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Abstract

Cell replacement therapy holds great potential for treating leukodystrophies. To develop 
autologous cell populations for stem cell transplantation, induced pluripotent stem cell 
(iPSC) reprogramming technology received much attention. However, the generation of glial 
cells via iPSCs is still time consuming, and there are concerns that iPSC-derived cells can 
generate tumors after transplantation. Potentially safer cell populations for transplantation 
can be generated from induced neural stem cells (iNSCs), which are directly generated 
from somatic cells and bypass the pluripotency stage. Here we tested several protocols 
for glial precursor cell (GPC) and astrocyte differentiation from human control iNSCs, and 
investigated their potential for transplantation therapy. We were able to generate astrocytes 
based on expression of astrocyte-associated markers on immunocytochemistry and mRNA 
analysis. The iNSCs and iNSC-derived astrocytes had a caudal regional identity. Upon 
transplantation, some iNSC-derived GPCs and astrocytes survived, although they showed 
limited survival, integration and migration after 2 months. While protocols for iNSC-derived 
glial cell differentiation and transplantation require optimization and expansion, iNSCs have 
potential for future application in regenerative medicine.
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Introduction

Induced pluripotent stem cells (iPSCs) are generated from somatic cells, classically by 
forced expression of the ‘Yamanaka factors’ SOX2, KLF4, CMYC and OCT4 1, and form 
an unlimited supply of pluripotent cells that can be differentiated into all cell types of the 
body, including neurons and glial cells. Since cell replacement has potential for restoring 
pathology and regaining function for neurological disorders including leukodystrophies 2,3, 
reprogrammed somatic cells form a unique source for the generation of human autologous 
cells for transplantation therapy. As iPSCs are patient specific, they have a reduced risk of 
rejection after transplantation. However, generating and subsequently differentiating iPSCs 
is time consuming, and as the cells are derived from pluripotent cells there is a risk of tumor 
formation after transplantation.

Neural stem cells (NSCs), which are in an intermediate stage between pluripotency and 
terminally differentiated neural cells, can be generated via reprogramming protocols 
directly from somatic cells. This means that via direct conversion (or ‘transdifferentiation’), 
a somatic cell directly becomes an induced neural stem cell (iNSC), without passing 
through a pluripotency stage. Mouse iNSCs have been generated with expression of either 
Brn4/Pou3f4, Sox2, Klf4, c-Myc, and E47/Tcf3 4, Brn2, Sox2 and FoxG1 5, or time restricted 
expression of the Yamanaka factors 6, of which the latter has been repeated in human iNSCs 
7. iNSCs have many advantages in translational neuroscience 8,9. Major advantage of the 
iNSC technology is the reduced risk of teratoma formation after transplantation, as these 
cells do not go through a pluripotent stage 10,11. Thereby iNSCs show great potential for the 
development of autologous cell populations for regenerative medicine.

Human iNSC-derived neurons have been used in disease modeling and regenerative 
medicine studies. They showed neuronal morphology, expression of neuron-associated 
markers, functionality in electrophysiology analysis 12, and recapitulated pathological 
hallmarks of Huntington disease and Alzheimer’s disease 13. Transplantation of mouse iNSCs 
showed long term in vivo survival, differentiation, migration, and functional integration 14. 
Transplantation in rodent models of neurologic disease resulted in functional recovery for 
spinal cord injury, stroke and Parkinson’s disease 15-18, highlighting their clinical application. 
Also the transplantation of human iNSCs resulted in differentiation and integration in the 
rodent brain 13. However, while several studies indicated that iNSCs can generate functional 
neurons, the generation and application of iNSC-derived glial cells has not been investigated 
in detail.

As we are developing cellular transplantation therapies for disorders involving astrocyte 
dysfunctions, e.g. the leukodystrophy Vanishing White Matter 19-22, we need high numbers 
of glial cells that integrate well upon transplantation. Here we aim to test different in vitro 
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protocols for the differentiation of iNSCs towards GPCs and astrocytes. Brain patterning can 
be mimicked in vitro by the addition of patterning factors 23. Considering that astrocytes are 
heterogeneous, we compared regional identity of iNSCs and iNSC-derived cells to different 
types of iPSC-derived astrocytes. iNSC-derived GPCs and astrocytes were transplanted in 
rodent brain and studied two months post-transplantation.

Materials & methods

iNSC culturing

Control iNSC-BJ-Cl.5d line, obtained from the Edenhofer lab 7, was cultured according to 
described protocol 7 with minor adaptations. In short, iNSCs were seeded as single cells in 
growth factor reduced Matrigel (Corning) or geltrex (Thermo Fisher) coated wells of a 6-wells 
plate (6WP). The cells were cultured in neural induction medium (NIM), consisting of 1:1 
DMEM/F-12: Neurobasal, 1x N2 (Gibco), 1x B27, 1% GlutaMAX, 1% Pen/strep, supplemented 
with 1 ng/ml hLIF, 3 µM CHIR99021, and 2 µM SB431542. Upon thawing and passaging, 
Rock Inhibitor (RI; 10 µM) was added to the culture medium. The medium was changed every 
other day, and the cells were incubated in 37°C, 5% CO2, 5% O2 until the cells reached 80% 
confluency. At the first thawing the cells grew as ‘network’ of cells; after the first passage 
the iNSCs always grew as small colonies. Cells were passaged as single cells every 1 – 1.5 
weeks in a 1:10 – 1:20 ratio using accutase. Cells were frozen in 90% KSR with 10% DMSO.

iPSC-NSC generation

Neural stem cells were generated from iPSCs in two ways, as described 23. In short, for the 
generation of iPSC-derived NSCs using retinoic acid (RA), hiPSC 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 (a 1:1 mixture of N2 and B27-containing media). N2 medium consists of DMEM/F-
12 GlutaMAX, 1× N2, 5 μg/ml insulin, 1 mM L-glutamine, 100 μM nonessential amino acids, 
100 μM 2-mercaptoethanol, 1% Pen/strep. B27 medium consists of Neurobasal, 1× B-27, 200 
mM L-glutamine, 50 U/ml penicillin and 50 mg/ml streptomycin) supplemented with T3 (40 
ng/ml; Sigma), FGF2 (4ng/ml), EGF (20 ng/ml; Peprotech) and RI (10 µM). 2/3 of the medium 
was changed every other day. On day 3, the medium was switched to N2B27 supplemented 
with T3 (40 ng/mL), FGF2 (4 ng/mL), EGF (20 ng/mL) and RA (10 µM; Sigma). On day 10, 
the EBs were plated on GelTrex-coated 6WP, which was considered passage 0 (P0). The 
plated EBs formed rosette-like structures, which cells were used for immunocytochemical 
(ICC) analysis, and passaged to P1 at day 14 using Accutase (Sigma-Aldrich). At day 19 
RNA was harvested from the cells, and the remaining cells were frozen to use for further 
neuronal and glial differentiations. For the generation of iPSC-derived NSCs using dual 
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SMAD inhibition (DSI), hiPSCS colonies were fragmented with 0.5 mM EDTA in PBS and 
plated in the ratio of 3:2 on GelTrex-coated 12WP in 1.5 ml E8 medium supplemented with 
RI (10 µM; 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 (1 
µM; Tocris bioscience), SB431542 (10 µM; Selleckem) and refreshed entirely every day for 
12 days. When rosette-like structures were formed, these cells were manually cut out and 
transferred into a PLO/Laminin- (20 µg/ml) coated 6WP. After this, the cells were passaged 
using TrypLE and defined trypsin inhibitor (DTI; both Life technologies). The day rosettes 
were plated was treated as P0, the cells were frozen at P1 to use for further differentiations.

iNSC-GPC and glial induction

Several combinations of growth factors and medium compositions were tested for glial 
(precursor) induction. Growth factors included FGF2, FGF4, EGF, Noggin, T3 and PDGF-AA, 
and medium included N2B17 medium and Sanbio Astrocyte Medium, ScienCell (AM) based 
on published protocols 7,23-27. The medium of 2 6WP with dense iNSCs colonies was switched 
to N2B27 medium supplemented with FGF4 (20ng/ml), FGF2 (20ng/ml), noggin (200 ng/ml) 
and RI (10 µM) for 4 days. The cells were passaged at day 2 using accutase, and medium 
was refreshed every other day. At day 4, the GPCs were harvested for transplantation using 
accutase. The remaining GPCs were cultured in 3 different methods for an additional 10 
days. In Condition 1 the cells stayed in the same medium till day 14. In Condition 2 the cells 
stayed in the same medium till day 9, and where then switched to AM. In Condition 3 the cells 
were cultured in N2B27 medium supplemented with EGF (20 ng/ml), T3 and RI, and at day 7 
switched to AM. In Condition 4 the cells stayed in the same medium till day 9, and where then 
switched to N2B27 medium supplemented with EGF (20 ng/ml) and PDGF-AA (20 ng/ml).

iNSC-Astrocyte differentiation

We generated a larger population of iNSC-derived astrocytes for transplantation, based 
on results of the first glial induction protocols and experience in iPSC-derived astrocyte 
differentiation. Confluent iNSC colonies were passaged using accutase, and seeded in a 
1:1 ratio on geltrex coated 6WP. The next day, medium was changed to N2B27 medium 
supplemented with 20 ng/ml EGF, 20 ng/ml FGF2, 40 ng/ml T3, 100 ng/ml Noggin, 1 μg/ml 
laminin, 50 μg/ml Vitamin C. Medium was changed every other day, cells were passaged 
when 100 % confluent in a 1:2 – 1:3 ratio. After 36 days and 3 passages, cells were 
transplanted, collected for RNA and fixated for immunocytochemistry.

7
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iPSC-Astrocyte differentiation

For astrocyte differentiation of iPSC-derived cells, two different populations of iPSC-derived 
NSCs were used, the RA-induced NPCs and DSI-induced NPCs. The cells were differentiated 
towards astrocytes as described 23. In short, NPCs were thawed at P2, and plated in geltrex 
coated plates in in N2B27 medium without vitamin A (N2B27-vitA) supplemented with 
T3 (40 ng/ml) and EGF (20 ng/ml). The medium was refreshed entirely every other day. 
When confluent, the cells were passaged using accutase and plated at density of 1000K 
cells/ well of 6WP. After ~20 days and 4 passages , 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 ug/ml, Sigma). After 5 days, EGF 
and FGF2 were omitted from the medium.

Animals

Immunodeficient RAG2-/- mice with a homozygous mutation in Eif2b5 (2b5ho), known to 
cause a severe variant of VWM in patients, were used in this study 21. Non-symptomatic 
littermates heterozygous for Eif2b5 (2b5he) were used as wildtype (wt) controls, as VWM is 
a genetically recessive disease.

Number Genotype Transplantation

I331 2b5ho Batch 1

I360 2b5he Batch 2

At day p28 the pups were weaned, received an ear-punch for identification and genotyping, 
and housed in groups separated by sex. Mice were sacrificed at two months of age by 
anesthesia with 2,2,2-tribromoethanol (Avertin) followed by transcardial perfusion with 4% 
paraformaldehyde (PFA). The brain was post-fixed for 24 - 48h with 4% PFA and removed 
from the skull. Right hemispheres were cryoprotected in 30% sucrose overnight and snap-
frozen in Optimal Cutting Temperature mounting medium (OCT; 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.

Transplantation

Post-natal day 0 (P0) pups were injected at 6 injection sites; bilaterally in the posterior corpus 
callosum, anterior corpus callosum and cerebellum. After 6 minutes cryoanesthesia the pups 
were transplanted with 1*105 cells in 0,4 µl saline per injection site. DNAse-inhibitor (100 
μg/ml) was added to avoid clumping of the cells. The site of injection was measured from 
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lambda (λ), according to set coordinates using a stereotact and depending on the weight of 
the pup. After direct insertion through the skull, cells were injected through metal pipettes 
into the presumptive target sites. Post-injection, the transplanted pups were transferred to 
a 37°C heating mat to recover before being returned to their mother.

Immunocytochemistry

Immunocytochemistry was performed on fixated cells, or fixated brain tissue from 
transplanted animals. Cells were fixed with 4% paraformaldehyde (PFA, Electron microscopy 
sciences) in PBS for 15 min at room temperature (RT). Fixed cells and brain slices were 
washed (3-6 times with PBS over 30 min). For antigen retrieval, brain tissue slices received 
a microwave pre-treatment by incubating in 90°C citrate buffer for 10 minutes. After washing 
with PBS, all tissue and cell slides were blocked with blocking buffer (PBS, 0.1% BSA, 5% NGS, 
0.3% Triton) at RT for 1 hr, and then incubated with primary antibodies in the blocking buffer 
overnight at 4°C. After washing (3-6 times with PBS over 30 min), secondary antibodies were 
added (in blocking buffer) and incubated for 1-2 hrs at RT. Then the cells were washed (3-6 
times in PBS over 30 min) and incubated with DAPI (in PBS) for 2-3 min at RT. Finally, the 
cells were washed (2 times with PBS) and slides were mounted with Fluormount G solution 
(Southern Biotech). Fluorescent images were taken using a Leica DM500 B fluorescent 
microscope, and processed using LAS-AF lite and Adobe Photoshop.

Antibody name Company Code Species Concentration

SOX2 Millipore AB5603 Rabbit  1:1000

Nestin BD Bioscience 611658 Mouse  1:500

SOX9 Cell signaling 82630 Rabbit  1:250

PAX6 Hybridoma bank PAX6-s Mouse  1:50

PLZF Calbiochem SC28319 Mouse  1:500

GFAP Sigma G3893 Mouse  1:1000

S100β ProteinTech 15146-1-AP Rabbit  1:1000

CD44 Hybridomabank H4C4 Mouse  1:1000

NF200 Sigma N4142 Rabbit 1:1000

Id3 Cell signaling 9837 Rabbit 1:250

β-III-Tubulin R&D systems MAB1195 mouse 1:1000

Human Nucleus Millipore MAB1281 mouse 1:250
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RNA isolation and PCR

RNA was isolated by incubation in Trizol, followed by chloroform-isopropanol extraction. 
cDNA synthesis was performed using Superscript IV (Life Technologies), and RT-PCR 
products amplified using Phire III Polymerase (Fisher Scientific) for 30 cycles on 60°C. The 
following primers were used:

Name Forward Reverse

Control ATTCTTCGTTGTCAAGCCGCCAAAGTGGAG AGTTGTTTGCTGCGGAGTTGTCATCTCGTC

DACH1 GTGGAAAACACCCCTCAGAA CTTGTTCCACATTGCACACC

PLZF AGACGTACCTCTACCTGTGCT TGTCATAGTCCTTCCTTCATCTCAC

NESTIN AGCGTTGGAACAGAGGTTGG AGGAGGGTCCTGTACGTGG

PAX6 ACCACACCGGTTTCCTCCTTCACA TTGCCATGGTGAAGCTGGGCAT

BLBP GGATTGGGAGGAACTCGACC CCCACGCCTAGAGCCTTCAT

SOX2 CATCACCCACAGCAAATGAC TTTTTCGTCGCTTGGAGACT

S100β GGTGAGACAAGGAAGAGGATGT ACAGGAAAGGTTTGGCTGCT

ALDOC CCATGCCTGTCCCATCAAGT TGCAAGCCCATTCACCTCAG

AQP4 AAGGCGGTGGGGTAAGTGTG CACTGGGCTGCGATGTAGAA

GLAST TCCTAGTCCCGGTTTTGCAT CCAAGGATTGTACCCACAATGAC

GFAP GCAGATTCGAGAAACCAGCC GAGGGCGATGTAGTAGGTGC

CD44 TTACAGCCTCAGCAGAGCAC AGGTGGAGCTGAAGCATTGA

NKX2.2 TGCCTCTCCTTCTGAACCTTGG GCGAAATCTGCCACCAGTTG

NKX2.1 AACCAAGCGCATCCAATCTCAAGG TGTGCCCAGAGTGAAGTTTGGTCT

HOXB4 GTGAGCACGGTAAACCCCAAT CGAGCGGATCTTGGTGTTG

DLX2 GGCTTTTCTGGGCAACTACC GGTTAGAAAATCGTCCCCGC

OTX1 CACTAACTGGCGTGTTTCTGC GGCGTGGAGCAAAATCG

EMX1 CCTTCGCACGCAAGCCCAAG CTCGGAGAGGCTGAGACTGCC

DLX1 GTCTCAACAGCCCCGTGTCGG TAGCCCAGCGGTCGGGAGAAG

FOXG1 AGGAGGGCGAGAAGAAGAAC TCACGAAGCACTTGTTGAGG
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Results

Characterization of iNSCs

iNSCs colonies were obtained from the Edenhofer lab 7 and showed typical iNSC morphology 
with uniform cells and round clear borders (Fig. 1A). To confirm NSC identity of the iNSCs, 
expression of NSC markers was analyzed using immunocytochemistry and RT-PCR. 
Immunocytochemistry showed expression of Nestin, SOX2, SOX9, PLZF and PAX6 in 
iNSC colonies (Fig. 1B – F). iNSCs were negative for pluripotency marker OCT4 (data not 
shown). RT-PCR analysis showed expression of SOX2, DACH1, PLZF1, NESTIN, and PAX6 in 
iNSC colonies, which is also seen in iPSC-derived NSCs (Fig. 1G). Radial glial marker BLBP 
was more abundant in iPSC-derived NSCs compared to iNSCs (Fig. 1G). These findings 
demonstrate that iNSCs showed robust expression of NSC markers.

Figure 1. iNSC characterization. Cultured iNSC colonies show typical morphology, brightfield image 
(A). Immunocytochemistry for Nestin (B), SOX2 (C), PAX6 (D), PLZF (E) and SOX9 (F) is present in 
iNSC colonies, counter stained for nuclear marker Dapi. RT-PCR showed expression of SOX2, DACH1, 
PLZF, NESTIN, PAX6 and BLBP in both iPSC-derived NSCs and iNSCs. Scalebar is 25 μm.
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Testing glial and astrocyte induction of iNSCs

To test differentiation potential into astroglial lineage, we tested the influence of well-known 
gliogenic growth factors and medium compositions on the gliogenic differentiation of the 
iNSCs using four different protocols, (Fig. 2).

Figure 2. Schematic representation of iNSC glial differentiation protocols over time. C = Condition. 
FGF2 = Fibroblast growth factor 2, FGF4 = Fibroblast growth factor 4, EGF = Epidermal growth factor, 
Nog = Noggin, RI = Rock Inhibitor, T3 = triiodothyronine, PDGF-AA = Platelet-derived growth factor AA, 
N2B27 = medium containing N2 and B27, AM = Sanbio Astrocyte Medium from ScienCell
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All protocols started with a 4-day GPC induction using FGF4, FGF2, Noggin and RI. Already 
after 1 day the individual colonies started to create a monolayer. The individual cells adopted 
a wedge-like shape that arranged in rosette-like patterns (Fig. 3A), which grew denser after 
4 days (Fig. 3B). Subsequently, the 4-day old GPCs were harvested for transplantation, or 
continued to differentiate according to 4 different conditions (Fig. 2) 

The cells in Condition 1 continued in the same medium until day 14. This culture contained 
cells of mixed morphology, including larger flat cells that spread out, together with smaller 
rounder cells and cells with long neurites present that clustered together in higher densities 
on top of the flat cells (Fig. 3C-F). In Condition 2 the cells were cultured in the same glial 
induction medium till day 9, after which the medium was switched to AM. This resulted 
in a homogenous population of flat large cells (Fig. 3G-J). In Condition 3 the cells were 
supplemented with EGF, T3 and RI, and at day 7 the medium was switched to AM. The cells in 
this culture were mostly of the smaller type, that spread throughout the well and occasionally 
showed areas of higher density (Fig. 3K-N). In Condition 4 the cells were cultured in the 
induction medium till day 9, and where then supplemented with EGF and PDGF-AA. This 
resulted in cells that clustered together in large and dense clumps, with areas of low cell 
density surrounding those clumps (Fig. 3O-R). In all conditions the cells proliferated slower 
than at iNSC stage and adopted a changed morphology, suggesting differentiation of the 
iNSCs. 

The expression pattern of the obtained iNSC-derived cells was assessed by immunostaining 
for CD44, SOX9, NF200, Nestin and S100β (Fig. 3D – F, H – J, L – N, P – R). The markers 
were present in most conditions, although quantities varied greatly. Condition 3 showed 
highest expression of glial/ astrocytic markers S100β (Fig. 3N), SOX9 and CD44 (Fig. 2L), 
indicating that this condition facilitated best differentiation into glial and astrocytic lineage 
cells. Especially the high amount of SOX9 was striking compared to other conditions (Fig. 
3D, H, P). Condition 3 also showed lowest expression of neural stem cell marker Nestin (Fig. 
3N) and axonal marker NF200 (Fig. 3M), demonstrating that the cells had differentiated 
from neural stem cell stage and generated the least number of neuronal precursors. In 
conclusion, all conditions induced cells with features of astrocytes, i.e. the morphology and 
marker-expression representative of astrocytic phenotype. However Condition 3 showed 
highest expression of astrocytic associated marker S100β, SOX9 and CD44, and lowest 
expression of neuronal marker NF200, suggesting this differentiation procedure induced 
astroglial lineage in iNSCs best. In all conditions the proliferation of the iNSC-derived cell 
decreased rapidly, which makes their usage in transplantation challenging.

7
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Figure 3. iNSC glial induction. iNSCs glial induction is shown at day 1 (A) and day 4 (B), both brightfield 
images. Glial differentiation at day 14 on brightfield images for the four different conditions (C, G, K, O), 
and immunocytochemistry at day 14 on the four different conditions for the markers CD44 and SOX9 
(D, H, L, P), NF200 (E, I, M, Q), and Nestin and S100β (F, J, N, R). Scalebar is 50 μm.
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Generation of iNSC-derived astrocytes for transplantation purposes

For transplantation purposes, we need to generate large batches of proliferating astrocyte 
(precursor) cells. To generate iNSC-derived astrocytes, we used a combination of growth 
factors based on Condition 3 and published protocols 7,23,24. As serum contains a mixture 
of proteins that is hard to standardize, AM (which contains serum) was omitted from the 
protocol. Laminin was added to keep cells adherent to the plate. Together, this resulted in 
a differentiation using N2B27 medium supplemented with EGF, FGF2, T3, Noggin, laminin 
and Vitamin C (Fig. 4A). During the 36 days of differentiation, the iNSCs transformed from 
small cells into a morphologically mixed culture with both clusters of small cells and larger 
and more flat cells (Fig. 4B – E). At day 36, the iNSC-derived astrocytes were analyzed for 
astrocyte marker expression by immunocytochemistry. Although expression of GFAP was 
only observed occasionally (Fig. 4F), the number of SOX9-, CD44-, S100β-, Nestin-, β-3-
tubulin- and Id3-positive cells were highly abundant throughout the culture (Fig. 4G – I). 
Further, glial marker mRNA expression was analyzed in iNSCs and day 36 iNSC-derived 
astrocytes (Fig. 4J). NESTIN, ALDOC, BLBP and GLAST expression was already present at 
iNSC stage. During astrocyte differentiation BLBP expression increased, and the cells started 
to show expression of S100β, AQP4, GFAP and CD44.

We compared iNSC-derived astrocyte differentiation to previously performed iPSC-derived 
astrocyte differentiation. As the proliferation rate of the differentiating cells was much lower 
in iNSC-derived cells than in iPSC-derived cells, we were unable to keep the cells equally long 
in culture (36 days instead of 55 days). Furthermore, the iPSC differentiation protocol used 
AM for the last 15 days, which stimulates astrocyte differentiation and inhibits the survival of 
oligodendrocytes, thereby resulting in a purer astrocyte population. However both protocols 
used similar factors for astrocyte induction, i.e. T3, EGF, FGF2, Noggin, Vitamin C, Laminin 23. 
Our results showed that during differentiation, the iNSC-derived astrocytes needed at least 
10 days longer from the NPC stage to obtain GFAP expression compared to iPSC-NPC-
derived astrocytes. Furthermore, where GFAP ICC expression was highly abundant at the 
end of the iPSC-derived astrocyte cultures (approximately 70%; at day 55), only occasional 
GFAP ICC expression was observed in iNSC-derived astrocytes at the end of this protocol 
at day 36 (Fig 4F). Even though no direct comparison was performed at day 36, iPSC-
astrocytes generally show higher abundance of GFAP at day 36 (data not shown; estimated 
at ±40%). Furthermore, approximately 50% of the iNSC-derived astrocytes expressed 
SOX9 at the end stage (day 36) (Figure 4G), where this percentage is approximately 95% 
in iPSC-derived astrocyte cultures at the end stage (day 55) (data not shown). On RT-PCR, 
although the iNSC-derived astrocytes showed lower AQP4 and GFAP expression compared 
to iPSC-derived astrocytes (Fig. 4J, not quantified), all astrocyte-associated markers Nestin, 
BLBP, S100β, ALDOC, AQP4, GLAST, GFAP and CD44 were present. Altogether, although the 
iNSC-astrocyte differentiation was less efficient and gave a lower yield compared to iPSC-

7
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astrocyte differentiation, we were able to generate iNSC-derived astrocytes based on ICC 
and mRNA astrocyte marker expression using a serum-free differentiation protocol.

Figure 4. iNSC astrocyte differentiation. Schematic overview of the iNSC-astrocyte differentiation 
protocol (A) FGF2 = Fibroblast growth factor 2, EGF = Epidermal growth factor, Nog = Noggin, RI = Rock 
Inhibitor, T3 = triiodothyronine, Lam = Laminin, VitC = Vitamin C, N2B27 = medium containing N2 and 
B27. iNSC astrocyte induction is shown over time, including day one (B), day 13 (C), day 19 (D) and day 
36 (E) on brightfield images. Immunocytochemistry shows expression of GFAP (F), CD44 and SOX9 
(G), Nestin and S100β (H), and β-3-Tubulin and Id3 (I) at day 36. Scalebar is 50 μm. RT-PCR showed 
expression of glial markers Nestin, BLBP, S100β, ALDOC, AQP4, GLAST, GFAP and CD44 (J), and regional 
markers NKX2.2, HOXB4, NKX2.1, DLX2, OTX1, EMX1, DLX1, and FOXG1 (K) to various extent in iNSCs, 
iNSCs-derived astrocytes, iPSCs-RA-astrocytes and iPSCs-DSI-Astrocytes.
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Regional identity iNSC-derived astrocytes

To investigate astrocyte subtype identity, we studied the expression of regional identity 
markers NKX2.2, HOXB4, NKX2.1, DLX2, OTX1, EMX1, DLX1, and FOXG1 in iNSCs and iNSC-
derived astrocytes, and compared them to iPSC-derived astrocytes generated using different 
regional patterning factors. iNSCs showed expression of caudal marker HOXB4 (Fig. 4K). 
The iNSC-derived astrocytes maintained the HOXB4 expression and gained DLX1 and DLX2 
expression, which are markers for the ganglionic eminences in vivo (Fig. 4K). This profile is 
most in line with iPSC-derived astrocytes generated via a RA induction protocol (Fig. 4K) 
23, although iNSC-derived astrocytes did not express FOXG1. The iPSC-derived astrocytes 
induced via the DSI procedure expressed OTX1 and FOXG1, but no HOXB4 (Fig. 4K). In 
conclusion, expression profiling with regional identity markers indicates that iNSC-derived 
astrocytes have a caudal identity.

iNSC transplantation

To investigate iNSC-derived glial cells after transplantation, we studied the integration, 
dispersion and differentiation of the transplanted 4-day old GPCs and the 36-day-old 
astrocytes. At 2 months after transplantation, the transplanted 4-day old iNSC-GPCs, 
identified by Human Nucleus (HN) expression, formed a cluster in the corpus callosum of 
the transplanted animal (Fig. 5A, B). The transplanted GPCs did not express OLIG2 (Fig. 
5A), and sparsely expressed SOX9 (Fig. 5B, arrow). A few transplanted 36-day-old iNSC-
astrocytes were identified in the cortex of a transplanted animal (Fig. 5C). In both animals 
the number of surviving cells was low, and the cells had not spread throughout the brain.

Figure 5. iNSC-derived glial and astrocyte transplantation. Immunocytochemistry on transplanted 
iNSC-derived glial cells batch 1 in the corpus callosum (A, B) or iNSC-derived astrocytes batch 2 in the 
cortex (C) for human nucleus (HN) (A – C), OLIG2 (A) and SOX9 (B) in two injected mice two months 
after transplantation. Scalebar is 50 μm.
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Discussion

In this study we demonstrated the successful generation and transplantation of iNSC-
derived astrocytes. We confirmed that iNSCs expressed NSC markers by ICC and RT-PCR 
analysis. We showed that these cells have a caudal regional identity, identified by HOXB4 
expression. We successfully differentiated iNSCs towards GPCs and astrocytes expressing 
astrocyte-associated markers based on both ICC and RT-PCR analysis, during which the cells 
maintained their caudal identity. At 2 months after transplantation, a limited number of cells 
survived. These results show that although optimization of iNSC-astrocyte differentiation 
and transplantation is required, iNSCs do have potential for future application in regenerative 
medicine, not only to replace neurons, as demonstrated before, but also to replace glia.

We compared different glial induction protocols using iNSCs, and compared them to iPSC-
derived astrocytes, even though de differentiation protocols of iNSC and hiPSCs were not 
completely similar (the hiPSCs receive AM in the last 15 days, and the protocol lasts longer). 
Medium supplementation including FGF and EGF resulted in the highest expression of glial 
markers in iNSCs. EGF is known to stimulate astrocyte differentiation 28, also using human 
pluripotent stem cells (hPSCs) 23. However, the iNSC-derived astrocytes reached post-
mitotic stages faster than hiPSC-derived astrocytes, and were therefore not able to stay 
in culture the same amount of time. Furthermore compared to hiPSCs, the differentiation 
towards GFAP-positive cells using a similar protocol took approximately 10 days longer 
using iNSCs, and the obtained population of iNSC-derived astrocytes had a lower yield 
than hiPSC-derived astrocytes at the end of the protocol. These findings demonstrate that 
although hiPSC differentiation towards astrocytes is still more efficient, iNSCs are able to 
generate astrocytes in a serum-free differentiation protocol.

We showed that iNSC have a caudal identity in vitro, although none of the regional patterning 
factors known to regulate regional identities in iPSC-derived neural cells were used 23,29-31. 
As glial cells comprise morphologically and functionally heterogeneous populations 32-35 
36-38 and transplanted cells keep their original regional identity in vivo 30,39, regional identity 
is important. Transcription factor combination during iNSC induction can determine the 
regional identity 13. However, the iNSCs used in this study were created using only the 
Yamanaka factors that do not have a specific regional identity 7. The regional identity might 
result from an epigenetic memory present in the somatic donor cell 40, in this case skin punch 
fibroblasts 7. Our iNSCs kept their regional identity after differentiation, similar to hPSCs 
23,41,42, but whether this maintains after transplantation in vivo has not been tested yet. iPSC-
derived astrocytes with a caudal identity before transplantation integrated well (Chapter 4), 
suggesting that caudal identity by itself may not be the limiting factor for integration after 
transplantation. However, also in those experiments the regional identity of the transplanted 
cells has not been investigated. Testing this could reveal whether the transplanted cells can 
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adopt a new regional identity. In parallel, ongoing studies in our laboratory are testing the 
transplantation of iPSC-derived astrocytes with different regional identity, which will give 
more information about the role of regional identity in successful transplantations. Luckily, 
altering the regional identity of iNSCs using patterning factors is still possible after NPC 
stage 43, suggesting that our iNSCs could be used to generate various regional specific cell 
populations for regenerative medicine.

Even though our iNSCs generated astrocytes, the gliogenic potential was low. Since most 
iNSC studies focused on the neurogenic potential of iNSCs 12,13,44, iNSC-glial differentiation 
stayed behind and remains more challenging 13. To improve the gliogenic potential, 
transcription factors known for their role in astrocyte fate could be used in addition to 
the ‘classical’ Yamanaka factors OCT4, SOX2, KLF4 and C-MYC 7, also used to generate 
iPSCs. NFIA plays an essential role in the neuron-glial switch, where it inhibits neurogenesis 
and initiates gliogenesis. Subsequently it interacts with Olig2 to inhibit oligodendrocyte 
differentiation, and induces astrocyte differentiation together with SOX9. SOX9 is initially 
expressed by neural progenitors, but becomes astrocyte specific in adult brain and co-
expresses with GFAP and other astrocyte-specific markers 45-47. Overexpression of NFIB 
(related to NFIA) and SOX9 in hiPSCs resulted in astrocyte generation 48. The forced 
expression of (one of) these glial-specific factors together with the Yamanaka factors could 
potentially generate iNSCs with a more gliogenic potential.

As the field of direct conversion is still relatively new, novel techniques rapidly evolve. 
Examples include the direct conversion towards astrocytes without iPSCs or NPCs as an 
intermediate stage 49, subtype specification by the addition of regional transcription factors 
50-52, direct conversion using small molecules 53-58, episomal vectors 43 and miRNAs 59-61, 
or using different cell sources including blood 43. Furthermore, direct conversion in vivo 
is upcoming 62,63. Together, application of these innovative techniques could improve the 
generation of glial cells for regenerative medicine in the future.

Only a limited number of cells could be found back after the transplantation. Where 
undifferentiated iNSCs show rapid expansion and high survival after passage, the iNSC-
derived GPCs and astrocytes show limited proliferation and an increased cell death during 
passaging. Possibly part of the iNSC-derived cells did not survive the transplantation 
procedure, and the remaining cells that did survive did not expand, resulting in the low 
number of cells found back. Potentially transplanting the cells at a younger stage could 
increase the survival and proliferation potential of the transplanted cells. However, as the 
iNSCs were slower in adopting the glial and astrocyte fate during differentiation compared 
to iPSCs, it is likely that many of younger iNSC-derived cells will result in neurons rather 
than glial cells after transplantation. Therefore the first priority is optimizing the speed and 
efficiency of iNSC-derived glial differentiation, after which younger iNSC-derived glial cells 
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with high proliferation and survival can be used for transplantation, and hopefully result in 
an increased number of integrating cells.

In conclusion, our study demonstrated that human iNSCs can be differentiated towards 
astrocytes. This opens up possibilities for disease modelling studies and future autologous 
cellular replacement therapy such as VWM. Further research is required to optimize the 
gliogenic potential and differentiation of iNSCs, and investigate the application of new 
techniques regarding direct (in vivo) conversion towards glial cells for regenerative medicine.
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