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Abstract 

Human pluripotent stem cells (hPSCs) are capable of self-renewal and differentiation 

into any cell type found in the human body. hPSCs include embryonic stem cells 

(ECSs), which are derived from the embryonic inner cell mass, as well as induced 

pluripotent stem cells (IPSCs), derived from somatic cells and reprogrammed using 

specific transcription factors to induce pluripotency. hPSCs can be directed to 

differentiate into the main cell types of the central nervous system (CNS), neurons, 

astrocytes, and oligodendrocytes in vitro. hPSC-derived neural cells provide an 

excellent approach to model CNS development and deficits in vitro and furthermore 

treat injuries and degenerative conditions by replacing damaged tissues. Spinal cord 

injury (SCI) describes damage to the spinal cord that leads to the loss of muscle 

function, sensation, or autonomic functions to different extents. CNS cells have 

limited capacity for regeneration, and cell replacement therapies have been 

extensively studied for SCI repair, as no efficient treatment for SCI currently exists.   

This thesis focused on studying various aspects, including genetic background 

and chemical and mechanical inductions, of hPSC-derived neural cell differentiation 

and behavior in vitro. The results were aimed to be applicable for developing tissue 

engineering products for SCI repair. First, the neural differentiation potentials of 

several hPSC lines were compared in vitro in order to discover the presence of 

potential systematic differences between hESCs and hIPSCs. Previous studies have 

demonstrated that despite their considerable resemblance, the different genetic 

backgrounds of hESCs and hIPSCs may affect to their differentiation potential. Our 

results revealed cell line-specific variations in neural differentiation efficiency. 

However, the variation between individual hESC and hIPSC lines was higher than 

the variation between cell lines of different origins, indicating the lack of systematic 

differences between the two hPSC types.  

Next, chemical induction was studied for the differentiation of hPSC-derived 

oligodendrocytes. Differentiation was induced by a variety of growth factors and 

morphogens in a temporally defined manner to direct the differentiation through the 

neural precursor cell stage into oligodendrocyte precursor cells (OPCs), and finally 

to maturing oligodendrocytes. Although efficient differentiation of OPCs was 

achieved, the maturation of the cells into oligodendrocytes should be further 



stabilized and enhanced. The differentiation process was initially performed under 

xeno-free and defined culture conditions, enabling clinical applications of the 

produced cells. The protocol was also adapted into a more cost-effective research-

grade method.  

Cellular responses to different extracellular matrix (ECM) molecules in vitro was 

studied using hPSC-derived neurons and astrocytes. ECM is found at the 

intercellular space in vivo and it provides both structural support and chemical cues 

for cell survival, differentiation, migration, and growth. Neurons and astrocytes were 

cultured on defined substrates using different isoforms or fragments of ECM 

component laminin. hPSC-derived neurons and astrocytes were shown to attach and 

grow most efficiently on substrates containing laminin α5-chain. These substrates 

also enhanced the functional development of neuronal networks. The studied 

substrates were both defined and xeno-free and thus can be used as platforms for 

the efficient production of clinical-grade neural cells from hPSCs.  

 Finally, the effects of mechanical alterations in the culture conditions were 

studied using hPSC-derived neurons, astrocytes, and OPCs. The cells were cultured 

on aligned nanofiber platforms mimicking the aligned cellular orientation in the 

spinal cord. All cell types were observed to orient according to the underlying fiber 

alignment. However, ECM protein-coating for the nanofibers was required for 

efficient growth of the neurons and astrocytes, and previously identified laminin α5-

chain substrates were successfully applied here. As the 3D cultures resemble in vivo 

conditions more accurately than traditional 2D culturing surfaces, orientation 

guidance of hPSC-derived neurons was also demonstrated in 3D culture conditions 

consisting of nanofiber platform and hydrogel component.  

In conclusion, the results of this thesis provide new insights for the culturing of 

hPSC-derived neural cells in vitro. Obtained knowledge can be utilized for tissue 

engineering applications, as the novel combination of hPSC-derived CNS cells, 

clinically relevant ECM substrates, 3D environment of the hydrogel and guiding 

features of the nanofibers would be beneficial for the development of functional cell 

grafts for SCI repair.  

 

 



Tiivistelmä 

Ihmisen monikykyiset kantasolut ovat kykeneviä jakaantumaan loputtomasti sekä 

erilaistumalla tuottamaan mitä tahansa ihmiskehon solutyyppiä. Monikykyisiä 

kantasoluja ovat sekä alkion sisäsolumassasta eristetyt alkion kantasolut, että 

erilaistuneista soluista geneettisesti muokatut indusoidut monikykyiset kantasolut. 

Monikykyiset kantasolut voidaan laboratorio-olosuhteissa tehokkaasti ohjata 

erilaistumaan keskushermoston tärkeimmiksi solutyypeiksi; hermosoluiksi, 

astrosyyteiksi, ja oligodendrosyyteiksi. Monikykyisistä kantasoluista erilaistettuja 

keskushermoston soluja voidaan hyödyntää keskushermoston kehityksen ja 

häiriöiden in vitro mallinnuksessa. Lisäksi monikykyisistä kantasoluista voidaan 

tuottaa soluja korvaamaan vahingoittunutta kudosta keskushermoston vaurioiden ja 

sairauksien hoidossa. Keskushermostoon kuuluvan selkäytimen vaurioituminen 

johtaa tahdonalaisen lihastoiminnan, tuntoaistin, ja autonomisten toimintojen 

häiriöihin tai katoamiseen. Keskushermoston solujen rajallisen uusiutumiskyvyn 

vuoksi kantasolusiirteitä on tutkittu paljon yhtenä vaihtoehtona selkäydinvaurion 

hoitoon. Tällä hetkellä tehokasta hoitoa selkäydinvaurioon ei ole.  

Tämän väitöskirjatyön tavoitteena oli tutkia eri tekijöiden, kuten solujen 

geneettisen taustan sekä kemiallisen ja mekaanisen induktion, vaikutusta 

monikykyisistä kantasoluista erilaistettujen keskushermoston solujen erilaistumiseen 

ja käyttäytymiseen in vitro kasvatusolosuhteissa. Tuloksia voidaan hyödyntää 

kehitettäessä kudosteknologisia sovelluksia selkäydinvaurion hoitoon. 

Ensimmäisessä osatyössä tutkittiin useiden monikykyisien kantasolulinjojen 

hermosoluerilaistustehokkuutta, ja pyrittiin selvittämään systemaattisia eroja alkion 

kantasolujen ja indusoitujen monikykyisien kantasolujen välillä. Aiemmat 

tutkimukset ovat osoittaneet että huolimatta näiden solutyyppien 

samankaltaisuudesta, niiden alkuperästä johtuvat geneettiset eroavaisuudet saattavat 

vaikuttaa solujen erilaistumistehokkuuteen. Tulokset osoittivat että solulinjojen 

välillä on selvästi linjakohtaisia eroja erilaistumistehokkuudessa. Vaihtelua on 

kuitenkin huomattavasti enemmän yksittäisten solulinjojen kuin eri lähteistä peräisin 

olevien monikykyisien kantasolutyyppien välillä.  

Seuraavaksi monikykyisten kantasolujen erilaistusta pyrittiin ohjaamaan 

kemiallisella induktiolla tarkasti määritellyissä kasvatusolosuhteissa. Erilaisia 



kasvutekijöitä käytettiin tarkoin ajoitettuna suuntaamaan solujen erilaistumista ensin 

keskushermoston esiastesoluiksi ja myöhemmin oligodendrosyyttien esiastesoluiksi 

ja oligodendrosyyteiksi. Menetelmällä saavutettiin oligodendrosyyttien esiastesolujen 

tehokas erilaistuminen, mutta solujen kypsymistä oligodendrosyyteiksi pitäisi 

edelleen vakauttaa ja tehostaa. Solujen kohdennettu erilaistus tapahtui ilman 

eläinperäisiä tekijöitä sisältäviä yhdisteitä, mikä mahdollistaa tällä menetelmällä 

tuotettujen solujen käytön kliinisissä sovelluksissa. Erilaistusmenetelmästä 

muokattiin myös kustannustehokkaampi, tutkimustasoinen menetelmä. 

Soluväliaineen molekyylien vaikutusta monikykyisistä kantasoluista erilaistettujen 

hermosolujen ja astrosyyttien käyttäytymiseen ja kehitykseen in vitro tutkittiin useilla 

laminiini-molekyylin isoformeilla. Soluväliaine on solunulkoinen matriisi, joka tukee 

solujen erilaistumista, kasvua, ja kehitystä sekä rakenteellisesti että kemiallisesti. 

Tulokset osoittivat että sekä hermosolut että astrosyytit kiinnittyvät ja kasvavat 

parhaiten pinnoitteilla, jotka sisältävät laminiinin α5-ketjurakenteen. Nämä 

pinnoitteet myös tehostivat hermosolujen verkostotason toiminnallista kehitystä. 

Tässä työssä käytetyt pinnoitteet ovat myös kliiniseen käyttöön sopivia, ja niitä 

voidaan hyödyntää monikykyisistä kantasoluista erilaistettujen keskushermoston 

solujen tuottoon kudosteknologisia sovelluksia varten.  

Lopuksi kasvatusolosuhteiden mekaanisen muokkauksen vaikutusta tutkittiin 

monikykyisistä kantasoluista erilaistetuilla hermosoluilla, astrosyyteillä, ja 

oligodendrosyyttien esiastesoluilla. Soluja kasvatettiin nanokuitupinnoilla, joiden 

topografia vastaa selkäytimen solujen suuntautumista in vivo. Nanokuitujen havaittiin 

vaikuttavan kaikkien solutyyppien kasvuun, ja solujen nähtiin suuntautuvan 

kasvatusalustan nanokuitujen mukaisesti. Pelkät nanokuidut eivät tukeneet 

hermosolujen ja astrosyyttien kasvua, mutta kuitujen pintakäsittely väitöskirjan 

aiemmassa osatyössä tutkituilla α5-ketjurakenteen sisältävillä laminiini-pinnoitteilla 

paransi huomattavasti molempien solutyyppien kasvua. Lisäksi osoitettiin, että 

monikykyisistä kantasoluista erilaistettujen hermosolujen kasvua voidaan ohjata 

nanokuiduilla myös hydrogeelipohjaisessa 3D-ympäristössä, joka vastaa in vivo 

kasvuolosuhteita keskushermostossa paremmin kuin 2D pinta.  

Tämän väitöskirjan tulokset tuovat merkittävää lisätietoa ihmisen monikykyisistä 

kantasoluista erilaistettujen keskushermoston solujen in vitro –kasvatuksesta. 

Tulokset ovat hyödynnettävissä kudosteknologisissa sovelluksissa sillä yhdistämällä 

ihmisperäisiä keskushermoston tärkeimpiä solutyyppejä, kliiniseen käyttöön sopivia 

kasvatuspinnoitteita, hydrogeelistä koostuva 3D kasvuympäristö sekä nanokuitujen 

ohjaava vaikutus, voidaan edistää toiminnallisen solusiirteen kehitystä 

selkäydinvaurion hoitoon. 
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Abbreviations 

AA  Ascorbic acid 

APC  Allophycocyanin 

BDNF  Brain-derived neurotrophic factor 

bFGF/FGF2 Basic fibroblast growth factor 

BMP  Bone morphogenetic protein 

CD  Cluster of differentiation 

C-MYC  V-Myc avian myelocytomatosis viral oncogene homolog  

CNP  2', 3'-cyclic nucleotide 3'-phosphodiesterase 

CNS  Central nervous system 

CNTF  Ciliary neurotrophic factor 

DAPI  4´6‑diamidino-2‑phenylindole 

DIC  Differential interference contrast 

DMEM  Dulbecco's Modified Eagle Medium 

EB   Embryoid body 

ECM  Extracellular matrix 

EGF  Epidermal growth factor 

EpCAM  Epithelial cell adhesion molecule 

FACS  Fluorescence associated cell sorting 

FDA  Food and Drug Administration 

FESEM Field emission scanning electron microscope 

GalC   Galactocerebroside 

GAPDH  Glyceraldehyde 3-phosphate dehydrogenase 

GFAP   Glial fibrillary acidic protein  

GMP  Good manufacturing practise 

H-CAM  Homing cell adhesion molecule  

hESC  Human embryonic stem cell 

hIPSC  Human induced pluripotent stem cell 

HLA  Human leukocyte antigen 

hPSC  Human pluripotent stem cell 

IC  Immunocytochemistry 

IGF-1  Insulin-like growth factor-1 



KLF4   Kruppel-like factor 4  

LN  Laminin 

MACS   Magnetic associated cell sorting 

MAG  Myelin-associated glycoprotein  

MAP-2   Microtubule-associated protein 2 

MBP   Myelin basic protein 

MCS  Multichannel Systems GmbH 

MEA  Microelectrodearray 

MSC  Mesenchymal stem cell 

NCAM  Neural cell adhesion molecule  

NDM   Neural differentiation medium 

Nkx2.2   NK2 homeobox 2 

Nkx6.2   NK6 homeobox 2  

NF-68   Neurofilament light chain  

NG2   Chondroitin sulphate proteoglycan 4 

NPC  Neural precursor cell 

NS  Neural stem cell medium 

NT3  Neurotrophin-3  

O4   Oligodendrocyte marker O4  

OCT3/4  Octamer-binding transcription factor 3/4 

Olig   Oligodendrocyte transcription factor  

OMG   Oligodendrocyte myelin glycoprotein  

OPC  Oligodendrocyte precursor cell 

PAX6   Paired box 6  

PC   Phase contrast 

PCL   Poly(ε-caprolactone)  

PDGF-AA Platelet-derived growth factor- AA 

PDGF-rα  Platelet-derived growth factor receptor α 

PE  Phycoerythrin 

PEI  Polyethyleneimine 

PLP   Proteolipid protein 

qPCR  Quantitative real time PCR 

RA  Retinoic acid 

RPE  Retinal pigment epithelium  

RT  Room temperature 

RT-PCR Reverse transcription –polymerase chain reaction 

SEM  Scanning electron microscopy 



S.E.M.  Standard error of mean 

SHH  Sonic hedgehog 

SOX   SRY (Sex Determining Region Y)-Box  

T3  3,3´,5-triiodo-L-thyronine 

TEM  Transmission electron microscopy 

Tra  Tumor-related antigen 

TGFβ   Transforming growth factor beta 

WNT  Wingless-INT 

XF  Xeno-free 

XF-NSC Xeno-free neural stem cell –supplement  
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1 Introduction 

Human pluripotent stem cells (hPSCs) are defined by their capacity to self-renew 

and differentiate into derivatives of all three germ layers. They are thus capable to 

form all cell types in the human body (Fortier 2005). hPSCs constitute of human 

embryonic stem cells (hESCs) and human induced pluripotent stem cells (hIPSCs). 

hESCs are derived from the inner cell mass of blastocyst stage embryos, whereas 

hIPSCs can be generated from somatic cells using specific transcription factors to 

induce pluripotency (Wobus and Boheler 2005, Takahashi et al. 2007).  

hPSCs can be targeted to differentiate into the main cell types of human central 

nervous system (CNS), namely neurons, astrocytes, and oligodendrocytes. Neural 

differentiation of hPSCs was first described in 2001, and since then, a vast number 

of in vitro differentiation protocols have been published (Carpenter et al. 2001, 

Reubinoff et al. 2001, Zhang et al. 2001, Dhara and Stice 2008). Afterwards, separate 

methods for production of astrocytes and oligodendrocytes have been developed 

(Nistor et al. 2005, Krencik et al. 2011). Differentiation methods for all CNS cell 

types are constantly being developed and optimized in order to efficiently produce 

more defined cell populations for research and clinical applications.  

Various factors are known to influence differentiation and behavior of hPSC-

derived CNS cells in vitro. Traditionally, specific chemical compositions of the culture 

media have been used to induce differentiation into the desired cell type (Yap et al. 

2015). In vitro culturing substrates, that mimic the in vivo extracellular matrix (ECM), 

are used to guide stem cell differentiation, and support the development and 

maturation of the differentiated cells (Ma et al. 2008, Kirkeby et al. 2017). Recently, 

the mechanical properties of the culture environment have also been shown to 

influence differentiation and behavior of neural cells in vitro (Xie et al. 2009, Franze 

et al. 2013). The mechanical properties of the in vitro cultures can be altered using 

biomaterials, to more closely resemble the characteristics of the CNS tissue 

(Edmondson et al. 2014). The most exploited biomaterials for CNS tissue 

engineering are fibrous structures and hydrogels (Bosworth et al. 2013). Nanofiber 

platforms have been used to direct cell growth in order to, for example, enhance 

neural network formation or mimic cellular orientation in the spinal cord (Cao et al. 
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2009). Furthermore, hydrogels resemble relatively soft ECM structures in the CNS 

and provide a feasible 3D environment (Li et al. 2012).  

hPSC-derived CNS cells provide an excellent approach to model CNS 

development and deficits in vitro, and furthermore treat injuries and degenerative 

conditions by replacing damaged tissue. Spinal cord injury (SCI) is damage to the 

spinal cord that leads to the loss of muscle function, sensation, or autonomic 

functions to various extents (Yu and He 2015). The symptoms of SCI are highly 

variable ranging from pain or numbness to paralysis (http://asia-spinalinjury.org). 

Rehabilitation exercises and physical therapy may have some effects on the recovery 

of motion, but currently no efficient treatment for SCI exists. Due to the limited 

regeneration capacity of CNS cells, cell replacement therapies have been extensively 

studied for SCI repair (Sabapathy et al. 2015). Few clinical trials utilizing stem cell-

derived neural cell transplantations are ongoing. While the results from the safety 

studies are encouraging, the efficacy of these transplantation therapies has not been 

reported thus far (https://clinicaltrials.gov). However, previous preclinical studies 

have shown that transplantation of dissociated cells often results in poor cell survival 

and spatial disorganization, leading to inefficient functionality and engraftment in vivo 

(Carlson et al. 2016). The combination of transplanted cells and supporting 

biomaterial scaffolds could enhance cell survival, guide cellular organization and 

facilitate the formation of new connections at the injury site (McMurtrey 2014).  

The focus of this thesis was to study various aspects, including genetic 

background and chemical and mechanical inductions, of hPSC-derived CNS cell 

differentiation and behavior in vitro. The results were aimed to be applicable for tissue 

engineering, as the combination of hPSC-derived CNS cells, clinically relevant ECM 

substrates, 3D environment of the hydrogel and guiding features of the nanofibers 

could be beneficial in the development of functional cell grafts for SCI repair.  
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2 Literature review 

2.1 The human central nervous system  

The human central nervous system (CNS) consists of the brain and spinal cord. The 

main cell types in the CNS are neurons and glial cells, including astrocytes and 

oligodendrocytes. Neurons and glial cells consist of a cell body (soma) and cellular 

extensions (processes). Neurons transmit information through electrical and 

chemical signals to and from different organs. Typically, every neuron has one longer 

axonal process that sends information from the soma to the target tissue. The 

remaining dendritic processes are shorter and highly branched collecting information 

from the surrounding tissue. (Franze et al. 2013) Astrocytes have traditionally been 

considered as supporting cells for neurons since they maintain cellular homeostasis. 

However, during the past few years, emerging evidence has suggested the role of 

astrocytes in a range of other functions, for example, in the modulation of synaptic 

transmission in the CNS (Nedergaard et al. 2003). Oligodendrocytes provide support 

and enhance the functionality of the neuronal network by producing insulating 

myelin sheaths around neuronal axons (Goldman and Kuypers 2015).  

2.1.1 Development of the human central nervous system 

The development of the CNS is initiated by neural induction of multipotent cells in 

the ectoderm germ layer. The “default pathway model” for neural induction has 

proposed the propensity of ectodermal cells to differentiate into neural fate. The 

“default development” is inhibited by suppressive extrinsic signals via bone 

morphogenetic proteins (BMPs) and Nodal signalling, and thus inhibition of these 

pathways leads to neural induction. (Wilson and Hemmati-Brivanlou 1995, Munoz-

Sanjuan and Brivanlou 2002) However, this model is likely oversimplified, as 

additional signaling processes such as Wnt and FGF -pathways have been shown to 

affect neural induction (Zirra et al. 2016). Neural induction results in the formation 

of neuroepithelial cells that compose the neuroectoderm, which further develops 

into neural tube in a process called neurulation (Zhang and Jiao 2015).  
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Neural induction is followed by rostrocaudal and dorsoventral specification of 

the cells in the developing neural tube. These specifications are required for the 

development of different CNS regions (forebrain, midbrain, hindbrain, and spinal 

cord), as well as specific cell-type diversity within each region. Intricate signaling is 

involved in these processes and the main factors affecting regional patterning are 

presented in Figure 1.  

 

 

Figure 1.  Regional specification of the developing CNS. The rostrocaudal and dorsoventral axes are 
presented with arrows in the developing fetus and fetal brain. Gradients of different 
morphogens direct CNS patterning. RA, WNT, BMP, and FGF mediated signaling results 
in caudal identity, whereas minimized morphogens enable “default” rostral identity. Ventral 
patterning is strongly induced by SHH, while dorsal fate is specified by BMP and WNT. 
Abbreviations: RA, retinoic acid; WNT, Wingless-INT; BMP, bone morphogenetic protein; 
FGF, fibroblast growth factor; SHH, sonic hedgehog.  

Neural tube formation induces the transition of neuroepithelial cells into neural 

precursor cells (NPCs). The NPCs further acquire the phenotype of radial glial 

precursor cells and give rise to differentiating neurons in the CNS through 

asymmetric cell division. They also form long radial processes to the outer surface 

of the neural tube, guiding the migration of the newly born neural precursor cells 

and neurons. Closing to the date of birth, neurogenesis is followed by gliogenesis 

when radial glial cells start to produce precursor cells committed to astrocytic and 

oligodendrocytic lineages. (Martynoga et al. 2012) A summary of cell development 

during neurogenesis is presented in Figure 2. 
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Figure 2.  Neurogenesis in vivo and resembling neural development in vitro. Modified from (Mertens 
et al. 2016).  

The molecular mechanisms behind the neuro-glial switch are complex and 

currently not fully known (Genethliou et al. 2009). For example, neuronal-

oligodendroglial switch in the motor neuron progenitor domain of the spinal cord is 

regulated by Sonic hedgehog (SHH) signaling and activity of Olig transcription 

factors; downregulation of proneural transcription factors such as SRY (sex 

determining region Y)-box 1 (SOX1); acquisition of the glial precursors through 

Notch-signaling; and activity of proglial transcription factors such as SRY-box 9 

(SOX9) (Rowitch 2004). The terminal differentiation and maturation into neuronal 

and glial cells in the human CNS is a long-term process that may take weeks or 

months to even years (Yang et al. 2013, Barateiro and Fernandes 2014).  

2.1.2 Central nervous system cells in vitro 

CNS cells have been cultured in vitro for decades. Primary CNS cells can be acquired 

from animal origins, but due to differences between the species, the results of the 

studies performed using animal cells cannot always be extrapolated to human CNS 

(Monaco et al. 2015). Primary human tissue can be obtained following major surgical 

procedures or post mortem. In addition, fetal tissues can also be used as a cell source. 

Nevertheless, there are limitations regarding the availability of primary human tissue, 

along with ethical considerations, especially regarding the use of fetal material. 

(Cefalo et al. 1994, Quadrato et al. 2016) The use of immortalized neuronal cell lines 

derived from neuronal tumors overcomes the issues of limited cell availability. Due 
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to their pathophysiology, however, these cells do not necessarily resemble those in 

native tissue. (Gordon et al. 2013) 

Stem cells have been utilized for in vitro production of CNS cells since they are 

capable of self-renewal, thus providing an abundant cell source (Fortier 2005). These 

cells also follow developmental principles in vivo and can be directed to differentiate 

into desired cell populations (Wobus and Boheler 2005). Stem cells can be obtained 

from embryonic, fetal and adult tissues and directed to differentiate into desired cell 

populations. The production of CNS cells from human pluripotent stem cells 

(hPSCs) is reviewed in chapter 2.2. Recent methodological developments have also 

enabled direct conversion of other somatic cells into CNS cells as well as 

transcription factor-mediated neural induction of hPSCs (Velasco et al. 2014, 

Gopalakrishnan et al. 2015, Mertens et al. 2016).  

2.2 Human pluripotent stem cells 

hPSCs are defined with their capacity to self-renew and differentiate into derivatives 

of all three germ layers: endoderm, mesoderm, and ectoderm. Thus these cells are 

capable of forming all cell types in the human body, but lack the ability to form 

extraembryonic tissues. (Fortier 2005)  

hPSCs constitute of human embryonic stem cells (hESCs) and human induced 

pluripotent stem cells (hIPSCs). hESCs are derived from the inner cell mass of 

blastocyst stage embryos (Wobus and Boheler 2005). In Finland, hESC derivation is 

performed using donated, surplus embryos of poor quality from in vitro fertilization 

treatments (Skottman 2010). hIPSCs are derived from somatic cells using specific 

transcription factors to inducing the pluripotent state. The derivation of hIPSCs was 

described for the first time in 2007 with the transcription factors octamer-binding 

transcription factor 3/4 (OCT3/4), SRY-box 2 (SOX2), Kruppel-like factor 4 

(KLF4), and V-Myc avian myelocytomatosis viral oncogene homolog (C-MYC) 

(Takahashi et al. 2007). These transcription factors were termed “Yamanaka factors”, 

and this combination has since been widely utilized in the derivation of hIPSCs 

(Gonzalez et al. 2009). However, shortly after the discovery of Yamanaka´s group, 

Yu and colleagues reported the derivation of hIPSCs using transcription factors 

OCT3/4, NANOG, SOX2, and LIN28 (Yu et al. 2007). Schematic presentation of 

the derivation and differentiation potential of hPSCs is shown in Figure 3.  
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Figure 3.  Origins and differentiation capacity of hPSCs. hESCs are derived from the inner cell mass 
of blastocyst stage embryos, while hIPSCs are genetically reprogrammed using specific 
transcription factors. All hPSCs can be directed to differentiate into derivatives of the 
endoderm, mesoderm, and ectoderm. Some images in the figure are from Servier Medical 
Art image bank (http://servier.com/Powerpoint-image-bank).  

The first hIPSCs were derived using retrovirus-based vectors, which integrate 

genetic material into the host genome. However, the transduced cells are exposed to 

the risks of insertional mutagenesis, uncontrolled gene expression, and reactivation 

of the reprogramming factors, which can lead to tumorigenicity of the cells. 

(Nakagawa et al. 2008) Thus, new approaches for hIPSC derivation have been 

studied and established in order to reduce these disadvantages. Non-integrating viral 

vectors based on Sendai or adenoviruses have been used (Stadtfeld et al. 2008, Fusaki 

et al. 2009, Zhou and Freed 2009). In addition, a wide variety of techniques utilizing 

non-viral approaches for introducing DNA, micro-RNA, synthetic mRNA, or 

recombinant proteins to the cells have also been reported (Hu 2014, Park et al. 2014). 

Previously, the equivalence of hESCs and hIPSCs has been debated due to their 

considerably different origins. Similarity in terms of morphology, feeder cell 

dependence, surface marker expression, and in vivo teratoma formation capacity were 

challenged by studies investigating their gene expression profiles, DNA methylation 

patterns, and proteomes (Narsinh et al. 2011, Kim et al. 2012, Kyttälä et al. 2016). 



 

26 

The current consensus suggests that while hPSC lines display inherent variations, 

these are higher within hESC and hIPSC populations than between the populations 

(Robinton and Daley 2012, Yamanaka 2012).  

Directed differentiation of somatic cells from hPSCs requires knowledge about 

the underlying developmental principles. Activation and inhibition of signaling 

mechanisms influencing differentiation are chemically acquired by combinations of 

growth factors and morphogens in vitro (Yap et al. 2015). The differentiation 

processes of neurons, astrocytes, and oligodendrocytes from hPSCs are reviewed in 

chapters 2.2.1 – 2.2.3.  

2.2.1 Neural differentiation in vitro 

Neural differentiation of hPSCs was first described in 2001 (Carpenter et al. 2001, 

Reubinoff et al. 2001, Zhang et al. 2001). These protocols were based on the 

embryoid body (EB) formation step prior to adherent cell culturing in neural 

differentiation-inducing media. Since then, a vast number of differentiation 

protocols directing neural development from hPSCs have been published, many of 

them utilizing the principle of EB formation (Erceg et al. 2009). EBs are 3D cell 

aggregates that produce a mixed population of differentiating cells, including neural 

cells. In adherent culture conditions, the cells differentiating towards neural lineage 

produce radially arranged structures called rosettes, mimicking neural tube formation 

in vivo. Rosettes can be selectively isolated for further culturing, in order to enhance 

the purity of the produced neural population. (Dhara and Stice 2008, Muratore et al. 

2014) The 3D aggregates can also be formed in neural induction media. In this case, 

the aggregates are considered to produce mostly cells committed to the neural lineage 

and are termed neurospheres (Nat et al. 2007).  

Fibroblast growth factors (FGFs), mainly basic FGF also known as FGF2, are 

the main growth factors used for neural differentiation in vitro (Dhara and Stice 

2008). FGFs have been shown to influence neural induction, patterning, survival, 

proliferation, differentiation, and most recently, axon pathfinding and synapse 

formation (Mason 2007). In addition to bFGF, epidermal growth factor (EGF) has 

routinely been used in neural differentiation media to enhance proliferation and 

differentiation of NPCs (Zhou et al. 2016). Development of differentiation methods 

has resulted in the use of a variety of additional media components, aiming for the 

production of more defined neural phenotype (Mertens et al. 2016).    
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In 2009, Chambers and colleagues introduced an efficient neural differentiation 

method, which was fully based on adherent cell culture. The key element in this 

protocol was the inhibition of BMP signaling with Noggin and 

Activin/Nodal/transforming growth factor beta (TGFβ) signaling by small molecule 

SB431542 (Chambers et al. 2009). This principle, termed “dual-SMAD inhibition”, 

was thereafter adapted to various differentiation protocols, and dual-SMAD 

inhibition and EB formation were also combined to acquire the benefits of both 

culture systems (Patani et al. 2011, Kirkeby et al. 2012, Shi et al. 2012, Doi et al. 2014, 

Muguruma et al. 2015, Pasca et al. 2015, Yuan et al. 2015). Adherent monolayer 

cultures often result in a more homogenous cell differentiation due to uniform 

cellular environment (Dhara and Stice 2008, Lippmann et al. 2014). Nevertheless, 

the cellular microenvironment within 3D cell aggregates has been considered more 

natural due to presence of different cell-cell and ECM interactions (Chandrasekaran 

et al. 2016).  

Regional specification of hPSC-derived neurons has an effect on the 

differentiation potential of the cells and can be controlled during in vitro development 

(Suzuki and Vanderhaeghen 2015). Kirkeby and colleagues have elegantly 

demonstrated the effects of dose-dependent activation of Wingless-INT (WNT) 

signaling by glycogen synthase kinase 3 inhibitors CT99021 or CHIR99021. In their 

study, progressive caudalization of the cell regional identity was induced, 

corresponding to the developmental in vivo signaling. Furthermore, dorsoventral 

patterning of the differentiating cells was demonstrated with an SHH gradient, where 

high concentration of SHH led to the expression of floor plate markers in the cells. 

(Kirkeby et al. 2012, Kirkeby et al. 2013) Regional patterning has recently been 

addressed in several neural differentiation studies (Zirra et al. 2016). 

Moreover, protocols for efficient neural differentiation under xeno-free and 

defined conditions have been reported in recent years (Lippmann et al. 2014, Yuan 

et al. 2015, RW.ERROR - Unable to find reference:164). These conditions enable 

clinical applications of hPSC-derived neurons.  

2.2.2 Astrocyte differentiation in vitro 

Directed differentiation of hPSCs towards the astrocytic lineage has only been 

performed during the past few years. Prior to this, astrocytes were usually developed 

as a result of long-term neural differentiation, resembling the in vivo development in 

the CNS. hNPC differentiation into astrocytes has been demonstrated in several 
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publications, but these were aiming to prove the astrocytic differentiation capacity 

of the hNPCs rather than producing pure astrocyte populations. (Itsykson et al. 

2005, Johnson et al. 2007, Hu et al. 2010, Lappalainen et al. 2010)  

The efficient differentiation of hPSCs into astrocytes positive for glial fibrillary 

acidic protein (GFAP) and S100β was first described in 2011 (Krencik et al. 2011). 

Krencik and colleagues induced the hPSCs into neuroepithelial cells, patterned them 

into different regional specifications in the brain with SHH, retinoic acid (RA), and 

FGF8, and finally differentiated the cells into astrocytes using FGF, EGF, and ciliary 

neurotrophic factor (CNTF). Similar approaches have also been utilized in later 

differentiation protocols with additional components such as ascorbic acid (AA), 

brain-derived neurotrophic factor (BDNF), BMP, and insulin-like growth factor-1 

(IGF-1) to induce astrocyte fate (Chandrasekaran et al. 2016).  

2.2.3 Oligodendrocyte differentiation in vitro 

Oligodendrocyte differentiation from hPSCs has been successfully performed for 

over a decade (Nistor et al. 2005, Izrael et al. 2007, Kang et al. 2007, Hu et al. 2009, 

Sundberg et al. 2010). A summary of the key components used in these early 

differentiation protocols is presented in Figure 4.  

 

 

Figure 4.  Differentiation of oligodendrocytes from hPSCs. Schematic presentation of the key 
components used for oligodendrocyte production in vitro. Abbreviations: hPSC, human 
pluripotent stem cell; NPC, neural precursor cell; RA, retinoic acid; SHH, sonic hedgehog; 
EGF, epidermal growth factor; FGF2, basic fibroblast growth factor; IGF-1, insulin-like 
growth factor 1; PDGF-AA, platelet-derived growth factor-AA; NT3, Neurotrophin-3; T3, 
triiodothyronine 
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Oligodendrocyte production in mouse CNS has been shown to emerge in 

temporally distinct stages. The first stage is detected in the ventral spinal cord at 

embryonic day 12.5 under the control of SHH signaling. (Vallstedt et al. 2005) 

Although the development in human is not as specifically defined, RA and SHH 

have been used with hPSCs for regional specification of developing oligodendrocyte 

precursor cells (OPCs) in vitro to mimic this developmental stage (Goldman and 

Kuypers 2015). SHH induces oligodendrocyte lineage specification and 

proliferation, but based on rodent studies, SHH signaling has also proposed to be 

involved in later oligodendrocyte differentiation (Oh et al. 2005, Wang and Almazan 

2016). EGF and FGF2 have been used for the production of early CNS precursor 

cells as these factors are known to enhance both neural and glial development at 

early stages (Zhang et al. 2000, Dhara and Stice 2008, Li and Leung 2015). In 

addition, Hu and colleagues proposed that FGF2 induces pre-OPC production from 

hPSCs, but inhibits further OPC development at later stages (Hu et al. 2009). A vast 

number of studies with both human and murine cells have demonstrated that 

platelet-derived growth factor-AA (PDGF-AA) and IGF-1 increase OPC 

proliferation, whereas IGF-1 also enhances the development from OPCs to 

oligodendrocytes (McMorris and Dubois-Dalcq 1988, Armstrong et al. 1992, Wilson 

et al. 2003, Hsieh et al. 2004, Cui et al. 2010). Furthermore, neurotrophin 3 (NT3) 

has been shown to induce both OPC differentiation from NPCs, by enhancing the 

expression of Olig1, and OPC proliferation (Wilson et al. 2003, Hu et al. 2004). 

Growth factor withdrawal and thyroid hormone (triiodothyronine, T3) 

supplementation have been utilized for the final maturation of human OPCs into 

oligodendrocytes in vitro. Thyroid hormone receptor mediates oligodendrocyte 

differentiation and upregulation of myelin basic protein (MBP), 2', 3'-cyclic 

nucleotide 3'-phosphodiesterase (CNP), and myelin-associated glycoprotein (MAG) 

(Baxi et al. 2014). 

Although oligodendrocytes have been produced from hPSCs for years using the 

same essential chemical compounds, the differentiation protocols are still under 

development, with the aim of gaining more defined and pure oligodendrocyte 

population within a shorter time frame. Further optimization of differentiation 

methods has introduced additional growth factors and morphogens for more 

efficient oligodendrocyte production (Goldman and Kuypers 2015, Li and Leung 

2015). Recently, dual-SMAD inhibition has also been incorporated into 

oligodendrocyte differentiation protocols (Douvaras et al. 2014, Piao et al. 2015, 

Livesey et al. 2016). Nevertheless, oligodendrocyte differentiation using 

aforementioned factors is performed, following the neural induction step.  
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As previously mentioned, OPC production in vivo is known to occur in several 

developmental stages (Gallo and Deneen 2014). After the initial development in the 

ventral spinal cord, OPCs are also known to arise from the dorsal neural tube 

independently of SHH signaling. Stacpoole and colleagues demonstrated for the first 

time in vitro that equally efficient production of oligodendrocytes can be performed 

with NPCs that are regionally specified towards spinal cord and forebrain. 

Interestingly, OPC differentiation from forebrain but not spinal cord NPCs was 

dependent on FGF2. (Stacpoole et al. 2013) 

In conclusion, a substantial number of protocols directing hPSCs towards OPCs 

and oligodendrocytes have been published. A majority of these protocols are based 

on controlling chemical signaling with specific supplements in the media, and the 

effects of the varying timing, concentration, and addition or withdrawal of single 

factors to the culturing conditions are difficult to detect and compare. Moreover, to 

our knowledge oligodendrocyte differentiation under xeno-free and defined culture 

conditions have not been described. Traditionally, the focus on directed 

differentiation towards all CNS cells has been on finding chemical factors controlling 

differentiation, whereas less attention has been given to the physical 

microenvironment. In recent years the effects and opportunities in modulating 

cellular physical microenvironment have been increasingly recognized (Kshitiz et al. 

2012).  

2.3 Defined extracellular matrix for hPSC-derived neural cells 

2.3.1 Extracellular matrix composition in the human central nervous system 

Extracellular matrix (ECM) is located within the intercellular space in all tissues. The 

ECM not only provides structural support for the cells but also participates in 

chemical signaling that regulates cell survival, migration, growth, and activity 

(Burnside and Bradbury 2014). In vitro differentiation of stem cells can also be 

affected by ECM molecules (Singh and Schwarzbauer 2012).  

The ECM in the CNS is organized to form basement membrane, perineuronal 

nets and interstitial matrix (Figure 5A). The basement membrane separates CNS cells 

from the surrounding tissue on the CNS pial surface and participates in the 

formation of the blood-brain barrier (Engelhardt 2003). Perineuronal nets are 

formed on the neuronal cell surface, and interstitial matrix molecules are dispersed 
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within the intercellular space. The basement membrane is mainly composed of 

collagen, laminin, nidogen, and fibronectin. (Lau et al. 2013) The composition of the 

perineuronal nets differs from that of the basement membrane, due to the presence 

of large amounts of glycoproteins and proteoglycans such as tenascins and 

chondroitin sulfate proteoglycans linked to hyaluronan (Bonneh-Barkay and Wiley 

2009). The same components are found in the interstitial matrix, in addition to small 

amounts of molecules from the basement membrane such as laminin, collagen and 

fibronectin (Haggerty et al. 2016). This composition and organization of the ECM 

molecules in the CNS results in a considerably soft ECM structure (Franze et al. 

2013). 

 

 

Figure 5.  ECM structure in the CNS. (A) ECM forms basement membranes, perineuronal nets and 
interstitial matrix. Major components in the ECM of the CNS are glycoproteins and 
proteoglycans linked to hyaluronan. Other than in the basement membrane, very little 
fibrillary components such as collagen or fibronectin are present. Modified from (Lau et al. 
2013). (B) Schematic presentation of the molecular structure of laminin with highlighted 
E8-fragment.  
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Laminin is a prominent component of the basement membrane and is known to 

affect neural tube formation, cell migration, CNS histogenesis, and myelination 

during development (Miner et al. 1998, Halfter et al. 2002, Chun et al. 2003). The 

laminins are a family of large heterotrimeric multidomain proteins consisting of α, β, 

and γ-chains (Figure 5B). Five types of α, three types of β, and three types of γ-chains 

have been identified and different combinations of these chains form at least 15 

different laminin isoforms in mammalian cells. (Fusaoka-Nishioka et al. 2011) The 

isoforms are named based on their chain compositions, e.g. laminin (LN)511 

containing α5, β1, and γ1-chains (Aumailley et al. 2005). The expressions and 

functions of several laminin chains and isoforms have been demonstrated in the 

CNS (Domogatskaya et al. 2012). These results not only suggest that specific laminin 

isoforms could be utilized for in vitro culturing of CNS cells but also raise the question 

of whether the differentiation and culturing of defined cell populations could be 

enhanced by using certain laminin isoforms.  

2.3.2 Defined extracellular matrix substrates for 2D culturing of hPSC-
derived neural cells 

hPSC-derived neurons, astrocytes and oligodendrocytes have been cultured in vitro 

using a selection of different substrates. The traditionally used substrates, including 

laminins, collagens, vitronectin, and fibronectin, are derived from human or mouse 

cells or tissues. These substrate compositions are undefined and can display batch to 

batch variation (Tsai et al. 2015). Thus, the defined substrates have been studied in 

order to develop culture conditions that are more suitable for stem cell-based clinical 

applications. Undifferentiated hPSCs and hPSC-derived neural cells have previously 

been cultured on recombinant human laminin isoforms 511 and 521, LN511 

fragment E8, recombinant vitronectin, vitronectin-based synthetic peptide, and 

synthetic polymer coatings (Rodin et al. 2010, Rodin et al. 2014b, Miyazaki et al. 

2012, Nakagawa et al. 2014, Lu et al. 2014, Doi et al. 2014, Chen et al. 2011, 

Lippmann et al. 2014, Melkoumian et al. 2010, Villa-Diaz et al. 2010, Tsai et al. 2015). 

In this chapter, the focus is on defined human laminin substrates and their use in 

neural differentiation of hPSCs. 

The successful derivation of hIPSCs and long-term culturing of undifferentiated 

hPSCs have been reported on LN521, LN511 and LN511-E8 substrates (Rodin et 

al. 2010, Rodin et al. 2014b, Miyazaki et al. 2012, Nakagawa et al. 2014, Kele et al. 

2016). However, Rodin and colleagues also described the clonal expansion and 
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derivation of hESCs on LN521/E-cadherin substrate, which was not enabled by 

LN511 (Rodin et al. 2014b). Controversial reports on hPSC culturing efficiency 

using LN511 and LN511-E8 have also been published arguing whether LN511-E8 

is more or less supportive culture substrate compared to the full-length LN511 

isoform (Miyazaki et al. 2012, Rodin et al. 2014a). E8 is composed of C-terminal 

regions of LN511 α, β, and γ-chains (Figure 5B). It is easier to produce compared to 

full-length laminin molecule, but the truncated structure limits the biological 

activities of LN511-E8 (Miyazaki et al. 2012). Thus, the comprehensive knowledge 

of the biological functions and differences between these substrates are still lacking. 

Directed differentiation into dopaminergic neurons have been demonstrated with 

hIPSCs that were derived and cultured on LN521 and LN511-E8 (Lu et al. 2014, 

Nakagawa et al. 2014). Undifferentiated hIPSCs and differentiating neurons were 

cultured on same substrates. Doi and colleagues did not perform hIPSC derivation 

on defined substrates, but adapted undifferentiated hIPSCs from feeder cells to 

LN511-E8 (Doi et al. 2014, Nishimura et al. 2016). They also performed directed 

dopaminergic differentiation on LN511-E8 with a suspension culture maturation 

phase. The differentiated cells were characterized more extensively compared to 

previous studies, including functional analysis using patch clamp measurements and 

transplantation into 6-OHDA-lesioned rats of hemi-Parkinsonian model. A recent 

study of Kirkeby and colleagues demonstrated that hPSC-derived ventral 

mesencephalic progenitor cells can be differentiated on LN111, LN421, LN511, and 

LN521. However, of these substrates, LN111 selectively supported the 

differentiation of neural cells over the expansion of hPSCs.  (Kirkeby et al. 2017) 

Thus far, studies of hPSC-derived astrocytes or oligodendrocytes on defined laminin 

substrates have not been reported.  

2.3.3 Guiding 2D culture platforms for hPSC-derived neural cells 

The physical properties of the cellular environment can induce chemical signaling in 

the cells by a process called mechanotransduction (Kolind et al. 2012). The effects 

of the mechanical environment on cells in vitro have been reported with various cell 

types, including stem cell differentiation and neural cell behavior (Xie et al. 2009, 

Franze et al. 2013, Shah et al. 2014). The physical properties of the cell culture 

environment have been remodeled using nanofiber platforms and microgrooves to 

induce orientation of neural cells (Xia et al. 2014, Yang et al. 2014). The aligned 

nanofiber-based culture conditions mimic the in vivo structure of the human spinal 
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cord, thus offering a relevant platform for in vitro modeling and clinical applications 

for the treatment of spinal cord injury (SCI) (Straley et al. 2010, Xiao et al. 2016).  

Neurons, astrocytes and oligodendrocytes have been cultured on aligned 

nanofibers generated from synthetic, natural, or combinatorial biosynthetic materials 

(Cao et al. 2009). Cell viability, orientation, migration and axonal guidance were 

demonstrated. However, a majority of these studies have been performed with cells 

of animal origins. Previous studies on the behavior of hPSC-derived neural cells on 

nanofiber platforms are listed in Table 1.  
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Table 1.  hPSC-derived neural cells studied on nanofiber platforms.  

Fibers Cell type Studied fiber 

characteristics/ 

functionalization 

Reference 

Random and 

aligned, poly(l-lactic 

acid) 

Neural cells Absorbed and heparin-

bound FGF2 and EGF, 

PORN/LN-coating 

(Lam et al. 2010) 

Random, Poly(L,D-

lactide) 

Neural cells Different LN 

concentrations 

(Ylä-Outinen et al. 

2010) 

Random and 

aligned, PCL 

NPC Thin and thick fibers, 

PORN/LN-coating 

(Mahairaki et al. 

2011) 

Random, polyamide 

(Ultra-Web) 

Neural cells PORN/LN-coating (Shahbazi et al. 

2011) 

Random, polyamide 

(Ultra-Web) 

NPC PORN/LN-coating (Rahjouei et al. 

2011) 

Random and 

aligned, Tussah silk 

fibroin 

NPC Thin and thick fibers (Wang et al. 2012a) 

Random PES, CA, 

CS fibers 

NPC  (Du et al. 2014) 

Aligned, PCL NPC  (Havasi et al. 2014) 

Random and 

aligned, PCL 

NPC GDNF encapsulation 

into the fibers 

(Mohtaram et al. 

2015a) 

Loop mesh and 

aligned, PCL 

NPC Thin and thick fibers,  

RA 

(Mohtaram et al. 

2015b) 

Random, pDTEc Induced 

neuronal cells 

Thin and thick fibers, 

PDL/LN-coating 

(Carlson et al. 2016) 

Random, gelatin Differentiation 

of motor 

neurons 

LN-coating (Tang et al. 2016)  

Abbreviations: FGF2, fibroblast growth factor; EGF, epidermal growth factor; 

PORN, polyornithine; LN, laminin; PCL, poly(ε-caprolactone); CS, chitosan; CA,  

cellulose acetate; PES, polyethersulfone; GDNF, glial cell-derived neurotrophic 

factor; RA, retinoic acid; pDTEc, Poly(desaminotyrosyl tyrosine ethyl ester carbonate); 

NPC, neural precursor cell; PDL, poly-D-lysine 
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hPSC-derived NPCs and neurons have been reported to attach, remain viable, 

spread and differentiate efficiently on nanofiber platforms (Ylä-Outinen et al. 2010, 

Shahbazi et al. 2011, Havasi et al. 2014, Mohtaram et al. 2015a, Mohtaram et al. 

2015b). Furthermore, aligned nanofibers have been shown to enhance neural 

differentiation and guide the cellular orientation in vitro (Lam et al. 2010, Mahairaki 

et al. 2011, Wang et al. 2012a). Thus far, studies on hPSC-derived astrocytes or 

oligodendrocytes on aligned nanofiber platform have not been published. However, 

the results gained with rat primary cells suggest that astrocytes attach and migrate on 

nanofiber platforms, while oligodendrocytes can even myelinate axon resembling 

nanofibers in vitro (Baiguera et al. 2010, Qu et al. 2013, Lee et al. 2012).  

The most exploited material for nanofiber fabrication in studies investigating 

hPSC-derived neurons is poly(ε-caprolactone) (PCL). PCL is and easily fabricated 

and biocompatible material approved for clinical use by the Food and Drug 

Administration (FDA), and it has been used for fabrication of transplantable medical 

devices for decades (Woodruff and Hutmacher 2010). Nanofibers can be coated or 

functionalized with, for example, ECM molecules or growth factors in order to 

increase cell adhesion, survival, and guidance (Han and Cheung 2011, Low et al. 

2015, Li et al. 2016b). Previously, at least laminin, EGF, FGF2, glial cell-derived 

neurotrophic factor (GDNF), and RA have been used for functionalization of the 

nanofibers with hPSC-derived neural cells (Lam et al. 2010, Mahairaki et al. 2011, 

Mohtaram et al. 2015a, Mohtaram et al. 2015b).  

2.3.4 Guiding 3D culture platforms for hPSC-derived neural cells 

A majority of in vitro cell culture experiments are performed under 2D culture 

conditions, which only vaguely resemble in vivo environments. Biomaterials have 

been used for creating 3D culture conditions for different cell types (Edmondson et 

al. 2014). Due to the substantially soft ECM structure in the CNS, hydrogels have 

been considered particularly suitable for neural cells. In addition to providing an 

excellent approach for modeling CNS conditions in vitro, hydrogels have been 

utilized for transplantation therapies in preclinical studies (Li et al. 2012). Previous 

in vivo studies with different CNS traumas have demonstrated that traditional cell 

transplantation strategies often result in low survival rate and viability of the 

transplanted cells (Hicks et al. 2009). Following trauma the cellular environment at 

the injury site is inhibitory due to various pathophysiological processes such as 

inflammatory and other immune responses, lack of trophic factors or supporting 
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ECM, and excitotoxicity (Li et al. 2012). The preventive effect towards the 

transplanted cells at the injury site could be relieved by seeding the cells with 

hydrogel, which creates supportive niche for the transplanted cells (Nisbet et al. 

2008). Cell survival and differentiation within the hydrogel scaffolds, integration into 

the host tissue, and endogenous cell regeneration can be further enhanced by the 

incorporation of different components such as growth factors into the hydrogel (Li 

et al. 2014, Cook et al. 2016, Li et al. 2016a, Yasui et al. 2016). A variety of hydrogel 

materials have been used for 3D culturing of NPCs and neurons (Nisbet et al. 2008, 

Li et al. 2012).  

Nanofibers, reviewed in a previous chapter, can also be fabricated into 3D 

structures (Carlson et al. 2016). However, nanofibers alone provide considerably 

stiffer 3D structure compared to CNS tissue in vivo. This might induce inhibitory 

reactions on the cells of the surrounding tissue via mechanotransduction (Koser et 

al. 2015). Furthermore, CNS trauma, especially SCI, also result in the formation of a 

cavity at the injury site. Filling the cavity with transplanted biomaterial would be 

beneficial, but it is challenging to achieve using nanofibers only (Rivet et al. 2015). 

Thus, a combination of hydrogels and nanofibers could provide a 3D structure, 

which mimics the mechanical properties of the CNS ECM but also guides cell 

migration and orientation to represent the anatomy of the spinal cord. In addition 

to incorporating nanofibers, other methods such as oriented channels or pores in 

the hydrogel can be used to guide cell migration and orientation (Sarig-Nadir et al. 

2009, Kaneko et al. 2015). 

Thus far, only a few studies have demonstrated the combination of hydrogel, 

nanofibers and human neural cells in 3D structures (McMurtrey 2014, Shelke et al. 

2016). Human neuroblastoma -derived cells have been oriented in hyaluronic acid 

hydrogel using PCL nanofibers (McMurtrey 2014). hPSCs and mesenchymal stem 

cells (MSCs) have been cultured on semi-3D PCL nanofiber structure, coated with 

sodium alginate. These cells were directed to differentiate towards neurons but due 

to the lack of characterization of neural phenotype, no conclusion can be drawn 

about the neural behavior under these conditions. (Shelke et al. 2016) In conclusion, 

the combination of nanofibers, hydrogels, and neural cells has not been extensively 

studied.  
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2.4 Stem cell-based clinical applications for spinal cord injury 
repair 

2.4.1 Spinal cord injury 

The spinal cord is a cylindrical structure containing white and gray matter. The gray 

matter contains neuron and glial cell somas and is located in the interior part of the 

spinal cord, forming a clearly distinct region shaped like a butterfly. Gray matter is 

surrounded by the white matter, which is mainly composed of myelinated nerve 

fibers. Nerve fibers in the white matter form separate tracts responsible for 

transmitting information between the peripheral nervous system and the brain. 

(Pawlina and Ross 2015) Thus, cells and nerve fibers are highly oriented along the 

spinal cord (craniocaudal axis), especially in the white matter (Koser et al. 2015).  

SCI is damage to the spinal cord that leads to the loss of muscle function, 

sensation, or autonomic functions to different extents. SCIs are classified into 

traumatic and non-traumatic injuries caused by mechanical damage and pathological 

conditions, respectively. (Sabapathy et al. 2015) Injuries are heterogeneous and cause 

varying degrees of impairment. SCI is followed by primary and secondary events, 

finally resulting in a chronic phase. The primary events include cell death and axonal 

sparing immediately after injury. The secondary events occur within hours to weeks 

after injury, causing widespread and prolonged tissue destruction mediated by 

excitotoxic, oxidative, inflammatory, and immune events. (Kramer et al. 2013) The 

loss of oligodendrocytes at the injury site is often accompanied by demyelination and 

unfeasible remyelination, leading to inefficient action potential transmission in the 

remaining axons (Nashmi and Fehlings 2001). Tissue destruction is followed by 

removal of cell debris by macrophages and microglia, resulting in the formation of a 

cavity at the injury site. Infiltrating macrophages, microglial cells, astrocytes, and 

OPCs form a glial scar to isolate the injury site from the surrounding healthy tissue. 

However, the glial scar also acts as a physical barrier and chemical inhibitor of axonal 

growth and regeneration. (Leal-Filho 2011) Rehabilitation exercises and physical 

therapy may have some effects on the recovery of motion and a number of different 

strategies for SCI repair have been and are currently studied. However, no efficient 

treatment for SCI exists thus far (Schwab et al. 2006, Rabchevsky et al. 2011, Ruff et 

al. 2012). 
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2.4.2 Stem cell-based clinical trials for spinal cord injury repair 

Several clinical studies investigating stem cell transplantations in patients with SCI 

are ongoing (https://clinicaltrials.gov). However, most of these studies have utilized 

autologous mesenchymal stem cell (MSC) transplantation. The ongoing and recently 

completed clinical trials with human stem cell-derived neural cells for SCI treatment 

are listed in Table 2. 
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Table 2.  Ongoing and recently completed clinical trials using human stem cell –derived neural cells.  

Abbreviations: MSC, mesenchymal stem cell; NSC, neural stem cell; AST-OPC1, Asterias Biotherapeutics – oligodendrocyte 
precursor cells; HuCNS-SC, human central nervous system stem cells 

 

Executor Cell type Aim Number of 
patients 

Initiated - 
Completion 

ID 

Federal Research Clinical Center of Federal 
Medical & Biological Agency, Russia, 
Novagenesis Foundation, Ophiuchus 

Technologies AG 

Autologous 
NSCs 

Feasibility and 
safety 

30 2014 – 2018 NCT02326662 

Chinese Academy of Sciences, Affiliated 
Hospital of Logistics University of CAPF, 
The First Affiliated Hospital of Soochow 
University, First Hospitals affiliated to the 

China PLA General Hospital 

NeuroRegen 
scaffold with 

MSCs or NSCs 

Safety and 
efficacy 

30 

30 

2015 – 2017, 

2016 – 2017  

NCT02352077,  

NCT02688049   

Asterias Biotherapeutics Inc. AST-OPC1 Safety (dose 
escalation study)   

35 2015 – 2018 NCT02302157 

Neuralstem Inc. Human spinal 
cord stem cells 

(NSI-566)   

Safety  8 2014 – 2018 NCT01772810 

StemCells Inc. HuCNS-SC  Safety and 
efficacy 

12 

31 

12 

2011 – 2015,  

2014 – 2016, 

2012 – 2016 

NCT01321333,  

NCT02163876,  

NCT01725880 
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Autologous NSCs derived from the patient's own bone marrow stem cells are 

being studied in patients with complete traumatic SCI (NCT02326662), but so far, 

no results from the ongoing trial have been reported (Sandquist 2016). Collagen fiber 

scaffolds (NeuroRegen) combined with MSCs or NSCs are currently under clinical 

trials executed by the Chinese research consortium. In 2016, results based on a one-

year follow-up of 5 patients with NeuroRegen and autologous MSC transplantation 

were published (Xiao et al. 2016). In these trials, when scaffolds were transplanted, 

the scar tissue was surgically resected from the injury site. No adverse effect related 

to scar resection or NeuroRegen scaffold transplantation was reported. 

Furthermore, some improvements in functions related to autonomic nervous system 

and recovery of somatosensory evoked potentials from the lower limbs were 

detected. No results with human NSCs in NeuroRegen scaffolds have been reported, 

while the trial is still ongoing.  

Asterias Biotherapeutics is studying hESC-derived OPCs, originally developed 

and initially taken to clinical trials by Geron Corporation (Priest et al. 2015). Asterias 

Biotherapeutics has reported positive safety and efficacy results with AST-OPC1s in 

models of thoracic and cervical SCI. Currently, phase 1/2 clinical trials are ongoing 

to study escalating doses of transplanted AST-OPC1s administered once between 

14 and 30 days after injury. (http://asteriasbiotherapeutics.com/AST-OPC1.php) 

Neuralstem Inc. is evaluating the safety and feasibility of using fetal spinal cord –

derived NSCs (NSI-566) to repair chronic SCI. Transplantations were reported to 

be clinically safe and tolerable with thoracic SCI patients. Expansion of the clinical 

trial was announced based on positive safety and feasibility results acquired with a 

cohort of four patients, and new participants with cervical SCI are currently 

recruited. (http://www.neuralstem.com/cell-therapy-for-sci) 

StemCells Inc. utilized fetal brain –derived NSCs (HuCNS-SC) for treatment of 

SCI. However, in 2016 StemCells Inc. announced termination of Phase II clinical 

trial due to lack of efficacy, resulting in closing out operations and winding down the 

company (http://investor.stemcellsinc.com/ phoenix.zhtml?c=86230&p=irol-

newsArticle_print&ID=2173446). Preclinical studies in mouse and rat SCI models 

demonstrated the efficacy of HuCNS-SCs, but these studies were performed with 

research grade cells. After the termination of the clinical trial, comparison of research 

and clinical grade HuCNS-SCs revealed considerable difference in the efficacy of 

these cells and demonstrated no evidence of efficacy of the clinical grade cells in 

mouse model of SCI (Anderson et al. 2017). The cause of the difference is 

challenging to define as the manufacturing process of the clinical grade cells is not 

shared with the academic researchers.  
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Currently, a few clinical trials utilizing stem cell –derived neural cells are ongoing. 

The results from the safety studies are encouraging and no major adverse effects 

such as tumor formation have been reported. However, efficacy of these treatments 

have not yet been demonstrated. Thus far, only one trial utilizing transplantation of 

biomaterial scaffolds with stem cell-derived neural cells for SCI has been initiated.  
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3 Aims of the study 

The focus of this thesis was to study various aspects, including the genetic 

background and chemical and mechanical inductions of hPSC-derived CNS cell 

differentiation and behavior in vitro. The results were aimed to be applicable for 

developing tissue engineering products for SCI repair. The specific aims of the 

studies are: 

 

1. Comparing the neural differentiation potential of several hPSC lines and 

discover the presence of potential systematic differences between hESCs and 

hIPSCs (Study I). 

 

2. Studying chemical induction for directing hPSC differentiation by developing 

differentiation protocol for hPSC-derived OPCs and oligodendrocytes 

(Study II).   

 

3. Studying how defined ECM substrates influence the behavior of hPSC-

derived CNS cells in vitro (Study III, IV). 

  

4. Studying how mechanical alterations in the cell culture conditions affect 

hPSC-derived CNS cells in vitro, by culturing the cells in conditions mimicking 

the in vivo structure of the spinal cord (Study IV). 
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4 Materials and methods 

4.1 hPSC culturing and differentiation 

4.1.1 Ethical considerations 

BioMediTech has permission from the National Authority for Medicolegal Affairs 

in Finland to conduct research with human embryos and derive hESC lines 

(1426/32/300/05). A supportive statement from the ethical committee of the 

Hospital District of Pirkanmaa allows the derivation, culturing, and differentiation 

of hESC lines (R05116) and hIPSC lines (R08070). FES29, FiPS5-7, and A116 (all 

used in Study I) were generated at the University of Helsinki with the permissions 

of the Ethics Committee of the Helsinki University Central Hospital and the 

Coordinating Ethics Committee, Helsinki and Uusimaa Hospital District 

(143/E8/01; 423/13/00/08; and 54/2009). 

4.1.2 hPSC lines and culture 

The hPSC lines used in this thesis are listed in Table 3. 
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Table 3.  Specifications of the used hPSC lines. 

 

Cell line Origin Induction 

method 

Established Study 

H7 Embryo - WiCell* 

 

I 

FES29 Embryo - University of 

Helsinki 

I 

Regea 06/040 Embryo - University of 

Tampere 

II 

Regea 08/023 Embryo - University of 

Tampere 

I-V 

Regea 11/013 Embryo - University of 

Tampere 

IV 

FiPS5-7 Foreskin 

fibroblast 

Retrovirus University of 

Helsinki 

I 

UTA.00112.hFF Foreskin 

fibroblast 

Retrovirus University of 

Tampere 

I 

UTA.01006.WT Adult skin 

fibroblast 

Retrovirus University of 

Tampere 

I 

UTA.04511.WT Adult skin 

fibroblast 

Sendai virus University of 

Tampere 

IV 

A116 Adult skin 

fibroblast 

Retrovirus University of 

Helsinki 

I, III 

HEL24.3 Foreskin 

fibroblast 

Sendai virus University of 

Helsinki 

I 

*WiCell Research Institute, Madison, WI, USA. Cell line commercially available. 

 

The maintenance of hPSC lines was performed as described earlier, with minor 

modifications (Rajala et al. 2007). Briefly, hPSCs were cultured on top of human 

feeder cell layers (CRL 2429, ATCC, Manassas, VA USA) and passaged mechanically 

or enzymatically once a week. The medium consisted of knockout Dulbecco’s 

modified Eagle’s medium (DMEM) supplemented with 20% knockout serum 

replacement, 2 mM GlutaMAX (all from Gibco, Thermo Fisher Scientific, Waltham, 

MA, USA), 1% nonessential amino acids, 50 U/ml penicillin/streptomycin (both 

from Lonza Group Ltd., Basel, Switzerland), 0.1 mM 2 mercaptoethanol (Gibco, 
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Thermo Fisher Scientific) and 8 ng/ml bFGF (R&D Systems Inc., Minneapolis, MN, 

USA). 

The undifferentiated phenotype of the hPSCs were regularly monitored with gene 

and protein expression analyses of pluripotency markers (OCT-3/4, NANOG, 

tumor-related antigen (Tra) -1-81 and Tra-1-60 and EB formation assays. All cultures 

maintained normal karyotypes and were mycoplasma free. 

4.1.3 Production of neurons and astrocytes 

hPSCs were differentiated into neurons and astrocytes according to previously 

published protocol (Lappalainen et al. 2010). The hPSC colonies were mechanically 

dissected into small clusters and transferred into six-well ultralow attachment plates 

(Nunc, Thermo Fisher Scientific). Cells formed free-floating aggregates for neural 

differentiation in suspension culture. Neural differentiation medium (NDM) 

consisted of 1:1 DMEM/F-12:Neurobasal media supplemented with 1×B27, 1×N2, 

2 mM GlutaMAX (all from Gibco, Thermo Fisher Scientific), 25 U/ml 

penicillin/streptomycin (Lonza Group Ltd.) and 20 ng/ml bFGF (R&D Systems 

Inc.). In Study IV neural differentiation was performed in the presence or absence 

of 0.1 µM LDN193189 (Stemcell Technologies, Vancouver, Canada). The medium 

was changed three times per week, and the spheres were mechanically passaged once 

a week. After 8 to 12 weeks of differentiation in suspension cultures, the majority of 

the cells exhibited neuronal phenotype (Study I, III, IV). Prolonged differentiation 

in suspension culture changed the phenotype of the differentiating cells, resulting in 

astroglial-enriched population (Lappalainen et al. 2010). After 15 to 20 weeks of 

differentiation, astrocyte-enriched cultures were obtained (Study III, IV).  

To analyze the differentiation, functionality, maturation and cell behavior under 

different culturing conditions, the cell aggregates were either dissociated into single 

cell suspension with TrypLE Select (Gibco, Thermo Fisher Scientific) or 

mechanically dissected into smaller aggregates. Predifferentiated cells were plated 

onto polystyrene, microelectrode array (MEA); nanofiber surface coated with mouse 

laminin (10-20 μg/ml, Sigma-Aldrich, St. Louis, MO, USA) (Study I, III, IV), or 

non-coated nanofiber surface (Study IV). The cells were plated in neural 

differentiation medium lacking bFGF. For MEA measurements, the neural 

differentiation medium was supplemented with 4 ng/ml bFGF and 5 ng/ml BDNF 

(ProSpec -Tany TechnoGene Ltd., Rehovot, Israel) from one week of adherent 

culture onwards (Study I, III).  
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4.1.4 Production of oligodendrocytes 

The differentiation method to produce hPSC-derived OPCs and oligodendrocytes 

was developed in Study II. hPSCs were differentiated towards OPCs using a 

protocol that included three phases. OPC differentiation was initiated in suspension 

culture as described with neural differentiation in Chapter 4.1.3.  

The basal neural stem cell (NS) medium consisted of DMEM/F-12 

supplemented with 1×N2, 2 mM GlutaMAX (all from Gibco, Thermo Fisher 

Scientific), 0.6% glucose, 5 mM HEPES, 2 μg/ml heparin (all from Sigma-Aldrich), 

and 25 U/ml penicillin/streptomycin (Lonza Group Ltd.). The xeno-free (XF) basal 

medium consisted of DMEM/F-12 with xeno-free neural stem cell (XF-NSC)-

supplement StemPro (product under development; Invitrogen, Life Technologies, 

Carlsbad, CA, USA), 2 mM GlutaMAX (Gibco, Thermo Fisher Scientific), and 25 

U/ml penicillin/streptomycin (Lonza Group Ltd.). Different combinations of 

additional growth factors in the basal media, listed in Tables 4 and 5, were studied 

for oligodendrocyte differentiation. The medium was changed three times per week 

and the spheres were mechanically passaged once a week. 

Table 4.  Supplements used in OPC differentiation media (Study II, IV)  

Supplement Concentration Supplier 

Epidermal growth factor, EGF 20 ng/ml R&D Systems, Prospec* 

Basic fibroblast growth factor, 

bFGF 

20/10 ng/ml 

(stage 1/2) 

R&D Systems 

Ciliary neurotrophic factor, CNF 10 ng/ml R&D Systems 

Retinoic acid, RA 10 µM Sigma-Aldrich 

3,3´,5-triiodo-L-thyronine, T3 40 ng/ml Sigma-Aldrich 

L-ascorbic acid 2-phosphate, AA 200 µm Sigma-Aldrich 

Insulin-like growth factor-1, IGF-1 100 ng/ml Sigma-Aldrich, 

Prospec* 

Platelet-derived growth factor- AA, 

PDGF-AA 

20 ng/ml Peprotech Inc., Prospec* 

Human or mouse* laminin, LN 1 µg/ml Sigma-Aldrich 

Sonic hedgehog, SHH 100 ng/ml R&D Systems 

LDN193189* 0.1 µM Stemcell Technologies 

B27 1× Gibco, Thermo Fisher 

Scientific 

*Used in Study IV 
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Table 5.  Differentiation media compositions used in Study II.  

Stage Tested media compositions 

1. Neural 

induction 

4 weeks* 

NS1.1: EGF, bFGF, CNTF 

NS1.2: B27, RA*, T3, AA, EGF, bFGF, SHH# 

NS1.3: B27, RA*, T3, AA, EGF, bFGF, CNTF, SHH# 

XF1.1: EGF, bFGF, CNTF 

XF1.2: RA*, T3, AA, EGF, bFGF, SHH# 

XF1.3: RA*, T3, AA, EGF, bFGF, CNTF, SHH# 
 

2. OPC 

production 

3 weeks 

NS2.1: EGF, bFGF, CNTF, IGF-1, PDGF-AA, LN 

NS2.2: B27, T3, AA, EGF, bFGF, IGF-1, PDGF-AA, LN, SHH 

NS2.3: B27, T3, AA, EGF, bFGF, CNTF, IGF-1, PDGF-AA, LN, SHH 

XF2.1: EGF, bFGF, CNTF, IGF-1, PDGF-AA, LN 

XF2.2: T3, AA, EGF, bFGF, IGF-1, PDGF-AA, LN, SHH 

XF2.3: T3, AA, EGF, bFGF, CNTF, IGF-1, PDGF-AA, LN, SHH 
 

3. OPC 

maturation 

2/4 weeks 

NS3.1: T3, AA, CNTF 

NS3.2: B27, T3, AA, LN 

NS3.3: B27, T3, AA, CNTF, LN 

XF3.1: T3, AA, CNTF 

XF3.2: T3, AA, LN 

XF3.3: T3, AA, CNTF, LN 
 

*RA used for the first three weeks in stage 1. 
#SHH added after two weeks in stage 1. 

Abbreviations: NS, neural stem cell medium; XF, xeno-free medium; OPC, 

oligodendrocyte precursor cell; see Table 4 

 

The oligodendrocyte differentiation protocol developed in Study II was further 

modified and applied in Study IV (Hyysalo and Narkilahti 2015). Xenogeneic 

conditions were applied and several components used for the differentiation media 

were acquired from different manufacturers. SHH was omitted from the protocol, 

and LDN193189 was added to the differentiation media in stages 1 and 2. 

Altogether, in Study IV OPCs were differentiated in the NS medium supplemented 

with B27, RA, T3, AA, EGF, bFGF, and LDN193189 in stage 1. In stage 2, the NS 

medium was supplemented with B27, T3, AA, EGF, bFGF, IGF-1, PDGF-AA, LN, 

and LDN193189. (Table 4) OPCs were cultured on nanofiber platform in stage 2 

medium (Study IV).  

The OPCs were plated down into adherent cultures for characterization during 

differentiation and analysis of cell behavior on nanofiber platforms. A mixture of 
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the ECM proteins laminin (10 μg/ml), collagen IV (10 μg/ml, both from Sigma-

Aldrich), and nidogen 1 (1 μg/ml, R&D Systems) was used for coating surfaces for 

OPCs. (Study II, IV) 

4.2 Recombinant human laminins 

Recombinant human laminin isoforms were used as coating substrates for hPSC-

derived neurons and astrocytes. Human recombinant laminin isoforms LN211, 

LN332, LN411, LN511, LN521 (10 µg/ml, 2 µg/cm2, BioLamina, Sundbyberg, 

Sweden), and the LN511-E8 fragment (10 µg/ml, 1 µg/cm2, Clontech, Takara Bio 

Inc., Shiga, Japan) were used for coating 2D polystyrene surfaces (Study III). 

Additionally, human recombinant laminin isoforms LN411, LN511, LN521 (10 

µg/ml, 2 µg/cm2), and the LN511-E8 fragment (10 µg/ml, 1 µg/cm2) were used for 

coating nanofiber surfaces (Study IV). 

4.3 Nanofiber platform 

hPSC-derived neurons, astrocytes, and OPCs were cultured on commercial 

nanofiber surfaces (Study IV). NanoAligned™ 24-well plates and 24-well plate 

inserts (Nanofiber Solutions, Columbus, OH, USA) were used as the nanofiber 

platform. The nanofibers were fabricated from PCL, and products were xeno-free. 

The mean diameter of a single fiber was 700 nm, and fibers were plasma surface-

treated to improve their hydrophilicity. 

(http://www.nanofibersolutions.com/products.html) 

4.3.1 Nanofiber-hydrogel scaffolds 

The hPSC-derived neurons were cultured on and encapsulated in 3D hydrogel-

nanofiber constructs (Study IV). Commercial PuraMatrix™ hydrogel was used 

according to the manufacturer’s instructions (Corning, Corning, NY, USA) and 

hydrogel scaffolds on top of nanofiber platforms were prepared according to 

previously published method, with minor modifications (Buxboim et al. 2010). The 

fabrication method of the hydrogel scaffolds is described in detail in the original 

publication (Study IV). Briefly, thin (15 µm) and thick (75 µm) hydrogel scaffolds 

were polymerized while sandwiched between a coverslip and a nanofiber platform. 
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Gel thickness was controlled by mixing the hydrogel with polystyrene microspheres 

of desired diameters. Excess hydrogel was removed prior to polymerization by 

placing a weight on top of the sandwiched structure. The coverslip was removed 

after polymerization, leaving the hydrogel attached to the nanofiber platform. The 

hPSC-derived neurons were either plated on top of a thin hydrogel or encapsulated 

within a thick hydrogel (Figure 6).  

 

 

Figure 6.  Culturing of hPSC-derived neurons on top of a thin hydrogel or within a thick hydrogel on 
nanofiber platforms. Illustrations are not to scale.  

4.4 Characterization of differentiated neural cells 

4.4.1 Morphology and time-lapse imaging 

Cell morphology and growth were routinely observed during adherent culturing 

using Nikon T2000S microscope with a DS-Fi1 camera (Nikon Instruments, 

Amsterdam, Netherlands) (Study I-IV). More detailed analyses of morphology and 

cell behavior were performed with time-lapse imaging system (Cell-IQ®, Chip-Man 

Technologies Ltd, Tampere, Finland) (Study I). Automated imaging and cell-

culturing platform enabled continuous monitoring of the cells with phase-contrast 

microscope optics (10×) and a CCD camera, as previously described (Narkilahti et 

al. 2007). After 4 and 8 weeks of differentiation in suspension cultures, the neurons 

were monitored continuously for 2 days in adherent cultures.  

4.4.2 Cell viability 

Viability of the cells was studied using a LIVE/DEAD® Viability/Cytotoxicity Kit 

for mammalian cells (Thermo Fisher Scientific) (Study III, IV). Briefly, the cells were 

incubated in culture medium supplemented with calcein AM (0.1 μM) and ethidium 
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homodimer-1 (0.5 μM). The cells were imaged immediately after 30 minutes 

incubation at room temperature (RT) in a light-protected area. 

Areas covered by calcein AM (live cells, emission 515 nm) and ethidium 

homodimer-1 (dead cells, emission 635 nm) in the cell cultures were quantified from 

immunofluorescence images using ImageJ-software (U.S. National Institutes of 

Health, Bethesda, MD, USA) (Study III). 

4.4.3 Gene expression analysis 

Reverse transcription-polymerase chain reaction (RT-PCR) and quantitative real 

time PCR (qPCR) were used to evaluate hPSC differentiation towards neural and 

glial lineages (Study I, II). Genes included in the analyses are listed in Table 6. RNA 

extraction, cDNA synthesis, PCR protocols, and primer sequences are described in 

detail in the original publications. Relative expression values were determined using 

the comparative 2-ΔΔCt method (Livak and Schmittgen 2001). As opposed to the 

original publication, analysis of neural differentiation in Study I was performed for 

each cell line individually using undifferentiated samples as the calibrators. 
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Table 6.  Genes used for RT-PCR and qPCR analyses  

Gene  Expression RT-PCR /qPCR Study 

OCT3/4 Pluripotent/Transgenic RT-PCR/qPCR I, II 

Musashi NPC qPCR I 

NF-68 Neuron qPCR I 

GFAP Astrocyte qPCR I 

SOX2 Transgenic qPCR I 

C-MYC Transgenic  qPCR I 

KLF4 Transgenic  qPCR I 

NANOG Transgenic  qPCR I 

LIN28 Transgenic  qPCR I 

Olig2 OPC RT-PCR/qPCR II 

Nkx2.2 OPC RT-PCR/qPCR II 

SHH Sonic Hedgehog-signaling qPCR II 

SOX10 OPC RT-PCR/qPCR II 

PAX6 Neuroepithelium RT-PCR II 

Nestin Neuroectoderm RT-PCR II 

PDGF-Rα OPC RT-PCR II 

NG2 OPC RT-PCR II 

SOX9 Glial precursor RT-PCR II 

Nkx6.2 Oligodendrocyte RT-PCR II 

PLP Oligodendrocyte RT-PCR II 

OMG Oligodendrocyte RT-PCR II 

GAPDH Endogenous control gene RT-PCR/qPCR I, II 

Abbreviations: OCT3/4, octamer-binding transcription factor 3/4; NF-68, 

neurofilament light chain; GFAP, glial fibrillary acidic protein; SOX2, SRY (Sex 

Determining Region Y)-Box 2; C-MYC, V-Myc avian myelocytomatosis viral 

oncogene homolog; KLF4, Kruppel-like factor 4; Olig2, oligodendrocyte 

transcription factor 2; Nkx2.2, NK2 homeobox 2; SHH, sonic hedgehog; SOX10, 

SRY-Box 10; PAX6, paired box 6; PDGF-Rα, platelet-derived growth factor 

receptor α; NG2, chondroitin sulphate proteoglycan 4; SOX9, SRY-Box 9; Nkx6.2, 

NK6 homeobox 2; PLP, proteolipid protein; OMG, oligodendrocyte myelin 

glycoprotein; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; NPC, neural 

precursor cell; OPC, oligodendrocyte precursor cell 
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4.4.4 Protein expression analysis 

Protein expression in differentiated neurons, astrocytes and OPCs was analyzed 

using immunocytochemistry (Study I-IV). The primary antibodies used for the 

analyses are listed in Table 7. For secondary antibody labelling, Alexa Fluor 488 and 

Alexa Fluor 568 dyes (both from Molecular Probes, Thermo Fisher Scientific) were 

used at 1:400 dilution. The staining protocol is described in detail in the original 

publications. In studies II and IV, staining with the oligodendrocyte marker O4 was 

performed for living cells. Live staining was performed by incubating cells in diluted 

antibody at 37°C for 30 minutes. The cells were subsequently either incubated with 

secondary antibody or fixed with 4% paraformaldehyde prior to secondary antibody 

incubation. Secondary incubation with Alexa Fluor 568 goat anti-mouse IgM was 

performed for 30 minutes at RT. Alternatively, O4 staining was performed for fixed 

cells as described above in Study IV. The stained samples were imaged using an 

Olympus IX51 fluorescence microscope (Olympus Corporation, Hamburg, 

Germany) or Zeiss LSM780 confocal microscope (Carl Zeiss, Oberkochen, 

Germany).  
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Table 7.  Antibodies used for immunocytochemical analyses of protein expression    

Antibody Expression Host Dilution Manufacturer Study 

OCT3/4 Pluripotent Goat 1:200 R&D Systems II 

Tra 1-81 Pluripotent Mouse 1:200 Santa Cruz 

Biotechnology 

II 

SOX2 Neural stem cell Goat 1:200 Santa Cruz 

Biotechnology 

II 

SOX2 Neural stem cell Mouse 1:200 R&D Systems II 

Nestin Neuroectoderm Mouse 1:1000 Merck Millipore I, II, III 

MAP-2 Neuron, dendritic Rabbit 1:400 Merck Millipore I-IV 

β-tubulinIII Neuron, axonal Mouse 1:1000 Sigma-Aldrich III, IV 

β-tubulinIII Neuron, axonal Rabbit 1:2000 GenScript III 

GFAP Astrocyte Sheep 1:2000 R&D Systems III 

GFAP Astrocyte Chicken 1:4000 Abcam III 

S100β Astrocyte Mouse 1:500 Abcam IV 

Olig2 OPC Rabbit 1:200 Merck Millipore II, IV 

NG2 OPC Rabbit 1:200 Merck Millipore II, IV 

GalC OPC/ 

Oligodenrocyte 

Mouse 1:200 Merck Millipore II, IV 

O4 OPC/ 

Oligodenrocyte 

Mouse 1:100 

 

R&D Systems II, IV 

MBP Oligodenrocyte Rabbit 1:200 Merck Millipore II, IV 

MBP Oligodenrocyte Rat 1:100 Abcam IV 

Abbreviations: OCT3/4, octamer-binding transcription factor 3/4; Tra 1-81, tumor-

related antigen 1-81; SOX2, SRY (sex determining region Y)-box 2; MAP-2, 

microtubule-associated protein 2; GFAP, glial fibrillary acidic protein; Olig2, 

oligodendrocyte transcription factor 2; NG2, chondroitin sulphate proteoglycan 4; 

GalC, galactocerebroside; O4, oligodendrocyte marker O4; MBP, myelin basic 

protein; OPC, oligodendrocyte precursor cell 

 

Visualization and analyses of the imaging data was performed using Adobe 

Photoshop (Adobe Systems Incorporated, San Jose, CA, USA), Huygens Essential 

(Scientific Volume Imaging B.V., Hilversum, Netherlands), Zeiss Microscope 

Software Zen (Carl Zeiss), and ImageJ (U.S. National Institutes of Health, Bethesda, 

MD, USA). The cell culture areas covered by microtubule-associated protein 2 

(MAP-2)-positive cells were quantified using ImageJ (Study I), and cells positive for 

MAP-2/β-tubulinIII (Study III) or GFAP were detected and counted automatically 
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using CellProfiler and CellProfiler Analyst (Carpenter et al. 2006, Jones et al. 2008). 

Distribution of cell orientation (Study IV) was analyzed using spectral analysis 

software CytoSpectre (Kartasalo et al. 2015). 

4.4.5 Flow cytometry  

The protein expression profiles of hPSC-derived OPCs were analyzed using flow 

cytometry (Study II). The detailed protocol for sample preparation is described in 

the original publication. The samples were analyzed using FACSAria with FACS 

Diva software (BD Biosciences, Franklin Lakes, NJ, USA). Fluorochrome-

conjugated cell surface markers used for the analysis are listed in Table 8. Additional 

antibodies used for flow cytometry analysis, including chondroitin sulphate 

proteoglycan 4 (NG2), O4, and Tra 1-81, are listed in Table 7. These antibodies 

lacking fluorochrome-conjugates were detected using phycoerythrin (PE)-

conjugated goat anti-mouse IgM (Caltag Laboratories, Thermo Fisher Scientific) or 

donkey anti-mouse IgG Alexa Fluor 488 (Molecular Probes, Thermo Fisher 

Scientific).  

Table 8.  Antibodies used for analysis of cell surface markers with flow cytometry    

Antibody Full name Conjugate Manufacturer 

A2B5 A2B5 APC Miltenyi Biotec 

CD44 H-CAM PE BD Biosciences 

CD56 NCAM PE Immunotools 

CD133 AC133, prominin-1 PE Miltenyi Biotec 

CD140a PDGF-Rα PE BD Biosciences 

CD326 EpCAM APC Miltenyi Biotec 

Abbreviations: H-CAM, homing cell adhesion molecule; NCAM, neural cell 

adhesion molecule; PDGF-Rα, platelet-derived growth factor receptor α; EpCAM, 

epithelial cell adhesion molecule; APC, allophycocyanin; PE, phycoerythrin 

4.4.6 Scanning electron microscopy 

The surface morphology and behavior of cell on nanofiber platforms were studied 

using a field emission scanning electron microscope (FESEM, ULTRAplus, Carl 

Zeiss) (Study IV). Samples were fixed with 5% glutaraldehyde for 1 hour at RT and 
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dehydrated in a graded ethanol series. The dehydrated samples were carbon glued 

onto the FESEM aluminum stubs followed by carbon coating (Turbo Carbon 

Coater, Agar Scientific, Stansted, UK). The samples were examined using an 

accelerating voltage of 3 kV and tilted ~55° to observe the 3D structures more easily. 

4.4.7 Microelectrode array measurements 

Spontaneous electrical activity of the neuronal networks was analyzed using MEA 

technology (Study I, III). The measurements were performed on standard or 6-well 

MEA-plates (Multichannel Systems [MCS], Reutlingen, Germany) coated with 

0.05% w/v polyethyleneimine (PEI) and 20 μg/ml mouse laminin (Study I) or 

standard 12-well plate MEAs(Axion Biosystems, Atlanta, GA, USA) coated with 

human recombinant laminin substrates (Study III). In MCS MEA-plates, the 

electrode areas were surrounded with in-house designed poly(dimethyl siloxane) 

(PDMS) structures (Kreutzer et al. 2012). Measurements were performed using 

MEA1060-Inv-BC-amplifier (Multichannel Systems) or Maestro MEA system 

(Axion Biosystems) and data were recorded with MC Rack (Multichannel Systems) 

or AxIS software (Axion Biosystems). Five minute recordings were performed twice 

a week (Study I) or ten minute recordings were performed once a week (Study III) 

for one to three weeks per experiment. A custom made MATLAB script was used 

for spike count and burst analysis, modified from (Kapucu et al. 2012) (Study III).  

4.5 Statistical analyses 

A non-parametric Kruskall-Wallis test (>2 groups) followed by Mann-Whitney test 

and Bonferroni correction were used due to the non-Gaussian distribution of the 

data (Study I, III). Statistical analyses were performed using SPSS Statistics (IBM 

Corp., Armonk, NY, USA) software. The results were considered significant if p-

values were ≤0.05.  
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5 Results 

5.1 Differentiation capacities of individual hESC and hIPSC 
lines 

Three hESC lines and four hIPSC lines were directed to differentiate towards 

hepatocytes, cardiomyocytes, neuronal- and retinal pigment epithelium (RPE) cells, 

which are derivatives of the endoderm, mesoderm, and ectoderm, respectively (Study 

I). The differentiation capacities of individual cell lines were evaluated using targeted 

differentiation methods and a wide range of characterization methods. A summary 

of cell line-specific differentiation propensities is presented in Table 9. The results 

of the directed neuronal differentiation are presented in more detail in this chapter.  

Transgene expression in the hIPSC lines were studied prior to and at the end of 

differentiation experiments. Expression of KLF4 was detected constantly prior to 

differentiation in the UTA.01006.WT cell line (Study I, Figure 1). This cell line also 

showed the weakest differentiation capacity with all differentiation methods used in 

this study (Table 9). No expression of transgenes was detected with the other hIPSC 

lines prior to differentiation. In addition, none of the hIPSC lines showed 

reactivation of the transgenes at the end of differentiation towards hepatocytes, 

cardiomyocytes, and neuronal cells. Upon long-term RPE differentiation, however, 

increased expression of transgenic OCT3/4, NANOG, and LIN28 was detected 

(Study I, Supplementary Figure 2).  
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Table 9.  Differentiation propensities of individual hESC and hIPSC lines.  

hPSC line Endoderm 

Hepatocyte 

Mesoderm 

Cardiomyocyte 

Ectoderm 

Neuron RPE 

cell 

hESC1, H7 ++ +++ + + 

hESC2, FES29 ++ ++ ++ ++ 

hESC3, Regea 08/023 +++ + +++ +++ 

hIPSC1, FIPS5-7 ++ + ++ + 

hIPSC2, UTA.00112.hFF +++ ++ ++ +++ 

hIPSC3, A116 ++ ++ +++ ++ 

hIPSC4, UTA.01006.WT + + + + 

+ Low, ++ Average, +++ Excellent differentiation capacity 

Abbreviations: RPE, retinal pigment epithelium 

 

The neuronal differentiation efficiency was evaluated using morphological, gene 

expression, protein expression, and functional analyses. Expression of the 

pluripotency marker OCT3/4 was downregulated in all cell lines as differentiation 

proceeded. The NPC marker Musashi, neuronal marker neurofilament light chain 

(NF-68), and astrocyte marker GFAP were all upregulated in all cell lines by the 

eight-week time point (Figure 7A). Comparison of combined gene expression data 

from all hESC and hIPSC lines showed significantly higher downregulation of 

OCT3/4 and upregulation of NF-68 in hESC lines compared to those in hIPSC lines 

at the eight-week time point (Figure 7B).  

The amount of neurons produced by each cell line was evaluated by quantifying 

the area covered by MAP-2-positive cells in the cultures (Figure 7C). The highest 

coverage of MAP-2-positive cells was detected with 08/023. Other hESC lines, H7 

and FES29, both produced considerably lower MAP-2-positive cell coverage. The 

hIPSC line with the highest MAP-2-positive cell coverage was FiPS5-7. However, 

the purity of the differentiated neuronal population was higher for hIPSC line A116 

(Study I). The lowest MAP-2-positive cell coverage of all tested cell lines was 

detected with UTA.01006.WT. The comparison between combined data from hESC 

and hIPSC lines revealed no difference in the MAP-2-positive cell coverage (Figure 

7C). Spontaneous activity of the differentiated neurons was measured on MEA, and 

all cell lines were confirmed to produce functional neurons (Study I). 
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Figure 7.  Neuronal differentiation capacity of individual hESC and hIPSC lines. (A) Changes in 
OCT3/4, Musashi, NF-68, and GFAP expression in hESC and hIPSC lines during neural 
differentiation. (B) Combined gene expression data from hESC and hIPSC lines at eight 
week time point. Mann-Whitney U-test (* p ≤ 0.05). (C) Coverage of MAP-2 –positive cells 
in cultures at the eight-week time point, presented separately for each cell line and as 
combined data from hESC and hIPSC lines. Data presented as the mean with S.E.M. 
hESC and hIPSC lines presented with black and white legends or bars, respectively. 
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5.2 Differentiation of hPSC-derived oligodendrocytes and 
culturing of produced OPCs on nanofiber platforms 

OPCs and oligodendrocytes were produced from hPSCs via directed differentiation 

(Study II, IV). Differentiation was chemically induced by administration of specific 

combinations of growth factors in the media. The differentiation protocol is divided 

into three phases; neural induction (stage 1), OPC production (stage 2), and OPC 

maturation (stage 3).  

First, oligodendrocyte differentiation was studied under xeno-free and defined 

culture conditions (Study II). The xeno-free conditions XF1.2 – XF3.2 and 

corresponding control conditions NS1.2 – NS3.2 (see Table 5) were found to direct 

oligodendrocyte differentiation most efficiently, based on gene and protein 

expression analyses (Study II). Flow cytometric analysis (FACS) of the 

differentiating cells in stages 1, 2, and 3 revealed downregulation of glial precursor 

cell markers A2B5 and CD140a (Figure 8A). However, the expression of CD44 and 

chondroitin sulphate proteoglycan 4 (NG2), also expressed in glial precursor cells, 

were upregulated from stage 1 to stage 2, and remained relatively constant and highly 

expressed from stage 2 to stage 3. The expression of the neural precursor cell marker 

CD133 was downregulated during differentiation from stage 1 to stage 3 and that of 

the pluripotency marker Tra 1-81 remained at a constant low level during the 

differentiation process. (Figure 8A) 

FACS analysis showed the upregulation of the developing oligodendrocyte 

marker O4 upon differentiation from stage 1 to stage 3, indicating maturation of the 

OPCs (Figure 8A). Expression of O4 was also studied with immunocytochemical 

(IC) analysis for a more detailed view of the cell morphology. However, higher 

variation and systematically lower proportions of O4-positive cells were detected by 

this method compared to FACS-results (Figure 8A-B). Maturation of the OPCs was 

also demonstrated with the upregulation of galactocerebroside (GalC) expression in 

the differentiating cells. At stage 3, the morphology of the GalC-positive cells was 

highly variable, ranging from immature bipolar OPCs to more ramified maturing 

oligodendrocytes (Study II Figure 7, Figure 8B). The results indicate efficient 

production of OPCs by stage 2, followed by heterogeneous oligodendrocyte 

maturation at stage 3. 
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Figure 8.  Characterization of hPSC-derived OPCs and oligodendrocytes. (A) Surface marker 
expression during oligodendrocyte differentiation in xeno-free (XF) and control (NS) 
conditions determined using flow cytometry. Data presented as the mean with S.E.M. (B) 
Representative images of O4, GalC, and MBP expressing OPCs and oligodendrocytes 
produced in xeno-free and modified NS conditions. Cells with more mature morphologies 
are presented within insets. Scale bar 50 µm. (C) hPSC-derived OPCs cultured on PCL-
nanofiber platforms. Scale bar 50 µm. Abbreviations: Live O4, O4 staining performed for 
living cells; PC, Phase contrast 

Xeno-free differentiation protocol is not required for production of OPCs and 

oligodendrocytes for research purposes. Production of the oligodendrocytes under 

these conditions is also considerably costly. Thus, further modifications for the 

differentiation protocol were performed in NS1.2 – NS3.2 control conditions to 

reduce the expenses of OPC production for non-clinical research applications (Study 

IV, Hyysalo and Narkilahti 2015). Maturation of the oligodendrocytes under 

modified NS conditions showed a similar trend as previously demonstrated with the 

xeno-free protocol. The expression of O4 and GalC were increased upon 
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differentiation, demonstrating maturation of the OPCs. The mature oligodendrocyte 

marker MBP was also detected in some O4- and GalC-positive cells with ramified 

morphologies (Figure 8B). However, the proportions of the cells expressing O4 

displayed considerable variation between individual experiments and morphological 

heterogeneity within GalC-positive population was detected (Figure 8B, unpublished 

data).  

The BMP signaling inhibitor LDN193189 was added to the modified xenogeneic 

conditions at stage 1 and stage 2 in Study IV in order to reduce contaminating non-

neural cells in the differentiating population. LDN193189 is generally used to 

increase hPSC differentiation into neural precursor lineage (Chambers et al. 2016). 

Addition of LDN193189 decreased the amount of non-neural cells producing cystic 

structures in the differentiating aggregates during suspension culture, whereas no 

effect on oligodendrocyte differentiation efficiency was detected (unpublished data).  

The in vitro physical guidance of the cultured OPCs was studied on PCL nanofiber 

platforms (Study IV). The OPCs attached to the nanofibers and were detected to 

orientate according to the fiber alignment. The processes of maturing O4-positive 

cells aligned and followed single fibers (Figure 8C). Interestingly, the OPCs attached, 

migrated, and oriented on both bare and ECM protein-coated nanofibers with equal 

efficiencies (Study IV, Figure 1). No effect on oligodendrocyte differentiation or 

maturation was detected on nanofiber platform compared to control culture 

conditions (Study IV, Figure 1).  

5.3 Specific laminin isoforms for in vitro culturing of hPSC-
derived neurons and astrocytes  

The effect of specific human laminin isoforms for in vitro culturing of hPSC-derived 

neurons and astrocytes was studied using human recombinant laminins LN211, 

LN332, LN411, and LN511. The attachment, viability and spreading of neurons and 

astrocytes on these substrates were compared with traditionally used mouse- and 

human-derived, undefined laminin substrates. (Study III, unpublished data) Both 

cell types attached and spread over the culture area most efficiently on the LN511-

coated surface, forming dense networks of neurons and astrocytes (Figure 9A-B). 

Cell behavior on LN511 resembled mouse laminin-coated control cultures (Figure 

9A-B). The second preferred coating material was LN211, where the cells formed 

considerably sparser networks. Cell spreading was modest on LN332 and very 

inefficient on LN411. The attached cells also peeled off easily from LN332- and 
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LN411-coated surfaces. Low cell attachment and spreading were also detected on 

human laminin substrate with both cell types (Figure 9A-B). Similar preference for 

laminin isoform substrates was detected with hPSC-derived neurons and astrocytes.  

 

 

Figure 9.  hPSC-derived neurons and astrocytes cultured on recombinant human laminin substrates. 
Representative images of neurons (A) and astrocytes (B) on LN211, LN332, LN411, 
LN511, human, and mouse laminin substrates. Cell count and proportion of neurons (C) 
and GFAP-positive cell count and proportion of astrocytes (D) on laminin α5 substrates 
and mouse laminin control substrate. No significant differences were found between 
different substrates. Mann-Whitney U-test (p ≤ 0.05). Scale bar 100 µm. Data presented 
as Tukey boxplots. 
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Furthermore, the most supporting laminin isoform, LN511, was compared with 

other structurally related substrates, LN521 and LN511 fragment E8. Hereafter, in 

this thesis, LN521, LN511, and LN511-E8 are referred to as laminin α5 substrates. 

Cell counts, the proportions of MAP-2/β-tubulinIII-positive neurons, and amount 

and proportion of GFAP-positive astrocytes were determined in the cultures. The 

median proportion of MAP-2/β-tubulinIII-positive neurons on all laminin α5 

substrates was almost 80%, while the proportion of GFAP-positive astrocytes varied 

between 20 and 45%. All laminin α5 substrates efficiently supported the attachment 

and growth of hPSC-derived neurons and astrocytes, and significant differences were 

not detected between cultures on these substrates or mouse laminin control (Figure 

9B-C).  

5.3.1 Functional development of hPSC-derived neuronal networks on 
different laminin substrates 

The functional development of hPSC-derived neuronal networks on different 

laminin substrates was studied using MEA (Study III). The first signs of electrical 

activity in neuronal cultures are single spikes. Over the course of the maturation, the 

activity develops into spike trains and finally to bursts (Heikkilä et al. 2009). In this 

study, the proportions of electrodes detecting spike and burst activity were 

determined for each culture. The characteristics of network activity were studied by 

analyzing spike frequency, burst count, and burst duration on the active electrodes.  

All laminin α5 substrates supported the development of functional neuronal 

networks more efficiently than LN332, LN411, or human laminin control. This was 

detected as significantly higher levels of active electrodes in the cultures (Figure 10). 

The active electrode levels on LN211 and mouse laminin-coated cultures were also 

lower compared to cultures on laminin α5 substrates, but the differences were 

significant only in the case of LN521. Furthermore, significantly higher proportions 

of burst detecting electrodes were observed in the cultures on LN521 compared to 

other laminin α5 substrates (Figure 10B). Nevertheless, differences in the 

characteristics of neuronal activity were not found between the cultures on any 

coating substrates (Study III).  
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Figure 10.  Active electrode proportions in the neuronal cultures on different laminin substrates. 
Proportions of spike (A) and burst (B) detecting electrodes per culture after three weeks of 
culturing on MEA. # Spike or burst detecting electrode level significantly differing from 
cultures on all laminin α5 substrates. * Spike or burst detecting electrode proportions 
significantly differing from cultures on LN521. Mann-Whitney U-test (p ≤ 0.05). Data 
presented as Tukey boxplots.  

5.4 Nanofiber platform for in vitro culturing of hPSC-derived 
neurons and astrocytes 

5.4.1 hPSC-derived neurons and astrocytes on nanofiber platform  

To study in vitro physical guidance of the cultured hPSC-derived neurons and 

astrocytes, commercially available aligned PCL nanofiber platforms were used (Study 

IV). Culturing of neither neurons nor astrocytes was successful on bare PCL 

nanofibers (Figure 11A-B). Aggregates of neurons and astrocytes attached to the 

bare nanofibers, but cell viability was low, and no cell migration was detected (Figure 

11A-B). However, significantly enhanced growth was observed with both cell types 

when nanofibers were coated with ECM proteins.  

Based on the results presented in Chapter 5.3, human recombinant laminin α5 

substrates and LN411 were used for coating the nanofibers (Figure 11A-B; Study 

IV, Figure 1-2). Similar preferences for laminin α5 substrates was detected with 

hPSC-derived neurons and astrocytes on nanofiber platforms as previously 

presented with 2D polystyrene surfaces. LN411-coating on nanofibers resulted in 

modest improvement in cell spreading, whereas coating with laminin α5 substrates 

resulted in considerable improvements in both cell growth and migration (Figure 

11A-B; Study IV, Figure 2).  



 

68 

Both neurons and astrocytes migrated along the fibers over the culture area and 

oriented according to the fiber alignment. Analysis of the mean orientation in the 

cultures demonstrated similar orientations for cells and fibers (Figure 11A-C). 

Scanning electron microscopy (SEM) revealed more details of nanofiber surface 

topography, cell attachment, and morphology of hPSC-derived neurons and 

astrocytes (Figure 11D). The cell somas were mostly attached to the nanofibers, and 

cell orientation could be detected. However, neuron and astrocyte processes were 

also clearly growing in an unoriented manner and crossing over the fibers, 

presumably as a result of uniform laminin-coating in the cultures. 

 

 

Figure 11.  hPSC-derived neurons and astrocytes cultured on nanofiber platforms. Representative 
images of neurons (A) and astrocytes (B) on uncoated, LN411-coated, and LN511-coated 
nanofiber surfaces. Orientation distributions of cells on LN511-coated nanofiber surface 
are presented. (C) Representative image and orientation distribution of nanofiber platform. 
(D) Representative FESEM images of neurons and astrocytes attached to nanofiber 
surfaces. Scale bar 100 µm (A-C), 10 µm (D). Abbreviations: PC, Phase contrast; 
FESEM, Field emission scanning electron microscopy 
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5.4.2 hPSC-derived neurons on nanofiber-hydrogel scaffolds  

PCL nanofibers were combined with commercial Puramatrix hydrogel in order to 

create a 3D environment on top of the nanofiber platform (Study IV). Previous work 

from our group has shown that a peptide-based Puramatrix hydrogel supports the 

growth of viable neural cells in 3D conditions (Ylä-Outinen et al. 2014). The hPSC-

derived neurons were cultured either on top of 15 µm thick Puramatrix hydrogel or 

encapsulated within the 75µm thick Puramatrix hydrogel on top of nanofiber 

surface.  

Neurons plated on top of the nanofibers and the thin hydrogel scaffold spread in 

an unoriented manner on the hydrogel surface and inefficiently migrated into the 

hydrogel (Study IV, Figure 3). However, neurons encapsulated into the thick 

hydrogel gradually spread within the hydrogel. The neurons were plated within the 

hydrogel as small aggregates (diameter approximately 50 µm) and in a few days the 

cells were detected to spread out from these aggregates. Some neurons clearly 

attached to the fibers and adapted fiber orientation (arrows in Figure 12A) while 

others migrated in the hydrogel in an unoriented manner (arrowheads in Figure 12A). 

Further analysis with confocal imaging revealed that when the aggregate was initially 

placed in contact with the fiber surface at the bottom of the hydrogel scaffold, 

neurons that migrated out of the aggregates close (<10µm) to the nanofiber surface 

followed the nanofiber alignment. In contrasts, neurons migrating out from the 

aggregate farther (>10 µm) away from the nanofiber surface were not affected by 

the nanofibers’ topography. (Figure 12B) Three-dimensional rendering of images 

with pseudo-colored depth coding demonstrate the distribution of the cells within 

the hydrogel (Figure 12C).  
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Figure 12.  hPSC-derived neurons cultured in nanofiber-hydrogel scaffolds. (A) Neurons in nanofiber-
hydrogel scaffolds imaged with fluorescence microscope. Scale bar 100 µm. (B) hPSC-
derived neurons in nanofiber-hydrogel scaffolds. Separate stacks from 1-10 µm and 10-40 
µm distance from the bottom of the nanofiber platform are presented. Stacks are also 
merged together and presented with a DIC image of the nanofiber platform. Scale bar 50 
µm. (C) 3D rendering of images with pseudo colored depth coding of the same location 
presented in Figure 12B. Separate stacks from 1-10 µm and 10-40 µm distance from the 
bottom of the nanofiber platform are presented. Abbreviations: PC, Phase contrast; DIC, 
Differential interference contrast 
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6 Discussion 

6.1 Differentiation propensity of individual hPSC lines  

6.1.1 Comparison of hESC and hIPSC lines 

The first aim of this thesis was to compare the neural differentiation potential of 

several hPSC lines in order to discover the presence of potential systematic 

differences between hESCs and hIPSCs (Study I). Differentiation efficiency was 

evaluated based on cell morphology, gene, and protein expression, and the functional 

development of the cells.  

Significant differences were found in combined gene expression results between 

hESC and hIPSC lines. The expression of OCT3/4 was significantly more 

downregulated and that of NF-68 was significantly more upregulated in hESCs than 

hIPSCs. This would suggest more efficient neural differentiation among the hESC 

lines. However, line-specific gene expression results showed large variation within 

hESC and hIPSC lines. For example, the hESC line with lowest OCT3/4 

downregulation, Regea 08/023, was determined to differentiate most efficiently into 

neural lineage. On the other hand, the highest NF-68 expression altogether was 

detected in the hIPSC line FIPS5-7. Thus, the significant differences between hESCs 

and hIPSCs could be due to the small number of cell lines in both groups.  

Quantification of neural differentiation was initially performed based on 

morphology of the cells, but due to the confluency of the cultures, the amount of 

neurons could not be reliably determined (Study I). Thus MAP-2-positive cell 

coverage, relative to the amount and spreading of neurons in the cultures, was 

measured. The highest coverage was detected with the hESC line Regea 08/023 and 

the lowest with hIPSC line UTA.01006.WT. This was consistent with the qualitative 

immunocytochemical analyses. No difference in MAP-2-positive cell coverage was 

detected between hESC and hIPSC groups.  

We concluded that although cell line-specific variations were detected, hESC and 

hIPSC lines show no systematic differences regarding their neural differentiation 

potential. Similar results were previously reported, indicating that cell line-specific 
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variation in neural differentiation potential cannot be explained by the origin of the 

cells (Kim et al. 2010, Boulting et al. 2011, Morizane et al. 2011, Falk et al. 2012). 

Both hESC and hIPSC lines have been demonstrated to have innate differentiation 

propensities towards specific germ layers or cell lineages, but the underlying 

molecular mechanisms remain partly unresolved (Boulting et al. 2011, Osafune et al. 

2008).  

In this study, neural differentiation method including spontaneous formation of 

neurospheres and differentiation in suspension cultures were used. Neural 

differentiation was not profusely induced in the culture system, and thus line-specific 

innate differentiation propensities could have a major effect on the neural 

differentiation efficiency. Although stronger chemical induction, such as dual-

SMAD inhibition via media supplementation, has been reported to overcome the 

innate differentiation propensity, this is unlikely to standardize neural differentiation 

efficiency with all hPSC lines (Chambers et al. 2009, Kim et al. 2010, Boulting et al. 

2011). In conclusion, the origin of the cells does not define how a specific cell line 

can be utilized, but hPSC lines should be carefully selected for specific research 

applications based on their intended use. Gene expression signature of 

undifferentiated hPSCs, for example, currently enable predictive characterization of 

hPSC lines, but additional methods such as proteomics or miRNA expression could 

also be utilized for evaluation of hPSC lines in the future (Tsankov et al. 2015).  

6.1.2 Transgene expression of hIPSC lines 

In Study I, incomplete silencing of the KLF4-transgene in the hIPSC line 

UTA.01006.WT was detected. The cell line was derived using retroviral vectors and 

incomplete transgene silencing is a noted risk factor related to genomic integration 

of the transgenes (Hu 2014). UTA.01006.WT also showed inefficient differentiation 

towards all studied lineages, most likely due to the persistent expression of KLF4. 

Nevertheless, the correlation between incomplete transgene silencing and inefficient 

differentiation of hIPSCs is not necessarily as straightforward since Boulting and 

colleagues have reported efficient neural differentiation of hIPSCs despite having 

persistent expression of KLF4 and OCT3/4 transgenes (Boulting et al. 2011).  

Moreover, transgene reactivation of OCT3/4, NANOG, and LIN28 were 

detected during RPE differentiation in the retrovirally derived hIPSC lines. 

Reactivation of any of these transgenes was not detected with other differentiation 

protocols. The long and rather spontaneous differentiation towards RPE cells could 
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have caused transgene reactivation, as opposed to the shorter protocols for neural, 

cardiac, and hepatocyte differentiation. Since reactivation could also be related to 

genomic integration of the transgenes, an additional hIPSC line HEL24.3, derived 

using Sendai-virus, was tested for RPE differentiation. Interestingly, transgene 

reactivation was not detected during differentiation of HEL24.3. In previous studies, 

the reactivation of reprogramming factors has been shown to cause dysplasia and 

tumor formation in mice (Hochedlinger et al. 2005, Markoulaki et al. 2009). The gene 

expression profiles of hIPSC lines free of reprogramming factors have also been 

reported to be more closely related to hESCs than hIPSCs carrying the transgenes 

(Soldner et al. 2009). Thus, generation of hIPSC lines for future studies, especially 

for clinical applications, should be preferably performed using non-integrating or 

excisable vectors.  

6.2 Differentiation of the central nervous system cells from 
hPSCs 

6.2.1 Neurons and astrocytes 

Neural differentiation was performed in our studies using a suspension culture 

method with FGF2-based neural induction (Study I, III, IV). The cells were cultured 

as spontaneously formed neurospheres, and prolonged culturing under these 

conditions led to the differentiation of astroglia-enriched populations. The majority 

of experiments were performed using Regea 08/023, as this hESC line demonstrated 

a high neural differentiation propensity (Study I). The proportion of neural cells in 

the differentiated populations was almost 80% on average (Study III). Our group 

had previously reported similar efficiencies with this differentiation method using 

other hESC lines (Lappalainen et al. 2010).  

Astrocyte differentiation was not directly induced during the differentiation 

process, and the efficiency varied between batches of cells. The median proportion 

of GFAP-positive cells in the cultures was between 20 and 45% (unpublished data). 

However, astrocytes are a heterogeneous population; and although GFAP is a 

definitive astrocytic marker, it is not expressed by all astrocytes (Sofroniew and 

Vinters 2010). Thus, the proportion of astrocytes in our cultures are most likely 

higher than the numbers presented above. This was demonstrated in Study IV, when 

the astrocytes were double labeled with GFAP and S100β. Although the 
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immunocytochemical staining was not quantified, high numbers of cells positive for 

S100β but not for GFAP, were detected.  

In conclusion, FGF2-induced neuronal differentiation in suspension cultures is 

generally efficient. However, the production of astrocytes could be enhanced by 

addition of growth factors directing the cell fate towards the astroglial lineage or by 

purification of the astrocytic population (Krencik et al. 2011, Holt and Olsen 2016).  

6.2.2 OPCs and oligodendrocytes 

The second aim of this thesis was to develop a differentiation protocol for hPSC-

derived OPCs and oligodendrocytes (Study II). In previous studies, oligodendrocyte 

differentiation from hPSCs has been described in chemically defined culture 

conditions (Douvaras and Fossati 2015). Moreover, OPCs produced from hPSCs 

using animal-derived components have also been used in clinical trials with no 

reports of adverse effects (Lukovic et al. 2014). Preclinical data investigating the 

transplantation of these cells, however, revealed formation of small spinal cysts, 

which did not cause apparent clinical symptoms (Priest et al. 2015). Thus, further 

development of differentiation methods is needed to establish the production of 

OPCs and oligodendrocytes from hPSCs for clinical applications under Good 

Manufacturing Practice (GMP) standards.  

In our study, the XF-NSC-supplement StemPro was used for xeno-free and 

defined culture media, and was compared to corresponding xenogeneic conditions 

including for example B27 supplement (Study II). The most efficient differentiation 

was induced by the administration of RA, SHH, EGF, bFGF, IGF-1, PDGF-AA, 

T3, AA, and LN in a temporally defined manner. As described in chapter 2.2.3, RA 

and SHH were used for regional and lineage specification; EGF and bFGF for 

neuralization and proliferation; PDGF-AA and IGF-1 for proliferation and 

oligodendrocyte fate decision; and finally, T3 in combination with mitogen 

withdrawal for OPC maturation. In addition, AA and LN were used to promote 

oligodendrocyte differentiation, survival, and myelination (Glaser et al. 2007, Relucio 

et al. 2009). All these components have been previously used for human 

oligodendrocyte differentiation (Nistor et al. 2005, Kang et al. 2007, Hu et al. 2009, 

Sundberg et al. 2010, Douvaras et al. 2014). Compared to the conditions with 

reduced growth factors (NS1.1-NS3.1 and XF1.1-XF3.1), enhanced NG2 and O4 

expressions at stage 2 and stage 3, respectively, were detected with the addition of 

RA, T3, AA, and SHH. However, the effect of these growth factors was not studied 
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individually. Addition of CNTF with the above factors did not increase the efficiency 

of oligodendrocyte differentiation any further, although previous studies had 

demonstrated CNTF induced Olig2 expression, survival and differentiation of OPCs 

(Talbott et al. 2007, Sundberg et al. 2010).  

The production of hPSC-derived cells for clinical applications also requires the 

derivation and maintenance of hPSC lines under GMP-conditions (Tannenbaum et 

al. 2012). Furthermore, as discussed in Chapter 6.1. non-integrating methods for 

hIPSC generation should be preferred for clinical applications. Recently, the efficient 

differentiation of OPCs from hIPSCs generated using an episomal plasmid approach 

or Sendai-virus have been reported to circumvent the problems of genomic 

integration (All et al. 2015, Livesey et al. 2016).   

While the production of OPCs and oligodendrocytes for research purposes 

would ideally be performed under the same defined and xeno-free conditions 

developed for clinical applications, this was restricted in our studies due to the high 

costs of xeno-free differentiation. Thus, xenogeneic compounds were used, and 

SHH was omitted from the differentiation media in Study IV (Hyysalo and 

Narkilahti 2015). Although importance of SHH signaling for OPC induction has 

previously been stated, removing SHH had no detectable effect on differentiation 

efficiency in our study (Lu et al. 2000, Hu et al. 2009). This could be explained by 

the fact that during in vivo development OPCs are generated in distinct stages and 

locations (Gallo and Deneen 2014). Studies in mouse models have shown that in 

addition to their origin in the ventral spinal cord, OPCs are generated in dorsal neural 

tube independently of SHH signaling (Cai et al. 2005, Vallstedt et al. 2005). 

Furthermore, neural stem cells isolated from murine dorsal spinal cord can generate 

oligodendrocytes in vitro in the absence of SHH (Chandran et al. 2003). In addition 

to cost-reducing modifications, LDN193189 was used to enhance differentiation 

into the neural precursor lineage in Study IV (Chambers et al. 2016). This approach, 

mostly in combination with SB431542, has previously been utilized for the initiation 

of oligodendrocyte differentiation (Douvaras et al. 2014, Piao et al. 2015, Livesey et 

al. 2016).  

Our results demonstrate that efficient differentiation of OPCs was successful in 

both xeno-free and modified xenogeneic conditions. Maturation of the OPCs into 

oligodendrocytes, however, was induced at varying efficiencies. Additional growth 

factors and alterations to the modified xenogeneic differentiation protocol have been 

studied in order to stabilize the maturation stage, with no considerable effect 

(unpublished data). However, previous studies have demonstrated that OPCs 

transplanted into the shiverer model of dysmyelination can differentiate into 
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myelinating oligodendrocytes in vivo (Hu et al. 2009, Wang et al. 2013). 

Oligodendrocyte production in vitro has generally been a result of long-term 

differentiation (Hu et al. 2009, Sundberg et al. 2010, Stacpoole et al. 2013, Wang et 

al. 2013). This is consistent with in vivo development, since oligodendrocytes are the 

last major CNS cells to form and OPCs in the fetal human forebrain are not detected 

until gestational week 16 (Sim et al. 2011). Our protocols were substantially shorter, 

and this might have negatively influenced the maturation process of the 

oligodendrocytes. Previously published protocols have reported a wide range of 

differentiation efficiencies for the derivation of O4 and MBP-positive cells (Alsanie 

et al. 2013, Ogawa et al. 2011, Pouya et al. 2011, Stacpoole et al. 2013, Piao et al. 

2015, Douvaras and Fossati 2015). However, since a majority of these protocols 

were used exclusively in one laboratory, the reproducibility of the methods is 

challenging to asses. 

Purification of the differentiated OPC population has been performed by sorting 

with fluorescence- and magnetic-associated cell sorting (FACS and MACS, 

respectively) (Sundberg et al. 2010, Douvaras and Fossati 2015, All et al. 2015, 

Livesey et al. 2016). We have applied FACS for the purification of NG2-positive 

cells from OPC populations differentiated using xeno-free and further modified 

xenogeneic method (Study II, Hyysalo and Narkilahti 2015). Notably, NG2 is not a 

definitive marker of the oligodendrocytic lineage, and NG2-positive cells have the 

potential to further differentiate into other cell types in addition to myelinating 

oligodendrocytes (Richardson et al. 2011). Other markers that are generally used for 

the purification of the OPC population are A2B5 and platelet-derived growth factor 

receptor α (PDGF-rα). Additionally, O4 can be applied for the purification of more 

lineage-restricted OPCs and oligodendrocytes, but the expansion capacity of these 

cells is more restricted (Goldman and Kuypers 2015).  

In conclusion, OPCs can be efficiently produced from hPSCs under xeno-free 

and xenogeneic culture conditions, but further maturation of the cells into 

oligodendrocytes in vitro should be stabilized and enhanced. Recent development in 

the field of hPSC-derived oligodendrocyte production indicate increasing role for 

genetic modifications targeting hPSC differentiation in the future. Pawlowski and 

colleagues were the first to described direct conversion or “forward programming” 

of hPSCs into oligodendrocytes by using genetic modification. Induced expression 

of Olig2 and SOX10 produced mature CNP/MBP -positive phenotype after 20 days 

of induction in oligodendrocyte differentiation medium (Pawlowski et al. 2017). 

Development of the induced cells is considerably faster and more efficient compared 

to differentiation based on chemically defined media alone, however, questions 
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concerning for example functionality of the produced cells in vivo remain to be 

resolved.  

6.3 Effect of defined laminin substrates on in vitro culturing of 
hPSC-derived neural cells 

6.3.1 Supporting growth of neurons and astrocytes with specific laminin 
substrates 

The third aim of this thesis was to study how defined ECM substrates influence the 

behavior of hPSC-derived CNS cells in vitro (Study III, IV). For this, commercially 

available laminin isoforms were used for culturing hPSC-derived neurons and 

astrocytes. Previous studies investigating the growth of murine-derived neurons on 

different laminin isoforms showed that LN511 was most efficiently able to support 

neuronal growth in vitro (Plantman et al. 2008, Fusaoka-Nishioka et al. 2011). 

However, similar comparisons had not been performed with human cells or other 

CNS cell types. In our study LN211, LN332, LN411, and LN511 substrates were 

compared for culturing hPSC-derived neurons and astrocytes on a 2D polystyrene 

surface. The most efficient cell attachment, viability, spreading, and network 

formation was detected on LN511 with both cell types. These data were consistent 

with the previous results gained with murine cells (Plantman et al. 2008, Fusaoka-

Nishioka et al. 2011).  

In addition, the laminin isoform LN521, which structurally closely resembles 

LN511, and the E8 fragment of LN511 were studied. Although both substrates have 

been previously used for the production of hPSC-derived neurons, direct 

comparison in the same culture conditions had not been reported (Lu et al. 2014, 

Nakagawa et al. 2014, Doi et al. 2014, Nishimura et al. 2016). Systematic differences 

between cultures on LN511, LN521, and LN511-E8 were not detected with either 

cell type. Furthermore, similar result were obtained on PCL nanofiber platforms 

coated with these substrates. hPSC-derived neurons and astrocytes attached and 

oriented according to fiber alignment efficiently on all substrates. Our results thus 

indicate that α5 laminin substrates are equally supportive for culturing hPSC-derived 

neurons and astrocytes, and show that α5 laminin substrates can also be used in 

combination with PCL nanofibers. 
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Defined and xeno-free culturing substrates that enable efficient production and 

maintenance of human CNS cells facilitate the clinical applications of hPSC-derived 

neural cells. Our unpublished observations along with previous reports demonstrate 

that laminin α5 substrates can be used for the maintenance of hPSCs on feeder-free 

conditions (Rodin et al. 2010, Rodin et al. 2014b, Miyazaki et al. 2012, Nakagawa et 

al. 2014, Kele et al. 2016). Here, the effect of defined laminin substrates for 

attachment and growth of the differentiated neurons and astrocytes was studied, 

whereas in adherent differentiation conditions, selectively supportive laminin 

substrates can also be used to enhance neural differentiation from hPSCs (Kirkeby 

et al. 2017). 

6.3.2 Functional development of neuronal networks 

Since electrophysiological activity is a crucial feature for in vitro cultured neurons, the 

functional development of hPSC-derived neuronal networks on different laminin 

substrates was studied  (Illes et al. 2007, Study III). We showed that the proportions 

of active electrodes were substantially higher in neuronal cultures on laminin α5 

substrates than in cultures on other isoforms or control substrates. This is an 

indication of more efficiently distributed networks of electrophysiologically active 

neurons.  

Interestingly, the proportion of burst detecting electrodes in cultures with LN521 

was significantly higher compared to that in cultures with LN511 or LN511-E8. In 

general, the factors and mechanisms affecting the functionality of neuronal network 

are remotely characterized, and so it could not be concluded whether the detected 

difference in functional maturation was due to the normal heterogeneity of the 

hPSC-derived neuronal networks or actually caused by the culture substrate. We 

speculated that the specific laminin isoform could, via an undefined receptor, affect 

cell signaling and enhance the functional maturation of hPSC-derived neurons. 

Previously, alterations in neuronal culture conditions in vitro, such as cell density, 

have been shown to reflect neuronal network activity (Wagenaar et al. 2006, Biffi et 

al. 2013). Due to the lack of prior studies on the effect of defined laminin isoforms 

on neuronal functionality, additional experiments are needed to confirm the results 

and address these questions. Furthermore, enhancement of the functional 

development in vitro would be beneficial for the production of hPSC-derived neurons 

for applications in regenerative medicine. 
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6.4 Effect of mechanically altered environment on in vitro 
culturing of hPSC-derived neural cells 

6.4.1 Guiding cell orientation with nanofibers in 2D culture conditions 

The fourth aim of this thesis was to study how mechanical alterations of the culture 

conditions affect the behavior of hPSC-derived neurons, astrocytes and OPCs. The 

differentiated neural cells were cultured on commercially available aligned PCL-

nanofiber platforms (Study IV). The neurons and astrocytes did not survive or 

spread well on bare nanofiber surfaces, but the cell viability and growth were rescued 

by ECM protein coating on nanofibers. Our results demonstrated that defined 

laminin substrates could be used to considerably enhance the growth of hPSC-

derived neurons and astrocytes on PCL nanofibers. Importantly, neurons and 

astrocytes were clearly oriented according to the fiber alignment. Similar results have 

been reported with primary murine neurons and astrocytes and with hPSC-derived 

NPCs and neurons (Lam et al. 2010, Mahairaki et al. 2011, Qu et al. 2013, Bourke et 

al. 2014, Xia et al. 2014). Previously, ECM proteins, mainly laminin, have been used 

to enhance cell viability and migration on nanofiber surfaces (Han and Cheung 

2011). However, laminin-coating is not beneficial with all fiber materials, and 

uniform laminin-coating on 2D nanofiber surface might even reduce the guiding 

effect of the nanofibers (Ylä-Outinen et al. 2010, McMurtrey 2014). Thus, ECM 

proteins or other molecules should already be incorporated onto the nanofibers at 

the fabrication stage to improve the functionalization of the fibers (Rivet et al. 2015).  

Interestingly, the behavior of OPCs on nanofiber surfaces was not affected by 

ECM protein coating. However, OPCs were also detected to follow the fiber 

alignment, and O4-positive cells elongated their processes along single fibers. Some 

of these cells also expressed MBP. Primary rat OPCs have been shown to mature 

into oligodendrocytes and myelinate nanofibers in vitro (Lee et al. 2012). This aspect 

was studied in our cultures using immunocytochemistry as well as scanning and 

transmission electron microscopy, but no myelination was detected even after long-

term (8-weeks) culturing (unpublished data). Myelination has previously been 

demonstrated to occur in both activity-dependent and activity-independent manners 

(Lundgaard et al. 2013). Myelination of synthetic nanofibers represents activity 

independent myelination, and this can be utilized for studying myelination 

mechanisms in vitro (Bechler et al. 2015). However, activity independent myelination 

of the nanofibers is not beneficial for clinical applications, as the oligodendrocytes 
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are intended to preferentially myelinate axons of the host tissue or co-transplanted 

neurons. PCL nanofiber platforms with graphene oxide coating have also been 

demonstrated to direct differentiation of oligodendrocytes from rat NPCs without 

chemical induction in the culture media (Shah et al. 2014). The use of nanofiber 

platforms for the enhancement of oligodendrocyte differentiation and maturation 

would be an appealing approach, but thus far such phenomenon has not been 

demonstrated with human cells.  

In conclusion, our study showed that all hPSC-derived CNS cells were 

successfully cultured and oriented on the nanofiber platforms. These culture 

conditions mimic in vivo structures of the spinal cord and can be utilized for in vitro 

modeling and clinical applications aimed towards SCI repair. 

6.4.2 Nanofiber guided neuronal orientation in 3D culture conditions 

Nanofiber-induced orientation of hPSC-derived neurons was further studied in 3D 

conditions by combining PCL nanofibers with commercial Puramatrix hydrogel 

(Study IV). Our results showed that neurons encapsulated within the 3D hydrogel 

close (<10 µm) to the nanofiber surface followed the fiber alignment. However, the 

neurons farther away from the nanofiber surface or on top of the hydrogel surface 

did not detect the nanofibers, resulting in random cellular orientation. Although 

previous studies investigating the behavior of neural cells on nanofiber-hydrogel 

scaffolds are very limited, our results are supported by the observations of 

McMurtrey, who demonstrated orientation of human neuroblastoma-derived cells 

on PCL nanofibers in hyaluronic acid hydrogel (McMurtrey 2014). Previously, 

successful culturing and orientation of murine primary astrocytes and OPCs was 

performed with nanofibers in type I collagen hydrogel (Weightman et al. 2014). 

However, in this study the survival, maturation and orientation of OPCs was 

dependent on co-culturing with astrocytes. Similar to the platform used in our 

experiments, these studies also utilized planar nanofiber mesh embedded into 3D 

hydrogel.  

Structures with more uniform distribution of nanofibers within hydrogels have 

been achieved by combining fragmented nanofibers with hydrogel prior to 

polymerization (Hsieh et al. 2010). Primary rat NPCs were cultured in these scaffolds 

and survival, proliferation, and differentiation of the cells were demonstrated. 

However, this approach resulted in random alignment of the fiber fragments within 

the hydrogel. Shelke and colleagues used different approach by utilizing aligned 
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nanofiber lattice as a core of the scaffold (Shelke et al. 2016). The lattice was dipped 

in hydrogel solution and the cells were seeded to the surface of the scaffold after 

polymerization. hPSCs and hMSCs were cultured on these scaffolds in neural 

differentiation medium. Nevertheless, the neural differentiation and cell infiltration 

into the scaffolds were not extensively characterized.   

In conclusion, our data demonstrated that hPSC-derived neurons can be oriented 

with nanofibers in a 3D hydrogel environment. The behavior of other human CNS 

cells in such conditions remains to be studied. Moreover, further development of 

the fabrication of feasible 3D nanofiber-hydrogel scaffolds is required.  

6.5 Future perspectives  

The field of stem cell research is still relatively new but rapid development during 

the recent years have already led into clinical trials with variety of patients suffering 

from previously incurable diseases (Trounson and DeWitt 2016). Ongoing clinical 

trials on stem cell transplantations for SCI repair are mostly based on autologous 

MSCs (https://clinicaltrials.gov). These cells are not directed towards the neural 

lineage, but they secrete trophic factors and support axonal regeneration (Ide and 

Kanekiyo 2016). Thus far, only few clinical trials with hESC– or fetal –derived neural 

stem cells are ongoing, aiming to replace the damaged tissue with exogenous neural 

cells. The important question of similarity between hESCs and hIPSCs also reflects 

to their clinical utilization. In this thesis, we studied differentiation propensity of 

several hESC and hIPSC lines and found no systematic difference between hPSC 

lines of different origins. Currently, no hIPSC-derived neural cells are included in 

clinical trials for SCI repair but patient-specific hIPSCs and their derivatives are 

increasingly gaining attention as they provide an opportunity for personalized 

medicine applications (Ferreira and Mostajo-Radji 2013). Although deriving and 

testing tailored cells individually for every patient is currently too expensive, slow, 

and uncertain, hIPSC-technology innovator Shinya Yamanaka is pioneering this field 

and aiming for establishing a hIPSC bank in Japan. Selection of hIPSC lines for 

clinical applications would enable more efficient production of transplantable cells 

and matching donors to recipients with human leukocyte antigens (HLAs) risk of 

immune rejection could be minimized. (Cyranoski 2012) Furthermore, clinical trial 

with hIPSC-derived RPE cells is already ongoing, but the trial protocol was revised 

after identification of several mutations in the patient’s iPSCs (Garber 2015, 

http://www.nature.com/news/japanese-man-is-first-to-receive-reprogrammed-
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stem-cells-from-another-person-1.21730). Genetic abnormalities like mutations, 

incomplete transgene silencing, or transgene reactivation detected in our study 

(Study I) are related to reprogramming process. Thus, and as clinical utilization of 

hIPSCs is constantly increasing, the importance of thorough characterization of the 

pluripotent as well as differentiated cells is emphasized in order to minimize the 

adverse effects following transplantation. 

As previously discussed, production of neural cells for transplantation purposes 

should be performed under xeno-free and defined culture conditions. Xenogenic 

contaminations, such as micro-organisms or non-human bioactive molecules, can 

result to infection or immune rejection after transplantation (Qian et al. 2013). 

Development of xeno-free culture protocols has been facilitated by availability of 

humanized and more defined cell culture media and chemical components, like B27 

supplement, in addition to cell culture substrates such as recombinant human 

laminins used in this thesis. Thus far, production of GMP-grade hPSC-derived 

neurons have been published and in this thesis we have described hPSC-derived 

OPC differentiation under xeno-free conditions (Kirkeby et al. 2017, Study II).  

Clinical trials utilizing stem cell-derived neural cells for SCI repair have shown 

positive results from safety studies (see Chapter 2.4.2). However, the efficacy of 

these transplantation therapies have not yet been reported. Previously, the 

integration of cells and biomaterial scaffolds have been used in preclinical studies to 

enhance cell viability and guide the functional development and integration into the 

host tissue following transplantation (Kumar et al. 2015). The scaffold materials can 

also be incorporated with immunosuppressants, anti-inflammatory substances, or 

growth factors to enhance cell survival and growth (Wang et al. 2012b, Cook et al. 

2016, Yasui et al. 2016). Nevertheless, only one ongoing clinical trial combines neural 

cells with a supporting biomaterial scaffold (NCT02688049). In this thesis, hPSC-

derived CNS cells were cultured on clinically relevant culture substrates and 

nanofiber platforms, resulting in a robust guiding effect on cell orientation in vitro. 

Furthermore, neuronal orientation was also induced by nanofibers in a 3D hydrogel 

environment.  

Three-dimensional nanofiber-hydrogel scaffolds combine the permissive 

environment of a hydrogel with the cell guiding feature of nanofibers. Such scaffolds 

can be fully constructed in vitro by spinning a 3D lattice of nanofibers and then 

polymerizing hydrogel around the lattice (Shelke et al. 2016). Ideally, the cell 

suspension would be combined with the hydrogel prior to polymerization to ensure 

even distribution of the cells in the scaffold. This approach would require a surgical 

procedure for placing the scaffold at the injury site. Xiao and colleagues have also 
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reported scar tissue resection from the injury site when transplanting the scaffold in 

order to enhance integration of the transplanted cells (Xiao et al. 2016). However, 

such a procedure poses a risk of further damaging neural functions. Another option 

for transplantation would be to prepare injectable fibers and combine them with 

hydrogel in cell suspension (Rivet et al. 2015). Although placing the scaffold at the 

injury site would be less invasive in this way, it would also allow less control over the 

polymerization of the hydrogel. In addition, the alignment of the injectable fibers is 

challenging. In the future, substances such as shape-memory polymers or slidable, 

injectable, and gel-like (SLIDING) fibers could provide options for the alignment 

of injected nanofibers in the future (Meng and Li 2013, Lee et al. 2016).  

Biomaterial scaffolds of nanofibers, hydrogels and combinations of hydrogel and 

guiding structures are being used for SCI repair also without the additional cell 

component (Kaneko et al. 2015, Rivet et al. 2015, Bozkurt et al. 2016, Cook et al. 

2016, https://clinicaltrials.gov; NCT02510365). Preclinical studies in animal models 

have demonstrated neuronal regeneration and functional recovery in SCI models 

following transplantation of these scaffolds. However, thus far these results have not 

been translated into human SCI patients and due to the limited regeneration 

potential of adult CNS, addition of exogenous neural cells is considered to enhance 

regeneration and recovery (Subramanian et al. 2009).  

In conclusion, several aspects need to be considered when designing tissue 

engineering products for clinical applications. The results presented in this thesis 

provide new insights and tools for developing functional cell grafts for SCI repair.  
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7 Conclusions 

This thesis focused on studying various aspects, including the genetic background 

and chemical and mechanical induction of hPSC-derived CNS cell differentiation 

and behavior in vitro. Obtained knowledge was aimed to be applicable for developing 

tissue engineering products for SCI repair. Based on the results of this thesis, the 

following conclusions can be drawn:  

1. hPSCs have cell line-specific capacities for neuronal differentiation, but the 

variation between individual hESC and hIPSC lines is greater than the 

variation between cell lines of different origins. Furthermore, the generation 

of hIPSC lines for future studies should be performed using non-integrating 

or excisable vectors to decrease transgenic instability. 

 

2. Chemical induction can be used for differentiation of hPSC-derived OPCs 

and oligodendrocytes. Similar induction methods can be applied for 

oligodendrocyte differentiation in xenogeneic conditions for non-clinical 

studies and xeno-free and defined conditions for clinical grade applications. 

The efficient differentiation of OPCs was achieved with both protocols, 

while maturation of the cells into oligodendrocytes should be further 

stabilized and enhanced. 

 

3. Xeno-free and defined α5 laminin ECM-components are supportive culture 

substrates for hPSC-derived neurons and astrocytes. These substrates can 

be used as platforms for efficient production of clinical grade neural cells 

from hPSCs, and can also be combined with PCL nanofibers to create more 

in vivo-like culture conditions for CNS cells.  

 

4. hPSC-derived CNS cells can be cultured and oriented in nanofiber-based in 

vitro conditions mimicking the in vivo structure of the spinal cord. hPSC-

derived neurons can also be oriented with nanofibers in a 3D hydrogel 

environment.  
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5. The novel combination of human-derived main CNS cell types, clinically 

relevant ECM substrates, the 3D environment of the hydrogel and guiding 

features of the nanofibers can be further applied for the development of 

functional cell grafts for SCI repair.  
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ABSTRACT

Functional hepatocytes, cardiomyocytes, neurons, and retinal pigment epithelial (RPE) cells derived
from human embryonic stem cells (hESCs) or human induced pluripotent stem cells (hiPSCs) could
provide a defined and renewable source of human cells relevant for cell replacement therapies, drug
discovery, toxicology testing, and disease modeling. In this study, we investigated the differences
between the differentiation potentials of three hESC lines, four retrovirally derived hiPSC lines, and
one hiPSC line derivedwith the nonintegrating Sendai virus technology. Four independent protocols
were used for hepatocyte, cardiomyocyte, neuronal, and RPE cell differentiation. Overall, cells
differentiated from hESCs and hiPSCs showed functional similarities and similar expression of genes
characteristic of specific cell types, and differences between individual cell lines were also detected.
Reactivation of transgenic OCT4 was detected specifically during RPE differentiation in the retrovi-
rally derived lines, which may have affected the outcome of differentiation with these hiPSCs. One
of the hiPSC lines was inferior in all directions, and it failed to produce hepatocytes. Exogenous KLF4
was incompletely silenced in this cell line. No transgene expression was detected in the Sendai
virus-derived hiPSC line. These findings highlight the problems related to transgene expression in
retrovirally derived hiPSC lines. STEM CELLS TRANSLATIONAL MEDICINE 2013;2:83–93

INTRODUCTION
Human embryonic stem cells (hESCs) and human
induced pluripotent stem cells (hiPSCs), collec-
tively termed human pluripotent stem cells
(hPSCs), are considered a renewable source of
cells for regenerative medicine because of their
potential to differentiate into all cell types found
in the adult human body [1]. hESCs are derived
from the inner cell mass of developing embryos
[2], whereas hiPSCs are reprogrammed from so-
matic cells [3, 4]. hiPSCs share several character-
istics with hESCs, including similar morphology,
expression of pluripotencymarkers, and the abil-
ity to differentiate into definitive cell lineages [5–
8]. Initial studies have suggested that fully re-
programmed iPSCs are indistinguishable from
ESCs [3, 4, 9]. More comprehensive studies
have revealed that particularly early passage
iPSCs show differences in their gene expres-
sion profile, but continued propagation tends

to increase the similarity between hESCs and
iPSCs [10, 11].

Recent studies have revealed that iPSCs main-
tain differential DNAmethylationpatterns as a sign
of incomplete reprogramming [12, 13]. The possi-
ble consequences of this “epigenetic memory” still
remain unknown. Some recent studies indicate
that theorigin of iPSCs is relevant for their differen-
tiation capacity. iPSCsderived fromretinal pigment
epithelial (RPE) cells have a high tendency for pig-
mentation [14], and reprogramming of cardiac fi-
broblasts produces more cardiomyocytes than fi-
broblasts fromother sources [15]. Although hiPSCs
in general seem to differentiate into specific lin-
eages as efficiently as hESCs, there are several ex-
amples of incomplete pluripotent differentiation
capacity, possibly reflecting their epigenetic barri-
ers [11, 16].

Most studies comparing the properties of
hESCs and hiPSCs have focused on their undif-
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ferentiated phenotype, their uncontrolled differentiation capac-
ity in embryoid bodies or teratomas, or their differentiation to-
ward a single specific lineage [6, 17–19]. However, many ex-
tended protocols have been developed for the differentiation of
specific derivatives of all germ lines, such as hepatocytes (endo-
derm), cardiomyocytes (mesoderm), or neurons and retinal cells
(ectoderm). The rationale of our study was to systematically
compare the capability of the same hiPSC and hESC lines to de-
velop into functional cell types following the protocols optimized
by researchers dedicated to their respective line of differentia-
tion. We studied four hiPSC and three hESC lines for their ability
to differentiate into functional hepatocyte-like cells (HLCs), beat-
ing cardiomyocytes, neurons forming active neuronal networks,
and highly pigmented mature RPE cells. Cell lines hiPSC1 to
hiPSC4were derived in two different laboratories, fromneonatal
and adult fibroblasts using retroviral vectors. One of the cell lines
was derived using NANOG, OCT4, SOX2, and LIN28, whereas the
other cell lines were derived by overexpressing OCT4, SOX2,
KLF4, and c-MYC. In addition, the hiPSC5 linewas derivedwith an
integration-free Sendai-viral system. All of the cell lines were
adapted in the same culture conditions prior to each differenti-
ation protocol to avoid variation caused by different culture en-
vironments. Our results did not point to a systematic difference
in the differentiation efficiency between hiPSC and hESC lines,
except for one cell line with incomplete transgene silencing. Re-
activation of transgenes was occasionally observed, especially
with a long RPE differentiation protocol. These observations
raise concerns related to the use of integrating reprogramming
methods.

MATERIALS AND METHODS

Ethical Issues
The Institute of Biomedical Technology has an approval of Na-
tional Authority for Medicolegal Affairs Finland to study human
embryos (Dnro1426/32/300/05), as well as the support of the
Ethical Committee of Pirkanmaa Hospital District to derive, cul-
ture, and differentiate hESC lines from surplus human embryos
(R05116) and to produce new hiPSC lines (R08070). The genera-
tion of hiPSC lines in Biomedicum Stem Cells Center Helsinki was
approved by the Coordinating Ethics Committee of the Helsinki
and Uusimaa Hospital District (Nro 423/13/03/00/08).

Cell Lines and Cell Culture
Three hESC lines (H7 [hESC1;WiCell Research Institute,Madison,
WI, http://www.wicell.org], FES29 [hESC2] [20], and Regea 08/
023 [hESC3] [21]) and five hiPSC lines (FiPS5-7 [hiPSC1] [22],
UTA.00112.hFF [hiPSC2] [23], A116 [hiPSC3] [supplemental on-
line Fig. 1], UTA.01006.WT [hiPSC4] [23], and Hel24.3 [hiPSC5]
[supplemental online Fig. 1]) were used in this study. The hiPSC
lines FiPS5-7 andUTA.00112.hFFwere derived fromhuman fore-
skin fibroblasts (hFFs) (CRL-2429; American Type Culture Collec-
tion, Manassas, VA, http://www.atcc.org), and the hiPSC lines
A116, UTA.01006.WT, and Hel24.3 were derived from adult skin
fibroblasts. FiPS5-7 (hiPSC1) was reprogrammed with NANOG,
OCT4, SOX2, and LIN28 and the other hiPSC lines with OCT4,
SOX2, KLF4, and c-MYC. The cell lines used in this study are pre-
sented in supplemental online Table 1. Details of hiPSC repro-
gramming conditions are provided in the supplemental online
Materials and Methods.

Differentiation Protocols
Pluripotent stem cell lines were differentiated into hepatocyte-
like cells, cardiomyocytes, neural cells, and RPE cells. Detailed
methods of differentiation and characterization are provided in
the supplemental online Materials and Methods.

The efficiency of hepatic differentiation was evaluated by
studying the expression of OCT4, SOX17, FOXA2, AFP, and
Albumin at day (d) 7, d14, and d21 by quantitative polymerase
chain reaction (qPCR) analysis and by studying the expression
of OCT4, FOXA2, SOX17, AFP, and albumin with immunocyto-
chemistry. The definitive endoderm induction was analyzed at
d7 by flow cytometry for CXCR4� cells, and the functionality
of the differentiated hepatocyte-like cells was studied by al-
bumin secretion measured with an enzyme-linked immu-
nosorbent assay.

Cardiac differentiation was characterized by studying the ex-
pression of Nanog, OCT4, SOX17, Brachyury T, and NKX2.5 at
time points d0, d3, d6, d13, and d30 by qPCR and by studying the
expression of�-actinin, Troponin T, connexin-43, and ventricular
myosin heavy chain (MHC) with immunocytochemistry. The effi-
ciency of cardiac differentiation was evaluated by immunocyto-
chemical analysis of cytospin samples on day 20 and counting the
number of beating areas in the end of differentiation on day 30.
The functionality of the cardiomyocytes was analyzed using the
microelectrode array (MEA) platform.

Neural differentiation was evaluated at the 4- and 8-week
time points by studying the expression of OCT4, Musashi, Neu-
rofilament-68 (NF-68), and glial fibrillary acidic protein (GFAP) by
qPCR and by studying the expression of OCT4, EpCAM, Nestin,
microtubule-associated protein 2 (MAP-2), GFAP, brain lipid-
binding protein (BLBP), chondroitin sulfate proteoglycan (NG2),
and galactocerebroside (GalC) by immunocytochemistry. The
morphological analysis was performed with time-lapse imaging.
The spontaneous functionality of developing neuronal networks
was characterized using MEA.

To evaluate putative RPE cell differentiation, the appearance
of the first pigmented cells was followed daily and recorded. The
percentage of pigment-containing cell aggregates from the to-
tal amount of aggregates was counted on day 28 � 1 of the
differentiation. The expression of OCT4, MITF, BEST1, and
RLBP1 was analyzed by qPCR from d0, d28, d52, and d82 of
RPE differentiation. The expression of OCT4, MITF and bestro-
phin-1 proteins was quantified with cytospin analysis on day
82 or on day 116.

Statistical Analysis
Statistical analysis between two groups was performed with the
unpaired Student’s t test or Mann-Whitney U test according to
the sample set. In the case of multiple groups, one-way analysis
of variance and the Tukey post hoc test were used. A p value of
�.05 was considered statistically significant.

RESULTS

Transgene Silencing
hiPSC lines hiPSC1 [22], hiPSC2 [23], and hiPSC4 [23] were inde-
pendently established by retroviral infection (OCT4, SOX2,
c-MYC, and KLF4 or OCT4, SOX2, NANOG, and LIN28) and char-
acterized as described previously [22, 23]. hiPSC3 and hiPSC5
(supplemental online Fig. 1) lines were separately characterized
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for this study. Relative transcriptional levels of the transgenes
were studied by qPCR before and at the end of each differentia-
tion protocol in lines hiPSC1–hiPSC4. The results revealed con-
stant expression of exogenous KLF4 in hiPSC4 at d0, whereas
transgenes in other cell lines were silenced (Fig. 1A; supplemen-
tal online Fig. 2A). Transgene expression in general was not sig-
nificantly induced by the differentiation protocols, with one re-
markable exception. Levels of exogenous OCT4 mRNA were
systematically increased at the end of the long-term RPE differ-
entiation protocol in all retrovirally derived hiPSC lines (Fig. 1B;
supplemental online Fig. 2B), andOCT4� cells could be detected
by immunocytochemistry after 82 days of RPE differentiation
(supplemental online Fig. 3B). In addition, exogenous LIN28 and
NANOG mRNA levels were markedly increased during the RPE
differentiation in hiPSC1, theonly cell line derivedbyoverexpres-
sion of these factors (supplemental online Fig. 2B). When the
Sendai-virally derived hiPSC5 line was differentiated into RPE

cells, no reactivation of transgene expressionwas detected (sup-
plemental online Fig. 3A, 3B).

Definitive Endoderm Differentiation
Hepatocyte differentiation protocol consists of three stages,
slightly modified from that described by Hay et al. [24] (Fig. 2A).
The first stage directs the cells from pluripotent cells into com-
mitted definitive endoderm (DE) cells. In this stage, after 7
days from the onset of induction, all the cell lines had lost
their embryonic stem-like small, round, and dense morphol-
ogy and the cells were growing as homogeneous monolayers.
qPCR analysis showed marked upregulation of the anterior
definitive endoderm genes SOX17 and Hhex in all lines at day
7 (Fig. 2B; supplemental online Fig. 4A). During differentia-
tion, the expression of OCT4 decreased in all cell lines and
became undetectable by day 14. The process was somewhat
slower in hiPSCs than hESCs (Fig. 2D). There was no change in

Figure 1. Transgene silencing. (A): Quantitative polymerase chain reaction (qPCR) analysis for expression of the transgenes OCT4, SOX2,
NANOG, LIN28, c-MYC, and KLF4 at the onset of differentiation (d0). The data are shown as the average (�SEM) relative value from four
independent experiments. The value 1 indicates total silencing of transgenes. One-way analysis of variancewith Tukey post hoc test was used
for statistical analysis. ��, p � .01. (B): qPCR analysis for activation of transgene expression during each differentiation protocol. The value 1
indicates no change in transgene expression. �, p � .05. Abbreviations: d, day; hiPSC, human induced pluripotent stem cell; NEURO, neural
differentiation.
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the expression level of the extraembryonic endoderm gene
SOX7 (data not shown). In immunocytochemical analysis
more than 90% of the cells were positive for definitive endo-
dermmarker FOXA2, and very few if any OCT4� cells could be
found (Fig. 2C; supplemental online Fig. 5A). The percentage
of CXCR4� cells as analyzed by flow cytometry varied be-
tween 65% and 96% between all the lines (supplemental on-
line Fig. 5B), and there were no significant difference between
hESC (n � 3) and hiPSC (n � 4) lines in group comparison (Fig.
2E). These results suggest that the hESC and hiPSC lines used
in this study differentiated into definitive endoderm stage
with equal efficiency.

Hepatocyte Differentiation

The resultingDE cellswere thendifferentiated intoHLCs by 7-day

culture in medium supplemented with 1% dimethyl sulfoxide

(stage 2) and by a final maturation step in medium supple-
mented with hepatocyte growth factor and Oncostatin M for a
further 7 days [24] (Fig. 2A). During this time the cells displayed
morphological changes from a spiky shape to a polygonal shape.

On day 21, the cultures contained foci exhibiting features of hu-
man hepatocytes, including a typical polygonal shape with dis-
tinct round nuclei, and many of the cells were binuclear (supple-
mental online Fig. 5C). OnlyhiPSC4-derivedcells failed todevelopa

Figure 2. Hepatocyte differentiation. (A):
Schematic presentation of the protocol
used to differentiate human pluripotent
stem cells into hepatocyte-like cells. (B):
Quantitative polymerase chain reaction
(qPCR) analysis for expression of the
genes marking key stages of differentia-
tion, first into definitive endoderm cells
(SOX17, Hhex) and then into hepatocyte-
like cells (AFP, Albumin). The columns
show the average fold change from at
least two independent experiments �
SEM for each line. (C): Representative im-
munostaining after 7 days of differentia-
tion, demonstrating that almost all cells
expressed nuclear FOXA2 as a sign of de-
finitive endodermdifferentiation and very
few cells still expressed the pluripotency
marker OCT4. (D): qPCR analysis for ex-
pression of the pluripotency geneOCT4 at
d0, d7, d14, and d21. The columns show
the average fold change from at least two
independent experiments � SEM, dem-
onstrating the rapid downregulation in
both hESC and hiPSC lines. (E): Fluores-
cence-activated cell sorting analysis of
cells expressing the endoderm marker
CXCR4 at d7. Columns represent the aver-
age for hESCs (n � 6) and hiPSCs (n � 8).
(F):Albumin secretion into themediumby
the differentiated cells. In the upper
graph, each cell line is presented sepa-
rately (two or three repeated experi-
ments). Lower graph shows the compari-
son between iPSCs (n � 10) and hESCs
(n� 6). (G):Representative immunostain-
ing after 21 days of differentiation of
hESC2 and hiPSC5. Hepatocyte markers
ALB and AFP are shown. Magnification,
�20. Abbreviations: AFP, �-fetoprotein;
ALB, albumin; d, day; DMSO, dimethyl sul-
foxide; hESC, human embryonic stem cell;
HGF, hepatocyte growth factor; hiPSC, hu-
man induced pluripotent stem cell.
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distinct hepatocyte-like morphology (supplemental online Fig. 5C).
In qPCRanalysis,AFPwashighly upregulated at day 14 andAlbumin
at day 21 (Fig. 2B; supplemental online Fig. 4A).

TheHLCs derived fromhiPSC2 expressed the highest levels of
AFP and Albumin, whereas the expression of these hepatocyte-
specific markers was nearly undetectable with hiPSC4-derived
cells. Variation in the differentiation efficiency, as measured by
albumin expression, was detected between hESCs and iPSCs, but
the differences were not statistically significant in a group com-
parison. The hepatocyte-specific functionality of the differenti-
ated cells was analyzed by albumin secretion assay. The results
correlated well with qPCR data; there was no overall difference
in albumin secretion rate between the hESC1–hESC3 lines and
the hiPSC1–hiPSC5 lines in a group comparison, although there
was variation between the individual cell lines (Fig. 2F), particu-
larly because hiPSC4 failed to develop into albumin-secreting
cells. Taken together, both the highest and the lowest levels of
differentiation were observed in the hiPSC lines, whereas there
was less variation among the hESC lines.

Cardiomyocyte Differentiation
hPSC lines were differentiated into cardiomyocytes using the
END-2 coculture method [25]. The progression of cardiac differ-
entiation was monitored and cells analyzed as shown in Figure
3A. All four hiPSC and three hESC lines differentiated into beating
cardiomyocytes, but the differentiation efficiency was variable.
In addition, the cardiac differentiation efficiency varied between
separate differentiation experiments within the same cell line.
All cell lines formed compact structures in END-2 coculture ex-
cept hiPSC4, which tended to form more cystic structures than
the other cell lines. Cardiomyocytes derived from the cell lines
expressed �-actinin, Troponin T, connexin-43, and MHC in im-
munocytochemical stainings (Fig. 3B). The electrical activity of
cardiomyocytes was monitored with MEA measurements. The
normal beating rate of the cell clusters was measured and the
beating rate was increased by adding the �-adrenergic agonist
isoprenaline to MEA chambers. All hESC- and hiPSC-derived car-
diomyocytes beat and gave a signal on MEA and thus can be
considered functional cardiomyocytes (Fig. 3C).

Quantitative immunocytochemical analysis was performed
on cells cultured in END-2 cocultures on day 20, and beating
areas were counted at the end of differentiation on day 30. The
number of beating areas was highly variable between separate
differentiation experiments within the same cell line. As a group,
hESCs formedmore beating areas than hiPSCs (p� .001, Fig. 3D).
hESC1 had the most efficient cardiac differentiation efficiency,
whereas hiPSC1 and hiPSC4 had the least efficient cardiac differ-
entiation and the lowest number of beating areas (Fig. 3D). The
results from the quantitative immunocytochemical analysis de-
tecting cardiac Troponin T-positive cells were in accordancewith
the number of beating areas (Fig. 3E). In the hESC1 line, the
beating areas were smaller than in other cell lines, but there
were more beating areas. This may explain the difference be-
tween quantitative immunocytochemical results and the num-
ber of beating areas detected.

The expression of pluripotency markers NANOG and OCT4
was highest on day 0 and descended during cardiac differentia-
tion (supplemental online Fig. 6A, 6B). The expression of endo-
dermal SOX17was the highest on day 3 in all hiPSC and hESC lines
(supplemental online Fig. 6C). The expression of Brachyury Twas
also the highest on day 3 with the hESC lines (Fig. 3F). Interest-

ingly, with hiPSC lines the highest expression of Brachyury Twas
detected on day 6, and it was significantly higher in hiPSC lines
than in hESC lines (p � .003), suggesting a slower tempo of car-
diac differentiation. The expression of Nkx2.5 ascended evenly
during differentiation in all hiPSC and hESC lines.

Neural Differentiation
The neural differentiation protocol and the analyses used in this
study are summarized in Figure 4A. Cell lines displayed clear dif-
ferences when differentiated and cultured as neurospheres in
neural differentiation medium. Neurospheres usually develop
into firm cell aggregates within 2 weeks. The hiPSC3-derived
neurospheres, however, showed persistent growth of unwanted
cystic structures up to 4 weeks of differentiation (supplemental
online Fig. 7). When the cysts were repeatedly manually re-
moved from the cultures, the cyst formation declined. In addi-
tion to hiPSC3, the hiPSC2 line produced relatively fast-growing
and less firm neurospheres. The growth of hiPSC4-derived neu-
rosphereswasweaker than that in the other lines. Neurospheres
derived from hESC lines showed less variation during differenti-
ation and culture.

According to qPCR analysis, the expression of OCT4 was
strongly downregulated within every cell line during the neural
differentiation at 8 weeks (Fig. 4B). The downregulation was,
however, significantly stronger in neurospheres derived from
hESC than from hiPSC lines (p � .01). The expression of neural
precursor cell marker Musashi and neural marker NF-68 in-
creased during differentiation, and both were significantly
higher in neurospheres derived fromhESCs than fromhiPSC lines
(Musashi week 8, p � .034; NF-68 weeks 4 and 8, p � .002 and
p � .01, respectively) (Fig. 4B). Expression of glial marker GFAP
was undetectable in 0 and 4weeks, and it was expressed at a low
level in every cell line after 8 weeks of differentiation. Line-spe-
cific expression ofOCT4,Musashi, and NF-68 is shown in supple-
mental online Figure 4.

The cells were monitored with time-lapse imaging at 4 and 8
weeks during the neural differentiation. Quantitative analysis of
time-lapse imagingdatawasperformedbyCell-IQanalysis software
(Chip-Man Technologies Ltd., Tampere, Finland) [26], but the accu-
rateneuronal cell numbercouldnotbereliablydeterminedbecause
of confluence of the cultures (supplemental online Fig. 7). Qualita-
tive analysis of the imaged data showed that hESC3 and hiPSC3
produced very pure neuronal populations in 8 weeks, whereas
hiPSC4 was clearly the weakest cell line for neural differentiation,
producing a lot of flat epithelial-like cells (Fig. 4C). The cells in
hiPSC1-derived cultures were also mostly neuronal, but more cells
with non-neuronal morphology were detected compared with
hESC3- and hiPSC3-derived cultures.

Immunocytochemical staining supported the results of the
time-lapse imaging analysis (Fig. 4D). The highest levels of MAP-2-
positive cells were detected within hESC3- and hiPSC3-derived cul-
tures. In hiPSC4-derived cultures only single cells positive forMAP-2
couldbedetected. ThenumberofNestin-positive cells decreased in
all lines from 4 weeks to 8 weeks. No OCT4, CD326, GFAP, or BLBP
was detected in any cell lines, indicating that no undifferentiated
cells, astrocytes, or radial glial cells were present in the cultures.
Only single cells positive for NG2 or GalC could be detected at 8
weeks, indicating the presence of few oligodendrocyte precursor
cells in the cultures (supplemental online Fig. 7).
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Figure 3. Cardiomyocyte differentiation. (A): Schematic presentation of the cardiac differentiation protocol and experimental design. (B):
Cardiomyocytes derived from all human pluripotent stem cell (hPSC) lines expressed �-actinin, connexin-43, and ventricular myosin heavy
chain proteins. Representative images of hiPSC2 line. Scale bars � 100 �m. (C): All hPSC lines gave a signal on the MEA platform, and the
beating rate was increased by isoprenaline (80 nM). Shown are representative images of the hiPSC3 line. (D): The number of beating areas in
one well with each hPSC line (left) and in hESC and hiPSC groups (right). Error bars show the SEM. �, p� .001. (E): Scatter plots (left) show the
number of Troponin T-positive cells in onewell, and the columns (right) show the Troponin T-positive cells found in the hESC and hiPSC groups.
Error bars show the SEM. (F): Results of the gene expression analysis on Brachyury T and Nkx2.5 genes at the d0, d3, d6, d13, and d30 time
points during cardiac differentiation. The expression of genes was compared between hESC and hiPSC lines. In hiPSC lines the highest
expression of Brachyury Twas detected on day 6, and it was significantly higher in hiPSC lines than in hESC lines (�, p� .003). Error bars show
the SEM. Abbreviations: c-43, connexin-43; d, day; hESC, human embryonic stem cell; hiPSC, human induced pluripotent stem cell; MEA,
microelectrode array; MHC, myosin heavy chain; RNA, quantitative polymerase chain reaction samples.
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Electrophysiological Properties of Neuronal Networks

As previously described [27], the first form of electrical activity

detected from the neuronal networkswas single spikes, whereas
the mature neuronal networks displayed bursts containing mul-
tiple spikes simultaneously on several electrodes (supplemental
online Fig. 8). The cell lines with the highest neural differentia-
tion efficiencies based onmorphological and immunocytochem-
ical characterizations (hESC3 and hiPSC3) displayed burst-activ-
ity within 3 weeks in MEA culture. The spontaneously active
bursting neuronal networks were routinely recorded from
hESC3- and hiPCS3-derived cultures. The neuronal networks
formed by the other cell lines displayed activities varying from

single spikes to bursts.

RPE Differentiation

The hESC and hiPSC1–hiPSC5 lines were differentiated into RPE cells
according to apreviously reportedprotocol,which is basedon sponta-
neousdifferentiationinEB-likecultures[8].Thedifferentiationprotocol
and analyses are summarized in Figure 5A. TheRPEdifferentiation po-
tentialofthecell lineswasstudiedbymonitoringtheappearanceofthe
first pigmented cells emerging in the cultures. In addition, thepercent-
age of cell clusters containing pigmented cells was counted on day 28
after initiationof differentiation.

All the examined cell lines produced pigmented cells on av-
erage within 22 days after initiation of differentiation (Fig. 5B).
hESC lines produced pigmented cells on average 2 days earlier
than hiPSC lines. The first pigmented cells were detected on day

Figure 4. Neuronal differentiation. (A):
Schematic presentation of the neural dif-
ferentiation protocol and experimental
design. (B): Results of the gene expression
analysis of OCT4, Musashi, and NF-68 at
the 0-, 4-, and 8-week time points. The ex-
pressions of the geneswere compared be-
tween hESC and hiPSC lines. Columns rep-
resent an average of hESC (n � 3) and
hiPSC (n � 4) lines � SEM.Musashi week
8, p� .034;NF-68weeks 4 and 8, p� .002
and p � .01, respectively. �, p � .05,
Mann-Whitney U test. (C): Morphologies
of the cells derived from different cell
lines at the 8-week time point. hESC3-,
hiPSC1-, and hiPSC3-derived cells dis-
played mostly neuronal morphology
(thick arrows), whereas other cell lines
produced cells with flat epithelial cell-like
morphology (thin arrows). Scale bar �
100 �m. (D): Immunocytochemical char-
acteristics of the differentiated cells. Neu-
ral precursor cell marker Nestin (red) and
neural marker MAP-2 (green) were both
detected in all the populations derived
from hESC and hiPSC lines. Cell cultures
derived from hESC3 and hiPSC3 lines were
detected with high amounts of MAP-2-
positive cells at both time points, whereas
clearly fewer MAP-2-positive cells could
be detected from the cultures of hESC1
and hiPSC4. The number of Nestin-posi-
tive cells decreased within all the cell lines
from 4 to 8 weeks. Scale bar � 100 �m.
Abbreviations: Cell-IQ, time-lapse imag-
ing; hESC, human embryonic stem cell;
hiPSC, human induced pluripotent stem
cell; ICC, immunocytochemistry; MAP-2,
microtubule-associated protein 2; MEA,
microelectrode array; NF-68, Neurofila-
ment-68; RNA, quantitative polymerase
chain reaction samples; wk, week.
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Figure 5. Retinal pigment epithelial (RPE) differentiation. (A): Schematic representation of the RPE differentiation protocol and experimental
design. (B): Appearance of the first pigmented cells in the cultures at the beginning of RPE differentiation. Columns are representing an
average of two to four independent experiments (n) � SEM. Shown are hESC1 (n � 4), hESC2 (n � 4), hESC3 (n � 3), hiPSC1 (n � 4), hiPSC2
(n � 3), hiPSC3 (n � 2), and hiPSC4 (n � 3). (C): Rate of pigmentation on differentiation day 28. Box plots show the sample minimum, lower
quartile, median, upper quartile, and sample maximum of two to four independent experiments. The number of experiments/total number
of cell clusters counted were as follows: hESC1, 4/674; hESC2, 3/448; hESC3, 3/339; hiPSC1, 3/656; hiPSC2, 3/427; hiPSC3, 2/445; and hiPSC4,
2/704. (D): QPCR analysis for expression of genes marking key stages of human pluripotent stem cell differentiation (OCT4) into pigment-
producing cells (MITF) and subsequently into RPE-like cells (BEST1 and RLBP1). The columns show the average fold change from at least two
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13 (hESC3). On day 28, the highest proportion of pigmented cell
clusters in hESC lineswas detected in hESC3 (31%) and the lowest
in hESC1 (11%) (Fig. 5C). Of the hiPSC lines, the best performer
was hiPSC2 (43%) and the weakest hiPSC1 (6%) (Fig. 5C). In a
groupwise comparison, none of the differences between the
hESC and hiPSC lines were statistically significant.

During differentiation, the expression of endogenous OCT4
decreased in all cell lines. However, it was higher in the hiPSC
than in the hESC lines on day 0 (p � .03) and day 52 (p � .001)
(Fig. 5D). Expression of the selected differentiation markers
MITF, BEST1, and RLBP1 increased in all cell lines during differ-
entiation. In a comparison of hESC and hiPSC lines, the pigment
cell marker MITF was higher in hESC on day 52 (p � .011) (Fig.
5D). The more RPE-specific markers BEST1 and RLBP1 appeared
higher on d82 in the hiPSC lines, but the differences were not
statistically significant (Fig. 5D). The Sendai-virally derived
hiPSC5 line was characterized only partially, but it also differen-
tiated into pigmented epithelium with cobblestone morphology
andbestrophin-1 immunoreactivity (Fig. 5F). At the protein level,
all cell lines expressedMITF and bestrophin-1 proteins. The high-
est proportion of MITF-positive cells in hESC lines was detected
in hESC2 (72%) and the lowest in hESC1 (69%). The results were
less reproducible in the hiPSC lines (Fig. 5G). Bestrophin-1-posi-
tive cells tended to bemore abundant in the hiPSC than the hESC
lines (Fig. 5G), and the results correlated with BEST1 gene ex-
pression and also with the rate of pigmentation.

When analyzed comprehensively, it appears that the hESC lines
(particularly hESC1 and hESC3) displayed variable propensities for
mesodermal versus ectodermal differentiation. The same cell lines
differentiated consistently more efficiently in the ectodermal (neu-
ronal and RPE) directions or mesodermal (cardiac) direction. How-
ever, none of the induced pluripotent stem cell (iPSC) lines showed
such preferential differentiation capacity (Table 1).

DISCUSSION

Westudied thedifferentiation capacity of threehESCand fivehiPSC
lines. The four retrovirally derived hiPSC lineswere characterized in
detail using fourwell-established differentiation protocols and spe-
cific functional assays. Through this approach,wehope to elucidate
the true variability between human pluripotent stem cell lines with
respect to theirmost important characteristic: theability todevelop
into physiologically functional cell types.

To our knowledge, our study is the first to use four separate
extendeddifferentiationprotocols intoderivativesofall germlayers
in a systematic comparison of hPSC lines. In this study most of the
cell lines showed no differentiation preference toward any specific
cell lineages but rather showed more or less differentiation poten-
tial towardalldifferentcell typesproduced.Only twoof thecell lines
(hESC1 and hESC3) had consistently more differentiation potential
toward specific lineages. hESC1 differentiatedwell into beating car-
diomyocytes and poorly into ectodermal lineages, and hESC3 had
the best ectodermal differentiation capacity but produced few
beating areas in cardiomyocyte differentiation. One reason for
these differencesmay be the fact that the cardiac (END2 coculture)
and neuronal (EB formation) protocols in this study are basedmore
on the spontaneous differentiation of the cells than the hepatocyte
protocol, which is based on guidance by specific growth factors. It is
likely that the genetic background of the cells plays a more crucial
role in the former than the latter situation.

Analysis of transgene expression showed that KLF4was incom-
pletely silenced in hiPSC4 (Fig. 1A; supplemental online Fig. 2A),
suggesting that this cell line was only partially reprogrammed. The
retroviral transgenes are usually silenced as a late event of the re-
programming process [28] because of the activation of DNA [29]
andhistonemethyltransferases [12].Thisprocess,however, isoften
incomplete, resulting inpartially reprogrammedcell lines [9,30,31].
This residual activity of viral transgenes in hiPSC-derived cells can
affect their developmental potential [9]. Partially incomplete repro-
gramming may explain the poor differentiation capacity of hiPSC4,
which was observed throughout this study.

All of the hESC and hiPSC lines differentiated efficiently into
early DE progenitors. However, when the DE cells were further
induced into HLCs some variability became evident. Although all
the hESC lines differentiated with approximately equal effi-
ciency, the iPSC lines were much more variable, ranging from
very poor (hiPSC4) to excellent (hiPSC2). This variation was not
correlated with the method used for hiPSC induction, and it is
unlikely that it would be due to the different donor age (neonatal
vs. adult). It has also been noted by others that there are differ-
ences in the timing of onset of expression of hepatocyte-specific
genes between different cell lines [7].

The cardiomyocyte differentiation protocol used in this
study produced beating areas from all the cell lines with variable
efficiency. Overall, cardiac differentiation on END-2 cocultures is
rather unspecific, and many other cell types besides cardiomyo-
cytes are also induced [32]. Normally, the highest peak of

independent experiments � SEM. �, p � .05; ���, p � .001. Statistical analyses were performed with independent samples t test or
Mann-Whitney U test according to the sample set. (E): QPCR analysis for expression of BEST1 on d82 in each analyzed cell line. The columns
show the average fold change from at least two independent experiments � SEM. (F): Top row: Bestrophin-1 (BEST1) staining for cytospin
samples collected from hiPSC5-derived RPE cells. Bottom row: pigmented cells derived from hiPSC5 at d210 in passage 2. (G): Expression of
MITF and bestrophin-1 proteins on d82. Scatter plots show the percentage of positive cells from one or two independent experiments. The
total number of cells counted were as follows for MITF/bestrophin-1: hESC1, 326/274; hESC2, 351/337; hESC3, 466/454; hiPSC1, 184/202;
hiPSC2, 579/518; hiPSC3, 355/402; and hiPSC4, 288/269. Abbreviations: d, day; hESC, human embryonic stem cell; hiPSC, human induced
pluripotent stem cell; ICC, immunocytochemistry; Neg, negative; QPCR, quantitative polymerase chain reaction.

Table 1. Differentiation potential of individual human pluripotent
stem cell lines

Ectodermal lineage

Cell
line

Endodermal lineage:
hepatocyte

Mesodermal
lineage: cardiac Neuronal RPE

hESC1 �� ��� � �
hESC2 �� �� �� ��
hESC3 ��� � ��� ���
hiPSC1 �� � �� �
hiPSC2 ��� �� �� ���
hiPSC3 �� �� ��� ��
hiPSC4 � � � �
hiPSC5 ��� ���

Shown is the differentiation efficiency of the cell lines based on the
rate of albumin secretion (hepatocyte), number of beating
cardiomyocytes (cardiac), morphological and immunocytochemical
criteria (neural), and rate of pigmentation (retinal pigment epithelial).
� indicates lower differentiation potential than average, �� indicates
average differentiation capacity, and ��� indicates excellent
differentiation capacity.
Abbreviations: hESC, human embryonic stem cell; hiPSC, human
induced pluripotent stem cell; RPE, retinal pigment epithelial.
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Brachyury T expression is observed on day 3 in END-2 cocultures
[32], and the delayed expression peak leads to poor cardiac dif-
ferentiation efficiency [33, 34]. In this study, the expression peak
of Brachyury Twas extended up to day 6 with hiPSCs, which was
associated with a lower lowest number of beating areas than in
hESCs. However, high variation in cardiac differentiation effi-
ciency was also detected between different passages/differenti-
ation experiments within the same cell line, indicating that the
cell line characteristics change over time in culture.

The neural differentiation protocol used here has been used
routinely with several hESC lines previously [35, 36]. Both hESC
and hiPSC lines were successfully differentiated toward neural
cells regardless of their origin. Previous studies have, however,
demonstrated the differences between the innate differentia-
tion propensitieswithin hESC and hiPSC lines [11, 16–18, 35] and
between hESC and hiPSC lines [6]. In contrast, two other studies
have suggested that in general, hESCs and hiPSCs have similar
differentiation capacity toward neural cells, but line-specific
variation can be detected in both groups [16, 17]. Our results
were more compatible with the latter view.

Electrophysiological properties are an essential aspect of the
characterization of neuronal cells. In the present study, all the
cell lines differentiated into neuronal networks that were able to
display some form of spontaneous electrical activity regarded as
a feature of functional neuronal networks [27, 37]. However,
obvious maturation stage-related functional variability was ob-
served. None of the gene or protein level markers of neuronal
differentiation directly correlated with the functional properties
of the derived neuronal networks. Thus, it is difficult to predict
the efficiency of a particular cell line to produce functional neu-
ronal networks without electrophysiological analyses.

Lastly, we differentiated the hPSCs into another ectodermal
cell type, RPE cells. During mammalian development, RPE is de-
rived from optic neuroepithelium by approximately the seventh
week of gestation [38], and RPE cell fate specification in vitro has
been shown to follow a time course reminiscent of normal reti-
nal development [39]. All the cell lines examined produced pig-
mented cells within 3weeks after initiation of differentiation. On
average, hiPSC lines produced pigmented cells slightly more
slowly than hESC lines. This is compatible with the findings by
Meyer et al., who also reported longer differentiation times with
hiPSCs than hESCs [39]. hESC3 produced pigmented cells the
fastest. This cell line also produced eventually mature RPE cells.
Two hiPSC lines also produced mature RPE cells, suggesting that
the time of pigment appearance is not a crucial factor for the
later maturation of RPE cells.

Consistent reactivation of theOCT4 transgene was observed in
all retrovirally induced hiPSC lines during RPE differentiation (Fig.
1B; supplemental online Fig. 2B). The reactivation was most dra-
matic inhiPSC1. In addition, theNANOGand LIN28 transgeneswere
also reactivated in hiPSC1 during the RPE differentiation. On the
contrary, transgene reactivation was not observed with the Sendai
virus-induced iPSC5 line (supplemental online Fig. 3). Interestingly,
hiPSC1wasdifferentiatedsuccessfully intobothHLCsandcardiomy-
ocytes,andtransgenereactivationwasnotseenduringthoseexper-
iments. During RPE differentiation, hiPSC1 appeared to produce a
high number of MITF and bestrophin-1-positive cells. However,
hiPSC1-derived RPE cells peeled off from the culture membranes
easily, allowing only one successful experiment to be completed.
The RPE differentiation protocol is much (almost 3 months) longer
and more spontaneous than the other protocols, which could be

one explanation for the difference. Obviously, these observations
raiseconcernsabout thesafetyofhiPSCs thathave integratedtrans-
genes in their genome.

CONCLUSION

Part of the variation in the differentiation efficiency between the
individual hiPSCs could be explained by residual activity of viral
transgeneKLF4 in hiPSC4 and the reactivationof several transgenes
during RPE differentiation. In contrast, the hiPSC line that was de-
rived through the nonintegrating Sendai virus technology differen-
tiated well into both HLCs and RPE cells and did not show signs of
transgene expression. Our study strongly suggests thatmany of the
“first-generation” retrovirally derived iPSC lines are hampered by
potential transgene reactivation, with specific effects on their fur-
therdifferentiationproperties. These findingshighlight theneed for
integration-free reprogramming technologies, resulting in trans-
gene-free iPSCs, which could also be potentially therapeutically ap-
plicable, unlike the retrovirally derived cells used in this study. Sev-
eral such technologies have been established, in addition to Sendai
viruses [40]: polycistronic minicircle vectors [41], PiggyBac trans-
posons [42], and modified mRNA-based [43] or protein transduc-
tion-basedmethods [44]. Future studies should focus on nontrans-
genic iPSC lines generated through thesemethods.
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1. Introduction

Spinal cord injury (SCI) repair has been extensively studied 
for decades, however, major clinical challenges remain.[1] 
Stem cell transplantation therapies are a promising 
approach for treating patients with SCI because stem cell-
derived neural cells have the ability to replace the dam-
aged tissue. The main cell types from the central nervous 
system, neurons, astrocytes, and oligodendrocytes, can 

Stem cell transplantations for spinal cord injury (SCI) have been studied extensively for the 
past decade in order to replace the damaged tissue with human pluripotent stem cell (hPSC)-
derived neural cells. Transplanted cells may, however, benefit from supporting and guiding 
structures or scaffolds in order to remain viable and integrate into the host tissue. Biomaterials 
can be used as supporting scaffolds, as they mimic the characteristics of the natural cellular 
environment. In this study, hPSC-derived neurons, astrocytes, and oligodendrocyte precursor 
cells (OPCs) are cultured on aligned poly(ε-caprolactone) nanofiber platforms, which guide 
cell orientation to resemble that of spinal cord in vivo. All cell types are shown to efficiently 
spread over the nanofiber platform and orient according to 
the fiber alignment. Human neurons and astrocytes require 
extracellular matrix molecule coating for the nanofibers, 
but OPCs grow on nanofibers without additional treatment. 
Furthermore, the nanofiber platform is combined with a 3D 
hydrogel scaffold with controlled thickness, and nanofiber-
mediated orientation of hPSC-derived neurons is also demon-
strated in a 3D environment. In this work, clinically relevant 
materials and substrates for nanofibers, fiber coatings, and 
hydrogel scaffolds are used and combined with cells suitable 
for developing functional cell grafts for SCI repair.
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Figure 1. hPSC-derived neurons, astrocytes, and OPCs cultured on uncoated and ECM protein-coated nanofiber platforms. A) hPSC-derived 
neurons cultured on uncoated and laminin-coated nanofiber surfaces. Live-dead and immunocytochemical staining demonstrates the viability 
and migration of the neurons on laminin-coated nanofibers. B) Neuron control cultures on laminin-coated 2D polystyrene. C) Orientation 
distribution of hPSC-derived neurons on laminin-coated and uncoated nanofiber platforms and control cultures. D) hPSC-derived astrocytes 
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be produced from human pluripotent stem cells (hPSCs) 
via targeted differentiation, making them suitable for 
transplantation.[2–4] Previous studies have shown that the 
viability, migration, and integration of the transplanted 
cells into the target tissue are generally poor and ineffi-
cient.[5] To overcome these challenges and to promote SCI 
repair, supporting biomaterial scaffolds are beneficial. 
Topographical guidance is crucial for the migration and 
orientation of the transplanted cells in the target tissue, 
and nanofabricated electrospun polymer substrates have 
been shown to mimic the natural cellular environment 
in the central nervous system (CNS).[6] Neural cells have 
been successfully cultured on nanofiber surfaces and 
extracellular matrix molecule coatings have been used to 
increase cell viability, migration, and functionality.[7] Cell 
electrospinning has also been utilized for encapsulating 
living cells into fiber structures during fabrication.[8,9] SCI 
often results in the formation of a cavity encapsulated by 
glial scar tissue at the injury site.[10,11] Thus, more 3D-like 
scaffolding, in combination with the guiding feature of 
the nanofibers for transplanted cells, would be essential, 
enabling proper cell orientation typical of the spinal cord 
structure.[12] The integration of guiding nanofibers with 
soft and porous hydrogels provides a potential structure 
for such constructs.[13] Importantly, when cell culture plat-
forms and scaffolds are designed for CNS repair, clinical 
grade components are needed.

In the present study, we describe culturing of human 
pluripotent stem cell-derived neurons, astrocytes, 
and oligodendrocyte precursor cells (OPCs) on aligned 
poly(ε-caprolactone) (PCL) nanofibers. PCL is an FDA-
approved material and has previously been studied and 
utilized in a wide range of tissue engineering applications, 
including neural cells.[14] Here, all cell types were shown 
to efficiently spread over the nanofiber surface and orient 
according to the nanofiber alignment. We also generated a 
3D environment in combination with the nanofiber plat-
form using hydrogel scaffolds with controlled thicknesses. 
We used clinically relevant materials and substrates for 
the nanofibers, fiber coatings, and hydrogel scaffolds in 
order to further develop cell grafts for SCI repair.

2. Results and Discussion

Aggregates of differentiated neurons and astrocytes 
attached to uncoated PCL fibers, however, the cell 

viability was low and cell migration out of the initially 
plated aggregates was very limited with both cell types 
(Figure 1A,D, upper row). Previously, extracellular matrix 
(ECM) molecule coatings on nanofibers have been shown 
to enhance neural cell growth.[7] Here, the nanofibers were 
coated with mouse laminin, which is routinely used as 
a coating material for hPSC-derived neurons and astro-
cytes in different in vitro applications.[15,16] A considerable 
increase in cell viability was detected with both neurons 
and astrocytes on laminin-coated PCL fiber surfaces com-
pared to uncoated fibers (Figure 1A,D, lower row). Viability 
on the coated fiber surfaces was similar to the control 
conditions on laminin-coated polystyrene (Figure 1B,E). 
Both cell types also efficiently migrated out of the aggre-
gates over the culture area along the laminin-coated 
nanofibers and oriented according to the fiber alignment 
(Figure 1A,D, lower row). The mean orientations detected 
from the neurons and astrocytes on laminin-coated fiber 
surfaces were 89° and 92° and the circular variances were 
0.49 and 0.56, respectively. The mean orientations of neu-
rons and astrocytes on control surfaces were 9° and 146° 
and the circular variances were 0.70 and 0.88, respectively. 
(Figure 1C,F) This was an indication of strict orientation 
of the cells according to the laminin-coated fibers, as the 
mean orientation of the fibers in the images was 90°. Scan-
ning electron microscopy (SEM) analysis revealed in more 
detail how the neurons and astrocytes were contacting the 
laminin-coated nanofibers (Figure S1, Supporting Informa-
tion). Cell somas mostly attached to the nanofibers instead 
of the underlying polystyrene. In the neuronal cultures, 
some cell somas were even elongated, as a result of the 
cell orientation according to the fibers (white arrowheads). 
Neuronal processes were migrating on the surface of the 
nanofibers, but astrocytes wrapped processes around 
single nanofibers covering the fibers entirely (white 
arrows). Additionally, the processes deviating and crossing 
over fibers were detected with both cell types, which can 
most likely be explained by the laminin coating that was 
not exclusively specific for the fibers in the cultures.

The culturing of hPSC-derived OPCs has not previ-
ously been reported on PCL nanofibers. Here, OPCs were 
cultured on uncoated PCL nanofiber surfaces and PCL 
nanofibers coated with a mixture of ECM proteins rou-
tinely used in our laboratory for culturing hPSC-derived 
OPCs on 2D polystyrene.[3] OPC aggregates attached 
well to nanofibers and migrated out of the aggre-
gates on both uncoated and coated nanofiber surfaces 

Macromol. Biosci. 2017,  DOI: 10.1002/mabi.201600517

cultured on uncoated and laminin-coated nanofiber surfaces. Live-dead and immunocytochemical staining demonstrates the viability and 
migration of the astrocytes on laminin-coated nanofibers. E) Astrocyte control cultures on laminin-coated 2D polystyrene. F) Orientation dis-
tribution of hPSC-derived astrocytes on laminin-coated and uncoated nanofiber platforms and control cultures. G) hPSC-derived OPCs cultured 
on nanofiber surfaces without additional coating and coated with ECM protein mixture. H) OPC control cultures on 2D polystyrene coated with 
ECM protein mixture. I) Higher magnification image of OPCs on uncoated nanofiber platform. J) Orientation distribution of hPSC-derived OPCs 
on coated and uncoated nanofiber platforms and control cultures. Scale bar = 50 µm.
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(Figure 1G). OPCs also mainly oriented according to 
the fiber alignment, but this result was partly masked 
by contaminating, nonorienting cells in the differen-
tiated OPC population. A higher magnification image 
of the OPCs on nanofiber surfaces shows the distri-
bution of more distinct orientation according to the 
fibers (Figure 1I,J). The mean orientations of OPCs on 
noncoated and coated fiber surfaces were 95° and 86°, 
respectively, with circular variances of 0.88 and 0.86, 
respectively (Figure 1J), indicating a higher variation 
in the orientation compared to neurons and astrocytes. 
However, a clear difference was detected in the OPC 
orientation on nanofiber surfaces compared to control 
surfaces, for the corresponding orientation and cir-
cular variance values for the control cultures were 64° 
and 0.99, respectively (Figure 1H,J). No difference in 
the attachment or migration of OPCs on noncoated and 
coated nanofibers (Figure 1G) was detected as opposed 
to the behavior of neurons and astrocytes (Figure 1A,D).

Since laminin coating was shown to be required for the 
survival and efficient spreading of hPSC-derived neurons 
and astrocytes on PCL nanofibers, xeno-free, and defined 
recombinant human laminin substrates on nanofiber 
surfaces were studied. Previously, the use of clinically 
relevant ECM-coating substrates on nanofiber surfaces 
has not been reported with human neural cells. Our 
previous study demonstrated that recombinant human 
laminin isoforms containing the α5-chain, or even a 
fragment of the concerned laminins, supported the 
viability, growth, and functional development of hPSC-
derived neurons more efficiently than traditionally used 
mouse laminin.[17] A corresponding study has been per-
formed with hPSC-derived astrocytes, with similar results 
(unpublished data). Here, we have used laminins (LN)521, 
LN511, and LN411, as well as the E8 fragment of LN511, 
for coating the nanofibers.

Both neurons and astrocytes attach and migrate out of 
the aggregates efficiently on nanofiber surfaces coated 
with laminin α5 substrates (LN521, LN511, and LN511-
E8) (Figure 2A,B). Cell alignment along the fibers was also 
similar to what was detected on mouse laminin-coated 
fiber surfaces (Figure 1A,D, lower row). The mean orienta-
tions and circular variances on nanofiber surfaces coated 
with laminin α5 substrates were 90°–91° and 0.52–0.58 
with neurons, and 90°–92° and 0.50–0.56 with astrocytes, 
respectively. Furthermore, LN411, previously detected as 
a nonsupportive coating material for hPSC-derived neu-
rons and astrocytes in 2D cultures on polystyrene,[17] also 
failed to enhance cell migration on nanofiber surfaces 
(Figure 2, Supporting Information). Thus, clinically rel-
evant human recombinant laminin substrates are com-
patible with PCL nanofibers and can be used for efficient 
culturing of hPSC-derived neurons and astrocytes on PCL 
nanofibers.

Previously, hydrogels of different materials have 
been utilized for embedding the fibers into a 3D scaf-
fold.[11] These scaffolds have been studied using rodent-
derived neural cells, and SH-SY5Y cells, but the results 
cannot be directly applied to native human cells.[13,18] 
Furthermore, human mesenchymal and PSCs in 
neural differentiation medium have been cultured in 
a nanofiber-hydrogel scaffold, but the neural differen-
tiation of the cells in these conditions was insufficiently 
demonstrated.[19] In this study, we concentrated on hPSC-
derived neurons on a hydrogel-nanofiber scaffold. We  
used commercial PuraMatrix, a self-assembling peptide 
as a hydrogel with the PCL nanofibers. A peptide-based 
Puramatrix hydrogel has been shown to support the 
growth of viable neural cells in 3D conditions and cur-
rently clinical grade Puramatrix is commercially avail-
able.[20] Two different thicknesses, 15 and 75 µm, of 
hydrogel were used and neurons were plated either on top 
of the thin hydrogel or encapsulated in the thick hydrogel 
scaffold (Figure 3A). Thin hydrogel was used to investi-
gate whether neurons can sense the effective stiffness 
and topography of the nanofibers through a thin layer 
of hydrogel,[21] as the stiffness of the Puramatrix is con-
siderably lower (storage moduli and loss moduli in range 
of 5–150 and 1–50 Pa, respectively)[22,23] compared to PCL 
nanofibers (Young’s modulus in range of 4–60 MPa).[24,25] 
Using thick hydrogel, we aimed to discover whether hPSC-
derived neurons orient according to the fiber alignment 
in the 3D hydrogel environment.[26] Here, the nanofibers 
were not coated with laminin since Puramatrix itself 
is a supportive substrate for hPSC-derived neurons.[27] 
Laminin coating on nanofibers within the hydrogel could, 
however, enhance the neurite’s contact with the fibers.[13]

When the cells were plated on top of the thin hydrogel 
layer, the neurons spread and migrated vertically along 
the surface of the hydrogel more efficiently than into the 
hydrogel (Figure 3B). The thin hydrogel (15 µm) on top 
of the fiber surface isolated the cells from direct contact 
with the nanofibers, and thus, no processes were detected 
to follow fiber alignment. Effective stiffness of the 
fibers did not influence the cells on top of the hydrogel. 
When the neurons were encapsulated into the thick 
hydrogel (75 µm), neurons migrating out of the clusters 
close (<10 µm) to the nanofiber surface started to orient 
according to the fiber alignment (Figure 3C). However, 
the cells migrating out of the same cluster a few microm-
eters further from the nanofiber surface (>10 µm) did not 
attach to the fibers or adapt to the fiber orientation. The 
3D rendered images with pseudocolored depth coding 
demonstrate the distribution of the cells on the thin and 
within the thick hydrogel (Figure 3D). Evidently, the cells 
needed to be initially brought in close contact with the 
fibers in order to adapt to the fiber orientation in a 3D 
environment.

Macromol. Biosci. 2017,  DOI: 10.1002/mabi.201600517
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Figure 2. hPSC-derived neurons and astrocytes cultured on recombinant human laminin-coated nanofiber platforms. A) hPSC-derived neu-
rons and B) astrocytes were cultured on nanofiber platforms coated with LN521, LN511, and LN511-E8. The behavior of both cell types on 
nanofiber platforms with recombinant laminin substrates resembled that of 2D polystyrene control cultures. The orientation distributions 
of hPSC-derived neurons and astrocytes on nanofibers and control cultures coated with different human recombinant laminin substrates 
are shown. Scale bar = 50 µm.
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3. Conclusions

In conclusion, we demonstrated that hPSC-derived neu-
rons, astrocytes, and OPCs can be successfully cultured 
on PCL nanofibers. ECM protein coating for the fibers was 
required for efficient attachment and spreading of neu-
rons and astrocytes, whereas growth of OPCs was achieved 
on nanofibers without additional coating. Previously, CNS 
cells of different origins have been cultured on nanofiber 
platforms in various conditions, whereas human astro-
cytes and oligodendrocytes have not been studied on 
aligned nanofibers.[28] Furthermore, our results indicate 
that coculturing of human CNS cells on PCL nanofiber 
platforms is feasible. The result is of clinical relevance 
since the coculturing of neurons with astrocytes and OPCs 
has previously been shown to improve neuronal func-
tional development.[29,30] We also studied the behavior 
of hPSC-derived neurons in 3D conditions by embedding 
nanofibers and encapsulating neurons into a Puramatrix 
hydrogel. We showed that when using Puramatrix as a 
hydrogel component, cell seeding by encapsulation into 
the hydrogel was essential for the development of a 3D 
neuronal network. We demonstrated that hPSC-derived 
neurons orient according to fiber alignment in a 3D 
hydrogel, however, to do so, the cells required initial close 
contact (<10 µm) with the fibers. Our results are compat-
ible with previous findings concerning the alignment of 
neural cells in nanofiber-hydrogel scaffolds.[13,18] Overall, 
in this work we combined clinically relevant cells and 
materials, which could be further utilized to develop func-
tional cell grafts for SCI repair.

Figure 3. hPSC-derived neurons cultured on nanofiber-hydrogel 
scaffolds. A) Schematic presentation of neurons cultured on thin 
(15 µm) and in thick (75 µm) hydrogel scaffolds on nanofiber plat-
forms. The illustration is not in scale. B) hPSC-derived neurons 
on top of thin (15 µm) hydrogel-nanofiber scaffold. Cross section 
of the scaffold presents planar neuronal network on top of the 
nanofiber surface. Scale bar = 50 µm. C) hPSC-derived neurons 
in thick (75 µm) hydrogel-nanofiber scaffold. The image has been 
separated into 4–9 µm image stack from the bottom of the 
hydrogel scaffold close to the nanofiber surface, and 10–19 µm 
image stack from the higher level in the hydrogel. Merged images 
show 24 µm thick stacks with a DIC image of the nanofibers. A 
cross section of the scaffold demonstrates the neuronal network 
on two distinct levels in the hydrogel, with the lower level over-
lapping with the nanofibers. Scale bar = 50 µm. D) 3D rendered 
images with pseudo colored depth coding demonstrate neuronal 
growth patterns in more detail on thin and in thick hydrogel-
nanofiber scaffold. Images D1 and D2 are depth coding presen-
tations of the same locations presented in images (B) and (C), 
respectively. Fiber orientation is demonstrated with a white 
arrow. Images D3 and D4 are separate stacks from one location 
in the hydrogel-nanofiber scaffold; 1–10 µm image stack from the 
bottom of the hydrogel scaffold close to the nanofiber surface, 
and 10–40 µm image stack from a higher level in the hydrogel.
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4. Experimental Section

Production of Neurons, Astrocytes, and Oligodendrocyte Pre-
cursor Cells: The human embryonic stem cell (hESC) line, Regea 
08/023, derived and characterized at the Institute of Biosciences 
and Medical Technology (BioMediTech, University of Tampere, 
Finland)[31] was used for differentiation. The maintenance of 
pluripotent stem cells was performed as previously described 
with minor modifications.[32] The cell lines were quality con-
trolled with frequent protein expression analysis and karyotype 
and mycoplasma assays. The institute has obtained permission 
from the Finnish Medicines Agency (FIMEA) to conduct research 
with human embryos and to derive hESC lines (1426/32/300/05), 
and a supportive statement from the ethical committee of the 
Hospital District of Pirkanmaa to derive, culture, and differen-
tiate hESC lines (R05116).

The directed differentiation toward neurons, astrocytes, and 
OPCs was performed according to previously published protocols 
with minor modifications.[3,15]

Cell Culture on Nanofiber Platform: Predifferentiated neural 
spheres were mechanically dissected into small aggregates, and 
allowed to randomly distribute and attach to the nanofiber plat-
forms (NanoAligned 24-well plates and 24-well plate inserts, 
Nanofiber Solutions, Columbus, OH, USA). Cells migrated out of 
the attached aggregates and spread over the culture area. The 
mean diameter of a single fiber was ≈700 nm, and plasma sur-
face treatment was applied to improve the hydrophilic features 
of the fibers (http://www.nanofibersolutions.com/products.
html). The 24 or 48-well polystyrene plates (Nunc/Thermo Fisher 
Scientific, Rochester, NY, USA) were used as a control platform. 
Neurons and astrocytes were cultured in NDM with or without  
0.1 × 10−6 m LDN193189 (Stem Cell Technologies, Vancouver, 
Canada) where basic fibroblast growth factor (bFGF) was 
withdrawn.[15] Oligodendrocyte precursor cells were cultured 
in neural stem cell (NS) medium supplemented with 40 ng 
mL−1 3,3′,5-triiodo-l-thyronine (Sigma-Aldrich, St. Louis, MO, 
USA), 200 × 10−6 m l-ascorbic acid 2-phosphate (Sigma-Aldrich), 
20 ng mL−1 epidermal growth factor (Prospec, Rehovot, Israel), 
10 ng mL−1 bFGF (R&D Systems, Minneapolis, MN, USA), 100 ng 
mL−1 insulin-like growth factor-1 (Prospec), 20 ng mL−1 platelet-
derived growth factor- AA (Prospec), and 1 mg mL−1 laminin 
(Sigma-Aldrich), with or without 0.1 × 10−6 m LDN193189.[3] The 
medium was changed three times per week.

Neurons and astrocytes were cultured on nanofiber plat-
forms for two weeks and OPCs for four weeks, and the neu-
rons encapsulated into the hydrogel were cultured for three 
weeks. Phase-contrast imaging was used to evaluate the attach-
ment and growth of the cells. Cells were imaged using a Nikon 
T2000S microscope with a DS-Fi1 camera (Nikon Instruments, 
Amsterdam, Netherlands).

ECM Protein Coatings for the Nanofibers: Laminin from Engel-
breth-Holm-Swarm murine sarcoma basement membranes 
(2 µg cm−2, Sigma-Aldrich) was used for coating the nanofibers for 
neurons and astrocytes. A mixture of laminin (10 µg mL−1), col-
lagen IV (10 µg mL−1, Sigma-Aldrich), and nidogen(1) (1 µg mL−1,  
R&D Systems) was used for coating the nanofibers for OPCs. Fur-
thermore, xeno-free and defined recombinant human laminins 
LN411, LN511, and LN521 (2 µg cm−2, BioLamina, Sundbyberg, 
Sweden), or the LN511-E8 fragment (iMatrix-511, 1 µg cm−2, 

Clontech, Takara Bio Inc., Shiga, Japan) were used for coating the 
nanofibers for neurons and astrocytes. All coatings were pre-
pared by incubating the coating solutions on the nanofiber wells 
or inserts at +4 °C overnight.

Preparation of Hydrogel Scaffolds: Commercial PuraMa-
trix hydrogel was used on top of nanofibers, according to 
manufacturer’s instructions (Corning, Corning, NY, USA). Hydrogel 
scaffolds were prepared according to a previously published 
method, with further modifications.[21] Briefly, glass coverslips 
treated with hydrochloric acid (HCl) were incubated in poly(l-
lysine) (PLL,20 kDa) grafted with poly(ethylene glycol) (PEG, 2 kDa) 
(0.1 mg mL−1, SuSoS AG, Dübendorf, Switzerland) for 30 min at 
room temperature (RT). Hydrogels were polymerized while sand-
wiched between a PLL-PEG -treated cover slip and nanofiber insert 
or nontreated cover slip. A 0.25% Puramatrix was used for hydrogel 
scaffolds and cell culture medium was used to initiate the poly-
merization process. The mixture was polymerized at 37 °C for 2 h. 
The gel thickness was controlled with 15 µm polystyrene micro-
spheres (Thermo Fisher Scientific) or 75 µm silica microspheres 
(Corpuscular Inc., Cold Spring, NY, USA), serving as physical 
spacers between the glasses. Before polymerization, a weight was 
placed on top of the nanofiber insert or nontreated cover slip in 
order to remove excess hydrogel. Thus, the diameter of the spacer 
beads defined the thickness of the gel. After polymerization, the 
hydrogel scaffolds were carefully detached from the PLL-PEG-
treated cover slips and transferred into NDM. Cells were seeded as 
small aggregates either on top of the hydrogel after polymerization  
(15 µm hydrogels) or encapsulated into the hydrogel before poly-
merization (75 µm hydrogels). For encapsulation, cell aggregates 
(mean diameter 50 µm) were mixed with final concentration of 
0.25% Puramatrix, 5% sucrose, and silica microspheres in dH2O. 
The mixture was pipetted on PLL-PEG-treated cover slip and sand-
wiched with nanofiber insert or nontreated cover slip (Figure 3A).

Cell Viability Assay: A LIVE/DEAD Viability/Cytotoxicity Kit for 
mammalian cells (Thermo Fisher Scientific) was used according 
to the manufacturer's instructions for qualitative analysis of cell 
viability. Briefly, the cells cultured on nanofiber platform were incu-
bated in culture medium supplemented with calcein AM (0.1 × 10−6 m,  
emission 515 nm) and ethidium homodimer-1 (0.5 × 10−6 m,  
emission 635 nm) to stain live and dead cells, respectively. After 
a 30 min incubation at RT in a light-protected area, the cells were 
imaged with an Olympus IX51 fluorescence microscope equipped 
with DP71 camera (Olympus Corporation, Tokyo, Japan).

Immunocytochemistry: To investigate the protein expression 
of neural markers, immunocytochemical characterization was 
performed as previously described.[15] Neurons were stained 
with rabbit anti-microtubule associated protein (MAP-2, 1:400, 
Merck Millipore) and rabbit anti-β-tubulin isotype III (1:2000, 
GenScript, Piscataway, NJ, USA). Astrocytes were stained with 
chicken anti-glial fibrillary acidic protein (GFAP, 1:4000, Abcam, 
Cambridge, UK) and mouse anti-S100β (1:500, Abcam). OPCs 
were stained with mouse anti-oligodendrocyte marker O4 (1:100, 
R&D Systems), rabbit anti-myelin basic protein (MBP, 1:200, 
Merck Millipore), or rat anti-MBP (1:100, Abcam).

Immunocytochemical samples were imaged using a fluores-
cence microscope (IX51, Olympus) with DP71 camera (Olympus) 
or Zeiss LSM 780 LSCM confocal microscope (Zeiss, Oberkochen, 
Germany). Visualization of the imaging data was performed 
using Adobe Photoshop (Adobe Systems Inc., San Jose, CA), 
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Huygens Essential (Scientific Volume Imaging B.V., Hilversum, 
Netherlands), Zeiss Microscope Software Zen (Zeiss), and ImageJ 
(U.S. National Institutes of Health, Bethesda, MD, USA). Quali-
tative analysis of cell migration was performed by assessing 
spreading of DAPI-positive cell somas around the initially plated 
aggregates (Figure S3, Supporting Information). The distribution 
of cell orientations was analyzed from immunocytochemical 
samples using the spectral analysis software CytoSpectre.[33] Cell 
alignment was quantified as the dominant orientation in degrees, 
with 0° corresponding to the horizontal level in the image and 
90° corresponding to the vertical level along with the fiber align-
ment. Circular variance presents the spread of the orientation 
distribution. A lower circular variance indicates higher anisot-
ropy, while a value of 1 indicates evenly spread distribution.

Scanning Electron Microscopy: Surface morphology and cell 
growth and orientation on the nanofibers were studied in more 
detail using a field emission scanning electron microscope 
(FESEM, Zeiss ULTRAplus). The cells were fixed with 5% glutar-
aldehyde for 1 h at RT. Thereafter, samples were washed with 
deionized water and dehydrated in a graded ethanol series. Dehy-
drated samples were carbon glued on the FESEM aluminum stubs 
followed by carbon coating (turbo carbon coater, Agar Scientific, 
Stansted, UK) to avoid sample charging during the FESEM studies. 
In the imaging, an accelerating voltage of 3 kV was used and the 
samples were tilted ≈55° to observe the 3D structures more easily.

Supporting Information

Supporting Information is available from the Wiley Online 
Library or from the author.
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