals and saline-injected controls 
(hGPC-treated VWM animals n = 4, saline-treated VWM animals n = 5). We measured how 
much time the animals needed to pass the balance beam (Figure 4A), as well as the number 
of slips they made (Figure 4B). The amount of time the animals needed to pass the balance 
beam was not significantly different between the saline-treated and hGPC-treated VWM 
animals (T-test, time point 1 p =.710, time point 2 n = .731, time point 3 n = .295). The hGPC 
transplanted 2B5

ho animals did also not show a reduced number of slips on the balance 
beam compared to the saline-treated 2B5

ho animals (Figure 4B, T-test, time point 1 p = .301; 
time point 2 p = .150; time point 3 p = .103) Motor behavioral foot print tests were performed 
on the 7-month-old transplanted animals and saline-injected controls (hGPC-treated VWM 
animals n = 5, saline-treated VWM animals = 7). Again the transplanted 2B5

ho animals did 
not show a significant difference from the saline-treated 2B5

ho animals for the overlap of the 
right paws (Figure 4C; T-test, p = .277), the trail width of the hind paws (Figure 4D; T-test, 
p = .133), the trail width of the front paws (Figure 4D; T-test, p = .978), the stride length right 
(Figure 4E, t-test p =.081), stride length left (Figure 4E, T-test p = .154), overlap of the left 
paws (Figure 4C, T-test p = .208), and the number of drags (Figure 4F, T-test p =.382). On 
the grip strength test, no significant differences between saline-treated and hGPC-treated 
VWM animals were identified (Figure 4G, H, T-tests, all p > .05). These findings demonstrate 
that the clinical phenotype as measured by motor tests of the VWM mutant mice did not 
improve after the hGPC transplantation.
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Figure 4. Behavioral phenotype of transplanted animals did not significantly improve. Mice were 
tested on a balancing beam at three time points. There were no significant differences found between 
hGPC-transplanted and saline-treated VWM mutant mice in the time needed for the animals to complete 
the run (A), number of slips on the balancing beam (B), overlap of left and right footprints (C), trail width 
of both the front and the hind limbs (D), stride length (E) amount of drags (F), grip strength of the front 
paws alone (G), and the front and hind paws together (H).
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Differentiation fate of transplanted cells

To investigate the glial differentiation fate of the injected hGPCs in a VWM microenvironment, 
we performed immunocytochemistry for astrocyte marker SOX9 and OPC marker OLIG2 in 
combination with human nucleus (HN) on VWM and wt transplanted animals at 2 months 
(VWM mutants n =5, wt control n = 5), 5 months (VWM mutants n = 5, wt n = 8) and 8 months 
(VWM mutants n = 5, wt control n = 4) after transplantation.

At 2 months after transplantation, the HN-expressing cells still clustered around the injection 
sites in both the WT and VWM mice. While visual inspection indicated that the transplanted 
cells were predominantly positive for astrocyte marker GFAP (Figure 5A), the exact 
percentage of HN-GFAP double-positive cells was hard to quantify due to the high density 
of GFAP-expressing cells. A subset of the transplanted cells expressed the OPC marker 
OLIG2 (Figure 5B), with no significant difference between mutant and wt mice (Figure 5H; 
wt animals: 9,8%, VWM animals: 5,4%, T-test p = .178). Patches of Nestin-expressing cells 
were present at the injection sites (Figure 5C). The injection sites were identified when 
adjacent tissue slides contained clusters of increased cellular density of dapi-positive cells 
that predominantly co-stained with HN (Figure 5D). At 5 and 8 months after transplantation, 
almost all HN-positive cells expressed OLIG2 (Figure 5E,H; VWM 5 months: 91,6% VWM 
8 months: 90,8%, wt 5 months: 97,7% and wt 8 months: 99%) with no differences between 
VWM mutant and control wt mice (Figure 5E, H, T-test, p = .179). Only a small percentage 
of the NH-positive cells expressed the nuclear astrocyte marker SOX9, which were identified 
in 2 of the 3 8-month-old VWM mice (2,2%) (Figure 5F, H). In conclusion, while at 2 months 
after transplantation most hGPCs still express Nestin and are clustered around the injection 
site, after 5 (and 8) months the majority of the cells spread over the brain, and differentiated 
into OLIG2-expressing cells.
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Figure 5. Transplanted hGPCs mostly adopted early oligodendrocyte fate. At two months after 
transplantation, the injection sites of transplanted cells showed presence of GFAP-positive cells (A), 
a small amount of the HN-positive cells expressed OLIG2 (B), and the injection site stained positive 
for Nestin (C). Very few cells in the injection site did not express HN (D). At five and eight months after 
transplantation, the HN-positive cells co-express OLIG2 (E), SOX9 (F) and GFAP (G). Quantification 
showed that two months after transplantation only a minority of the transplanted cells express OLIG2. 
Five and eight months after transplantation the majority of the cells express OLIG2, and only a few 
express SOX9 (H). No significant differences were identified between control and VWM mutant mice. 
Scale bar A, B,C, D: 100 μm, scale bar E, F, G: 50 μm. Arrows indicate double positive cells, arrowheads 
indicate single positive cells.

 
Density of transplanted cells in grey vs white matter areas

To assess whether white vs. grey matter areas affect the properties of injected hGPCs, we 
measured the density of HN-positive cells in the corpus callosum (white matter) versus 
the cortex (grey matter) in the wt and VWM mice. HN-positive transplanted cells spread to 
the white matter and grey matter areas of both control (Figure 6A) and mutant (Figure 6B) 
mice. Only animals having transplanted cells in both areas were included in the analysis 
(wt n = 7, VWM mutant n = 7). The density of HN-positive cells in VWM mice was higher 
in the white matter compared to the grey matter (Figure 6C, repeated measures ANOVA, 
p = .034). Furthermore, the mean density of HN-positive cells in the white matter of mutant 
mice was also significantly higher than in wt mice (Figure 6C; t-test, p = .045). In wt animals, 
no difference in density was observed between white and grey matter. Also no differences 
were observed between the density in the grey matter between VWM and wt mice. These 
findings demonstrate that the white matter environment in the VWM mice results in an 
increased density of transplanted cells, while this is not the case in the grey matter of the 
VWM animals, nor in the wt animals.
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Figure 6. The density of transplanted cells is increased in the VWM white matter. HN-expressing 
cells are spread over the corpus callosum (CC) and cortex of control wt (A) and VWM mutant (B) mice. 
Quantification of the density of transplanted cells demonstrated that the density of the transplanted 
cells was increased in the VWM mutant mice corpus callosum compared to the VWM cortex mutant 
mice, and increased in the VWM mutant mice corpus callosum compared to the compared to the 
corpus callosum of the control wt mice (C). Scale bar 100 μm. * = p < .05.
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New astrocyte populations for pilot transplantations

To test the regenerative effects of transplanted human astrocytes in future studies, we 
optimized the differentiation of various astrocyte populations. The astrocytes were generated 
from hESC and hiPSC populations, using either dual smad inhibition (DSI) for Astrocytes 
1, fibroblast growth factor 2 (FGF) for Astrocytes 2, or Retinoic Acid (RA) for Astrocytes 3 
during neural induction 18. All astrocyte populations were positive for astrocyte markers 
GFAP, OLIG2, CD44, SOX9, Nestin and S100β on immunocytochemistry analysis (Figure 
7A-I ). On RT-PCR, the populations all expressed the markers NESTIN, BLBP, S100β, ALDOC, 
AQP4, GLAST, GFAP and CD44, and some populations expressed PDGFR-α and OLIG2 (Figure 
7J-L). The expression of regional markers differed. Where the Astrocytes 3 expressed caudal 
hindbrain/ spinal cord marker HOXB4, the Astrocytes 1 and 2 expressed the midbrain and 
forebrain marker OTX1. In conclusion, we have generated various astrocyte populations that 
express known astrocyte markers but differ in their regional identity, which can be used in 
transplantation studies.
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Figure 7. Expression profiling of new astrocyte transplantation populations for astrocyte marker 
expression and regional identity. Three new astrocyte populations were generated for pilot 
transplantation experiments, using either dual smad inhibition (A-C, J), FGF2 (D-F, K) or retinoic acid 
(G-I, L) during neural induction. Immunocytochemistry was performed for GFAP and OLIG2 (A, D, 
G), Nestin and S100β (B, E, H), and CD44 and SOX9 (C, F, I). RT-PCR was performed for glial markers 
NESTIN, BLBP, OLIG2 , PDGFR-α, S100β, ALDOC, AQP4, GLAST, GFAP and CD44, the caudal hindbrain/ 
spinal cord marker HOXB4, and forebrain marker OTX1 (J-L). Scale bar: 50 μm.
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Discussion

As VWM could be a candidate for transplantation therapy 7, and a first study with 
transplantation of primary mouse glial precursors in the VWM mouse model showed 
improvement of pathological hallmarks 12, we aimed to investigate the possibilities of 
human stem cell-derived glial cell transplantation in the VWM mouse model. We showed 
that although 2 months after transplantation the cells mostly clustered at the injection sites, 
the transplanted cells had migrated throughout the brain after 5 and 8 months. However, the 
clinical phenotype, as assessed by motor tests, did not improve in the transplanted animals. 
Also the pathological hallmarks of the VWM brain, i.e. Nestin expression in astrocytes and 
Bergmann glia translocation, did not significantly improve. Cell fate analysis showed that 
the majority of the transplanted hGPCs differentiated into oligodendrocyte lineage cells. As 
earlier studies indicated that astrocytes are central in VWM pathology 6, future studies should 
focus on transplanting hGPCs with increased differentiation potential into astrocyte lineage. 
While the current study does not show that human GPC can repair VWM pathology, human 
stem cell-derived GPCs can integrate well into wt and VWM mouse brains.

In many leukodystrophies the astrocytes are affected 19,20, and also in VWM the astrocytes 
play a central role 6. We showed that initially after 2 months only a minor percentage of 
the transplanted cells expressed OLIG2, and there was a high density of GFAP and Nestin 
expression at injection sites. Since Nestin expression was rarely expressed outside the 
injection areas and hGPCs upon transplantation expressed NESTIN on RT-PCR, it is most 
likely that the Nestin immunostaining in injected mice is derived from hGPCs, indicating 
an immature glial fate. Furthermore, hardly any murine GFAP upregulation was observed 
around the injection sites, showing no data supportive of reactive astrocytes as a result 
of the injections. However, as the Nestin and HN primary antibodies were both raised 
in mouse, making co-labeling difficult, murine expression of Nestin due to reactivity of 
mouse astrocytes around injection sites cannot be excluded. In adult animals the majority 
of the transplanted cells expressed OLIG2 and almost no SOX9, suggesting that most 
transplanted cells adopted oligodendrocyte (precursor) fate. The lack of pathological and 
clinical improvement could be due to this fate of the transplanted cells, as healthy astrocytes 
are more likely to induce improvement in VWM. For that reason, a new transplantation 
experiment has been started with human PSC-derived astrocyte populations (data not 
shown).

White matter consists of different structures, including axons, oligodendrocytes producing 
myelin, and astrocytes. Any dysfunction in this microenvironment can contribute to 
pathology in leukodystrophies 21,22. We showed that in adult VWM mice, the density of 
transplanted cells was significantly higher in the white matter than in the grey matter. It is 
known that the microenvironment, i.e. white vs. grey matter, can influence the properties 
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of transplanted cells 23. However, as in wt mice there were no density differences 
between the white and grey matter, the VWM white matter microenvironment specifically 
influences the transplanted cells. Previous studies showed that the proliferation rate of 
white matter glia cells is higher in VWM patients cells 5. Potentially, the increased density 
of transplanted cells in the VWM white matter is the result of stimulation of proliferation 
from the microenvironment. Astrocytes have important roles in supporting myelination, 
and regulating health of the brain microenvironment. It is also hypothesized that in VWM 
the defected astrocytes impair the maturation of oligodendrocytes via secreted factors 6,24. 
Possibly the affected microenvironment impaired the maturation of the transplanted cells, 
with continuing proliferation as a result. As increased Hyaluronic acid (HA) levels have been 
measured in VWM, known to affect OPC maturation, lowering the HA concentration in the 
VWM white matter might prevent the maturation defect of the transplanted cells. Although 
astrocytes have shown to play a central role in VWM pathology, we cannot exclude than 
other components in the white matter microenvironment contribute to myelin pathology. 
More studies are needed to dissect the diseased VWM microenvironment, and investigate 
how to treat this.

The transplanted cells at 8 months of age showed high expression of OLIG2, which 
suggested differentiation into the oligodendrocyte lineage. This further suggests that 
these hGPC populations have potential to rescue brain pathology involving oligodendrocyte 
defects. Maturation of glial cells can be assessed for oligodendrocytes, as makers can 
discriminate between immature (O4) and mature (MBP) oligodendrocytes. However, due 
to lack of good markers, defining the maturation state of astrocytes is more challenging. 
Maturity can also be assessed by measuring functionality. It seems logical that clinical and 
pathological improvement requires functional integration of the transplanted cells into the 
host tissue. For oligodendrocytes integration and functionality, myelination of host axons, 
clinical motor improvement and increased axonal signal conduction as a result of deposited 
myelin can be measured 25,26. As astrocytes do not produce myelin or generate action 
potentials, their integration and functionality are harder to assess. However, Zhang et al 
showed that transplanted astrocytes responded to sensory stimulation with calcium signals, 
and made synaptic contacts with host tissue, demonstrating their functional integration 27. 
The current study shows successful integration of the transplanted cells in the host tissue, 
but future studies should also focus on measuring the functional integration and maturation 
of the transplanted astrocytes in VWM mice.

Our results show that different neural induction procedures can generate cell types that 
express the standard astrocyte markers. However, these populations show differences 
in regional marker expression. Also during development, astrocytes are not a uniform 
population of cells, but develop under influence of different morphogens at different locations 
in the CNS and at different times, and show functional and morphological differences per 
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population 28-30. Astrocytes keep their regional identity even after transplantation 31 or injury 
32, and the glial subtype determines the properties of transplanted cells 23. This suggests 
that in vitro procedures patterned the cells and could affect cell fate upon transplantation. 
Therefore future studies should test the differentiation potential and functional properties 
of the in vitro-generated cell populations, next to their regenerative capacity. To investigate 
which subtype of astrocytes is best suitable to integrate in the host tissue, rescue pathology, 
and result in clinical improvement, we generated and transplanted 3 subtypes of astrocytes 
with different regional identity. These studies are currently in progress.

In conclusion, we showed that human pluripotent stem cell-derived glial cell transplantation 
has prospects for VWM therapy. Optimization of the astrocyte (sub)population could 
increase the success of transplantation therapy in VWM. As first clinical trials already 
demonstrate the safety of such studies in humans 33-36, it is feasible to work towards a 
cellular replacement therapy for VWM. Future therapy strategies likely involve a combination 
of cellular replacement with a pharmacological treatment to stimulate the microenvironment, 
thereby resulting in a more permissive environment for the transplanted cells, and / or 
compound treatments.
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