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“In the depth of winter, I finally learned that within me  

there lay an invincible summer.”  
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ABSTRACT 

Cornea is the transparent tissue covering the front of the eye and has an integral role 

in enabling vision. The outermost structure of the cornea is the multilayered 

epithelium, which maintains the corneal homeostasis via constant turnover of the 

epithelial cells. This dynamic renewal process is enabled by adult tissue-specific stem 

cells termed the limbal stem cells (LSCs), which supply the cornea with new cells 

throughout life. The LSCs are protected from outside hazards by their anatomically 

specialized niche environment, which also provides the necessary cues to regulate 

their function.  

Limbal stem cell deficiency (LSCD) is a debilitating ocular surface disorder 

resulting from the loss of or severe disturbance in LSC function. Its ultimate 

manifestation is blindness. The only curative treatment option involves re-

establishment of the corneal renewal capacity via introduction of new, functional 

LSCs. However, shortage of suitable autologous or allogeneic LSCs has prompted 

the research on alternative cell sources, including human pluripotent stem cells 

(hPSCs). Human PSCs have an unlimited self-renewal capacity and can be 

differentiated towards corneal cells, which renders them an attractive tool for the use 

of ocular surface regenerative therapies. The success of the LSC grafts is dependent 

on the presence of true stem cells, whose definite identification and subsequent 

enrichment have remained a challenge. Economically feasible, robust protocols for 

yielding LSCs under clinically applicable conditions are demanded to promote the 

treatment of patients suffering from the LSCD. 

The work presented in this dissertation sought to develop methods for the 

differentiation of therapeutic LSCs from hPSCs using a clinically upgradable, feeder-

independent, and chemically defined setting. The first parts of the thesis work 

concentrated on establishing feeder-independent conditions for the undifferentiated 

hPSCs, followed by the optimization of the corneal differentiation and 

cryopreservation protocols, and phenotypic characterization of the derivative cells. 

During the project, the characterization proceeded to the detailed dissection of the 

hPSC-LSC differentiation process and identification of subpopulations displaying 

distinct LSC-associated marker protein profiles. Novel culture conditions were 

successfully established to halt the differentiation of hPSC-LSCs to a specific state, 
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which was shown to promote the hPSC-LSC self-renewal and ex vivo regenerative 

capabilities. Finally, the hPSC-LSCs were compared with their tissue-derived 

counterparts and preliminarily evaluated for their immunogenicity and wound 

healing properties in vitro. 

To conclude, this dissertation describes efficient, feasible, and, most importantly, 

clinically applicable techniques for the differentiation of hPSCs towards 

therapeutically potent LSCs. The results presented in this dissertation have 

contributed to developing achievable hPSC-based methods for advanced corneal cell 

therapy applications for patients suffering from LSDC. Moreover, they have 

increased the knowledge regarding the hPSC-LSC differentiation process and 

various therapeutically interesting subpopulations of hPSC-LSCs, laying a firm 

foundation for further investigations.  
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TIIVISTELMÄ 

Sarveiskalvo on silmän etuosaa suojaava läpinäkyvä kudos, jolla on keskeinen rooli 

näkökyvyn mahdollistamisessa. Sen uloin osa koostuu kerrostuneesta, jatkuvassa 

uusiutumissyklissä olevasta epiteelisolukosta. Tätä jatkuvaa uusiutumista ylläpitävät 

limbaalisiksi kantasoluiksi (engl. limbal stem cells, LSC) kutsutut aikuiset, 

kudosspesifiset kantasolut, joiden jakautuminen tuottaa uusia sarveiskalvoepiteelin 

soluja läpi ihmisen elämän. LSC-solut sijaitsevat hyvin suojattuina sarveiskalvon ja 

sidekalvon rajapinnassa, jonka erityinen anatominen mikroympäristö huolehtii 

tarkasti niiden ominaisuuksien säilymisestä ja toiminnan säätelemisestä.  

Limbaalisten kantasolujen puutos (engl. limbal stem cell deficiency, LSCD) on 

toimintakykyä ja hyvinvointia rajusti heikentävä, sokeuttava silmäsairaus, joka johtuu 

häiriöstä LSC-solujen toiminnassa ja sen myötä sarveiskalvon pinnan uusiutumisessa. 

Hoitona toimii ainoastaan uusien, toimivien LSC-solujen vieminen sarveiskalvolle. 

Sopivista LSC-solusiirteistä, joita voidaan saada joko potilaan omasta terveestä 

silmästä tai ulkopuoliselta luovuttajalta, on kuitenkin jatkuvasti pulaa, mikä on 

kasvattanut kiinnostusta vaihtoehtoisia solulähteitä kohtaan. Ihmisen erittäin 

monikykyisillä kantasoluilla (engl. human pluripotent stem cells, hPSC) on kyky paitsi 

rajattomaan uusiutumiseen, myös kyky erilaistumiseen sarveiskalvoepiteelin soluiksi. 

Nämä ominaisuudet tekevät hPSC-soluista erittäin viehättävän työkalun uusien 

solukorvaushoitojen kehittämisessä. Haasteita kentälle luovat LSC-solujen 

tehokkaiden tunnistamis- ja rikastamismenetelmien puute, sillä LSC-siirteiden 

hoitoteho on pääosin riippuvainen siirteen sisältämien aitojen kantasolujen määrästä. 

LSCD:stä kärsivien potilaiden hoidon parantamiseksi kaivataan menetelmiä, joilla 

sarveiskalvon uusiutumiskyvyn palauttavia LSC-soluja pystyttäisiin tuottamaan 

tehokkaasti paitsi kliinisesti yhteensopivilla myös taloudellisesti toteuttamiskelpoisilla 

menetelmillä.  

Tässä väitöskirjatutkimuksessa paneuduttiin yllä mainittuun tarpeeseen ja 

tutkittiin kustannustehokkaita, eläinperäisiin komponentteihin nojaamattomia 

menetelmiä toiminnallisten LSC-soluja tuottamiseksi hPSC-soluista. 

Tutkimusprojektin ensimmäisissä osissa keskityttiin optimoimaan tukisoluttomia, 

kliiniseen käyttöön sovitettavissa olevia hPSC-solujen kasvatus- ja 

erilaistusmenetelmiä sekä karakterisoimaan sarveiskalvoerilaistuksen seurauksena 
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saatavien LSC-soluja muistuttavien solujen ilmiasua. Tutkimuksen seuraavissa 

vaiheissa hPSC-LSC-solujen erilaistumisprosessia tarkasteltiin entistä 

yksityiskohtaisemmin ja tunnistettiin myös varhaisemman ilmiasun omaava, 

ohimenevästi ilmenevä alapopulaatio. Tämän erittäin korkean uusiutumiskyvyn 

omaavan ja sarveiskalvon kudosmallissa lupaavasti käyttäytyvän populaation ilmiasu 

saatiin säilytettyä väitöskirjatyön aikana kehitetyillä uusilla, erilaistumista hillitsevillä 

soluviljelymenetelmillä. Viimeisessä työssä myös verrattiin hPSC-LSC-soluja 

kudoksesta eristettyihin vastaaviin soluihin sekä arvioitiin alustavasti niiden 

immunologisia ominaisuuksia ja kudoksen korjauskykyä soluviljelyolosuhteissa. 

Kaiken kaikkiaan tämä väitöskirja esittelee tehokkaita, sekä taloudellisesti että 

kliinisesti toteuttamiskelpoisia ratkaisuja toiminnallisten LSC-solujen erilaistamiseksi 

rajattoman lähtömateriaalin tarjoavista hPSC-soluista. Tässä väitöskirjassa esitellyt 

tulokset edistävät uusien, kehittyneiden kantasoluperäisten hoitomuotojen 

saatavuutta sarveiskalvon pinnan vakavista vaurioista kuten LSCD:stä kärsiville 

potilaille. Lisäksi ne ovat lisänneet tietoa hPSC-LSC-solujen erilaistumisprosessista 

ja terapeuttisesti kiinnostavien alapopulaatioiden ominaisuuksista, luoden hyvän 

pohjan menetelmien jatkokehittämiselle. 
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1 INTRODUCTION 

Cornea is the multi-layered, transparent connective tissue covering the front side of 

the eye. It has an essential role for vision, in terms of refracting light and shielding 

the inner parts of the eye from both mechanical and chemical hazards. As the 

outermost protective layer, the corneal epithelium is subject to heavy wear and needs 

to be constantly renewed. The homeostatic renewal as well as the injury-associated 

regeneration of the corneal epithelium is enabled by the tissue-specific adult stem 

cells located in the narrow zone between the transparent cornea and adjacent 

conjunctiva, the limbus; thus, these adult stem cells are named limbal stem cells 

(LSCs) or limbal epithelial stem cells (DelMonte & Kim, 2011; Schlötzer-Schrehardt 

& Kruse, 2005; Tseng, 1989). 

The loss or significant dysfunction of LSCs leads to a severe ocular surface 

disorder called limbal stem cell deficiency (LSCD). The preferred curative treatment 

option for this orphan condition involves the transplantation of new LSCs, which 

may be either autologous or allogeneic (Deng et al., 2020). Further, the techniques 

of LSC transplantation vary from using fresh limbal tissue to ex vivo cultivated LSCs 

(Deng et al., 2020; Figueiredo et al., 2021). In the absence of suitable LSCs, the use 

of other tissue sources has been explored as well (Figueiredo et al., 2021). In all 

methods, the main challenge remains the same: to obtain an appropriate number of 

functional LSCs (or substitutive cells), which are capable of long-term corneal 

regeneration.  

Using human pluripotent stem cells (human PSCs, hPSCs), comprising both 

human embryonic and induced pluripotent stem cells (hESCs and hiPSCs, 

respectively), to generate vast amounts of LSCs in the laboratory is a viable option 

that would solve the tissue availability issues. During the last 15 years, several 

differentiation methods have been introduced (Chakrabarty et al., 2018; Ghareeb et 

al., 2020). From a regulatory point of view, cell therapy production methods need to 

be reproducible and standardized, preferably without any xenogeneic or chemically 

undefined components (Unger et al., 2008). Moreover, to achieve economic 

feasibility, the processes also need to be robust, scalable, and have reasonable costs.  

The extensive characterization of cell therapy products is a prerequisite to ensure 

both the safety and efficacy of future treatments. Despite decades of intensive 
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research, the determination of a specific marker for true bona fide LSCs has remained 

an unfulfilled task. Consequently, there is no single self-sufficient, straightforward 

method for identifying the therapeutically relevant LSCs from limbal tissue or cell 

cultures. Therefore, the characterization of LSCs commonly relies on the expression 

of several putative markers and the demonstration of clonal capacity (Pellegrini et 

al., 2009; Schlötzer-Schrehardt & Kruse, 2005). Especially for developing safe hPSC-

based therapies, accurate markers also allowing the purification and enrichment of 

the target population would be of crucial value. Apart from their clinical potential, 

hPSC-based corneal models may prove helpful in obtaining a better understanding 

of the population identities and their roles in corneal epithelial renewal in humans. 

In this dissertation, clinically applicable methods are established for the culture 

and differentiation of hPSCs towards therapeutically relevant LSCs. Further, the aim 

of the research was to conduct detailed phenotypic characterization and preliminary 

functional  assessment of these hPSC-derived LSCs (hPSC-LSCs). 
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2 LITERATURE REVIEW 

2.1 Structure and function of the human cornea 

2.1.1 Anatomy of the cornea 

The transparent cornea located on the anterior side of the eye is often described as 

our window to the world. It has an essential role for vision by transmitting and 

refracting light. Together with the overlaying tear film, the cornea accounts for at 

least two thirds of the eye’s total refractive power, which makes it the strongest lens 

of the eye (DelMonte & Kim, 2011; Jirsova, 2018; Zieske, 2004). The cornea itself is 

formed of three cellular layers: epithelium, stroma, and endothelium, which are 

separated from each other by two acellular interfaces named Bowman’s layer and 

Descemet’s membrane (DelMonte & Kim, 2011) (Figure 1). 

The innermost part of the cornea is the endothelium, which comprises only a 

monolayer of uniform, hexagonal cells. Its most crucial function is to maintain the 

overlying stroma at an optically important state of slight dehydration (termed 

deturgescence) via active ion transportation, and the subsequent establishment of an 

osmotic gradient between the stroma and underlying aqueous humor (Catalá et al., 

2021; DelMonte & Kim, 2011). As the cornea lacks vasculature, the required 

nutrients are mainly supplied from the aqueous humor and transported to the 

anterior parts of the cornea through the endothelium (Jirsova, 2018). The adult 

corneal endothelial cells possess no mitotic activity, and their numbers gradually 

decrease with age (Catalá et al., 2021; DelMonte & Kim, 2011; Jirsova, 2018). The 

remaining cells adjust their size, shape, and patterning to maintain endothelial 

integrity but naturally, a significant loss upon trauma or disease may quickly lead to 

severe disturbances in the whole corneal homeostasis (Catalá et al., 2021). 

The thickest layer of the cornea is the middle layer, the stroma, which is mostly 

composed of densely packed heterodimeric complexes of type I and V collagens 

(DelMonte & Kim, 2011; Jirsova, 2018; Meek & Knupp, 2015). The strict assembly 

of these collagen fibrils into parallel stromal lamellae provides the cornea with its 

unique light refraction properties and mechanical durability (DelMonte & Kim, 

2011; Meek & Knupp, 2015). The precise extracellular matrix (ECM) environment 
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is maintained by keratocytes, which are more abundant in the anterior parts near the 

epithelium and despite comprising only 3–5% of its volume, represent the main 

cellular component of the stroma (DelMonte & Kim, 2011; Jirsova, 2018; Yam et 

al., 2020). The adult stromal keratocytes exist in a naturally quiescent state but may 

activate upon the disruption of homeostasis and participate in the stromal wound 

healing processes (Jirsova, 2018; Yam et al., 2020). 

 

 
 
Figure 1.  Structures of the human eye, cornea and limbus, and the main corneal cell types. The 

illustration was created with BioRender.com. 
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Finally, the outermost corneal layer is the epithelium, which comprises 4–6 layers 

of nonkeratinized, stratified squamous cells, and acts as the eye’s foremost protective 

barrier against the outside threats. On top of the epithelium lays the tear film, which 

is produced by the Meibomian glands, lacrimal glands, and conjunctival goblet cells 

(DelMonte & Kim, 2011; Pflugfelder & Stern, 2020). It serves as an optical lubricant 

by smoothing the corneal surface, protects it from microbial invasion and other 

outside damage,  and helps to supply the corneal epithelium with oxygen and various 

nutrients and growth factors (DelMonte & Kim, 2011; Jirsova, 2018; Pflugfelder & 

Stern, 2020). The average lifespan of corneal epithelial cells (CECs) is only 7–10 days, 

which places a requirement for the entire corneal epithelium being renewed on a 

weekly basis (DelMonte & Kim, 2011). Importantly, this continuous turnover is 

enabled by tissue-specific adult stem cells termed the limbal stem cells (LSCs), which 

in humans reside in the limbus between the central cornea and adjacent conjunctiva 

(DelMonte & Kim, 2011; Schlötzer-Schrehardt & Kruse, 2005; Tseng, 1989) (Figure 

1). The loss or dysfunction of LSCs leads to severe ocular surface complications, 

collectively termed as the limbal stem cell deficiency (LSCD). The properties of the 

corneal epithelium and LSCs are discussed in further detail in the following chapters 

and constitute the main contents of this dissertation. Despite acknowledging the 

integral roles of other corneal layers and structures, they were not included in the 

scope of this dissertation except for their most crucial interactions with the 

epithelium. 

2.1.2 Development of the corneal epithelium 

Understanding the key inductive factors that regulate the corneal fate specification, 

proliferation, and maturation is essential for the development of human pluripotent 

stem cell (hPSC)-based therapeutics and cellular models. It is to be noted that most 

studies addressing corneal morphogenesis and its mechanisms are carried out using 

animal models, and thus may not perfectly reflect the situation in humans (Eintracht 

et al., 2020). On the other hand, the hPSC-based differentiation models have also 

been specifically applied to study these developmental mechanisms and cues guiding 

the specification of the human ocular system (Eintracht et al., 2020; Kobayashi et al., 

2020). 

The common embryonic origin of all three corneal layers lays in the ectoderm; 

the endothelium and stroma are derived from the neural crest, while the epithelium 

arises from the surface ectoderm (Graw, 2010; Lwigale, 2015). The beginning of eye 

morphogenesis is characterized by the expression of early eye-field transcription 
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factors, including paired box protein 6 (PAX6), whose patterning and interactions 

with various signaling cascades lead to further specification of distinct ocular cell 

types (Eintracht et al., 2020; Fuhrmann, 2008). The detailed dissection of this 

complex issue is beyond the scope of this dissertation, but it is known that 

concomitant inhibition of bone morphogenetic protein (BMP)4, Nodal and Wnt 

signaling is needed to further instigate this process (Fuhrmann, 2008). The 

presumptive corneal and lens epithelia originate from common PAX6+ surface 

ectodermal progenitors (Collomb et al., 2013; Eintracht et al., 2020). At this point, 

the fate of the progenitors depends on the activity of BMP4, which guides the 

differentiation towards lens placode, while the absence of BMP4 drives the initial 

formation of corneal epithelium (Collomb et al., 2013). The primitive epithelium 

becomes apparent at approx. 5 weeks of gestation (in humans), when the formation 

of the lens vesicle separates the overlaying surface ectoderm from the lens cup 

(Eintracht et al., 2020; Graw, 2010). It is suggested that the loss of BMP4 in the 

presumptive corneal epithelium results from inhibitory signals from the migrating 

neural crest cells forming preliminary stroma and endothelium in the space opened 

between the epithelium and lens vesicle (Collomb et al., 2013; Graw, 2010). On the 

other hand, a timely increase of BMP4 also drives the specification and stratification 

of corneal epithelium via the upregulation of tumor protein 63 (p63) (Y. Zhang et 

al., 2015). Consistently, many groups have demonstrated that either endogenous or 

exogenous BMP4 is needed to promote corneal epithelial differentiation of hPSCs 

(Kamarudin et al., 2018; Kobayashi et al., 2020; H. S. Lee et al., 2021). On the other 

hand, in one study, early activation of BMP4 signaling during hPSC differentiation 

completely suppressed the PAX6+ ectodermal fate of the cells (Hayashi et al., 2012). 

Another main signaling pathway associated with the corneal specification is the 

Wnt pathway. After its initial repression required for the formation of the early eye 

field, a spatially and temporally controlled expression of Wnt is present in the 

developing cornea and acts in counterbalance with BMP4 (Eintracht et al., 2020; 

Fuhrmann, 2008; Y. Zhang et al., 2015). Stratification of the corneal epithelium is 

driven by the process, where inactivation of Wnt in the underlying stromal 

keratocytes releases its inhibitory effect on BMP4, which then activates stratification 

in the overlaying epithelium (Y. Zhang et al., 2015). However, Wnt7a-activated 

signaling has also been found to act as an upstream regulator for PAX6 expression 

during the differentiation of the corneal epithelium (Ouyang et al., 2014). The above 

observations highlight the need for a fine-tuned balance of both BMP4 and Wnt 

signaling during the ocular surface development, as well as in later regulation of adult 

LSCs.  
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 The final maturation of the developing corneal epithelium has also been 

associated with epidermal growth factor (EGF) and basic fibroblast growth factor 

(bFGF) signaling (J. Zhang et al., 2015; Zieske, 2004). While bFGF appears to be 

indispensable to the survival of CECs, it is presumably required for the maintenance 

of PAX6 expression in the developing corneal epithelium (J. Zhang et al., 2015). 

Additionally, Notch signaling appears to be required for normal corneal 

development, potentially via the modulation of bFGF and therefore the prevention 

of abnormal corneal stratification (Bonnet et al., 2021; Vauclair et al., 2007).  

2.1.3 Limbal niche 

In the fully developed ocular surface, the limbus forms a physical barrier to maintain 

a separation between the cornea and neighbouring conjunctiva (Figure 1, see Chapter 

2.1.1), while its specialized anatomy and microenvironment also constitute a 

protective stem cell niche for the LSCs. The most prominent anatomic features of 

the human limbus are the ridged or papillary structures radially surrounding the 

cornea, termed the palisades of Vogt (Dziasko & Daniels, 2016; Goldberg & Bron, 

1982; Townsend, 1991). Notably, the Palisades of Vogt are only known to be found 

(in addition to humans) in pigs, while they are not present in other vertebrate animal 

models, for example in mice (Seyed-Safi & Daniels, 2020). Between the palisades, 

epithelial cell-filled limbal crypts appear as grooves extending to the limbal stroma, 

while the vasculature-containing focal stromal projections can be seen as upward 

protrusions into the epithelium (Dua et al., 2005; Dziasko & Daniels, 2016). The 

adult LSCs are located in the limbal crypts, where their stem cell properties are 

carefully regulated by the surrounding niche environment (Bonnet et al., 2021; 

Dziasko & Daniels, 2016; Robertson et al., 2021). Unlike the central cornea, the 

limbal stroma contains rich vasculature, and the anatomic landscape of the limbus 

supports the efficient supply of nutrients and other secreted factors to the limbal 

epithelium (Bonnet et al., 2021). In close proximity with the LSCs there are also 

other limbal cell types (see Figure 1), including mesenchymal niche cells, 

melanocytes, and dendritic immune cells termed Langerhans cells, which participate 

in LSC regulation via both physical and paracrine interactions (Bonnet et al., 2021; 

Dziasko & Daniels, 2016; Polisetti et al., 2015). Furthermore, the ECM composition 

of the limbus markedly differs from that of the central cornea or conjunctiva. Of the 

two main constituents of both corneal and limbal basement membrane (BM), namely 

the collagens and laminins (LN), the collagen IV (Col IV) α1 and α2 chains as well 

as the LN α1, α2, α5, β1, β2, γ1 and γ3 chains have been found to be more expressed 
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in the limbus than central cornea (Schlötzer-Schrehardt et al., 2007). Furthermore, 

in comparison to the central cornea, the limbus represents a softer environment, 

which has been shown to play an important role in the mechanobiological regulation 

of LSCs (Gouveia et al., 2019a).  

2.1.4 Corneal epithelial renewal and wound healing 

To maintain the optically important flawlessness of the ocular surface, the mature 

CECs are constantly shed off the epithelium and replaced with new cells cycling up 

from the basal layers. This process, driven by the limbus-residing LSCs, is commonly 

described using the X-Y-Z hypothesis, first proposed by Thoft & Friend in 1983. 

Herein, “X” marks the proliferation and upward motion of basal corneal cells, the 

“Y” marks the cells’ centripetal migration from the corneal periphery towards the 

centrum, and “Z” marks the loss of old cells via the desquamation of the most 

superficial epithelial layer. Together these factors account for the active homeostatic 

turnover of the corneal epithelial layers throughout life. An alternative hypothesis of 

non-limbal corneal epithelial renewal was presented in 2008 by Majo et al., arguing 

that while the regenerative stem cells accumulate in the limbal zone, they can also be 

found throughout the central corneal epithelium. Although this view appears 

somewhat inconsistent with many of the pre-existing reports (as briefly summarized 

by T. T. Sun et al., 2010), supportive observations on the existence of long-lived 

central corneal progenitors have been made in mice (e.g. Amitai-Lange et al., 2015) 

and even in humans (Dua et al., 2009). However, despite their apparent capability 

for remarkable homeostatic regeneration, it remains questionable whether these cells 

represent actual stem cells. The data provided by Majo et al. (2008) itself fails to 

demonstrate the efficient derivation of self-renewing stem cells from the 

intermediate and central cornea of humans, accentuating the possibility of species-

specific differences in this matter. The evidence regarding the two hypotheses in 

various vertebrate models have been recently reviewed by Adil & Henry (2021). 

The LSCs are historically characterized as slow-cycling basal limbal cells with high 

self-renewal and proliferative potential (Bonnet et al., 2021; Gonzalez et al., 2018; 

Schlötzer-Schrehardt & Kruse, 2005). The LSC population is maintained at constant 

numbers via the self-renewing symmetric division of the cells, while the asymmetric 

division produces a large pool of actively dividing, migrating daughter cells (transient 

amplifying cells, TACs), whose remarkable although exhaustible proliferative 

capacity is decreased within each cell division while they undergo gradual conversion 

via post-mitotic cells to terminally differentiated CECs (Schlötzer-Schrehardt & 
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Kruse, 2005; Tseng, 1989). These principles of corneal epithelial renewal are 

schematically illustrated in Figure 2. Interestingly however, recent experiments 

diving deeper into the heterogeneity of limbal cell states have also promoted another 

model, at least for rodents: a study combining single-cell RNA-sequencing 

(scRNAseq) with lineage tracing of murine LSCs demonstrated the presence of two 

spatially and functionally distinct LSC states, namely the quiescent LSCs in the outer 

limbus serving as a physical barrier and LSC reservoir, and the activated LSCs in the 

inner limbus participating in homeostatic maintenance (Altshuler et al., 2021). 

Although such a strong division has not been confirmed in humans, the in-depth 

characterization of human limbal populations has helped to uncover novel details 

regarding the identity, hierarchy, and regulation of these cells (Collin et al., 2021; 

Dou et al., 2021; Ligocki et al., 2021).  

 

 
 
Figure 2.  The conventional X-Y-Z hypothesis of the corneal epithelial maintenance. LSC: limbal stem 

cell, M: mitosis, PMC: post-mitotic cell, TAC: transient amplifying cell, TDC: terminally 
differentiated cell. The illustration was created with Biorender.com. 
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In addition to homeostatic renewal, LSCs are required for re-establishing the 

epithelial homeostasis after injury. Minor epithelial wounds may be repaired by the 

central CECs without the recruitment of LSCs, while excessive loss of CECs requires 

compensatory proliferation of LSCs and their TAC progeny (Ljubimov & 

Saghizadeh, 2015). As an epithelial wound occurs, the cell proliferation is accelerated 

8- to 9-fold for the next 36–48 h in the limbal area, and 2-fold in the central cornea 

until wound closure (Ljubimov & Saghizadeh, 2015). Importantly, deeper epithelial 

defects generally involve epithelial-stromal crosstalk and structural reorganizations 

of both the epithelial BM and the stroma (Ljubimov & Saghizadeh, 2015). These 

aspects are reviewed in detail by e.g. C. Liu & Kao (2015) and Ljubimov & 

Saghizadeh (2015). 

One of the integral mechanisms to initiate the epithelial wound healing process 

also in the corneal surface is via a nucleotide-induced increase of intracellular calcium 

levels (Chi & Trinkaus-Randall, 2013; Ghilardi et al., 2020). Upon injury, the 

epithelial cells located in the injury site release adenosine triphosphate (ATP), which 

binds to P2 purinergic receptors of nearby cells and triggers both the influx of 

extracellular calcium, as well as the release of endoplasmic reticulum-stored 

intracellular calcium to the cytoplasm (Chi & Trinkaus-Randall, 2013; Takada et al., 

2014; Yin et al., 2007). This leads to a propagating calcium wave and subsequent 

activation of various downstream signaling cascades, which contribute to cell 

migration and the re-establishment of epithelial barrier function  (Chi & Trinkaus-

Randall, 2013).  

2.1.5 Regulation of limbal stem cells 

The regulation of adult LSCs in the fully developed limbus comprises multiple 

carefully orchestrated processes, including molecular signaling cues, 

mechanotransduction, and physical interactions with ECM and neighbouring cells. 

The culture of both tissue- and hPSC-derived LSCs relies on the sufficient 

recapitulation of these factors, with direct implications to their therapeutic potential. 

This chapter aims to provide an overview of the key regulatory networks of LSCs, 

which have recently been extensively reviewed in Bonnet et al. (2021) and Robertson 

et al. (2021). As reasonably pointed out by the authors, a comprehensive 

understanding of the intricate crosstalk between various pivotal pathways still 

demands further investigation. 

Major signaling pathways participating in the niche regulation of LSCs include, 

e.g., transforming growth factor (TGF)β/BMP, Wnt and Notch routes, and Yes-
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associated protein (YAP)-dependent mechanotransduction (Bonnet et al., 2021; 

Notara et al., 2011; Robertson et al., 2021). In addition to their role during tissue 

morphogenesis, Wnt signals act as universal stem cell self-renewal factors and are 

required for maintaining the proliferative progenitor status of lineage-committed 

LSCs in vitro (Clevers et al., 2014; González et al., 2019; Han et al., 2014; Mei et al., 

2014; Nakatsu et al., 2011; Robertson et al., 2021; C. Zhang et al., 2020). The Wnt 

signaling in LSCs appears to involve both the canonical (β-catenin-dependent) and 

non-canonical pathways and functions in counterbalance with TGFβ/BMP signaling 

(Han et al., 2014; Robertson et al., 2021). Notably, the coordinated function of 

various regulatory factors was particularly well demonstrated in a study by H. J. Lee 

et al. (2017), where the activation or inhibition of Wnt signaling produced opposite 

effects depending on the culture system. Active Notch signaling has been associated 

with LSC differentiation and the maintenance of epithelial homeostasis (Bonnet et 

al., 2021; Robertson et al., 2021). Consistently, the inhibitory effect of limbal niche 

cells to Notch1 has been identified as one mechanism for preserving the 

undifferentiated state of rat LSCs in vitro (J. Li et al., 2017). Clearly, the absence of or 

damage to limbal niche cells impairs the maintenance of LSC stem cell properties, as 

the majority of the regulatory cues are provided by these cells (Notara et al., 2018). 

However, a pivotal role is also attributed to the ECM environment and 

mechanobiological factors (Robertson et al., 2021).  

Integrins comprise a large family of heterodimeric glycoprotein receptors that 

mediate cellular attachment and responses to their environment (Barczyk et al., 2010; 

Robertson et al., 2021). The adherence of LSCs and basal CECs to limbal and corneal 

BM laminins, respectively, is mediated by integrins α3β1, α6β1 and α6β4 (Polisetti et 

al., 2015, 2017), which also act as universal LN receptors (Barczyk et al., 2010). 

Moreover, integrins play a role in various signaling cascades regulating the stem cell 

phenotype, quiescence, and proliferation (Robertson et al., 2021). Consistent with 

this knowledge, the selection of ECM components can be utilized for the integrin-

mediated maintenance of ex vivo cultured LSCs, as well as for influencing the 

differentiation of hPSCs (Polisetti et al., 2017; Shibata et al., 2018). Additionally, the 

substrate stiffness gradient existing between the peripheral and central cornea 

controls the differentiation of LSCs via the modulation of a YAP-dependent 

mechanotransduction pathway (Foster et al., 2014; Gouveia et al., 2019a; Gouveia et 

al., 2019b).  
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2.1.6 Limbal and corneal marker proteins 

Despite the long history and decades of intensive research on the LSC concept, the 

specific phenotype, self-renewal, and differentiation mechanisms of human LSCs 

have remained enigmatic. Certainly, the identification of true LSCs remains one of 

the main objectives of corneal research. While studies carried out using animal 

models have significantly contributed to the field, certain species-specific differences 

complicate the comparison of the results between humans and, e.g., rabbits and mice 

(Adil & Henry, 2021; Schlötzer-Schrehardt & Kruse, 2005). The phenotypic 

identification of putative human LSCs still mainly relies on the expression of several 

positive and negative markers (Schlötzer-Schrehardt & Kruse, 2005). As mentioned 

earlier in this dissertation, scRNAseq has recently been extensively employed for the 

deep-phenotyping of human corneal and limbal cell populations (Collin et al., 2021; 

Dou et al., 2021; J. M. Li et al., 2021; Ligocki et al., 2021). These studies have 

provided information about the limbal population identities on a previously 

unreachable level of detail, as well as helped to identify new, perhaps more specific 

markers for LSCs. The following chapters are dedicated to the introduction of 

selected traditional limbal and corneal marker proteins and a brief discussion on their 

potential roles in hPSC differentiation.  

 

Transcription factors 

As briefly mentioned in the preceding chapters, the transcription factor PAX6 plays 

a key role in eye morphogenesis and corneal lineage specification and is often called 

the master regulator of eye development (G. Li et al., 2015; Shaham et al., 2012). 

During early eye development, PAX6 is expressed in the surface ectoderm and 

neuroectoderm and its expression is thereafter maintained in the differentiating cells 

in human cornea, lens, ciliary body, and retina (Eintracht et al., 2020; Nishina et al., 

1999). Corneal and limbal epithelium-derived cells maintain a high PAX6 expression 

in cell culture (Rubelowski et al., 2020). Both the loss and overexpression of PAX6 

as well as the unbalanced expression of its two isoforms, PAX6a and PAX6b (also 

referred to as PAX6 and PAX6(5a), respectively), lead to developmental 

abnormalities in the eye (Park et al., 2018). PAX6 controls the corneal epithelial 

lineage specification and maintenance by acting as an upstream regulator for cornea 

epithelium specific cytokeratins (CK)3 and 12 (Kitazawa et al., 2017; G. Li et al., 

2015). More specifically, the expression of CK3 and CK12 has been shown to be 

differentially regulated by PAX6a and PAX6b, respectively (Sasamoto et al., 2016). 

The loss of PAX6 converts LSCs and their progeny towards epidermal fate, while 
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PAX6 transduction can convert epidermal stem cells to LSC-like cells (G. Li et al., 

2015; Ouyang et al., 2014). Therefore, PAX6 is justifiably utilized to evaluate the 

early lineage specification and identity also during the differentiation of corneal cells 

from hPSCs (Brzeszczynska et al., 2014; Cieślar-Pobuda et al., 2016; Hayashi et al., 

2012, 2016; He et al., 2020; Mikhailova et al., 2014; Sareen et al., 2014; Yang et al., 

2018). 

Another important transcription factor is the p63, which also serves as a master 

regulator in a plethora of biological processes including but not limited to epithelial 

development, differentiation, stem cell maintenance, and proliferation (Fisher et al., 

2020; Senoo et al., 2007; Shalom-Feuerstein et al., 2011). Three N-terminally 

truncated p63 isoforms (∆Np63) are expressed in the human adult ocular surface 

(Di Iorio et al., 2005), of which the α-isotype of the C-terminus appears to be most 

specifically associated with the LSCs (Barbaro et al., 2007; Di Iorio et al., 2005; 

Kawasaki et al., 2006). Of all the studied LSC markers, p63 remains the only one 

with a proven clinical track record (Rama et al., 2010). Thus, it represents the current 

hallmark marker for the therapeutically relevant tissue-derived LSCs and is used as 

the quality control marker to evaluate potency during the production of the LSC-

based advanced therapy medicinal products (ATMPs) (Norrick et al., 2021; Pellegrini 

et al., 2016). Due to the fundamental role of both p63 and PAX6 during corneal 

development, the co-expression of these markers is also regarded as a critical 

indicator of corneal epithelial fate specification during the differentiation of hPSCs 

(Kobayashi et al., 2020). 

When introducing p63 as a marker for LSCs for the first time in 2001, Pellegrini 

et al. demonstrated that p63 was exclusively expressed in the self-renewing stem cells 

located in basal limbal layers and not in the TACs in the central cornea (Pellegrini et 

al., 2001). This was indeed confirmed to be the case in resting limbus, while the 

activation of the LSCs as a result of an injury leads to the abundant expression of 

proliferative p63+ cells throughout the limbal and corneal epithelium (Barbaro et al., 

2007; Di Iorio et al., 2005). However, the co-expression of ΔNp63α with CCAAT 

enhancer binding protein δ and polycomb complex protein member BMI1 

transcription factors identifies the mitotically quiescent LSCs both in vivo and in vitro 

(Barbaro et al., 2007).  

 

ATP-binding cassette transporters 

ATP-binding cassette (ABC) transporters are a superfamily of well-conserved and 

widely studied transmembrane proteins contributing to several fundamental cell 

biology processes. Under physiological conditions, the ABC transporters protect 
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cells from the accumulation of hazardous compounds and contribute to the 

regulation of stemness (Bunting, 2002; Huls et al., 2009). The two main ABC 

transporters associated with LSCs are the ABC subfamily G member 2 (ABCG2) 

and ABC subfamily B member 5 (ABCB5). In a variety of tissues, the expression of 

ABCG2 has been shown to determine a specific subpopulation termed the ‘side 

population’ (SP), which comprises cells with high stem cell properties (Zhou et al., 

2001). In line with observations from other organs, ABCG2+ corneal LSCs are 

enriched in the limbal SP and possess stem cell qualities including quiescence and 

high proliferative potential (Budak et al., 2005; de Paiva et al., 2005; K. Watanabe et 

al., 2004). Multiple studies have demonstrated the preferred localization of ABCG2+ 

cells to the limbal basal layers (e.g., Budak et al., 2005; de Paiva et al., 2005; Dua et 

al., 2005; Priya et al., 2013; Schlötzer-Schrehardt & Kruse, 2005). ABCG2 expression 

is also widely associated with the expression of other suggested LSC markers (Z. 

Chen et al., 2004; Davies et al., 2009; de Paiva et al., 2005), although conclusive data 

(to the best of my knowledge) about the spatial co-expression pattern of ABCG2 

and e.g. p63 in humans appears to be scarce, covering only the investigation of Priya 

et al. (2013). 

ABCB5 as well is preferably expressed in the basal limbus and it has been shown 

to exclusively comprise the ΔNp63α+ subpopulation of quiescent LSCs (Ksander et 

al., 2014). In patients suffering from LSCD, the number of ABCB5+ cells is reduced 

while simultaneously, the same cells are required to reconstruct the epithelium and 

reverse LSCD pathology upon transplantation to a mouse model (Ksander et al., 

2014). Importantly, the long-term ocular surface reconstruction potential of tissue-

derived LSCs has been attributed to the cells which are capable of forming 

holoclones, the hallmark of self-renewing stem cells in culture (Pellegrini et al., 2001; 

Rama et al., 2010; Schlötzer-Schrehardt, 2013). In a study carried out with hPSC-

derived LSCs, ABCB5+ cells expressed significantly greater potential for holoclone 

formation in comparison to ABCB5- cells (S. Watanabe et al., 2021). Notably, the 

holoclone formation was completely inhibited upon antibody-mediated blockage of 

the ABCB5 function, further strengthening the functional role of this marker also in 

hPSC-derived corneal cells. 

 From a clinical perspective, the surface localization of ABCB5 and ABCG2 

renders them attractive tools for corneal cell therapy applications, as it enables the 

efficient isolation, purification, and enrichment of the target population. Indeed, the 

isolation and ex vivo expansion of tissue-derived ABCB5+ corneal cells have recently 

been used to yield clinically relevant cultures with high expression of LSC-associated 

transcription factors PAX6 and p63 (Norrick et al., 2021).  
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Leucine-rich G-protein coupled receptor 5 

The leucine-rich repeat-containing G-protein coupled receptor (LGR)5 is a target 

for Wnt ligands and particularly well-studied in the context of intestinal crypt and 

hair follicle, where it marks a population of rapidly cycling adult stem cells (Barker 

& Clevers, 2010; Haegebarth & Clevers, 2009). Its well-defined role in these highly 

compartmentalized niches in addition to therapeutically beneficial surface 

localization raise an interest towards its potential role in the limbus as well. Indeed, 

the expression of LGR5, together with ABCG2 and p63, has been associated with 

the limbal SP phenotype in mice (Krulova et al., 2008). However, only a few studies 

have characterized the expression of LGR5 in the human corneal cells. 

Brzeszczynska et al. (2012) demonstrated that LGR5, along with low levels of 

ABCG2 and p63 is expressed by human corneal epithelium after 4–7 weeks of 

storage in an organ culture and suggested its association with residual LSCs. Later, 

the strong expression of LGR5 in the limbal crypts was confirmed by Curcio et al. 

(2015), in combination with its absence in the central cornea. However, despite its 

promise as an LSC marker, more research is needed to confirm the functional role 

of LGR5 in the human limbus. 

Cytokeratins 

CKs, also widely referenced as keratins, are cytoskeletal proteins that construct the 

epithelial intermediate filaments (Kao, 2020; Moll et al., 2008; Schlötzer-Schrehardt 

& Kruse, 2005). Intermediate filaments provide structural support and have an 

important role in various cellular processes, including attachment. Functional 

intermediate filaments are heterodimeric constitutions containing one type I and one 

type II cytokeratin, which are expressed in highly dynamic cell type and 

differentiation status-dependent patterns (Kao, 2020; Moll et al., 2008). Owing to 

these characteristics, CKs are one of the most useful markers in determining stages 

of epithelial differentiation. Moreover, the CK3/12 pair is the only currently known 

strictly cornea-specific marker, expressed in the differentiated CECs, while other 

differentiated epithelia have their own rather unique CK signatures (Moll et al., 

2008).  

In addition to CK3/12, other CKs expressed in the limbal and corneal epithelium 

include type I CK14, CK15, CK17, and CK19, which are expressed in pair with type 

II keratins CK5 (CK14 and CK15), CK6 (CK17), or CK8 (CK19) (Kao, 2020; Moll 

et al., 2008). CK14 is expressed throughout the basal layers of the limbal and corneal 
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epithelium, whereas CK15, CK17 and CK19 are contained in the basal limbus 

(Lyngholm et al., 2008; Saghizadeh et al., 2011; Schlötzer-Schrehardt & Kruse, 2005; 

Yoshida et al., 2006). Overlapping expression of CK3/12 is detected alongside 

CK5/14 throughout the central cornea in the intermediate TACs populating the 

basal and suprabasal layers, indicative of the more differentiated status of the central 

corneal cells, whereas CK5/14+ and CK3/12- undifferentiated progenitors are 

exclusively found in the basal limbal layers (Kao, 2020). Although CK15 and CK19 

may be useful for separating LSCs/limbal progenitor cells from the differentiation-

committed corneal TACs in vivo, they are also expressed by the conjunctival 

epithelium (Ramirez-Miranda et al., 2011; Yoshida et al., 2006) and thus often not 

suitable for identifying LSCs in therapeutic applications. 

Negative markers 

In addition to directly addressing the putative LSCs, negative markers may be used 

in combination with the positive ones to distinguish between different cell states, 

and between the target population and other cellular contaminations. Due to the 

tumorigenic potential of hPSCs, residual pluripotency in hPSC-based products is 

considered a fundamental threat for safety and its absence needs to be demonstrated. 

However, it is of interest to note that the native limbal epithelium has been shown 

to possess some expression of key pluripotency factors including octamer-binding 

transcription factor (OCT)3/4, Nanog, and SRY-box transcription factor (SOX)2, 

although their expression in the limbus is over 50-fold less than in human embryonic 

stem cells (hESCs) (Pauklin et al., 2011).  

The cluster of differentiation (CD)200 antigen was used by Hayashi et al. (2018) 

as a negative marker for the isolation of differentiated hiPSC-derived CECs from 

their pluripotent progenitors and differentiated non-epithelial cells. However, 

similarly to the above mentioned pluripotency factors, CD200 has also been shown 

to be expressed in LSCs in vivo, where it marks a small subpopulation of quiescent 

LSCs with holoclone-forming ability (Bojic et al., 2018). While Bojic et al. (2018) 

reported the loss of holoclone-forming potential in the CD200- population of ex vivo 

cultured LSCs, holoclone-forming potential was preserved in the sorted CD200- 

hiPSC-derived cells according to S. Watanabe et al. (2021). It is not known for 

certain, how the exclusion of the CD200+ population affects the therapeutic 

potential of hPSC-derived LSCs/CECs. These results may also suggest a different 

role for this marker in native LSCs in comparison to hPSC-derived cells. 

As discussed in the earlier parts of this dissertation, the fate choice between the 

cornea and epidermis is rather easily manipulated via changes in the expression of 
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PAX6 (G. Li et al., 2015; Ouyang et al., 2014). The abnormal epidermal-like 

differentiation of corneal cells can be monitored via the expression of skin-specific 

CK10, which is strictly absent in the normal corneal epithelium (Merjava et al., 2011; 

Moll et al., 2008; Ouyang et al., 2014). CK13 on the other hand is abundantly 

expressed by the conjunctival but again, not by normal corneal epithelium (Ramirez-

Miranda et al., 2011). The immunohistochemical analysis of CK13 expression on the 

corneal surface is used as a diagnostic tool for LSCD (Deng et al., 2019).  

Importantly, the cell type-specific CK profile is obtained only after committing 

to terminal differentiation. Therefore, the expression of CK3/12 is also used as a 

negative marker for LSCs, which  should display an undifferentiated state (Schlötzer-

Schrehardt & Kruse, 2005). However, it may be of importance to once more 

emphasize the fact that many stratified squamous epithelia share a similar CK 

expression profile in their undifferentiated state. For example, CK14 and CK15 (with 

their type I keratin pairs) are equally expressed in basal layers of skin, limbus, and 

conjunctiva (Merjava et al., 2011; Moll et al., 2008; Yoshida et al., 2006). Therefore, 

although representing a negative marker for undifferentiated LSCs, differentiation 

towards CK3/12+ CECs is also required to confirm the corneal epithelial specific 

lineage commitment especially in case of hPSC-derived cells.  

2.2 Limbal stem cell deficiency, LSCD 

As emphasized in the previous chapters, LSCs are essential both for the homeostatic 

renewal and injury-associated recovery of the corneal epithelium. The significant loss 

or dysfunction of LSCs fundamentally disturbs these processes and manifests as a 

severe ocular surface disorder LSCD. In estimations carried out for United 

Kingdom, Australia, and New Zealand, the extrapolated population incidence of 

severe LSCD is roughly 0.21-0.23 per 100 000 people (Bobba et al., 2017; Ghosh et 

al., 2019), while incidence of all LSCD cases in the UK translates to 0.38 per 100 000 

people (Shortt et al., 2011). However, the incidence of LSCD has high geographic 

variation and especially the milder cases may remain underreported (Bobba et al., 

2017). 

The causes of LSCD range from traumatic injury to acquired or genetic disorders, 

the most common cause being ocular surface burns (Deng et al., 2019; Zhao & Ma, 

2015). Other LSCD causes comprise non-immune-mediated factors like infection, 

contact lens wear-induced keratopathy, bullous keratopathy, ocular surface tumors, 

and drug toxicity (Cheung et al., 2021; Deng et al., 2019). Immune-related causes 

include Stevens-Johnson syndrome/toxic epidermal necrolysis, mucous membrane 
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pemphigoid, allergic eye diseases, and graft-versus-host disease (Cheung et al., 2021; 

Deng et al., 2019). Hereditary causes for LSCD are rare, but of those, congenital 

aniridia (caused by mutations in the PAX6 gene) is the most common with a global 

occurrence of 1 in 50 000 to 100 000 newborns (Deng et al., 2019). The aniridia-

associated dysregulation of the corneal epithelium is not present at birth, but will 

progress over time, resulting in the onset of LSCD over the teenage years (Deng et 

al., 2019). 

The LSCD symptoms develop, as the limbus fails to provide corneal epithelium 

with substitute cells to make up for the continuous desquamation of the superficial 

layers. This leads to the disruption of the limbal barrier function and replacement of 

normal corneal epithelial phenotype by the conjunctival epithelium (i.e., 

conjunctivalization), persistent and/or recurrent epithelial defects, inflammation, 

and scarring (Deng et al., 2019; Notara et al., 2018; Osei-Bempong et al., 2013). 

Importantly, the loss of the limbal barrier and the spreading of conjunctival 

vasculature onto the corneal surface switches off the state of immune privilegeness 

(Notara et al., 2018). Patients suffering from LSCD experience reduced quality of 

life due to discomfort, irritation, pain, photophobia, redness, tearing, decreased 

vision, and ultimately even blindness (Deng et al., 2019; Ghareeb et al., 2020).  

2.2.1 Treatment strategies for LSCD 

Most types of corneal blindness are treated with transplants obtained from cadaveric 

donors, central corneal keratoplasty (i.e. corneal grafting) being the most common 

tissue transplantation in the world (Gain et al., 2016; Panda et al., 2007; Tan et al., 

2012). Due to the immune privilege and avascularity of the central cornea, high 

success rate is achieved in these procedures even without human leukocyte antigen 

(HLA) matching (Panda et al., 2007). However, the immune privilege of the cornea 

is fundamentally compromised in LSCD, which requires specific approaches for the 

ocular surface reconstruction in an immunologically hostile environment.  

The treatment choice depends on the severity and laterality of the LSCD and 

needs to be addressed individually to each patient (Deng et al., 2020). The potential 

treatment strategies are presented in Figure 3. Basically, in minor cases in which the 

central visual axis remains mainly unaffected and no major complications of LSCD 

are present, surgical interventions are preferably avoided and medical treatment may 

provide reasonable alleviation (Deng et al., 2020). In severe LSCD, in which the 

regenerative function of the limbus is lost altogether, transplantation of new 
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functional LSCs or other substitutive cells is required to achieve long-term 

restoration. These interventions will be further discussed in the following chapters. 

 

 

Figure 3.  Treatment strategies for limbal stem cell deficiency (LSCD), modified from Deng et al. 2020. 
CLAL/CLAU: conjunctival-limbal allo/autograft, EVCAL/EVCAU: ex vivo cultivated limbal 
epitelial allo/autograft, hAM: human amniotic membrane, hPSC: human pluripotent stem 
cells, KLAL/KLAU: keratolimbal allo/autograft, MSCs: mesenchymal stem cells, OMECs: 
oral mucosal epithelial cells, SLET: simple epithelial transplantation, SSCE: sequential 
sectorial conjunctival epitheliectomy. The illustration was created with BioRender.com. 

 

Surgical approaches for unilateral LSCD 

Conjunctival-limbal autograft (CLAU) and keratolimbal autograft (KLAU) represent 

the conventional surgical treatments in case of severe unilateral LSCD. Both 

procedures involve the harvesting of 40–50% of the healthy contralateral limbus, 

following direct transplantation to the recipient eye (Deng et al., 2020). The sizeable 

amount of harvested tissue is the main disadvantage of these methods, with a 
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possibility of iatrogenic events in the donor eye. While the actual incidence of severe 

adverse effects is reportedly low (Cheung et al., 2017; Le et al., 2020), risking the 

healthy eye is not seen as an option by many patients (Figueiredo et al., 2021).  

The above risk is overcome in ex vivo cultivated limbal autograft (EVCAU, also 

widely referred to as autologous cultivated limbal epithelial transplantation, CLET), 

in which only a minimal biopsy from the donor cornea is required. After establishing 

a cell culture, the LSCs are expanded in order to obtain enough cells for grafting. 

The method was first described by Pellegrini et al. in 1997 and later commercialized 

by the same group as the Holoclar® (The Chiesi Group). In 2015, Holoclar® gained 

a historical market authorization as the first stem cell-based ATMP in Europe 

(Pellegrini et al., 2018). Apart from Holoclar®, various protocols with vast 

differences in the tissue collection, cell culture, and carrier material are being used 

(Deng et al., 2020; Figueiredo et al., 2021)  

Simple epithelial transplantation (SLET), described in 2012 by Sangwan et al., 

also utilizes only a minor biopsy of the healthy limbus, which is further cut into small 

portions and transplanted to the contralateral eye on a human amniotic membrane 

(hAM) carrier (Sangwan et al., 2012). Due to the one-step process, it is superior to 

EVCAU in terms of economic feasibility. While the long-term outcomes of SLET 

are yet to be analyzed, the results obtained with shorter follow-up periods show 

similar or even higher success rates in comparison to EVCAU (Shanbhag et al., 

2020). However, concerns have been raised regarding the fact that in SLET, the 

colony-forming limbal units are placed rather unnaturally along the central cornea, 

potentially altering the normal function of the corneal epithelium (Ghareeb et al., 

2020). More clinical data about the long-term outcomes of this procedure are needed 

to draw further conclusions. 

Surgical approaches for bilateral LSCD 

In cases when patients own autologous LSCs are not available, conjunctival limbal 

allograft (CLAL), ex vivo cultivated limbal epithelial allograft (EVCAL, also referred 

as allogeneic CLET) or keratolimbal allograft (KLAL) from a living relative or 

cadaveric donor may be employed (Deng et al., 2020). However, systemic 

immunosuppression is always required to prevent allograft rejection, and while the 

rejection is generally well managed with the medication, it increases susceptibility to 

cancer and infections, and may therefore not be an option for certain patients. 

Ex vivo cultivated oral mucosal autograft (EVOMAU, also widely referred to as 

cultivated oral mucosal epithelial transplantation, COMET) may be considered a 

good option instead of EVCAL with its minimal requirement of 
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immunosuppression and overall satisfying outcomes in the clinics (Deng et al., 2020). 

In a recent review comparing the clinical outcomes of EVOMAU and EVCAL, both 

methods appear equally successful in terms of improved visual acuity (Samoila & 

Gocan, 2020). Individual patient data-based estimations of expected post-operative 

complications (43% and 15% for EVCAL and EVOMAU, respectively) indicate that 

EVOMAU may present certain advantages over EVCAL (Figueiredo et al., 2021). 

However, contrary results were obtained in a retrospective study reporting more 

persistent epithelial defects and a 3.5 times higher risk for graft rejection after 

EVOMAU (J. Wang et al., 2019). According to J. Wang et al. (2019), oral mucosal 

epithelial cells (OMECs) may exhibit inferior differentiation and proliferation 

capacity in the ocular surface environment compared to LSCs and are thus more 

likely to fail in maintaining corneal epithelial integrity. On the other hand, suitable 

immunosuppressive therapy is often sufficient in alleviating the potential risk for 

graft rejection in EVCAL. 

Mesenchymal stem cells (MSCs) are easily obtained from different non-cadaveric 

tissue sources, and they possess low immunogenicity along with therapeutic 

immunomodulatory capacities (Neofytou et al., 2015a). A multitude of preclinical 

studies have demonstrated the potential of MSCs in ocular surface regeneration and 

indicated at least some level of transdifferentiation to CK3/12+ corneal epithelial 

phenotype (e.g., Bandeira et al., 2020; Sharma et al., 2021; Venugopal et al., 2020, for 

a more comprehensive list see the review by Yazdanpanah et al., 2019). The safety 

and efficacy of allogeneic MSC-derived corneal transplants in comparison to 

EVCAL was recently evaluated in a randomized, double-blinded proof-of-concept 

trial, demonstrating equally good results during the 12-month follow-up period 

(Calonge et al., 2019). However, more clinical data and a better understanding are in 

demand, addressing the precise mechanisms by which the MSCs improve the 

diseased ocular surface. 

Recently, human induced pluripotent stem cells (hiPSCs) were utilized to produce 

a transplantable CEC sheet, which was grafted for a patient suffering from bilateral 

LSCD (Osaka University, 2019). The on-going clinical trial (UMIN Clinical Trials 

Registry code: UMIN000036539) is the first to treat LSCD with hPSC-based therapy. 

The upcoming results will serve as an important guide in defining the practical 

opportunities and challenges of this novel treatment modality, which are further 

discussed in the following parts of this dissertation. 
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2.3 Human pluripotent stem cells, hPSCs 

The two main attributes of stem cells are their capacity to both self-renew and 

differentiate. The classification of various stem cell types is based on their 

differentiation potential. Adult stem cells like LSCs are unipotent or multipotent, 

meaning that they possess a limited differentiation capacity towards only one or a 

few terminal cell types, respectively (Zakrzewski et al., 2019). Human PSCs are 

present in the inner cell mass (ICM) of the blastocyst stage embryo and give rise to 

all three embryonic germ layers: ectoderm, endoderm, and mesoderm, but not the 

extra-embryonic tissues (Zakrzewski et al., 2019). Finally, the most potent stem cell 

type is termed totipotent and present only during the earliest cell divisions, producing 

both the extra-embryonic and embryonic structures (Zakrzewski et al., 2019). 

High self-renewal capacity and differentiation towards any adult tissue type have 

turned hPSCs into potent material for regenerative therapies, as well as a powerful 

in vitro tool for disease modelling, pharmacology, and developmental studies 

(Karagiannis et al., 2019; G. Liu et al., 2020; Zakrzewski et al., 2019). Human ESCs 

are derived from blastocysts (first demonstrated with human cells by Thomson et 

al., 1998), utilizing donated pre-implantation embryos from infertility treatments 

(Cervera & Stojkovic, 2007; Skottman, 2010). Notably, the hESC field is not 

completely free of ethical concerns, which may limit the usage of this hPSC type in 

certain countries. On the other hand, hiPSCs are reprogrammed back to 

pluripotency using somatic cells as a starting material (first accomplished with human 

cells in 2007 by Takahashi et al., and Yu et al.), not facing similar ethical opposition. 

The two hPSC concepts are illustrated in Figure 4.  

Certainly, utilizing hPSCs for the unlimited production of ‘human spare parts’ is 

no longer just a utopian idea, but a quickly evolving reality, as shown by several 

hPSC-based transplants enrolled for clinical trials during the last 10 years. Among 

those, the ocular system offers some major advantages for the development of novel 

cell-based therapies, as it is accessible with minimally invasive procedures and the 

outcomes may be easily monitored (Chakrabarty et al., 2018; Ilic & Ogilvie, 2017). 

Indeed, hESC or hiPSC-derived retinal pigment epithelium to treat age-related 

macular degeneration may currently be the most widely studied hPSC-based graft in 

the clinics (Eguizabal et al., 2019). The development of good manufacturing practise 

(GMP)-compliant hPSC culture methods has had an immense effect in facilitating 

the clinical translation of hPSC-based regenerative therapies. The culture and 

characterization of hPSCs, as well as their role in specific applications regarding 

ocular surface reconstruction are discussed in further detail in the following chapters. 
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Figure 4.  Human pluripotent stem cell (hPSC) concept. Self-renewing cultures of human human 
embryonic stem cells (hESCs) and human induced pluripotent stem cells (hiPSCs) can be 
derived from the inner cell mass (ICM) of in vitro fertilization (IVF) embryos, or via genetic 
reprogramming of adult somatic cells, respectively. Human PSCs can differentiate towards 
all embryonic germ layers and further, to any specific adult cell type, which may be utilized 
in various applications. The illustration was created with BioRender.com. 
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2.3.1 Culture of hPSCs 

The conventional hPSC culture has been largely dependent on xenogeneic and 

undefined components such as mouse embryonic fibroblast feeder cells and fetal 

bovine serum (FBS) and/or albumin-containing medium (Thomson et al., 1998). 

The mouse sarcoma-derived ECM mixture Matrigel was one of the first substrates 

for feeder-independent culture systems, subsequently developing towards more 

defined feeder-independent solutions with single protein and/or peptide coatings 

(Crocco et al., 2013; Villa-Diaz et al., 2013). Indeed, the pursue of the clinical 

translation of hPSC-based therapies has led to the rapid adaptation of non-

xenogeneic, chemically defined systems (Crocco et al., 2013; Ludwig et al., 2006; 

Unger et al., 2008). In 2011, the field was revolutionized as Chen et al. (2011) 

introduced a completely defined, albumin-free medium comprising only eight 

components essential for hPSC maintenance. The efficient derivation and expansion 

of hPSCs in completely defined and xenogeneic-free conditions has thereafter been 

achieved by combining the said Essential 8™ (E8) medium with LN isoform 521 

(LN521) as the culture substrate (Lu et al., 2014; Tano et al., 2014; Uhlin et al., 2017). 

Further, fully GMP-compliant hPSC culture methods have been introduced for 

combining E8 medium and vitronectin (Rivera et al., 2020). 

2.3.2 Characterization of hPSCs  

The characterization of hPSCs relates to ensuring their undifferentiated state, 

pluripotent differentiation capacity and genomic stability, all of which are crucial 

factors affecting the research outcomes and clinical quality. One of the key methods 

to characterize hPSCs is to study the expression of pluripotency-associated marker 

proteins (Martí et al., 2013). Human PSC markers include cell surface proteins like 

stage-specific embryonic antigens (SSEA)3 and 4, tumor-related antigens (TRA-)1-

60 and 1-81, and transcription factors like OCT3/4, Nanog, and SOX2, which are 

expressed by both hESCs and hiPSCs (Martí et al., 2013; Rehakova et al., 2020). 

According to the clinical standards, several of these markers should be expressed in 

>70% of the hPSC population (Rehakova et al., 2020). Additionally, good quality 

hPSC should be negative for mouse PSC marker SSEA1, which in humans, on the 

contrary, marks early differentiation (Rehakova et al., 2020). 

The golden standard method for evaluating the pluripotent differentiation 

capacity of hPSCs has traditionally been the teratoma assay, which involves the 

injection of the hPSC material into an immunocompromised mouse model and 
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histological analysis of the subsequently formed tumors (Nelakanti et al., 2015). 

Nowadays, the pluripotency of hPSC is preferably studied in vitro via either the 

spontaneous or directed differentiation of hPSC cell aggregates (embryoid bodies, 

EBs), followed by the detection of all three embryonic germ layers via 

immunolabeling (Martí et al., 2013; Rehakova et al., 2020). Importantly, the 

prolonged culture of hPSCs is known to increase their tendency to acquire karyotypic 

abnormalities, especially growth advantages that may contribute to tumorigenicity 

(Amps et al., 2011; Laurent et al., 2011; G. Liang & Zhang, 2013). Therefore, 

frequent karyotyping is required to monitor the genomic stability of the hPSCs. 

Additional characterization methods are carried out to confirm hPSC identity and 

sterility. Clinical safety is ensured via GMP-compliant processes, which are defined, 

and continuously updated by regional authorities, for example the European 

Medicines Agency in the European Union. The clinical characterization guidelines 

were recently reviewed and written out by Rehakova et al. (2020), summarized in 

Table 1 on the next page. 
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Table 1.  Characterization methods for clinical-grade human pluripotent stem cells, modified from 
Rehakova et al. (2020). 

Characteristic Method Release criteria 

Morphology Photography Normal (colonies and cells) 

Pluripotency 

Flow cytometry 
>70% for two surface markers 
>70% for 2 intracellular markers 
<10% for SSEA1 

Immunofluorescence Non-mandatory –  
for information only Alkaline phosphatase 

Pluripotency/ 
Differentiation 

Transcriptome analysis 
Non-mandatory –  
for information only 

Differentiation 

Spontaneous/directed 
differentiation assay 

All three germ layers detected 

Teratoma assay 
Non-mandatory –  
for information only 

Genetic stability 

Karyotype analysis Normal diploid 

SNP analysis 
Non-mandatory –  
for information only 

Whole-genome sequencing 

Cancer predisposition testing 

Viability Flow cytometry >60% 

Sterility  

Endotoxin testing 

Negative 
Mycoplasma testing 

Adventitious agents 

Bacterial contamination 

Histocompatibility HLA typing 
Non-mandatory –  
for information only 

Identity STR analysis 
Maintained identical over time 
(hiPSCs and hESCs) and with 
donor (hiPSCs) 

Vector clearance 
(hiPSCs) 

PCR Negative 

Abbreviations: hESCs: human embryonic stem cells, hiPSC: human induced pluripotent stem 

cells, HLA: human leukocyte antigen, PCR: polymerase chain reaction, SNP: single nucleotide 

polymorphism, STR: short tandem repeat, SSEA1: stage-specific embryonic antigen 1 

2.3.3 Differentiation of hPSCs to corneal cells 

The differentiation of CECs and their progenitors from hPSC serves as a potential 

option for ocular surface regenerative therapies as well as a useful tool for modelling 

the corneal epithelium in vitro. As results obtained from animal models can rarely 

accurately reflect the human situation, in vitro corneal cell and tissue models provide 

tools for studying certain phenomena directly in a human system.  

The differentiation of hPSCs towards the corneal lineage was first reported in 

2007 by Ahmad et al., who utilized secreted niche factors in combination with limbal 
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BM constituent Col IV to recapitulate the limbal niche environment. Since then, 

many protocols with different approaches have been introduced. As demonstrated 

already by these earliest experiments, cues provided within the appropriate cell 

culture matrix and medium represent the two main factors used to guide the hPSC 

differentiation. Cell culture substrates utilized in the differentiation protocols include 

ECM coatings like Col IV (e.g. Ahmad et al., 2007; Mikhailova et al., 2014; Shalom-

Feuerstein et al., 2012), gelatin (Cieślar-Pobuda et al., 2016; Z. Wang et al., 2016), 

and Matrigel (Brzeszczynska et al., 2014); feeder cells like mouse embryonic 

fibroblasts (Hewitt et al., 2009) or PA6 stromal cells (Hayashi et al., 2012); and 

biological scaffolds such as hAM; (Sareen et al., 2014), de-epithelialized human 

corneas (Hanson et al., 2013; Sareen et al., 2014) and acellularized porcine corneas 

(J. Zhu et al., 2013). While the earliest studies have majorly leaned on conditioned 

medium containing secreted factors from corneal or limbal fibroblasts (e.g. Ahmad 

et al., 2007; Brzeszczynska et al., 2014; Shalom-Feuerstein et al., 2012), later studies 

have sought to govern the process better by providing only minimal cues in the form 

of carefully selected growth factors and/or small molecules. Our group has used 

TGF-β and Wnt-pathway inhibitors SB-505124 and IWP2, respectively, in 

combination with bFGF to efficiently induce surface ectodermal differentiation, 

followed by directed corneal differentiation on Col IV and commercial corneal cell 

culture medium CnT-30 (Mikhailova et al. 2014, 2015, 2016). Yang et al. (2018), 

admittedly drawing inspiration from our original method, reported successful 

derivation of corneal progenitors by using IWP2-equivalent IWR1, SB-505124-

equivalent A83-01, and bFGF with or without BMP4 in the Essential 6™ (E6) 

medium. Interestingly, the E6 medium, which is the growth factor-free version of 

E8, appeared sufficient in supporting the corneal differentiation of hPSCs, after the 

initial four-day growth factor and small molecule induction (Yang et al., 2018). 

However, Matrigel was used as the growth substrate for the cells, introducing a less 

defined component to the process. Similarly, Kamarudin et al. (2018) used Matrigel 

as the culture substrate while testing 9 different media for inducing corneal 

differentiation in hPSCs, followed by further differentiation on Col IV in CnT-Prime 

supplemented with 10% FBS. Eliminating any animal-derived and undefined 

components from the differentiation protocols strongly enhances the translational 

potential of the resulting cell material, despite not being a strict prerequisite.  

One of the most thoroughly studied hPSC differentiation methods has been 

developed in Osaka University (Suita, Japan) by Prof. Kohji Nishida. This multistep 

process involves generation of ‘self-formed ectodermal autonomous multi-zone’ 

(SEAM), which comprises concentric areas of several hiPSC-derived ocular surface 
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cell types (Hayashi et al., 2016, 2017). No feeder cells or FBS are required for the 

protocol (Hayashi et al., 2017). The optimization of the LN-based growth substrate 

and isolation of the target population via fluorescence activated cell sorting (FACS) 

could be utilized to obtain pure populations for the fabrication of transplantable 

hiPSC-derived CEC sheets (Hayashi et al., 2017, 2018; Shibata et al., 2018; S. 

Watanabe et al., 2021). Importantly, the previously mentioned first-in-human hiPSC-

CEC transplants were fabricated using the above described SEAM method (Osaka 

University, 2019). The results of this study remain unpublished at the time of this 

dissertation.  
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3 AIMS OF THE STUDY 

The aim of this dissertation was to develop a feasible method for the robust and 

scalable production of therapeutically relevant LSCs from feeder-independent 

hPSCs. Special emphasis was laid on supporting the clinical translation potential via 

the selection of chemically defined, clinically applicable, and non-xenogeneic 

materials. The resulting hPSC-LSCs were subjected to extensive phenotypic 

characterization, along with preliminary assessment of their functionality. The study-

specific aims are also outlined below: 

 

1. Development and optimization of techniques to differentiate therapeutically 

relevant LSCs from feeder-independent hPSCs (Studies I, II and III). 

2. Detailed characterization of the resulting hPSC-LSCs and the corneal lineage 

commitment process, and the identification of potentially relevant hPSC-LSC 

subpopulations (Studies I, II, III and IV). 

3. Assessment of hPSC-LSC functionality in vitro (Studies III and IV). 
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4 MATERIALS AND METHODS 

4.1 Ethical considerations 

The National Authority Fimea (Dnro FIMEA/2020/003758) has granted Tampere 

University, Faculty of Medicine and Health Technology, the approval to conduct 

research on human embryos. Updated supportive statements from the Ethical 

Committee of the Pirkanmaa Hospital District allow the use of established hESC 

and hiPSC lines (Skottman/R20155), derivation of novel hiPSC lines 

(Skottman/R16116), and the use of clinically unsuitable, research-grade human 

donor corneas (Uusitalo/R11134) for the purpose of ophthalmic research. The 

derivation of hESC lines used for this work was conducted under the previous 

supportive statement (Skottman/R05116) and no new cell lines were derived for the 

purpose of this dissertation. 

4.2 Cell culture methods 

4.2.1 Human PSC lines 

Three hESC lines and seven hiPSC lines were used during this dissertation for 

establishing the feeder-independent hPSC culture conditions and for subsequent 

hPSC-LSC differentiations according to Table 2 on the next page. All used hESC 

lines were derived in-house and characterized as described by Skottman (2010). The 

hiPSC lines, except for Hel24.3 and WT001.TAU.bB2, were derived and 

characterized at Prof. Katriina Aalto-Setälä’s laboratory at the Tampere University 

(Tampere, Finland) as previously described (Ahola et al., 2014; Ojala et al., 2016). 

The hiPSC line Hel24.3 was derived and characterized at Prof. Timo Otonkoski’s 

laboratory at the University of Helsinki (Helsinki, Finland) (Toivonen et al., 2013). 

The hiPSC line WT001.TAU.bB2 was established and characterized in-house as 

described by Grönroos et al. (2021).  
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Table 2.  Human PSC lines used in this dissertation for establishing the feeder-independent 
culture conditions, and for subsequent hPSC-LSC differentiation and maintenance. 

Cell line 
Cell 

source 

hPSC-LSC 
Study Reference 

Diff. Maint. 

Regea08/017 hESC X X I–IV Skottman, 2010 

Regea11/013 hESC X X III–IV 

Regea14/010 hESC   I 

UTA.04607.WT hiPSC X X I–III Ahola et al., 2014 

Ojala et al., 2016 UTA.04311.WT hiPSC   I 

UTA.04511.WT hiPSC   I 

UTA.10802.EURCCs hiPSC   I 

UTA.10902.EURCCs hiPSC   I 

Hel24.3 hiPSC   I Toivonen et al., 2013 

WT001.TAU.bB2 hiPSC X  IV Grönroos et al., 2021 

Abbreviations: Diff.: differentiation, hESC: human embryonic stem cell, hiPSC: human 

induced pluripotent stem cell, hPSC-LSC: human pluripotent stem cell-derived limbal stem 

cell, Maint.: maintenance 

4.2.2 Establishment of the feeder-independent hPSC culture 

Standard hPSC culture was carried out on mitotically inactivated human foreskin 

fibroblast (hFF) feeder cells (CRL-2429, ATCC, Manassas, VA) in defined hPSC 

culture medium as previously described in detail in Skottman (2010). 

Undifferentiated hPSC (UD-hPSC) colonies were passaged onto new feeder layers 

either by manual dissection or enzymatic digestion with xeno-free TrypLE™ Select 

Enzyme (TrypLE; Thermo Fisher Scientific). The above-mentioned applies to all 

used hPSC lines except for line WT001.TAU.bB2, which was established directly in 

the feeder-independent conditions. 

For initiating the feeder-independent hPSC culture, conventionally grown hPSC 

colonies were manually dissected and transferred as clumps onto 1.09 µg/cm2 

human recombinant LN521 (Biolamina, Sundyberg, Sweden) and E8 Flex medium 

(Thermo Fisher Scientific). After the first feeder-independent passage, the 

subsequent single cell passaging was carried out for 80–100% confluent hPSC 

cultures twice a week on Mondays and Thursdays, using a split ratio of 40 000–50 

000 cells/cm2 and 0.55 µg/cm2 LN521 coating. Weekend-free feeding regimen was 

achieved by changing the E8 Flex medium one day after the passaging on Tuesdays 

and Fridays. Unless specifically stated otherwise, 50 U/ml penicillin/streptomycin 
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(pen-strep; from Thermo Fisher Scientific, Waltham, MA or Lonza, Basel, 

Switzerland) was routinely added to all cell culture media throughout Studies I–IV. 

4.2.3 Differentiation and culture of hPSC-derived LSCs 

The hPSC-LSC differentiation method used in this dissertation was modified from 

Mikhailova et al. 2014, which describes the development of the original directed 

differentiation technique of our laboratory. Therein, a standard hPSC culture on 

hFFs was used. After introducing the feeder-independent conditions in Study I, 

optimization was required to regain the desired differentiation efficacy. A detailed 

technical walk-through of the updated differentiation method is provided in Study 

II. Additionally, a novel maintenance method was established in Study III, with the 

aim to preserve a transient ABCG2+ subpopulation present within the early hPSC-

LSCs. The key components of the methods used are illustrated in Figure 5. 

 

Figure 5.  Human PSC-LSC culture methods used in this dissertation. ABCG2+ and ΔNp63α+ mark 
the main hPSC-LSC population phenotypes resulting from the method variation. bFGF: 
basic fibroblast growth factor, Blebb: blebbistatin, BMP4: bone morphogenetic protein 4, Col 
IV: type IV collagen, E8: Essential 8™ Flex medium, EB: embryoid body, ENRC: Epidermal 
growth factor + Noggin + R-spondin-1 + CHIR-99021, hPSC: human pluripotent stem cells, 
LN521: laminin-521, SB: SB-505124. The illustration was created with BioRender.com. 

 

Phase I: Induction 

To induce ocular surface differentiation, hPSC cultures were dissociated to single 

cells and transferred to a suspension culture into defined induction basal medium 

constituted of KnockOut™ Dulbecco’s Modified Eagle Medium, 15% CTS™ 

KnockOut™ SR XenoFree, 2 mM GlutaMAX™, 0.1 mM 2-Mercaptoethanol and 
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1% MEM-Non-essential Amino Acid Solution (all from Thermo Fisher Scientific). 

The differentiations typically started on Mondays (=day 0). 

In Study I, manual detachment of hPSC clumps via scraping and enzymatic 

dissociation into single cells were utilized in parallel, followed by formation of EBs 

overnight. EB formation was promoted either with 5 µM or 10 µM blebbistatin 

(Sigma-Aldrich) or Rho-kinase inhibitor Y-27632 dihydrochloride (R&D Systems, 

Minneapolis, MN). In later phases of the dissertation (Studies II–IV), the 

differentiation routine had refined and generally, enzymatic dissociation with 

TrypLE was used in combination with 5 µM blebbistatin to induce EB formation. 

Thereafter, a three-day induction was used to guide the hPSCs towards the surface 

ectoderm. On day 1 (typically on Tuesday), the induction basal medium was 

supplemented with 10 μM SB-505124 (PeproTech) and 50 ng/ml bFGF. On days 2 

and 3 (typically Wednesday and Thursday), the induction basal medium was 

supplemented with 25 ng/ml BMP4 (PeproTech). 

Phase II: Differentiation 

On day 4 (typically on Friday) the EBs were plated onto combination matrices 

containing 5 μg/cm2 human placental Col IV (Sigma-Aldrich) and 0.5–0.75 μg/cm2 

LN521 (hereafter: Col IV/LN521), in defined and serum-free commercial corneal 

differentiation medium CnT-30 (CELLnTEC Advanced Cell Systems AG, Bern, 

Switzerland) at a density of approx. 15 EBs/cm2. The differentiating hPSC-LSCs 

were maintained in CnT-30 changing the medium three times a week, typically on 

Mondays, Wednesdays, and Fridays. 

Maintenance of the ABCG2+ hPSC-LSC subpopulation 

A novel hPSC-LSC culture method was developed in Study III, with the aim to 

maintain the differentiating hPSC-LSCs at a certain phenotypic status. This status 

was identified by high ABCG2 expression, which was observed during early stages 

of the differentiation process (discussed in more detail in the Results section). For 

this purpose, the differentiation medium CnT-30 was replaced with a maintenance 

medium comprised of commercial epithelial proliferation medium CnT-07 

(CELLnTEC) and the “ENRC” cocktail: 50 ng/ml mouse recombinant EGF 

(Thermo Fisher Scientific), 100 ng/ml mouse recombinant Noggin, 1 μg/ml human 

recombinant R-spondin-1 (both from PeproTech), and 3 μM CHIR-99021 

(Stemgent, Beltsville, MD). The change took place on day 10 or 11. The maintenance 

medium (hereafter: CnT-07+ENRC) was introduced either directly to the adherent 

cultures, or more generally, the differentiating hPSC-LSCs were simultaneously 
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enzymatically passaged and replated at a density of 1000 cells/cm2 onto new Col 

IV/LN521 matrices. Human PSC-LSCs were maintained in CnT-07+ENRC and the 

medium was changed three times a week, until the emergence of ABCG2+ colonies 

possessing the desired hPSC-LSC subpopulation morphology. The ABCG2+ hPSC-

LSCs could be efficiently expanded via weekly passaging onto fresh Col IV/LN521 

matrices, at a density of 1000 cells/cm2.  

4.2.4 Isolation and culture of tissue-derived LSCs 

Human and porcine tissue-derived adult LSCs (hLSCs and pLSCs, respectively) were 

used as controls in Study IV. Whole porcine eyes were obtained fresh from an 

abattoir (Paijan tilateurastamo, Urjala, Finland), transported to the laboratory, and 

prepared for LSC isolation as described in detail in Study IV.  Research-grade human 

donor corneas were obtained from the Cell and Tissue Bank Regea (Tampere 

University, Tampere, Finland). Limbal sections were dissected from the whole 

corneas, cut to small fragments, and incubated 16–18 h with 1 mg/mL collagenase 

type II (Thermo Fisher Scientific) at +37°C to loosen the tissues, followed by final 

digestion with TrypLE, 10 min at +37°C. Isolated LSCs were plated onto Col 

IV/LN521 matrices in CnT-07 medium and cultured to a subconfluent stage before 

cryopreservation. LSC phenotype of the isolated human and porcine cells was 

confirmed in post-thaw immunofluorescence analysis (IF). Detailed descriptions of 

the isolation and characterization of the hLSC and pLSC controls can be found in 

the original publication (Study IV). 

4.2.5 Cryopreservation 

The cryopreservation of differentiating hPSC-LSCs throughout Studies I–IV was 

carried out in the third week of adherent differentiation, i.e. between days 21 and 25 

of total differentiation time. For ABCG2+ hPSC-LSCs in CnT-07+ENRC (Study 

III) and tissue-derived LSCs (Study IV), cryopreservation was timed to the 

subconfluent phase of the culture. Standard methodology was used for the enzymatic 

dissociation of the cultures and preservation of the single cell suspension into 10% 

dimethyl sulfoxide (DMSO; Sigma-Aldrich) medium buffered with 40% CTS™ 

KnockOut™ SR XenoFree (Study I), or alternatively, into commercial 

cryopreservation medium, e.g. CTS™ PSC Cryomedium (Thermo Fisher Scientific) 

(Studies II–IV). 
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4.3 Cell characterization methods 

All cell cultures were continuously monitored for cell attachment, growth, and 

desired morphology, using a Nikon Eclipse TE2000-S phase contrast microscope 

(Nikon Instruments Europe B.V., Amstelveen, Netherlands). Representative 

morphology was photographed with Nikon DS-Fi1 camera both during 

differentiation and after thawing. 

Upon establishing the feeder-independent conditions for each hPSC line and on 

a regular basis during the hPSC culture, the expression of pluripotency markers was 

visualized using IF and quantified with flow cytometry (FC). In vitro differentiation 

assay was conducted to confirm multilineage differentiation capacity towards all 

embryonic germ layers. The normal karyotype of ascending hPSC passages as well 

as mycoplasma negativity were regularly monitored. 

Human PSC-LSCs were characterized for their marker expression-based identity 

using IF and/or FC for proteins and quantitative real-time polymerase chain reaction 

(RT-qPCR) for gene expression. In addition to FC, quantifications of the marker 

protein expressions on population level were carried out by cell counting. The 

functional potential of the hPSC-LSCs was assessed via in vitro stratification assay, 

population doubling calculations, ex vivo transplantation, calcium imaging, and 

scratch assay. FACS was used for the isolation of certain populations for 

downstream analysis.  

Tissue-derived hLSCs and/or pLSCs were used as controls for comparing the 

LSC- and immunophenotype-associated marker expressions and wound healing 

potential in scratch assay. The characterization methods used for each cell 

population are summarized in Table 3 on the next page. The details of the methods 

and experimental settings carried out in-house are further discussed in the following 

chapters. 
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Table 3.  Characterization methods used for each cell population in this dissertation. 

Cells Characteristic Method 

hPSCs 

hPSC identity FC, IF, morphology 

Multilineage  
differentiation 

In vitro differentiation assay 

Normal karyotype* 
G-banding,  
KaryoLite BoBs assay** 

Mycoplasma negativity* Venor®GeM Classic*** 

hPSC-LSCs 
(CnT-30) 

Corneal differentiation IF, stratification assay 

Corneal regeneration Ex vivo transplantation 

Immunogenicity FC 

LSC identity FC, IF, morphology, (RT-)qPCR 

Wound healing properties 
Calcium imaging,  
scratch assay 

hPSC-LSCs 
(CnT-07+ENRC) 

LSC identity 
IF, morphology,  
RT-qPCR 

Corneal differentiation IF 

Corneal regeneration Ex vivo transplantation 

LSC identity IF, RT-qPCR 

Self-renewal properties PD calculations  

Tissue-derived LSCs 
(human/porcine) 

Immunogenicity FC 

LSC identity FC, IF, morphology 

Wound healing properties Scratch assay 

*Analysis performed by a third party. **PerkinElmer, Waltham, MA. ***Minerva Biolabs, 

Berlin, Germany. Abbreviations: ENRC: Epidermal growth factor + Noggin + R-spondin-1 

+ CHIR-99021, FC: flow cytometry, hPSC: human pluripotent stem cell, hPSC-LSC: human 

pluripotent stem cell-derived limbal stem cell, IF: immunofluorescence, LSC: limbal stem cell, 

PD: population doubling, (RT-)qPCR: (real-time) quantitative polymerase chain reaction 

4.3.1 Immunofluorescence 

IF was used as the main method in all publications (Studies I–IV) to investigate the 

expression and localization of PSC- and cornea-associated marker proteins in 

different cell populations, including UD-hPSCs, hPSC-LSCs, and tissue-derived 

hLSCs/pLSCs. IF was mainly performed for adherent cultures in their culture 

vessels, allowing better evaluation of the antibody localization. In Studies I, III, and 

IV, additional cytospin samples were prepared as described in detail in Study II, to 

obtain an unbiased representation of populations for cell counting. Standard two-

step immunolabeling protocol with appropriate primary and secondary antibodies 
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was used as described in the original publications (Studies II–IV). Antibodies used 

for IF in this dissertation and their specific target cells/tissues are listed in Table 4. 

 
Table 4.  Primary antibodies used in this dissertation and their target cells/tissues. 

Target Antibody Host Manufacturer Dilution Study 

UD-PSC 

Nanog goat R&D Systems 1:200 I 

OCT3/4 goat R&D Systems 1:200 I, III 

SSEA1 mouse SantaCruz Biotecnology 1:200 I 

SSEA3 mouse R&D Systems 1:600 I 

SSEA4 mouse R&D Systems 1:200 I 

TRA-1-60 mouse Merck Millipore 1:200 I 

TRA-1-81 mouse SantaCruz Biotecnology 1:200 I 

Diff. PSC SSEA1 mouse SantaCruz Biotecnology 1:200 I 

Mesoderm α-SMA mouse R&D Systems 1:400 I 

Endoderm 
AFP mouse R&D Systems 1:200 I 

SOX17 goat R&D Systems 1:200 I 

Ectoderm 
Nestin mouse Merck Millipore 1:1000 I 

OTX2 goat R&D Systems 1:200 I 

Cornea PAX6 rabbit Sigma-Aldrich 1:100 I–IV 

Stem/ 

progenitor  

cell 

ABCB5 mouse Frank Lab* 1:200 IV 

ABCG2 mouse Merck Millipore 1:200 III–IV 

ABCG2 rabbit Abcam 1:200 IV 

LGR5 rabbit Abcam 1:100 III 

p40  mouse BioCare Medical 1:100 I–IV 

p63α  rabbit Cell Signaling Technology 1:200 I–IV 

Basal epithelial  

cell/TAC 

CK14 mouse R&D Systems 1:200 I–IV 

CK15 mouse Thermo Fisher Scientific 1:200 I–IV 

Mature  

CEC 

CK3 mouse Abcam 1:200 I 

CK3 mouse Thermo Fisher Scientific 1:100 IV 

CK12 goat SantaCruz Biotecnology 1:200 I–III 

CK12 rabbit Abcam 1:100 IV 

Proliferative cell Ki67 rabbit Merck Millipore 1:500 III 

Quiescent cell p27 rabbit Abcam 1:200 III 

ATP receptor P2Y2 rabbit Thermo Fisher Scientific 1:200 IV 

Tight junction ZO1 rabbit Thermo Fisher Scientific 1:100 I 
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Continued for Table 4: *Frank Lab, Division of Genetics at Brigham and Women’s Hospital, 

Harvard Medical School Harvard University, USA. Abbreviations: ABCB5: ATP-binding 

cassette subfamily B member 5, ABCG2: ATP-binding cassette subfamily G member 2, AFP: 

alpha-fetoprotein, α-SMA: alpha-smooth muscle actin, CECs: corneal epithelial cells, CK: 

cytokeratin, Diff.: differentiating, LGR5: leucine-rich repeat-containing G-protein coupled 

receptor 5, OCT3/4: octamer-binding transcription factor 3/4, OTX2: orthodenticle 

homeobox 2, p27: cyclin-dependent kinase inhibitor 1B, P2Y2: purinergic receptor P2Y2, 

p40: tumor protein 63 N-terminally truncated isoform, p63α: tumor protein 63 α-isoform, 

PAX6: paired box 6, PSCs: pluripotent stem cells, SOX17: SRY-box transcription factor 17, 

SSEA: stage-specific embryonic antigen, TACs: transient amplifying cells, TRA: tumor-

related antigen, UD: undifferentiated, ZO1: zonula occludens 1 

 

4’,6-diamidino-2-phenylindole (DAPI) or Hoechst 33342 were commonly used to 

counterstain the nuclei. Staining results were inspected and representative images 

captured with Olympus IX51 inverted phase contrast fluorescence microscope 

(Olympus Corporation, Shinjuku, Tokyo, Japan) or confocal laser scanning 

microscope LSM700 or LSM800 (Carl Zeiss, Oberkochen, Germany). 

4.3.2 Flow cytometry 

FC was used for the quantification of PSC marker proteins in UD-hPSCs (Study I) 

and certain LSC- and immunophenotype-associated markers in hPSC-LSCs 

(Studies II–IV) and tissue-derived hLSCs (Study IV). Standard FC methodology 

was applied with slight variations, according to the detailed descriptions found in the 

original publications (Studies I–IV). Antibody dilutions were titrated prior to use. 

Unstained samples serving as negative controls and appropriate isotype controls 

(when available) were prepared and handled similarly alongside the samples labeled 

with target antibodies. Samples were analyzed with BD Accuri™ C6 flow cytometer 

(Studies I–II, IV) or BD FACSAria™ Fusion cell sorter (Study III) (both 

instruments from BD Biosciences). Typically, 10 000 events were recorded from the 

primarily gated population of interest and analyzed either directly with the 

instrument software or with FlowJo™ v10 analysis software (BD Biosciences). 

Antibodies used in this dissertation for flow cytometry are listed in Table 5 on the 

next page. 
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Table 5.  Antibodies used in this dissertation for flow cytometry or cell sorting. 

Antibody Host IgG Conjugate Manufacturer Study 

ABCB5 mouse IgG1 - Frank Lab* IV 

ABCG2 mouse IgG2 APC BD Biosciences III–IV 

CD200 mouse IgG1 PE BD Biosciences III 

CD200 mouse IgG1 PE BioLegend III 

HLA-A,B,C mouse IgG1 APC BD Biosciences IV 

HLA-DR,DP,DQ mouse IgG2 FITC BD Biosciences IV 

p63α rabbit IgG PE Cell Signaling Technologies II 

OCT3/4 mouse IgG1 PE BD Biosciences I 

SSEA4 mouse IgG3 PE BD Biosciences I 

*Frank Lab, Division of Genetics at Brigham and Women’s Hospital, Harvard Medical 

School Harvard University, USA. Abbreviations: ABCB5: ATP-binding cassette subfamily B 

member 5, ABCG2: ATP-binding cassette subfamily G member 2, APC: allophycocyanin, 

CD200: cluster of differentiation 200, FITC: fluorescein isothiocyanate, HLA: human 

leukocyte antigen, IgG: immunoglobulin, p63α: tumor protein 63 α-isoform, OCT3/4: 

octamer-binding transcription factor 3/4, PE: phycoerythrin, SSEA4: stage-specific 

embryonic antigen 4 

 

Surface marker screening 

The cell surface marker profile of day 10 hPSC-LSCs was investigated in Study III, 

using LEGENDScreen™ Lyophilized Antibody Array, Human PE Kit (BioLegend, 

San Diego, CA). The kit consisted of four 96-well plates comprising 361 PE-

conjugated monoclonal anti-human antibodies plus 10 isotype controls.  

Due to the large number of cells required for the screening, the complete analysis 

was carried out in four parts, analyzing one plate per week within four consecutive 

weeks and using a titrated amount of 120 000–150 000 cells per sample. For double-

staining of the cells, APC-conjugated ABCG2 antibody (see Table 5) was added to 

the wells after reconstitution of the arrayed antibodies. Apart from these exceptions, 

the instructions of the manufacturer were followed. The plates were analyzed with 

FACSCanto™ II flow cytometer (BD Biosciences), recording 10 000 events from 

the primary gate for each sample. The data were analyzed with FlowJo™ v10 analysis 

software by the FC core facility specialist. 
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4.3.3 Fluorescence activated cell sorting 

In Studies III–IV, FACS was utilized for investigating the differentiation dynamics 

of isolated ABCG2+ hPSC-LSCs. Differentiating day 11 hPSC-LSCs were stained 

with APC-conjugated ABCG2 antibody (for antibody details see Chapter 

4.3.2/Table 5) and analyzed with FACSAria™ Fusion cell sorter. 1000 (Study III) 

or 10 000 (Study IV) ABCG2+ hPSC-LSCs were sorted directly onto Col 

IV/LN521-coated 6-well plates and CnT-30 medium supplemented with 10 µM Y-

27632 (Tocris Bioscience, Bristol, UK) for the first days after sorting. Thereafter, the 

cells were cultured in CnT-30 without Y-27632, changing the medium three times a 

week. The resulting cultures were stained for cell quantification in IF after 17 days 

of further differentiation, using p63α and p40 (cytospin samples in Study III) or 

ABCG2 and p63α (adherent cultures in Study IV). For antibody details, see Chapter 

4.3.1/Table 4. 

4.3.4 Quantitative real-time PCR 

RT-qPCR was carried out to study gene expression during the initial optimization of 

the feeder-independent hPSC-LSC differentiation in Study I, as well as for 

confirming the level of ABCG2 expression in Study III.  

In Study I, the relative expressions of ABCG2, BMP4, OCT3/4, PAX6, and 

pituitary homeobox (PITX)2 were studied during the early differentiation of hPSCs 

cultured both in the conventional hFF-based and in the newly established feeder-

independent system. Cells from both conditions were subjected to induction with 

the original induction molecules from Mikhailova et al. (2014), namely 10 μM SB-

505124, 10 μM IWP-2, and 50 ng/ml bFGF. Gene expression in both systems was 

evaluated in the UD-hPSCs, in the newly-formed EBs after blebbistatin treatment, 

and in the differentiating EBs after 3 or 6 days in the induction.  

In Study III, the relative expression of ABCG2 during the differentiation of 

hPSC-LSCs in CnT-30 as well as hPSC-LSCs in CnT-07+ENRC was studied. The 

samples were collected from UD-hPSCs and from CnT-30 cultured hPSC-LSCs on 

day 10–11 and day 21–24, as well as from Cnt-07+ENRC-cultured hPSC-LSCs on 

day 21 (10 days after transferring to CnT-07+ENRC).  

Standard methodology was followed for RNA extraction and complementary 

DNA synthesis from the samples. All samples were run as triplicate reactions with 

the 7300 Real-Time PCR system, using the sequence-specific TaqMan™ Gene 

Expression Assays (all from Applied Biosystems, Thermo Fisher Scientific). The 
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results were analyzed using the −2ΔΔCt method (Livak & Schmittgen, 2001) and 

presented as the fold change in gene expression normalized to housekeeping gene 

GAPDH, and in relation to the appropriate UD-hPSC control. The primers used for 

the RT-qPCR analyses are listed in Table 6.  

 

Table 6.  Primers used in this dissertation for studying gene expression. 

Gene TaqMan assay Target cell/tissue type Study 

ABCG2 Hs01053790_m1 Limbal stem cells I, III 

BMP4 Hs00370078_m1 Surface ectoderm I 

OCT3/4 Hs00999632_g1 Pluripotent stem cells I 

PAX6 Hs01088112_m1 Early eye development, cornea I 

PITX2 Hs04234069_mH Early eye development I 

Abbreviations: ABCG2: ATP-binding cassette subfamily G member 2, BMP4: bone 

morphogenetic protein 4, OCT3/4: octamer-binding transcription factor 3/4, PAX6: paired 

box 6, PITX2: pituitary homeobox 2 

4.3.5 In vitro differentiation assay 

In vitro differentiation assay was used to demonstrate the multilineage differentiation 

capacity of newly-established feeder-independent hPSC lines in Study I, as well as 

to regularly monitor the maintenance of pluripotent qualities. EBs were formed from 

the feeder-independent hPSCs and allowed to carry out spontaneous differentiation. 

The details of the protocol can be found in the original publication (Study I). The 

expression of typical germ layer-specific marker proteins was thereafter confirmed 

in IF, using the antibodies listed in Table 4 (see Chapter 4.3.1).  

4.3.6 In vitro stratification assay 

Human PSC-LSC capacity to differentiate towards the corneal epithelial lineage was 

evaluated via prolonged culture in CnT-30 (unpublished) and in stratification assays 

in Studies I and IV. The effect of different substrates, medium supplementation 

(FBS, calcium), the presence of mitotically inactivated 3T3 mouse embryonic 

fibroblast feeder layer (ATCC, Manassas, VA), and air-lifting were tested in various 

compositions according to Table 7 on the next page. Detailed descriptions of each 

approach can be found in the original publications (Studies I and IV).  
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Table 7.  Key experimental set-ups employed in stratification assays in this dissertation. 

Matrix Medium FL AL Days IF Study 

Col IV/LN521 CnT-30 No No 44 
CK3, 
CK12 

Un-
published 

LinkCell* 
no coating 

CnT-30 
+ CaCl2 

No Yes 4 
CK3, 
ZO1 

I 

LinkCell*, 
no coating 

CnT-30 
+ FBS, CaCl2 

Yes No 9 p40 I 

Coverslip, 
Col IV/LN521 

CnT-30 
+ FBS, CaCl2 

Yes No 
7,  

14, 21 
CK3, 
CK12 

IV 

*LinkoCare Life Sciences, Linköping, Sweden. Abbreviations: AL: air-lifting, CaCl2: calcium 

dichloride, CK: cytokeratin, Col IV: collagen type IV, FBS: fetal bovine serum, FL: feeder 

layer, IF: immunofluorescence, LN521: laminin-521, Unpub.: Unpublished ZO1: zonuda 

occludens 1 

4.3.7 Population doubling analysis 

The self-renewal capacity of hPSC-LSCs was assessed via population doublings in 

Study III. Differentiating hPSC-LSC cultures on day 10–11 were passaged as single 

cells and 1000 cells/cm2 were replated onto fresh Col IV/LN521 surfaces in CnT-

30 or Cnt-07+ENRC medium. Subconfluent hPSC-LSCs were thereafter passaged 

in a similar manner and population doublings (PDs) were calculated at the end of 

each subculture, using formula (1), where N0 is the number of cells plated at the 

beginning and N is the number of cells counted at the end of each subculture.  

 log (
N

  N0
) / log2 (1) 

Similarly, the population doubling time (PDT) for each hPSC-LSC subculture was 

calculated with formula (2), where T is the duration of the culture in hours. PDTs 

over 11 and 23 passages were also assessed for two hPSC lines in Study I. 

 
T × log2

log(N) − log(N0)
 (2) 

4.3.8 Ex vivo transplantation to porcine cornea 

The regenerative capacity of cryopreserved hPSC-LSCs was evaluated via 

transplantation to an organ-cultured porcine cornea model in Study III. Porcine 
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corneas obtained from the abattoir were transferred to organ culture using the 

sterilization methods described in Study IV, and thereafter maintained in CnT-CC 

medium (CELLnTEC) for up to 3 weeks. Upon starting the experiment, native 

porcine corneal epithelium was defected with 1 M sodium hydroxide, followed by 

manual scraping.  

CnT-30- and CnT-07+ENRC-cultured hPSC-LSCs were thawed onto both sides 

of fibrin carrier membranes and cultured to a confluent stage in their initial culture 

medium before transplantation onto porcine corneal surfaces. The CnT-30-cultured 

cells were further cultured in CnT-30, whereas CnT-07+ENRC cultured cells were 

gradually acclimated to either CnT-07 or CnT-30 without the ENRC 

supplementation. All media were supplemented with 5% FBS, 100 U/ml pen-strep 

and 0.1% antifungal amphotericin B (Sigma-Aldrich). After 1 to 2 weeks, the ex vivo 

corneas were processed into paraffin-embedded tissue sections and stained with 

hematoxylin and eosin, following standard methodology. A more detailed 

description of the ex vivo transplantation experiment is provided in the original 

publication (Study III). 

4.3.9 Calcium imaging 

Calcium imaging was used to evaluate the injury-associated wound healing response 

of cryopreserved CnT-30-cultured hPSC-LSCs in Study IV. Cryopreserved hPSC-

LSCs were thawed onto Col IV/L521-coated plastic coverslips and cultured to a 

confluent stage in CnT-30. Samples were loaded with 4 μM calcium-sensitive dye 

fluo-4-acetoxymethyl ester (Thermo Fisher Scientific) to visualize the calcium 

signaling dynamics during a total of 10 min of recordings with a 500 ms imaging 

interval. A 2 min perfusion with 100 µM ATP (Sigma-Aldrich) was used to elicit the 

calcium signaling response after 2 min of baseline recording. Additionally, the 

expression of ATP-receptor P2Y2 was studied from parallel samples in IF (for 

antibody details, see Chapter 4.3.1/Table 4). 

ImageJ Image Processing and Analysis tools (Schindelin et al., 2009) and a custom 

MATLAB script package (MATLAB R2017b, The MathWorks Inc., Natick, MA) 

were used to extract relative intensity values of single cells, as described previously 

by Sorvari et al. (2019) and Viheriälä et al. (2021). ImageJ software was also used to 

quantify the number of cells experiencing repeated calcium oscillations, as described 

in detail in the original publication (Study IV). 
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4.3.10 Scratch assay 

Scratch assay (C. C. Liang et al., 2007) was used to evaluate the wound healing 

potential of cryopreserved CnT-30-cultured hPSC-LSCs in Study IV. Human PSC-

LSCs were thawed onto Col IV/LN521 coated wells and cultured to a confluent 

stage in CnT-30 medium. Scratches were inflicted to 3–4 parallel cultures using a 

1000 µl pipette tip, followed by automated time-lapse imaging for up to 48 hours. 

The imaging in 30 min intervals was carried out using the Cell-IQ® (CM 

Technologies, Tampere, Finland) or EVOS® FL Auto (Thermo Fisher Scientific) 

cell imaging systems. Cryopreserved porcine LSCs were used as controls. Images 

captured at 0, 2, 6, 12, 18, 24, 30, 36, 42 and 48 hours were analyzed in ImageJ. 

Regions of interest were manually drawn to cover the wounded area and the 

percentage of scratch closure was calculated according to formula (3), where A0 is 

the area of the initial wound at the beginning of the experiment and A is the 

remaining wound area. 

 
𝐴0 − 𝐴

𝐴0
× 100 % (3) 

4.4 Statistical methods 

In all the studies, data are presented as the mean ± standard deviation. Statistical 

comparisons between groups were performed in Studies III and IV, whenever n≥3. 

The Kolmogorov–Smirnov test was first used to determine the normal distribution 

of the data. If passed, the paired T-test was utilized to compare differences between 

two time points in a group, or the unpaired T-test was used to compare differences 

between two groups. When the data were not normally distributed, the Mann–

Whitney U test was used. All statistical analyses were carried out using the IBT 

GraphPad Prism software (version 5.02 or 9.0.0, GraphPad Software Inc., San 

Diego, CA) and differences were considered statistically significant when P<0.05.  
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5 SUMMARY OF THE RESULTS 

5.1 Feeder-independent culture of hPSCs 

The aim of Study I was to adopt an efficient method for the feeder-independent 

culture of hPSCs. Enzymatic single-cell passaging with constantly stable split ratio 

instead of conventional cluster-passaging produced more standardized results and 

was less laborious and user-sensitive in general. The stabilized composition of GMP-

compliant, xeno-free E8 Flex medium allowed the adoption of a weekend-free 

feeding regimen, saving work hours. Human recombinant LN521 as the culture 

matrix in combination with the E8 Flex medium successfully supported the growth 

and undifferentiated status of hPSCs, although variation in capacity to adapt the new 

culture conditions was noted between the lines (Study I/Table 1 & Figure 2). 

Feeder-independent hPSCs had a strong expression of pluripotency markers and 

were negative for differentiation-associated markers except for PAX6, which 

showed a slight staining indicative of the spontaneous differentiation towards the 

default neuroctodermal pathway (Vallier et al., 2004). Nevertheless, an appropriate 

differentiation capacity of feeder-independent hPSCs towards all embryonic germ 

layers was demonstrated (Study I/Figure 2). These characterization results are 

summarized in Figure 6. 

In Study I, karyotypic changes were observed after a relatively short time in 

feeder-independent culture conditions in both of the analyzed hPSC lines, including 

a hESC and a hiPSC line. A safe window for hPSC downstream usage was therefore 

initially set at max. 15 passages. However, cell counting in Study I showed that 

depending on the cell line, a 2.89-fold to 3.44-fold population multiplication was 

achieved within each feeder-independent hPSC passage (Study I/Table S1). Thus, 

the feeder-independent culture technique still allowed the efficient production of 

low-passage hPSCs and was easily scalable. After initial adaptation to the feeder-

independent method in Study I, it was routinely employed throughout Studies II–

IV. Karyotyping and mycoplasma testing were performed frequently to monitor 

genomic stability and purity of the lines (data not illustrated). 
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Figure 6.  Characterization of feeder-independent hPSCs, showing results from a representative line 
Regea08/017 hESCs. A: Expression of pluripotency markers. B: Expression of cornea-
associated markers, and hPSC differentiation marker SSEA1. For A and B, DAPI-stained 
nuclei are shown in the lower-left corner of each panel and scale bars, 100 µm. C: Detection 
of all embryonic germ layers after embryoid body differentiation assay, scale bars 200 µm. 
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5.2 Differentiation of hPSCs towards hPSC-LSCs 

Another aim of Study I was to optimize the derivation of LSC-like cells using feeder-

independent hPSCs as starting material. Upon transferring from hFF-based hPSC 

culture to feeder-independence, it was noted that the initial small-molecule induction 

from Mikhailova et al. (2014) led to excessive cell death and undesired neural 

differentiation during the adherent differentiation phase (Study I/Figure S5). Gene 

expression analysis revealed that BMP4 signaling was downregulated during 

induction in the feeder-independent system in comparison to the hFF-based one 

(Study I/Figure S5, Figure 7). Differentiation efficacy was re-established by 

reforming the surface ectodermal induction to two stages; a short one-day induction 

with SB-505124 and bFGF, followed with a two-day induction with BMP4, which 

inhibits neural differentiation and further instigates the formation of surface 

ectoderm.  After this induction, the adherent differentiation on Col IV/LN521 in 

CnT-30 led to the efficient expansion of the desired cell type (Study I/Figure 5, 

Study II/Figure 2). Cell counting in Study II demonstrated that depending on the 

cell line, the initial amount of 1 x 106 hPSCs yielded on average 720 000 to 780 000 

hPSC-LSCs till day 22–25 (Study II/Figure 2). The modified differentiation method 

established in Study I was used throughout Studies II–IV, demonstrating great 

overall repeatability. During the projects, the hPSC-LSC differentiation was routinely 

carried out for hESC lines Regea08/017 and Regea11/013, and hiPSC lines 

UTA.04607.WT and WT001.TAU.bB2. 

 

 

Figure 7.  Effect of the culture system on the early differentiation of hPSC-LSCs. 08/017 hESCs 
cultured in hFF-based (Mikhailova et al. 2014) and feeder-independent (this dissertation) 
system responded differently to the original corneal induction described in Mikhailova et al. 
(2014). Gene expression results are shown relative to the undifferentiated pluripotent stem 
cells (UD-hPSCs) from the same culture system. 
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Representative phase contrast images of the morphology development during hPSC-

LSC differentiation are presented in Figure 8. Only high-quality hPSCs were used as 

a starting material for differentiations, using visual inspection to judge viability, 

confluency, and undifferentiated morphology. EBs would form overnight after 

plating the hPSCs as single cell suspension onto low attachment well plates for 

induction. After plating the EBs onto Col IV/LN521-coated matrices for the 

adherent differentiation phase (on day 4), they would immediately start to attach, and 

cells would start to grow out (Study II/Figure 1). During the next week (days 7–13), 

the remaining EBs would gradually dissolve into the outgrowing cell colonies or 

come off during medium change. During the third week (days 14–20), the cultures 

typically expressed an unrepresentative, mixed morphology in parallel with typical 

cuboid epithelial cells. In the fourth week (day 21+), the majority of the cells would 

obtain the typical cuboid morphology and the cultures would mainly consist of 

uniform spreading epithelial colonies or, if more confluent, a monolayer (Study 

II/Figure 1).  

 

 

Figure 8.  Morphology during the differentiation of feeder-independent hPSCs towards LSCs. 
Arrowheads at days 14 and 17 mark unrepresentative, fibroblastic, and/or neural 
differentiation. Scale bars, 200 μm. EBs: embryoid bodies, UD-hPSCs: undifferentiated 
human pluripotent stem cells. 
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5.2.1 Marker expression during differentiation 

The hPSC-LSC differentiation process was mainly monitored via the expression of 

hPSC-, LSC- and corneal differentiation-associated proteins. IF was used as the main 

method for characterization, and the results obtained with this method are 

summarized in Table 8. The most detailed analysis of the differentiation trajectory 

was carried out in Study III, using IF for the detection of ABCG2, CK12, CK14, 

CK15, ∆Np63α, OCT3/4 and PAX6 in differentiating hPSC-LSCs on days 7, 9, 11, 

14, 17, 21 and 24. The expression of said markers was also studied in hPSCs (see 

Chapter 5.1/Figure 6) and post-thaw p1 hPSC-LSCs (Study IV/Figure 2, OCT3/4 

not illustrated). The detection of the ΔNp63α isoform was carried out via co-staining 

with p40 and p63α antibodies, which mainly appeared conjoint (Study I/Figure 5). 

The marker expression profiles revealed in Study III were in line with the staining 

patterns observed in Studies I–II and were further replicated in Study IV. 

Expressions of two other LSC-associated markers, namely ABCB5 and LGR5, were 

analyzed at selected time points in Studies III and IV.  

 

Table 8.  Semi-quantitative immunofluorescence analysis of the marker expression during the 
differentiation of hPSCs towards LSCs. 

 
day 

7 
day 

9 
day 

10–11 
day 
14 

day 
17 

day 
21 

day 
24–25 

post-
thaw p1 

ABCB5 N/A N/A ++ N/A N/A N/A +++ - 

ABCG2 + ++ +++ + - - - - 

CK3 N/A N/A N/A N/A N/A N/A - - 

CK12 - - - - - - - - 

CK14 - - - + + ++ +++ +++ 

CK15 - - - + + +++ ++ ++ 

∆Np63α + + ++ ++ ++ +++ +++ +++ 

LGR5 N/A N/A +++ N/A N/A N/A - N/A 

OCT3/4 + + -/+ - - - - - 

PAX6 + + ++ ++ ++ +++ +++ +++ 

Abbreviations: ABCB5: ATP-binding cassette subfamily B member 5, ABCG2: ATP-binding 

cassette subfamily G member 2, CK: cytokeratin, LGR5: leucine-rich repeat-containing G-

protein coupled receptor 5, N/A: not assessed, OCT3/4: octamer-binding transcription 

factor 3/4, p27: cyclin-dependent kinase inhibitor 1B, P2Y2: purinergic receptor P2Y2, 

ΔNp63α: N-terminally truncated α-isoform of tumor protein 63, PAX6: paired box 6 
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To describe the marker development during the 24-day differentiation process: 

in general, the expression of the hPSC-marker OCT3/4 was quickly downregulated 

while the expression of LSC-associated markers CK14, CK15, ∆Np63α, and PAX6 

increased (Study I/Figure 5, Study II/Figure 3, Study III/Figures 2 & S3, Study 

IV/Figure 2). First LSC markers to be observed were ABCG2, ∆Np63α, and PAX6, 

which were already expressed by a small population of cells on day 7–11 (Study 

III/Figure 2 & S3, Study IV/Figure 2). ABCG2 was only transiently expressed 

between days 7–14, the most prominent staining taking place on day 11 (Study 

III/Figures 2 & S3). The expression of CK14 and CK15 started to increase around 

day 14. More prevalent staining of CK15 was observed before CK14, drawing the 

assumption that CK15 was expressed in hPSC-LSCs at an earlier phase in 

comparison to CK14. Terminal differentiation markers CK3 or CK12 were not 

detected by day 24–25 (Study II/Figure 3, Study IV/Figure 2). The marker 

expression patterns followed similar trends regardless of the hPSC type, as suggested 

by the detailed characterization presented separately for one hESC and one hiPSC 

line within Study III (Study III/Figure 2 for Regea08/017 hESCs and Study 

III/Figure S3 for UTA.04607.WT hiPSCs). Therefore, the results described in this 

dissertation hereafter do not separate between the hPSC type, unless specifically 

stated otherwise. 

Based on the observations made in Study III, days 10 and 11 were chosen as the 

representative time point for the early ABCG2+ hPSC-LSC phenotype. The 

expression pattern of ABCG2 in UD-hPSCs, the day 10–11 hPSC-LSCs and day 24+ 

hPSC-LSCs was confirmed with FC (Study III/Figure 2 and Study IV/Figure 3) 

and RT-qPCR (Study III/Figure 2). The quantification of ABCG2, CK14, CK15, 

and ∆Np63α-expressing cells further highlighted the distinct expression patterns 

between hPSC-LSC populations on day 10–11 and day 24–25 (Study III/Figures 2 

& S3, compiled in Figure 9 of this dissertation). The day 10–11 population comprised 

a higher number of cells expressing ABCG2 but had a lower expression of ∆Np63α, 

whereas the day 24–25 population had a negligible expression of ABCG2, a higher 

expression of ∆Np63α, and expressed also the basal epithelial cytokeratins CK14 

and CK15, which were not yet detected in the day 10–11 population. However, day 

10 hPSC-LSCs expressed several other LSC-associated markers (according to Bojic 

et al., 2018), e.g. EGF receptor, CD71, integrins β5 and α6, e-cadherin, CD40, 

CD146, and CD166, which were detected during surface marker screening in Study 

III (Study III/Table 1). 
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Figure 9.  Qualitative and quantitative immunofluorescence results showing the marker expression of 
the day 10–11 and day 24–25 hPSC-LSC populations. DAPI-stained nuclei shown in the 

lower-left corner of each panel. Scale bars, 100 µm.  
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As shown in Figure 9, the day 10–11 and 24–25 hPSC-LSC populations also differed 

in their expression of ABCB5 (Study IV/Figure 3), LGR5 (Study III/Figure 4), and 

cell cycle regulator/quiescence marker p27 (Study III/Figure 5). In Study IV, FC 

was used to obtain more information about the ABCB5 expression pattern, which 

showed a moderate (15%) expression in the day 10–11 hPSC-LSCs and increased (to 

49%) upon further differentiation, thus appearing similar to ΔNp63α (Study 

IV/Figure 3). On the other hand, the expression pattern of LGR5 resembled that of 

ABCG2, showing a prevalent membrane-associated staining in the day 10–11 hPSC-

LSCs and faint, mainly nuclear staining in the day 24–25 hPSC-LSCs (Study 

III/Figure 4).  

Interestingly, the co-staining of hPSC-LSCs with cell cycle regulator p27 revealed 

that the ABCG2+ cells on day 10–11 appeared to be either p27- or p27+, whereas 

the ∆Np63α+ cells both on day 10–11 and day 24–25 populations were almost 

exclusively p27-, indicating a presence of a quiescent stem cell phenotype exclusively 

within the early differentiating ABCG2+ hPSC-LSCs (Study III/Figure 5). In Study 

III, FC was used for studying another marker associated with LSC quiescence by 

Bojic et al. (2018), namely CD200. The FC results with two separate CD200 

antibodies demonstrated uniform expression in UD-hPSCs with a slightly decreasing 

trend during the differentiation of hPSC-LSCs, and no clear correlation with the 

ABCG2 expression (Study III/Figure 3). 

Spatio-temporal expression patterns of ABCB5, ABCG2 and ΔNp63α 

During these studies, a specific interest was taken in the spatio-temporal expression 

patterns of widely acknowledged LSC-markers ABCG2 and ΔNp63α, and the novel 

LSC-marker ABCB5. As presented in the previous chapter, it was noted within 

Study III that the most abundant expression of ABCG2 and ΔNp63α were 

associated with different hPSC-LSC populations (see Chapter 5.2.2./Figure 9). Cell 

counting after co-staining with ABCG2 and p63α evidenced that on day 10, majority 

(76–86%) of the p63α+ hPSC-LSCs were double-positive to ABCG2, whereas upon 

further differentiation, the expression of ABCG2 was lost and on day 24 the main 

population (59–62%) comprised of p63α+/ABCG2- cells (Study III/Figures 2 & 

S3). These data, presented separately for both analyzed lines in Study III, were 

combined and re-illustrated in Figure 10 for the purpose of this dissertation, 

confirming the statistically significant differences in the marker expression between 

the populations (P<0.05, unpaired T-tests). 

Further, in Study IV it was noted that the expression of ABCB5 was increased 

during the differentiation of hPSC-LSCs, following a similar trend with ΔNp63α. 
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The co-expression of ABCB5 and p63α in the day 11 and day 25 hPSC-LSCs was 

thereafter confirmed using IF (Study IV/Figure 3). On the other hand, the co-

staining of ABCB5 and ABCG2 in FC revealed, that while ABCB5 was expressed 

by 15% and ABCG2 by 26% of the day 10 hPSC-LSCs, only 6% of the total 

population, comprising 43% of the ABCB5-expressing cells, were double-positive 

for both ABCB5 and ABCG2 (Study IV/Figure 3). Together the results obtained 

from Studies III and IV (summarized in Figure 10) suggest that combinations of 

ABCB5, ABCG2, and ΔNp63α may mark distinct hPSC-LSC populations. The 

specific properties of these subpopulations, regarding the quiescence, self-renewal 

and differentiation were not addressed within this dissertation but should be of 

interest for future studies. 

 

 

Figure 10.  Expression patterns of ABCB5, ABCG2 and p63α during the differentiation of hPSC-LSCs. 
A: Quantification of ABCG2 and p63α expression from cytospin samples. B: ABCG2 and 
ABCB5 flow cytometry results. Note the similar trend in ABCB5 and p63α expression from 
panel a. Unpaired T-test and Mann-Whitney U-test were used for statistical analysis in A-B, 
when applicable. C: Immunofluorescence results of ABCB5 and p63α co-expression. DAPI-
stained nuclei shown in the lower-left corner of each panel. Scale bars, 100 µm. D: Flow 
cytometry results of ABCB5 and ABCG3 co-expression at day 10. 
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5.3 Cryopreservation of hPSC-LSCs 

In Study I, a protocol involving 10% DMSO medium buffered with 40% CTS™ 

KnockOut™ SR XenoFree was successfully adapted for cryopreserving the day 22-

25 hPSC-LSCs. In later phases of the research (Studies II–IV) and in routine cell 

culture in the laboratory, the cryopreservation of hPSC-LSCs was carried out equally 

successfully using a commercial alternative. Upon thawing, hPSC-LSCs could be 

reintroduced directly to their initial culture conditions with no need for further 

additives to promote post-thaw recovery. The morphology and LSC marker 

expression were well preserved in post-thaw p1 hPSC-LSCs (Study I/Figure 6 and 

Study IV/Figure 2). Moreover, the percentage of hPSC-LSCs expressing ΔNp63α 

increased after cryopreservation (Study II/Figure 3), which is attributed to the 

elimination of residual fibroblastic contamination during the process. During the 

studies, a cryopreservation period of up to 5 years was not observed to have a marked 

effect on cell quality (data not illustrated), although this aspect was not systematically 

studied. The same protocol could be directly adopted for cryopreserving CnT-

07+ENRC-cultured hPSC-LSCs and tissue-derived LSCs in Studies III–IV. 

5.4 Immunophenotype of hPSC-LSCs 

FC was used to analyze the unstimulated immunogenic profile of hPSC-LSCs in 

Study IV. Generally, the expression of HLA class I proteins (A,B,C) increased 

during the differentiation of hPSC-LSCs, being almost uniform in post-thaw p1 cells, 

while the expression of HLA class II proteins remained low (<4%) in all studied 

populations (Study IV/Figure 4). The number of cells expressing class I HLAs 

increased by 40 percentage points (from 45% to 85%) from day 10–11 to day 24–25, 

and further 12 percentage points (from 85% to 97%) after recovering from 

cryopreservation (Study IV/Figure 4). It is worth noting that a markedly lower (32 

percentage units below the average) expression of class I HLAs was presented by 

one batch of hPSC-LSCs with lower differentiation efficacy. On the other hand, the 

highest expression of class I HLAs was observed in the post-thaw population, which 

in Studies I–II was found to be purer in comparison to hPSC-LSCs before the 

cryopreservation step (see Study I/Figures 5 & 6, Study II/Figure 3). These results 

indicate that HLA class I proteins were expressed by properly differentiated hPSC-

LSCs, whereas a lower expression is attributed to a mixed population containing 

both other cell types and immature hPSC-LSCs. The immunophenotyping results of 
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hPSC-LSCs are shown on the next page in Figure 11, along with the comparison to 

tissue-derived hLSCs.  

5.5 Comparing hPSC-LSCs to tissue-derived LSCs 

In Study IV, the day 10–11, day 24–25 and post-thaw p1 hPSC-LSC populations 

were compared with tissue-derived LSCs for their expression of cornea- and 

immunophenotype-associated marker proteins (Study IV/Figures 2, 3, & 4). The 

main comparison results are summarized on the next page in Figure 11, which 

demonstrates the general similarity of post-thaw p1 hPSC-LSCs to the tissue-derived 

hLSCs and/or pLSCs. The clearest differences between these populations could be 

observed in the expression of CKs: CK15 was more intensively stained in the post-

thaw p1 hPSC-LSCs in comparison to the tissue-derived LSCs, while CK14 was 

more intensively stained in the tissue-derived LSCs. Additionally, the tissue-derived 

LSC comprised mature CECs expressing CK12, which were completely absent from 

the hPSC-LSC cultures. Apart from the marker expression, the wound healing 

capacity of post-thaw p1 hPSC-LSCs and pLSCs was compared in a scratch assay, 

covered in the upcoming Chapter 5.7.2. 
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Figure 11.  Comparison of immunophenotype- and cornea-associated marker proteins in hPSC-LSCs 
and tissue-derived human and porcine LSCs. DAPI-stained nuclei shown in the lower-left 
corner of each panel. Scale bars, 100 µm. Paired t-test and Mann-Whitney U-test were used 
for statistical analysis, when applicable. p1: passage 1. 
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5.6 Maintenance of ABCG2+ hPSC-LSCs 

The identification of the early ABCG2+ hPSC-LSC phenotype in Study III was 

followed by an objective to capture this transient population for further 

investigation. Drawing inspiration from the well-studied intestinal crypt and in vitro 

culture of LGR5+ intestinal stem cells (ISCs), the preservation of the early ABCG2+ 

hPSC-LSC phenotype was achieved by replacing the CnT-30 medium with CnT-07 

supplemented with ENRC (Study III/Figure 4). The introduction of CnT-

07+ENRC medium to the day 10–11 hPSC-LSC cultures led to the establishment of 

ABCG2+ colonies, whose morphology resembled that of the day 10–11 hPSC-LSCs. 

Changing the CnT-07+ENRC medium directly to the adherent cultures also led to 

prevalence of fibroblastic cell type, the majority of which died out upon passaging 

the cultures for the first time. On the other hand, simultaneous passaging upon the 

medium change on day 10–11 led to fewer fibroblastic cells and more ABCG2+ 

hPSC-LSC colonies from the beginning. Subconfluent ABCG2+ hPSC-LSC 

colonies could be passaged onto fresh Col IV/LN521 coated matrices in a density 

of 1000 cells/cm2 or cryopreserved without evident changes in the morphology or 

growth efficacy (Study III/Figure 5). 

5.6.1 Marker expression of ABCG2+ hPSC-LSCs 

IF was used to characterize the CnT-07+ENRC-cultured hPSC-LSCs for their 

expression of hPSC- and LSC-associated markers. In addition to ABCG2, the CnT-

07+ENRC-cultured hPSC-LSCs expressed LGR5, ΔNp63α, and PAX6 (Study 

III/Figures 4 and S4), even though the staining intensity with p40, p63α, and PAX6 

was lower than in the hPSC-LSCs differentiated in CnT-30. The cells were negative 

for OCT3/4, CK14, and CK15 (Study III/Figure S4). Similar to the day 10-11 

population and unlike the hPSC-LSCs further differentiated in CnT-30, the 

ABCG2+ hPSC-LSCs in CnT-07+ENRC maintained a distinct subpopulation of 

quiescent cells marked by p27 (Study III/Figure 5). The morphology and IF results 

of the ENRC-cultured hPSC-LSC marker expression are presented in Figure 12 on 

the next page. 
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Figure 12.  Morphology and marker expression of hPSC-LSCs cultured in CnT-07+ENRC. The hPSC-
LSCs were first differentiated in CnT-30 up to day 11, after which they were passaged and 
cultured in CnT-07+ENRC for 13 days. DAPI-stained nuclei shown in the lower-left corner 
of each immunofluorescence panel. Scale bars, 100 µm.  

5.7 Functional characteristics of hPSC-LSCs 

Unsurprisingly, the hPSC-LSC populations produced in different culture conditions 

also exhibited different functional potential. Generally, the hPSC-LSCs 

differentiated in CnT-30 and presenting a proliferative LSC/corneal progenitor 

phenotype, namely the day 24–25 and post-thaw p1 hPSC-LSCs, demonstrated 

differentiation potential towards the mature corneal epithelium and high wound 

healing capacity. On the other hand, the ABCG2+ hPSC-LSCs cultured in 

undifferentiating conditions in CnT-07+ENRC presented the early stem cell 

phenotype and were highly self-renewing. Interestingly, these cells also demonstrated 

higher regenerative properties in a transplantation to an ex vivo model. 
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5.7.1 Self-renewal 

During the studies, it was noted that the hPSC-LSCs cultured in CnT-30 quickly lost 

their proliferative capacity over repeated passaging in CnT-30. The matter was not 

systematically studied, but in one experiment, the PDT of p1 Regea08/017 hESC-

LSCs was 194 h, and the proliferation ceased after the second passaging, probably 

due to differentiation (unpublished results). On the other hand, the ABCG2+ hPSC-

LSCs in CnT-07+ENRC were successfully passaged up to p5 without 

cryopreservation and up to p10 after being recovered from the cryostorage at p3 

(Study III/Figure 5). The average PDT of the ABCG2+ hPSC-LSCs before the 

cryopreservation was 51 ± 16 h, while after cryopreservation it was 53 ± 14 h, 

showing no significant difference (P>0.05, unpaired T-test).  

5.7.2 Calcium signaling and wound healing 

Wound healing properties were assessed in Study IV, employing the post-thaw p1 

hPSC-LSCs cultured in CnT-30. Calcium response to injury-associated agitation with 

ATP was assessed in the confluent epithelial monolayers, to evaluate the capacity of 

hPSC-LSCs to initiate appropriate downstream signaling. Expression of the main 

ATP signaling mediator P2Y2 was confirmed in p1 hPSC-LSCs and accordingly, 

99.7% of the studied cells reacted to ATP stimulation, producing robust responses 

with both fast rise and decay (Study IV/Figure 5). As an interesting observation for 

future investigations, a subpopulation of hPSC-LSCs was noted to display post-

stimulatory calcium oscillations, whose potential role is not further inspected in this 

dissertation (Study IV/Figure 5). The actual wound healing process was studied in 

scratch assay, confirming the high wound healing capacity of CnT-30-cultured post-

thaw p1 hPSC-LSCs. A scratch closure of over 99% was achieved within 30 h after 

wounding, and the wound closure rate of hPSC-LSCs appeared significantly faster 

than that of the pLSC controls (Study IV/Figure 6). The main results from calcium 

imaging and scratch assays are reillustrated in Figure 13 on the next page. 
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Figure 13.  Calcium signaling and wound healing properties of post-thaw p1 hPSC-LSCs cultured in 
CnT-30. All hPSC-LSC data for Regea08/017 hESC-LSCs. Mann-Whitney U-test was used 
for the statistical analysis. 

5.7.3 In vitro corneal epithelial differentiation and stratification 

The corneal differentiation potential of CnT-30-cultured hPSC-LSCs was studied via 

the expression of CK3 and CK12. It is noteworthy that these markers were not 

detected during the differentiation period up to day 24–25, or a few days post-thaw 

in p1 hPSC-LSC, as described earlier in Chapters 5.2.2 and 5.5. However, the arising 

expression of CK3 and CK12 was eventually observed upon prolonged culture on 

Col IV/LN521 matrices in CnT-30, after one passage and a total of 44 days of 

differentiation (Figure 14, unpublished results). In these conditions, the increased 

expression of terminal differentiation markers was accompanied with a decreased 
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proliferation rate and eventual culture arrest. The CnT-30-cultured hPSC-LSCs did 

not stratify spontaneously after reaching confluence. Preliminary stratification (i.e. 

layering of the cells) accompanied by ΔNp63-expression in the basal layer could be 

induced with CaCl2 supplementation and AL (Study I/Figure 6). In Study IV, 

preliminary stratification along with the arising expression of CK3 and CK12 was 

achieved by subjecting the post-thaw hPSC-LSCs to enriched conditions comprising 

3T3-feeder layer, FBS, and CaCl2 (Study IV/Figure 2 and S2). The results obtained 

during these studies on the cornea-specific differentiation of hPSC-LSCs are 

summarized in Figure 14. 

As an important consideration, further differentiation of the CnT-07+ENRC-

cultured ABCG2+ hPSC-LSCs towards the corneal lineage was not demonstrated 

during these studies, in terms of confirmed expression of CK3 and CK12. It was 

non-systematically attempted by transferring p4 ABCG2+ hPSC-LSCs back to CnT-

30, which was insufficient in inducing the expression of CK12, CK14, or CK15 

during the short 1-week differentiation period (unpublished results, data not 

illustrated). 

5.7.4 Ex vivo corneal regeneration 

The regenerative potential of CnT-30 and CnT-07+ENRC-cultured hPSC-LSCs was 

compared in an ex vivo porcine cornea model in Study III. The CnT-30-cultured 

hPSC-LSCs were not detected in the ex vivo models after being cultured for one week 

(Study III/Figure 5). The CnT-07+ENRC-cultured hPSC-LSCs on the other hand 

were present as a monolayer at one week, and after two weeks, they had generated a 

multilayered epithelium migrating from the carrier membrane towards the porcine 

corneal surface (Study III/Figure 5). These results are also shown in Figure 14 on 

the next page. 
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Figure 14.  Results from in vitro corneal epithelial differentiation and preliminary stratification, and ex 
vivo corneal regeneration of hPSC-LSCs. AL: airlifting, CaCl2: calcium dichloride, FBS: fetal 
bovine serum, FL: feeder layer. 
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6 DISCUSSION 

6.1 Differentiation of LSCs from feeder-independent hPSCs 

A central aim of this PhD project was to develop a method for the efficient 

differentiation of LSCs, using feeder-independent hPSCs as the starting material. 

The previous differentiation method developed by our group and described in detail 

by Mikhailova et al. (2014), was used as a starting point for method optimization in 

Study I. To briefly summarize, the differentiation towards the corneal lineage was 

initially achieved via a three-day induction employing inhibition of Wnt and 

TGFβ/Nodal pathways in combination with bFGF activation, followed by directed 

differentiation in a cornea-specific CnT-30 medium on Col IV protein coated 

matrices (Mikhailova et al., 2014). The involvement of the pathways above in the 

development of surface ectoderm and specification of corneal epithelium has been 

extensively described in the literature, although the mechanisms of sophisticated 

crosstalk between the routes remains a complex issue (L. Li et al., 2013; Litsiou et 

al., 2005; Patthey et al., 2009; Y. Zhang et al., 2015). To conclude, differentiation of 

LSC-like cells was achieved with this method, as described in the previous 

publications from our group (Mikhailova et al., 2014, 2015). Unsurprisingly, it was 

noted that the absence of feeder cells during the pluripotent culture phase 

significantly affected the following hPSC-LSC differentiation, placing demands for 

further optimization in Study I. 

In the absence of feeder cells, the initial induction method of Mikhailova et al. 

(2014) led to a clear downregulation of BMP4 and ABCG2, and to a decreasing trend 

of PITX2, a transcription factor required in early eye development and the 

specification of corneal lineages (Gage et al., 2008, 2014). Culture morphology along 

with a high expression of PAX6, a neuroectodermal marker among other things 

(Cvekl & Callaerts, 2017; Shaham et al., 2012), indicated increased neural 

differentiation. After the repression of the BMP4 signaling during early ectodermal 

development, a fine-tuned dosage of BMP4 is ultimately required for the proper 

specification of the head pre-placodal region and ocular surface ectoderm, and the 

differentiation of corneal epithelial cells  (Kobayashi et al., 2020; H. S. Lee et al., 

2021; L. Li et al., 2013; Litsiou et al., 2005). Consistently, low endogenous BMP4 

levels have been shown to impair the hPSC line-specific capacity to carry out corneal 
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lineage differentiation (Kamarudin et al., 2018). To battle the loss of autocrine BMP4 

signaling during the induction of feeder-independent hPSCs, exogenous BMP4 was 

added to the protocol to inhibit the neural fate and to support further differentiation 

towards the ocular surface ectoderm; an approach utilized in various hPSC 

differentiation protocols by others as well (Aberdam et al., 2008, 2017; Kobayashi et 

al., 2020; H. S. Lee et al., 2021). The Col IV substrate was enriched with LN521 to 

prevent the early detachment of the hPSC-LSCs, as LN511 and LN521 have been 

shown to enhance the expansion of both tissue- and hPSC-derived LSCs (Polisetti 

et al., 2017; Shibata et al., 2018), quite consistently with the fact that LNs are the 

main non-collagenous ECM component of the limbal BM (Schlötzer-Schrehardt et 

al., 2007). 

The presence of IWP2 during the induction of feeder-independent hPSCs was 

noted to increase cell death, so it was omitted from the system with no adverse effect 

on further hPSC-LSC differentiation. As pointed out by Kobayashi et al. (2020), the 

induction used in this work thus does not specifically delineate the early 

developmental processes of corneal epithelium, which involve the inhibition of Wnt 

signaling (Fuhrmann, 2008; Y. Zhang et al., 2015). However, these measures were 

sufficient in inducing the corneal differentiation of hPSCs cultured on LN521 

substrate and E8 Flex medium, as evidenced first in Study I and thereafter 

confirmed in the following studies. Noteworthy, failure to replicate the results of this 

protocol and the original method of Mikhailova et al. (2014) have been reported by 

other groups using different hPSC culture systems (Kamarudin et al., 2018; C. Sun 

et al., 2021). These outcomes underline the utmost importance of the specific 

technical implementation throughout the different culture phases, which were 

addressed to a highly detailed extent in Study II. Certainly, method optimization is 

required when transferring between different hPSC culture systems. 

6.2 Characteristics of hPSC-LSCs  

6.2.1 Marker expression during the differentiation of hPSC-LSCs 

During the three-day induction as EBs and the following approx. three-week 

adherent differentiation period on Col IV/LN521 in CnT-30, the hPSC-LSCs 

obtained both the epithelial-like cuboid morphology and expression of several LSC-

associated markers. Qualitative and quantitative marker expression analysis 

demonstrated the loss of pluripotency via a quickly decreasing expression of 
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OCT3/4 and an increasing expression of acknowledged LSC-determinators PAX6 

and p63, as well as the novel LSC-marker ABCB5 (Ksander et al., 2014; Ouyang et 

al., 2014; Pellegrini et al., 2001). Due to the p63 protein structure, the detection of 

the most cornea-specific ΔNp63α isoform requires co-staining with two separate 

antibodies targeting distant regions of the protein (Kawasaki et al., 2006). In this 

work, the expression of ΔNp63α was demonstrated with p40 (for ΔNp63) and p63α 

antibodies, showing double-positivity in the majority of differentiating hPSC-LSCs 

on day 24. In addition to the quantifications carried out in Studies I and III, this 

staining pattern was reconfirmed several times throughout the project. Here, it is of 

importance to acknowledge, that despite representing the standard methodology for 

ΔNp63α identification with antibodies, there are currently no means to confirm the 

presence of the specific ΔNp63α isoform over the possibility of ΔNp63 and p63α 

being expressed separately. To unambiguously confirm the specificity for ΔNp63α, 

suitable primer pairs in RT-PCR should be employed (Kawasaki et al., 2006).  

After 24–25 days of differentiation, the hPSC-LSC cultures demonstrated a wide 

expression of undifferentiated basal epithelial CKs 14 and 15 (Figueira et al., 2007; 

Kao, 2020; Merjava et al., 2011; Yoshida et al., 2006), while the expression of the 

cornea epithelium-specific differentiation markers CK3 and CK12 (Kao, 2020; Moll 

et al., 2008) was not detected until after subjecting the hPSC-LSCs to enriched 

stratification conditions, or prolonged differentiation of approximately 40 days. 

Notably, the population phenotype described for the day 24–25 hPSC-LSC in this 

chapter (namely, positive/enriched for ABCB5, CK14, CK15, ΔNp63α, and PAX6) 

was shown to be retained by the p1 hPSC-LSCs recovered from the cryostorage. To 

conclude, these observations support the undifferentiated, LSC-like status of hPSC-

LSCs after 242–5 days of differentiation and immediately post-thaw.  

Another interesting hPSC-LSC population was detected during the dissection of 

the hPSC-LSC differentiation trajectory in Study III. On day 10–11, most of the 

differentiating p63α+ hPSC-LSCs coexpressed ABCG2, which identified a 

prominent yet transient hPSC-LSC subpopulation and was expressed only in a few 

percentages of cells in later phases of the differentiation. Both of these markers, p63 

and ABCG2, are commonly associated with hLSCs both ex vivo and in vivo (Z. Chen 

et al., 2004; Davies & Di Girolamo, 2010; de Paiva et al., 2005; Kolli et al., 2010) and 

similarly to p63, the expression of ABCG2 has been associated with essential stem 

cell characteristics including quiescence and high proliferative potential (Z. Chen et 

al., 2004; de Paiva et al., 2005; Umemoto et al., 2006; K. Watanabe et al., 2004; Zhou 

et al., 2001). The distribution of other studied markers, particularly ABCB5, LGR5, 

and p27, suggests distinct stem cell-associated properties for this population, having 
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potential implications to its therapeutic potential, which is further discussed in 

Chapter 6.2.4. 

6.2.2 Marker expression during the maintenance of ABCG2+ hPSC-LSCs 

In Study III, the preservation of the ABCG2+ hPSC-LSCs was achieved by 

employing the knowledge from the well-studied intestinal crypt, the niche 

environment for ISCs (Leushacke & Barker, 2014). CnT-07, a commercial epithelial 

proliferation medium, was opted for the basal medium over CnT-30, which supports 

corneal differentiation. In the ex vivo culture of ISCs, the proliferative compartment 

of LGR5+ stem cells can be maintained by inhibiting the BMP and activating the 

Wnt signaling via addition of Noggin, R-Spondin-1, and CHIR99021 (Leushacke & 

Barker, 2014). Indeed, as briefly overviewed in Chapter 2.1.5 of this dissertation, 

Wnt signals constitute an essential component of the LSC niche as well and are 

required for the maintenance of LSC phenotype in vitro (González et al., 2019; Han 

et al., 2014; Mei et al., 2014; Nakatsu et al., 2011; Robertson et al., 2021; C. Zhang et 

al., 2020).  BMP4, as discussed earlier, is essential in driving the p63-dependent 

corneal epithelial differentiation and stratification during development (Y. Zhang et 

al., 2015).  

Consistently, the expression of p63 (judged by the staining intensity) remained 

notably lower in ABCG2+ hPSC-LSCs generated under the inhibition of BMP4 

signals with Noggin. In addition to ABCG2, the hPSC-LSCs generated and 

thereafter cultured in CnT-07+ENRC expressed the ISC- and putative LSC-marker 

LGR5 (Barker & Clevers, 2010; Curcio et al., 2015), but were negative for previously 

discussed basal epithelial CKs 14 and 15. It is worth noting that CK14 and CK15 are 

expressed in the developing fetal human corneas already at 8 weeks of gestation 

(Davies et al., 2009; Eghtedari et al., 2016), which presumably places both the day 

10–11 hPSC-LSCs and the maintained ABCG2+ population at even an earlier phase 

of the corneal developmental trajectory.  

6.2.3 Functional properties of hPSC-LSCs 

The functional properties of hPSC-LSCs were investigated in vitro via self-renewal 

(Study III), wound healing (Study IV), corneal lineage differentiation and epithelial 

stratification (Studies I and IV).  In Study III, the regenerative potential of hPSC-

LSCs was additionally studied in an ex vivo porcine corneal model. Although 
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approached indirectly via marker expression, quiescence in terms of p27 expression 

(Study III) is also discussed in this chapter. 

According to the principles of corneal epithelial renewal and LSC function, the 

proliferative capacity of migrating TACs gradually decreases upon differentiation to 

post-mitotic cells and ultimately to fully maturated CECs (Tseng, 1989). Indeed, the 

prolonged culture of hPSC-LSCs in CnT-30 was eventually shown to induce terminal 

differentiation in terms of CK3/12 expression, which together with the preliminary 

stratification achieved in Studies I and IV serves as a validation of the corneal 

lineage commitment (Kao, 2020; Ouyang et al., 2014). The differentiation was 

accompanied by the loss of proliferative capacity as the hPSC-LSCs in CnT-30 could 

be subcultured only a few times, thus resembling the hLSCs of the central cornea 

(Pellegrini et al., 1997). Clonal morphology can be used as an indicative measure to 

assess the self-renewal properties of LSCs cultured on feeder layers (Schlötzer-

Schrehardt, 2013). In this work, the feeder-independent hPSC-LSC populations 

cultured >20 days in CnT-30 obtained the morphological characteristics of mero- 

and paraclones rather than holoclones (Schlötzer-Schrehardt, 2013), although it is 

not certain how comparable these features are between two totally different culture 

systems. It is also notable that despite the morphology, the hPSC-LSCs throughout 

Studies I–IV expressed ΔNp63α, the p63 isoform mainly associated with 

holoclones (Barbaro et al., 2007; Pellegrini et al., 2018). However, contrary to 

Barbaro et al. (2007), the expression of quiescence marker p27 and ΔNp63α 

appeared to be mutually exclusive in Study III, confirming the proliferative nature 

of ΔNp63α+ hPSC-LSCs in this work. On the other hand, p27 was expressed on 

day 10–11 in a ΔNp63α- population comprised of both ABCG2+ and ABCG2- cells, 

strongly suggesting the presence of quiescent population with stem cell properties 

within the early differentiating hPSC-LSCs. 

The CnT-07+ENRC-cultured ABCG2+ hPSC-LSCs, which retained their 

undifferentiated status and high self-renewal capacity, had more resemblance with  

the holoclones in terms of morphology and maintenance of a quiescent 

subpopulation (Barbaro et al., 2007; Schlötzer-Schrehardt, 2013) but had a less 

intense expression for ΔNp63α. The PDT of ABCG2+ hPSC-LSCs (51–53 h) could 

be compared to that of UD-hPSCs, depending on the culture system: our own results 

from Study I showed PDTs of 59–62 h for the feeder-independent hPSCs, while 

others have reported e.g., 43–48 h (Takahashi et al., 2007). Interestingly, the 

ABCG2+ hPSC-LSCs produced in CnT-07+ENRC displayed superior longevity 

and regenerative properties also upon transplantation to an ex vivo porcine cornea 

model in Study III, while the CnT-30-cultured, ΔNp63α+ hPSC-LSCs failed to 



 

90 

survive to the 1-week timepoint. The further mechanisms leading to this result 

remain unaddressed in this dissertation, but are potentially linked to the strong 

expression of ABCG2 and tissue defensive function of ATP-cassette transporters 

(Huls et al., 2009) and/or to the presence of quiescent stem cells, which are better 

protected from the cellular stress (Dias et al., 2021; Rumman et al., 2015).  

The repopulation of corneal epithelium is driven by the enhanced proliferation 

of the limbal cell compartment, accompanied by the migration of both central and 

peripheral cells (C. Liu & Kao, 2015). One principal component of the corneal 

epithelial wound healing is the ATP-responsive calcium signaling, which initiates the 

migration and remodeling of the cells in the leading edge of the epithelial injury 

through purinergic P2 receptors (Klepeis et al., 2004; Ljubimov & Saghizadeh, 2015; 

Minns et al., 2016; Takada et al., 2014). Despite their failure in the ex vivo model in 

Study III, the above-mentioned processes were shown to take place in the post-

thaw ΔNp63α+ hPSC-LSC in Study IV, followed by further demonstration of the 

enhanced wound healing capacity in scratch assay in comparison to tissue-derived 

pLSCs. As suggested above, the stress upon transplantation to ex vivo model may 

explain the discrepancy between the ex vivo and in vitro performance of post-thaw 

hPSC-LSCs. Nevertheless, the transplantation stress is an important factor which is 

not less present in an in vivo setting and should be further addressed in the following 

studies.  

6.2.4 Considerations of hPSC-LSC therapeutic relevance 

Properties of different subpopulations 

The restorative capacity of ocular surface grafts is dependent on the presence of 

stem cells, which are still preferably identified based on the expression of several 

LSC-associated markers, in combination with the absence of differentiation markers 

(Rama et al., 2010; Schlötzer-Schrehardt & Kruse, 2005). During this work, several 

distinct hPSC-LSC subpopulations were identified, which met this definition.  

To begin with, the greatest resemblance to the LSC marker expression of tissue-

derived LSCs was seen in hPSC-LSCs on day 24–25, and immediately post-thaw 

(Study IV). Further similarities included the HLA profile and wound healing 

capacity in scratch assay (Study IV). These populations had the highest numbers of 

cells positive for PAX6, ABCB5, and ΔNp63α, all well validated functional LSC 

markers with relevant roles during the manufacturing of EVCLAUs (Norrick et al., 

2021; Pellegrini et al., 2016, 2018; Rama et al., 2010). During the development of the 
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novel ATMP utilizing ABCB5+ tissue-derived hLSCs from cadaveric donors, the 

cell batch release specifications were set as >20% for p63+ and >50% for PAX6+ 

cells (Norrick et al., 2021), while in this work, the post-thaw p1 hPSC-LSCs were 

shown to be >80% positive for p63 and >90% positive for PAX6 (Study I). 

Agreeably, one may still argue if these cells are indeed activated LSCs, rather than 

early TACs, which are also thought to be marked by ΔNp63α and mediate the wound 

healing in lesser injuries (Barbaro et al., 2007; Pellegrini et al., 2016; Saghizadeh et 

al., 2017). The hPSC-LSCs on day 24–25 and post-thaw lacked the expression of 

another relevant stem cell marker ABCG2, and did not comprise a quiescent 

subpopulation which, based on the results of Study III and the available literature, 

is of importance in promoting the self-renewal and regenerative capacity of the cells. 

It is currently not known if the activated LSCs can give rise to quiescent LSCs, as 

suggested for e.g. the different types of murine ISCs (Beumer & Clevers, 2016; 

Takeda et al., 2011). However, it has recently been shown that the CK15-negative 

central CECs are capable of dedifferentiation and the restoration of CK15+ LSC 

pool in mice (Nasser et al., 2018). Further, the introduction of niche-associated cues 

to human tissue-derived p63α-/CK12+ CECs can induce their dedifferentiation into 

progenitor/LSC-like cells in terms of increased p63α expression, the upregulation of 

several stem cell-associated transcripts, and reactivation of the holoclone-formation 

(H. Zhu et al., 2022). Considering these results, the plasticity of the day 24-25 and 

the post-thaw hPSC-LSC populations in response to manipulation in vitro or 

environmental regulation in vivo can be expected to remain high. Determining these 

aspects of the functional potential of hPSC-LSCs remain to be addressed. 

Nevertheless, the currently studied marker expression profiles and the in vitro 

functionality strongly suggest that the day 24–25 and post-thaw hPSC-LSCs possess 

many conventional characteristics of regenerative stem cells (as they are), and 

importantly, are capable of terminal corneal differentiation. The time point when the 

post-thaw hPSC-LSCs start to gain characteristics of terminally differentiated hPSC-

CECs should be specified in the following studies, to determine limits for their 

optimal therapeutic use. 

In addition to moderate levels of ΔNp63α and ABCB5, the early differentiating 

hPSC-LSCs on day 10–11 were enriched with the stem cell markers ABCG2 and 

LGR5, as well as the quiescence marker p27. FACS-sorting of the day 11 ABCG2+ 

hPSC-LSCs in Studies III and IV indicated the differentiation trajectory of 

ΔNp63α+ cells via the ABCG2+ population, which, as discussed in Chapter 6.2.2, 

displayed a rather immature stem cell phenotype. There are indications of the greater 

proliferative capacity and survival ability of fetal cells in comparison to their adult 
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counterparts (Davies et al., 2009), raising a therapeutic hope towards this population. 

This was also supported by the increased regenerative potential of CnT-07+ENRC-

cultured hPSC-LSCs (Study III). A balance between stem cell proliferation, 

quiescence, and differentiation is a prerequisite for the persisting homeostatic 

regeneration of tissues (Rumman et al., 2015), which could indeed be better reflected 

in this population, in comparison to the further differentiated, potentially more 

TAC-like hPSC-LSCs. While the ABCG2+ hPSC-LSCs maintained in the CnT-

07+ENRC displayed a similar expression profile in terms of studied markers, the 

molecular heterogeneity and correspondence to the day 10–11 hPSC-LSCs should 

still be further studied. Moreover, although the day 10–11 hPSC-LSCs with a similar 

phenotype are destined to follow through the conversion first to ΔNp63α+ cells, 

and further to CK3/12+ cells in CnT-30, the preservation of terminal differentiation 

potential was not confirmed for the hPSC-LSCs maintained in CnT-07+ENRC.   

The prominent expression and surface localization of ABCB5 and ABCG2 in 

hPSC-LSCs offer great tools for the FACS-mediated isolation and enrichment of the 

most interesting populations for downstream analysis. Observations from Study IV 

indicate that these surface proteins mainly mark distinct subpopulations during the 

hPSC-LSC differentiation, with only a minor overlap on day 10–11. Further studies 

need to be conducted for purified subpopulations, to guide towards the most 

clinically relevant hPSC-LSCs at the optimal phase of differentiation. Moreover, 

despite the relatively high purity of at least the day 24–25 and post-thaw hPSC-LSC 

populations, some level of in-process selection is probably required in order to fulfil 

the regulatory demands and ensure the absence of any residual hPSCs, posing a 

tumorigenic threat (Yamanaka, 2020).  

In the strategy employed by Prof. Kohji Nishida’s group, the hPSC-derived 

putative corneal progenitors were sorted out from the SEAM structures based on 

CD200-negativity, followed by SSEA4 and CD104 double-positivity, and finally by 

ABCB5 positivity, resulting in purified hPSC-derived LSC/CEC cultures with 

holoclone-forming potential (S. Watanabe et al., 2021). On the other hand, Bojic et 

al. (2018) reported the holoclone-forming potential being exclusively restricted to a 

small subset of CD200+ tissue-derived hLSCs, and that the formation of holoclones 

ultimately stopped upon the small interfering (si)RNA-mediated blockage of CD200. 

Currently, the functional role of CD200 in hPSC-LSCs remains unaddressed and it 

is not known whether the absence of this marker has implications to the long-term 

regenerative efficacy of hPSC-derived LSCs/CECs. In this work, the expression of 

CD200 was analyzed from the UD-hPSCs, day 10–11 hPSC-LSCs and day 29 hPSC-

LSCs in Study III. Consistent with the results of Hayashi et al. (2018), the expression 
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of CD200 was  initially confirmed in 100% of UD-hPSCs, hampering its use as a 

positive selection marker for clinically suitable hPSC-LSCs.  

Immunogenicity and variability of hPSC-LSCs 

Adverse immunogenic responses are the leading cause of graft failure when 

transplanting allogeneic material (Deng et al., 2020). In this work, hPSC-LSCs 

expressed a low immunogenic profile (Study IV). However, it is to be noted that the 

cells cultured in defined conditions lack all the stimulation, cellular and paracrine 

interactions present in vivo. To obtain a more comprehensive view, inflammatory 

conditions as well as actual allogeneic immune responses should be evaluated. 

Although the immunogenicity of e.g. hESC-derived CECs has been shown to be 

remarkably lower than that of allogeneic tissue-derived LSCs (Z. Wang et al., 2016), 

properties between cells produced with different protocols may vary greatly. All in 

all, it is probable that allogeneic hPSC-derived grafts will elicit at least some level of 

immune rejection (Kamao et al., 2014).  

Using genetically modified, low-immunogenic ‘universal donor lines’ is a 

potential future strategy to overcome requirements for either HLA-matching or 

heavy immunosuppression (Mattapally et al., 2018; Valdivia et al., 2021; Yang et al., 

2018). As noted in this dissertation as well, the variation between individual hPSC 

lines also affects their capacity to adapt to certain culture conditions, or differentiate 

efficiently towards a specific cell type (Kamarudin et al., 2018; Toivonen et al., 2013; 

Yamanaka, 2020; Yokobayashi et al., 2021). Combining the universal immunogenic 

suitability with good differentiation efficacy represents a fascinating opportunity, 

with a major economic benefit: it could eliminate the need to generate and store 

several HLA-matched lines, while utilization of only the best-performing, 

application-specific lines would help to enhance the manufacturing process. Indeed, 

the price estimations for generating a single GMP-compliant hiPSC line varies from 

50 000 to 300 000 dollars, while the price tag for developing a GMP-compliant 

hPSC-based clinical product might be as high as 800 000 dollars (Neofytou et al., 

2015b; Yamanaka, 2020). Understandably, the economic feasibility is one of the most 

important questions, when pursuing the development of accessible advanced 

therapies (Ronco et al., 2021; Yamanaka, 2020). In case of ocular surface therapies, 

the matter is even more pronounced, as the greatest burden of LSCD is placed on 

the developing countries. 
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6.3 GMP feasibility of the method 

The translational potential of hPSC-based applications is promoted by GMP-

compatibility, requiring standardized methodology and the use of traceable, defined 

and preferably xenogeneic-free components, which should be instituted as early as 

possible (Neofytou et al., 2015b; Unger et al., 2008). The use of undefined or animal-

derived components by our group has therefore been minimized already during the 

early method development (Mikhailova et al., 2014) and in continuum during the 

optimization of the feeder-independent approach in this work (Study I).  

Completely xenogeneic-free culture of UD-hPSCs utilized GMP-compliant E8 

Flex medium in combination with recombinant human LN521. The constant split-

ratio single-cell passaging of hPSCs was carried out with xenogeneic-free trypsin 

replacement, allowing a non-laborious expansion of the cultures in a more 

standardized manner in comparison to the traditional clump-passaging. During 

corneal differentiation, the only animal-derived component was the heparin present 

in the CnT-30 medium. Same goes for the CnT-07 medium, which was used in 

combination with ENRC for the maintenance of ABCG2+ hPSC-LSCs. According 

to the manufacturer, both media can be upgraded to meet clinical standards 

(CellNTech, 2022b, 2022a). Commercial manufacturer with some undisclosed 

product information were chosen over fully self-controlled formulations because 

they have readily available standardized manufacturing processes and large-scale 

production. However, for future method development and mechanistic studies 

diving deeper into the LSC biology, a medium with a known composition could be 

tested. One potential candidate is the growth factor-free version of E8, namely the 

E6 medium, which was successfully used for the post-induction corneal 

differentiation of hPSCs by Yang et al. (2018).  

The ENRC components used in Study III comprised murine EGF, murine 

recombinant Noggin, and human recombinant R-Spondin-1. However, all the above 

components are also available as GMP-compliant and/or human recombinant 

versions. Further, Noggin may be replaced with small molecule inhibitor LDN-

193189 (Cuny et al., 2008), which is available as Ancillary Material grade, allowing its 

usage during the manufacturing of cell therapy products (Solomon et al., 2016).  

Successful cryopreservation and efficient post-thaw recovery are important 

factors during the development of feasible, readily available off-the-shelf cellular 

therapies (Woods et al., 2016). Both CnT-30 and CnT-07+ENRC cultured hPSC-

LSCs retained their characteristics over cryopreservation, which was carried out in 

commercial PSC Cryomedium (also available at GMP). Further, the current 
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simplified two-step differentiation protocol decreases manual work-related variation 

and minimizes sources of potential error. 

6.4 Study limitations and future perspectives 

The results obtained during this dissertation have formed a firm basis for 

understanding the differentiation process, therapeutic potential, and clinical 

applicability of the studied hPSC-LSCs. Several relevant LSC markers were 

incorporated in the experiments, helping to shed light on the cellular heterogeneity 

during the hPSC-LSC differentiation and to identify further research interests. 

Nevertheless, the scope of achievable information from these studies is ultimately 

limited, based on the chosen methodology. For obtaining a more comprehensive 

view and answering several questions left open at once, high-throughput deep-

phenotyping methods, e.g. the scRNAseq could be considered. Importantly, vast 

amounts of transcriptomic data about the tissue-derived human limbal cell 

populations have recently been published (Collin et al., 2021; Dou et al., 2021; 

Ligocki et al., 2021), providing novel insights for comparison. In Study III, a high-

throughput surface antigen screening was carried out for one batch of day 10 hPSC-

LSC. While comparison to tissue-derived hLSC data published by Bojic et al. (2018) 

could provide some insight, the repetition of this screening in a more focused 

experimental setting could be beneficial in strengthening the results and producing 

tools for further separation of the therapeutically attractive hPSC-LSC 

subpopulations.  

Indeed, one of the most intriguing findings of this dissertation was the 

identification of distinct stem cell-like populations during the differentiation of 

hPSC-LSCs, characterized by the differential expression of ABCB5, ABCG2, and 

ΔNp63α. The results of Study IV strongly indicated the association between ABCB5 

and ΔNp63α both in the day 10–11 and day 24–25 population. However, these 

conclusions were in part drawn from qualitative and indirectly presented data, 

therefore remaining at an indicative rather than definitive level. The implications 

made in Study IV about the composition and distinct functionality of hPSC-LSC 

subpopulations need to be confirmed in a conclusive manner. A focused, validated 

approach for the assessment of the functional differences in vitro should be 

employed, i.e. comparison of the distinct populations in clonal analysis (Schlötzer-

Schrehardt, 2013). Ultimately, a proof-of-concept of the hPSC-LSC efficacy and 

safety need to be obtained in a suitable animal model in vivo, before considering these 

methods for further clinical development. 
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Important questions to be addressed in the future include choosing a suitable 

transplantation method for hPSC-LSCs. EVCLAU procedures typically involve the 

transplantation of stratified corneal cell sheets mainly comprised of further 

differentiated, CK3+ cell material and a relatively low amount of p63+ stem cells 

(Kolli et al., 2010; Pellegrini et al., 1997). The conventional sheet-based approach 

was also chosen for the clinical application of Prof. Nishida’s hPSC-derived CECs 

(Osaka University, 2019). In case of hPSC-LSCs, further optimization of the in vitro 

stratification protocol would be needed to achieve a stable, transplantable epithelial 

cell sheet. Alternative approaches could involve the immediate administration of 

thawed hPSC-LSCs in a suspension, followed by sealing with e.g. fibrin gel, as 

planned for the clinical application of ABCB5+ hLSCs (Norrick et al., 2021), or 

bioprinting, which has already been explored by our laboratory (Sorkio et al., 2018). 

The ex vivo porcine cornea model utilized in the work described in this dissertation 

offers an accessible, affordable method for testing the feasibility of different 

transplantation methods prior to animal studies (Koivusalo et al., 2018; Notara et al., 

2011; Sorkio et al., 2018). As indicated by the results from Study III, it can also help 

to identify the challenges upon transferring from chemically defined, simplified 

culture conditions to a more native-like environment. Importantly, future studies 

should also address the need for specific niche reconstruction – a subject not 

explored within this dissertation, despite its potential significance for long-term 

efficacy of the LSCD treatments.  
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7 CONCLUSIONS 

The aim of this dissertation was to develop translationally relevant methods for the 

culture and subsequent differentiation of hPSCs towards corneal LSCs. Resulting 

hPSC-LSCs were investigated for their LSC phenotype using several functionally 

relevant, acknowledged LSC markers, which demonstrated differential distribution 

in several therapeutically attractive subpopulations. The functional potential of 

hPSC-LSCs was assessed in vitro via the investigation of corneal differentiation, self-

renewal, calcium signaling, and wound healing properties, and ex vivo in a porcine 

cornea model. Based on the results obtained in Studies I–IV of this dissertation, the 

following conclusions can be drawn: 

 

1. The feeder-independent, xenogeneic-free, and chemically defined 

conditions comprising of E8 Flex medium and LN521 substrate support the 

expansion of high-quality hPSC starting material. 

• The increased genetic instability of the higher-passage hPSCs in the 

feeder-independent culture system is counter-balanced by the 

robustness of the method, allowing the efficient and scalable 

production of low-passage hPSCs. 

 

2. Feeder-independent hPSCs can be efficiently differentiated towards LSCs 

by short surface ectodermal induction with a small-molecule TGFβ 

inhibitor, bFGF and BMP4, followed by adherent differentiation in corneal 

differentiation medium CnT-30 on Col IV/LN521 substrate.  

• The 24–25-day differentiation of hPSC-LSCs leads to the formation 

of epithelial populations enriched with LSC-associated markers 

ABCB5, CK14, CK15, ΔNp63α and PAX6. 

• The day 24–25 hPSC-LSCs retain their marker expression over 

cryopreservation and demonstrate functional potential in terms of 
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corneal lineage differentiation, calcium signaling dynamics and 

wound healing. 

• Early differentiating hPSC-LSC populations display a transient 

phenotype characterized by a high expression of stem cell marker 

ABCG2, with a mixed expression of ABCB5 and ΔNp63α. 

• A high expression of ABCG2 can be maintained in specific culture 

conditions by blocking the BMP4 and activating the Wnt pathway, 

resulting in a highly self-renewing hPSC-LSC subtype with 

enhanced ex vivo regenerative potential, and a quiescent 

subpopulation. 

• The surface-localized markers ABCB5 and ABCG2 provide tools 

for antibody-mediated cell sorting and the downstream analysis of 

specific isolated hPSC-LSC subpopulations.  

• Importantly, further research is needed to unequivocally clarify and 

confirm the observations and hypotheses made in this dissertation, 

regarding the phenotype and functionality of distinct hPSC-LSC 

subpopulations. 

 

3. The constituents of the hPSC-LSC production methods already have been 

or may easily be upgraded or replaced with GMP-compliant components, 

supporting the clinical applicability of the method. 
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Abstract

Background: Human pluripotent stem cells (hPSCs) provide a promising cell source for ocular cell replacement therapy,
but often lack standardized and xenogeneic-free culture and differentiation protocols. We aimed to develop a xeno- and
feeder cell-free culture system for undifferentiated hPSCs along with efficient methods to derive ocular therapy target
cells: retinal pigment epithelial (RPE) cells and corneal limbal epithelial stem cells (LESCs).

Methods: Multiple genetically distinct hPSC lines were adapted to a defined, xeno-, and feeder-free culture system of
Essential 8™ medium and laminin-521 matrix. Thereafter, two-stage differentiation methods toward ocular epithelial cells
were established utilizing xeno-free media and a combination of extracellular matrix proteins. Both differentiation
methods shared the same basal elements, using only minor inductive modifications during early differentiation
towards desired cell lineages. The resulting RPE cells and LESCs were characterized after several independent
differentiation experiments and recovery after xeno-free cryopreservation.

Results: The defined, xeno-, and feeder-free culture system provided a robust means to generate high-quality hPSCs
with chromosomal stability limited to early passages. Inductive cues introduced during the first week of differentiation
had a substantial effect on lineage specification, cell survival, and even mature RPE properties. Derivative RPE formed
functional epithelial monolayers with mature tight junctions and expression of RPE genes and proteins, as well as
phagocytosis and key growth factor secretion capacity after 9 weeks of maturation on inserts. Efficient LESC
differentiation led to cell populations expressing LESC markers such as p40/p63α by day 24. Finally, we established
xeno-free cryobanking protocols for pluripotent hPSCs, hPSC-RPE cells, and hPSC-LESCs, and demonstrated successful
recovery after thawing.

Conclusions: We propose methods for efficient and scalable, directed differentiation of high-quality RPE cells and LESCs.
The two clinically relevant cell types are generated with simple inductive modification of the same basal method,
followed by adherent culture, passaging, and cryobanking.
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Background
The eye contains highly specialized cell types essential
for vision. Two cell types are particularly important for
maintaining ocular functions: corneal limbal epithelial
stem cells (LESCs) and retinal pigment epithelial (RPE)
cells. LESCs are the stem cell population located in
limbal niches at the corneoscleral junction, responsible
for the constant renewal of the stratified corneal epithe-
lium [1, 2]. The RPE is a pigmented monolayer located
beneath the neural retina, forming the outer blood-
retinal barrier (BRB) and maintaining the photoreceptors
via light absorption, phagocytosis, solute transport, and
growth factor secretion [3].
Significant loss or dysfunction of either LESCs or the

RPE can cause devastating, blinding diseases. RPE cell
death at the macula leads to loss of photoreceptor
function and results in age-related macular degeneration
(AMD), the leading cause of irreversible vision loss in
the elderly in industrialized countries [4]. Similarly,
diseases affecting the cornea are one of the leading
causes of vision loss worldwide. The most severe type of
corneal blindness is limbal stem cell deficiency (LSCD),

where the limbus is destroyed by acute trauma, or
chronic or genetic disease [5, 6]. Insufficiency of viable
LESCs results in conjunctivalization and opacification of
the corneal surface, and consequently loss of vision [7].
Such severe retinal and corneal diseases are difficult to
treat, but cell replacement therapy is proving to be a
viable strategy [8–10].
Human pluripotent stem cells (hPSCs) possess the

widest differentiation potential of all stem cell types,
providing endless possibilities for ocular cell replacement
therapies and personalized medicine. Human embryonic
stem cell (hESC) and human induced pluripotent stem
cell (hiPSC)-derived RPE are already being tested in
clinical trials to treat retinal degeneration [11, 12], and
LSCD is a promising target for the next hPSC-based
transplantation trials [13]. In the embryo, retina develops
from neuroectoderm via the optic vesicle, while corneal
epithelium derives from surface ectoderm [14] (Fig. 1a). In
the absence of inductive cues, hPSCs spontaneously follow
the neuroectodermal pathway, with a subset of cells
differentiating to RPE [15]. Alternatively, sequential
addition of growth factors, vitamins, and survival factors

Fig. 1 Schematic illustration of in vivo development and in vitro differentiation of RPE and LESCs. a At early stages of embryonic eye development,
surface ectoderm thickens and invaginates together with the underlying neuroepithelium of the optic vesicle. The bilayered optic cup gives rise to the
neural retina and the retinal pigment epithelium (RPE), while the lens and corneal epithelium develop from the surface ectoderm [14]. Some of the
known signaling pathways affecting the cell fate choice during differentiation, such as bone morphogenetic protein (BMP) for surface ectoderm, are
shown. b An overview of the optimized human pluripotent stem cell (hPSC) culture and directed RPE and limbal epithelial stem cell (LESC)
differentiation protocols, as well as key media and matrix components used (not to scale). Blebb. blebbistatin, col IV collagen type IV, E8 Essential 8™
Flex Medium, FGF fibroblast growth factor, LN-521 recombinant laminin-521, SB SB-505124 hydrochloride hydrate, TGFβ transforming growth factor
beta, XF-Ko-SR Knock-out™ serum replacement XenoFree CTS™
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can direct hPSC differentiation towards RPE or LESC
lineage [16–23]. Although many protocols have been
established, they are often complex, require cell line-
specific modifications, and include feeder cells or animal-
derived components at some stage of hPSC culture or
differentiation. Recently, strict regulatory demands and
efforts toward safer cell therapy products have prompted
the search for more standardized and xenogeneic-free
culture and differentiation protocols. In response, some
xeno-free protocols for RPE differentiation [24–28],
retinal organoid culture [29], and corneal epithelial
progenitor cell differentiation [30] have been introduced
within the past 2 years. However, they tend to be complex
and difficult to standardize across cell lines and laborator-
ies. In this study, we aimed to set up a feeder-free, xeno-
free culture method for hPSCs, and thereafter differenti-
ation, passaging, and cryostoring protocols to obtain pure
populations of high-quality RPE and LESCs. We show that
a minor switch in molecular cues during early hPSC
differentiation has a clear effect on the characteristics of
mature RPE and on the fate choice and cell survival
during LESC differentiation. Two versions of the same
basal method enabled large-scale production of pure
populations of high-quality RPE and LESCs that can be
serially passaged and cryostored to be readily available for
cell replacement therapies.

Methods
Pluripotent stem cell lines
The hESC lines Regea08/017 and Regea14/010 were derived
in-house, and both characterized similarly to Regea08/017
as described in [31]. The hiPSC lines (UTA.04311.WT,
UTA.04511.WT, UTA.04607.WT, UTA.10902.EURCCs,
and UTA.10802.EURCCs) were derived and characterized
at Prof. Katriina Aalto-Setälä’s laboratory at the University
of Tampere as previously described for cell lines
UTA.04311.WT and UTA.04511.WT [32, 33]. The hiPSC
line Hel24.3 was derived and characterized at Prof. Timo
Otonkoski’s laboratory at the University of Helsinki [34].

Pluripotent stem cell culture
Standard hPSC culture was carried out on human foreskin
fibroblast (hFF) feeder cells in hESC culture medium
containing 20% KnockOut™ Serum Replacement (Ko-SR;
Gibco, Thermo Fisher Scientific) as described previously
[31]. For feeder-free culture, hPSCs were transferred onto
well plates coated with 1.09 μg/cm2 human recombinant
laminin-521 (LN-521; Biolamina, Sweden) and cultured in
Essential 8™ Flex Medium (E8; Thermo Fisher Scientific)
supplemented with 50 U/ml penicillin-streptomycin
(Gibco, Thermo Fisher Scientific). Single cell passaging
with xeno-free TrypLE™ Select Enzyme (Gibco, Thermo
Fisher Scientific) was carried out twice a week onto
0.55 μg/cm2 LN-521, using a plating density of 40,000–

50,000 cells/cm2. A detailed description of hPSC culture
and characterization can be found in Additional file 1
(Supplementary Materials and Methods).

Ocular epithelial differentiation
RPE and LESC differentiation protocols are schematically
summarized in Fig. 1b. Undifferentiated hPSCs were
detached and transferred to Corning® Costar® Ultra-Low
attachment plates in XF-Ko-SR medium (KnockOut™
Dulbecoo’s modified Eagle’s medium (DMEM) supple-
mented with 15% KnockOut™ SR XenoFree CTS™ (XF-
Ko-SR), 2 mM GlutaMAX™, 0.1 mM 2-mercaptoethanol,
1% MEM non-essential amino acids, and 50 U/ml
penicillin-streptomycin (all from Gibco, Thermo Fisher
Scientific)) supplemented with 5 μM or 10 μM blebbista-
tin (Sigma-Aldrich) or Rock inhibitor Y-27632 dihy-
drochloride (ROCKi; R&D Systems) to induce embryoid
body (EB) formation overnight at +37 °C.
For RPE differentiation, EBs were either allowed to

undergo spontaneous differentiation in 15% XF-Ko-SR
medium, or were subjected to neuroectodermal induction
with 10 μM SB-505124 (Sigma-Aldrich) and 10 μM IWP-
2 (Merck Millipore). During the 4–6 day induction period
the medium was changed daily, after which the EBs were
transferred onto well plates coated with 0.75 μg/cm2

LN-521 and 10 μg/cm2 human placental collagen type IV
(col IV; Sigma-Aldrich) in 15% XF-Ko-SR medium. The
medium was thereafter changed three times a week.
Pigmented foci were manually separated with a scalpel,
dissociated with TrypLE™ Select Enzyme, and the resulting
singe-cell suspension replated to culture wells coated with
LN-521 and col IV. For further passaging, the RPE cells
were detached with TrypLE™ Select Enzyme. For the final
passage, the RPE cells were plated to similarly coated
polyethylene terephthalate (PET) hanging cell culture
inserts with a 1.0 μm pore size (Merck Millipore).
For LESC differentiation, EBs were subjected to

surface ectodermal induction: 1 day in XF-Ko-SR
medium supplemented with 10 μM SB-505124 and
50 ng/ml human basic fibroblast growth factor (bFGF;
PeproTech Inc., Rocky Hill, NJ, USA), followed by
2 days in XF-Ko-SR medium supplemented with
25 ng/ml bone morphogenetic protein (BMP)-4
(PeproTech Inc.). Thereafter, the EBs were transferred
onto well plates coated with 0.75 μg/cm2 LN-521 and
5 μg/cm2 col IV in a defined and serum-free medium
CnT-30 (CELLnTEC Advanced Cell Systems AG,
Bern, Switzerland) at a density of approximately 15
EBs per cm2. The cells were thereafter maintained in
CnT-30, changing the medium three times a week. A
detailed description of ocular epithelial differentiation
methods can be found in Additional file 1 (Supple-
mentary Materials and Methods).
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Characterization of hPSC-RPE cells
The hPSC-RPE cells were characterized after 9 weeks of
maturation on PET cell culture inserts. RPE-specific
gene expression was assessed with reverse transcription
polymerase chain reaction (RT-PCR), and key RPE
protein expression and localization was verified with
immunofluorescence labeling as previously described
[35]. Images were captured with an LSM 700 Confocal
microscope (Carl Zeiss, Jena, Germany) using a 40×
objective or 63× oil immersion objective. Retinal
pigment epithelium-specific 65 kDa protein (RPE65) and
Bestrophin (BEST) protein expression levels were
studied with Western blotting as previously described
[36]. Pigmentation intensity and RPE cell size were
quantified with ImageJ Image Processing and Analysis
software (https://imagej.nih.gov/ij/) tools. Transepithelial
electrical resistance (TEER) was measured with a
Millicell electrical resistance system volt-ohm meter
(Merck Millipore). Enzyme-linked immunosorbent assay
(ELISA) for pigment epithelium-derived factor (PEDF)
secretion was carried out with the Human PEDF ELISA
kit (BioVendor, Brno, Czech Republic) from apical media
collected after 19 h incubation and analyzed at 300×
dilution according to the manufacturer’s instructions.
Phagocytosis assay was conducted with porcine
photoreceptor outer segments (POS) by 4 h apical
feeding at +37 °C (or at +4 °C for negative controls) in
the presence of 10% fetal bovine serum (FBS; Gibco,
Thermo Fisher Scientific), followed by labeling with anti-
opsin antibody and phalloidin-tetramethylrhodamine B
isothiocyanate. Z-stack images were acquired with a con-
focal microscope to visualize internalized POS. Details of
characterization assays and antibodies can be found in
Additional file 1 (Supplementary Materials and Methods).

Characterization of hPSC-LESCs
Gene expression during early corneal differentiation
was assessed with quantitative PCR (qPCR) analysis
as previously described [21]. The hPSC-LESCs were
characterized after 22–25 days of differentiation, and
after recovery from cryopreservation (total differenti-
ation time 26/28 and 34 days). Immunofluorescence
labeling of hPSC-LESCs was performed as previously
described [21]. The protein expression of p40, p63α,
and paired box protein Pax-6 (PAX6) was quantified
either from double-stained cytospin samples or from
cell samples double-stained directly in the culture
vessels. For cell counting, 10 randomly selected
images were captured with 10× magnification from
two separate samples. For each image, ImageJ soft-
ware was used to count nuclei positive for p40, p63α,
and/or PAX6, and positive expression relative to total
cell number (4',6-diamidino-2-phenylindole (DAPI)
stained nuclei) was calculated. Maturation of hPSC-

LESCs to a stratified corneal epithelium was induced
in vitro with calcium chloride supplementation as
well as airlifting and indirect co-culture with 3 T3
mouse embryonic fibroblasts. The cells were visual-
ized with confocal imaging after immunofluorescence
labeling. Details of characterization assays and antibodies
can be found in Additional file 1 (Supplementary
Materials and Methods).

Cryopreservation of hPSCs, hPSC-RPE cells, and hPSC-
LESCs
Undifferentiated hPSCs were cryostored with pre-
chilled PSC Cryopreservation Medium according to
the manufacturer’s instructions, and RevitaCell™
Supplement (both from Thermo Fisher Scientific) was
used for 24 h to facilitate post-thaw recovery. Early
passage cells (up to feeder-free passage level 5) were
detached, counted and cryostored as a single cell
suspension in 1 ml aliquots of ready-to-use, xeno-free
PSC Cryopreservation Medium. Cells in CryoPure tubes
(Sarstedt) were placed at –80 °C in a CoolCell™ LX
Freezing Container (Sigma-Aldrich) overnight, and there-
after transferred to liquid nitrogen for long-term storage.
Cell were thawed quickly at room temperature, suspended
to pre-warmed media, centrifuged, and resuspended again
to fresh, pre-warmed media for plating.
Human PSC-RPE cells were cryopreserved in 40%

XF-Ko-SR and 10% dimethyl sulfoxide (DMSO;
Sigma-Aldrich) in XF-Ko-SR medium. Cells were
cryopreserved in exponential growth phase 7–14 days
after passaging at either RPE passage level one or
two. Human PSC-LESCs were cryopreserved in 40%
XF-Ko-SR and 10% DMSO in CnT-30 medium. Cells
were cryopreserved and thawed as single cells
suspension to their respective media, as described
above for hPSCs. For hPSC-RPE, higher concentra-
tions (1.8 μg/cm2 LN-521 and 10 μg/cm2 col IV) of
extracellular matrix (ECM) coatings on PET inserts
were used for recovery after cryostorage.

Results
We aimed to establish a xeno-free and feeder-free
culture method for hPSC maintenance and efficient
differentiation to clinically relevant RPE cells and
LESCs. This was achieved by mimicking early ocular
development with small molecule induction towards
desired cell lineages, followed by culture in XF-Ko-SR
medium or CnT-30 medium. Importantly, a combin-
ation of LN-521 and col IV supported attachment,
growth, and differentiation of both RPE and LESCs.
An overview of the in vitro differentiation protocols
is shown in Fig. 1b.
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LN-521 matrix in combination with E8™ medium provides
a robust, xeno- and feeder-free hPSC culture system for
short-term maintenance
A xeno-free, feeder-free hPSC culture system was set up
using human recombinant LN-521 as an attachment
matrix and E8™ as the medium. Eight individually
derived, genetically independent hPSC lines (two hESC
and six hiPSC lines) were transferred from culture on
hFF feeder cells to feeder-free conditions (Table 1),
adopting single cell passaging after the first 1 to 2
passages. Variation in capacity to adapt to the new
culture system was evident between cell lines. Maximum
passages in undifferentiated culture achieved for each
cell line are shown in Table 1, along with the passages
used for RPE and LESC differentiation.
The hPSCs grew as homogeneous monolayers with

typical morphology and expression of pluripotency
markers, as shown for hESC1 in Fig. 2. Comparison with
hPSCs cultured on hFF feeder cells showed higher
expression of stage-specific embryonic antigen (SSEA)-4
and octamer-binding transcription factor (OCT)-3/4
pluripotency markers in the feeder-free culture system
(Fig. 2c). Feeder-free hPSCs were capable of spontaneous
differentiation to all three embryonic germ lineages, and
retained a stable karyotype at early passages (Fig. 2d and
e). Characterization data for hiPSC1 and hiPSC2 are
shown in Additional file 2 (Figure S1) and Additional file
3 (Figure S2), respectively. Cryostocks in xeno-free
cryomedium were prepared at early passages (up to
passage level 5) for each cell line and cell recovery was
successful after several weeks of cryostorage.
In addition, hPSC culture was attempted in NutriS-

tem® hPSC XF Medium combined with LN-521 matrix,
but neither the hESC2 line nor the hiPSC4 line were
able to grow beyond the fourth passage. E8 was also
tested in combination with truncated human recombin-
ant vitronectin (VTN-N) matrix, weekly passaging
hPSCs as cell clusters with EDTA as recommended by

the manufacturer. This culture system enabled undiffer-
entiated pluripotent culture of hESC1 for 23 passages
(with normal karyotype at passage 15) and hiPSC3 for
15 passages (Additional file 4: Figure S3). However,
cluster passaging on VTN-N led to varying split ratios
and passaging intervals, making the protocol user-
sensitive, more laborious, and difficult to standardize. In
contrast to colony culture on VTN-N, single cell passa-
ging on LN-521 matrix allowed for cell counting and
consistent plating densities around 50,000 cells/cm2,
guaranteeing standardized and efficient cell production.
In addition, passaging twice a week allowed for a
weekend-free feeding regimen. Our post-hoc cell count-
ing showed that, in practice, within each passage the
hESC1 populations multiplied on average 3.44-fold (SD
1.71, n = 24 in feeder-free passages 3–12) and hiPSC2
multiplied on average 2.89-fold (SD 0.77, n = 11 in
feeder-free passages 3–9) (Additional file 5: Table S1).
Karyotypic changes at the 20q arm occurred in hESC1

after 25 passages and in hiPSC3 after 23 passages in the
LN-521 and E8 culture system. The karyotypically
abnormal cells acquired a growth and differentiation
advantage to RPE and the cultures were thus aborted.
However, long-term, feeder-free culture of hESC1 was
also carried out with a normal karyotype up to passage
27. In order to avoid chromosomal changes, hPSCs were
thereafter cultured for a maximum of 15 passages in
feeder-free conditions and only low passage cells were
used for differentiation.

Two-stage xeno-free differentiation yielded functional
hPSC-RPE, with early neuroectodermal induction increasing
pigmentation
After setting up and optimizing the feeder-free hPSC
culture protocol, a RPE differentiation strategy was
established with two representative hPSC lines (hESC1
and hiPSC1). Several approaches were tested to achieve
a functional protocol (Additional file 6: Supplementary

Table 1 Cell lines and maximum passages for feeder-free hPSC culture and subsequent RPE and LESC differentiations

Cell line (hESC/hiPSC) Maximum FF passage Cell line (hESC/hiPSC) FF passages for RPE differentiation

Regea08/017 (hESC1) 28
(31 (p25: 46;XX 20q tel*))

Regea08/017 (hESC1) 5, 8, 10, 22, 24

Regea14/010 (hESC2) 11 UTA.10902.EURCCs (hiPSC1) 5, 7

UTA.10902.EURCCs (hiPSC1) 10

UTA.04607.WT (hiPSC2) 15

UTA.04511.WT (hiPSC3) 29 (p23: 46;XY 20q11**) Cell line (hESC/hiPSC) FF passages for LESC differentiation

Hel24.3 (hiPSC4) 19 Regea08/017 (hESC1) 6, 6, 8

UTA.10802.EURCCs (hiPSC5) 4 UTA.04607.WT (hiPSC2) 3, 6, 13

UTA.04311.WT (hiPSC6) 11

*Changes at the q telomere of chromosome 20
**Translocation at 20q11
FF feeder-free, hESC human embryonic stem cell, hiPSC human induced pluripotent stem cell, LESC limbal epithelial stem cell, p passage, RPE retinal
pigment epithelium
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Fig. 2 (See legend on next page.)
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Dataset 1). Two-stage differentiation in 15% XF-Ko-SR
medium, initiated in suspension (day 0–5), followed by
adherent culture that was finalized on cell culture
inserts, yielded mature RPE within a total of 19 weeks
(Fig. 3a). Blebbistatin or ROCKi were required for viable
EB formation, and a combination of LN-521 and col IV
allowed for optimal attachment and RPE maturation. A
4-day neuroectodermal induction with the Wnt inhibitor
IWP-2 and the transforming growth factor (TGF)-β
inhibitor SB-505124 during the EB stage was used to
direct differentiation. This neuroectodermal induction
significantly (p < 0.01) increased the degree of pigmenta-
tion of the mature RPE layer (Fig. 3b and c) in a cell
line-independent manner and repeatedly throughout
seven separate differentiation experiments (five with
hESC1 and two with hiPSC1). Spontaneous differenti-
ation yielded smaller and more lightly pigmented RPE
cells with a smoother epithelial morphology and signifi-
cantly higher (p < 0.01) TEER values (Fig. 3d). The
higher TEER indicates tight junction integrity and an
intact epithelial barrier function. Moreover, zonula
occludens-1 (ZO-1) and Claudin-19 (Cl-19) localization
at junctional complexes indicated mature tight junctions,
and their expression was similarly detected in cells
differentiated with and without neuroectodermal
induction (Fig. 3e). Confocal stacks of tight junction
protein labeling confirmed monolayer structures.
Despite the differences in pigmentation and TEER, cells
differentiated with and without neuroectodermal induc-
tion expressed the RPE-specific genes RPE65, BEST,
tyrosinase (TYR) and melanocyte protein PMEL, while
lacking expression of the pluripotency marker OCT-4
(Fig. 4a). They expressed visual cycle proteins RPE65
and cellular retinaldehyde binding protein (CRALBP), as
well as the transporter proteins bestrophin and apically
localized sodium-potassium adenosine triphosphatase
(Na+K+-ATPase) (Fig. 4b and C). Furthermore, the cells
showed correct RPE functionality by phagocytosis of
porcine POS and apical secretion of high concentrations
of PEDF (Fig. 4d and e). Finally, RPE cells differentiated
with and without neuroectodermal induction showed
normal karyotypes after 9 weeks of final maturation on
cell culture inserts (data not shown). The characterization

of hiPSC-RPE is shown in Additional file 7 (Figure S4).
Overall, high-quality, functional RPE was derived using a
completely xeno-free differentiation method from xeno-
and feeder-free starting material, with 4-day neuroectoder-
mal induction increasing the level of pigmentation of
mature epithelial cell layers.

Fine-tuning the early small molecule induction during
two-stage, xeno-free differentiation guided hPSCs toward
surface ectoderm and corneal LESC fate
Next, we established a differentiation protocol to derive
LESCs from two xeno- and feeder-free hPSC lines
(hESC1 and hiPSC2). The same platform of 15% XF-Ko-
SR-containing medium and the LN-521 and col IV com-
bination matrix served as a starting point, and blebbista-
tin was used to promote aggregation and cell survival
during EB formation. Our previously published protocol
based on blocking TGF-β and Wnt signaling and activat-
ing FGF signaling, was established using hPSCs main-
tained on hFF feeder cells, and resulted in excessive cell
death or neuronal differentiation of feeder-free hPSCs.
Several strategies and modifications were tested to over-
come this issue (see Additional file 8: Supplementary
Dataset 2 and Additional file 9: Figure S5). Adding a
mesodermal BMP4 induction after a short ectodermal
induction directed differentiation toward surface ecto-
derm and corneal fate. Two-day induction with BMP4
after an overnight ectodermal induction with SB-505124
and bFGF, followed by adherent culture on LN-521 and
col IV combination matrix in Cnt-30 epithelial medium,
led to efficient differentiation of LESC-like epithelial
cells (Fig. 5a). Already after 22 days of differentiation,
the cells showed epithelial morphology (Fig. 5b), and
expressed acknowledged LESC markers p40, p63α, and
PAX6. Putative LESC markers cytokeratin-15 (CK15)
and cytokeratin-14 (CK14) were also expressed in part,
but mature corneal cytokeratins-12 (CK12) and -3 (CK3)
were undetected at this stage (Fig. 5c). We observed a
similar expression pattern using hiPSC (shown for
hiPSC2-LESCs in Additional file 10: Figure S6). Cell
counting confirmed 72% of the cells as p40 positive and
71% as p63α positive (and 64% double-positive for p40
and p63α) as early as day 24 of differentiation (Fig. 5d).

(See figure on previous page.)
Fig. 2 Essential hPSC characteristics were maintained throughout culture on recombinant laminin-521 (LN-521) in Essential 8™ Flex Medium (E8),
shown for hESC1. a Typical undifferentiated colony morphology the day after passaging (upper picture, scale bar = 50 μm) and a higher magnification
of the cells at confluency prior to the next passaging (day 4, lower picture, scale bar= 20 μm). Cells at feeder-free passage level 4, passage 40 in total. b
Expression of pluripotency markers NANOG, OCT-3/4, SSEA-3, SSEA-4, TRA-1-60, and TRA-1-81, and no expression of early differentiation marker SSEA-1,
at passages 8–13. Nuclei counterstained with DAPI; scale bars= 200 μm. c Flow cytometry analysis of human embryonic stem cells (hESCs) cultured in
feeder-free conditions compared to hESCs cultured on hFF feeder cells in standard hESC medium. Blue histogram for positive, black for negative
(unstained) sample, and red for isotype control. d Expression of markers of the three embryonic germ layers after spontaneous differentiation. Nuclei
counterstained with DAPI; scale bars = 200 μm. e Cells after 25 passages showing normal female karyotype in KaryoLite BoBs assay. The results are
shown as signal relative to karyotypically normal female (/F, red) and male (/M, blue) genomic DNA used as a reference (equal to 1) for each of the 24
chromosomal probes (cover both p and q arms of all chromosomes). Software threshold for changes shown as a green line and deviating results in red
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Cryopreservation and successful recovery of hPSC-RPE
cells and hPSC-LESCs enables generation of readily available
cell products
Cryobanking and recovery protocols for hPSC-derived
RPE and LESCs were established using 40% XF-Ko-SR
to buffer 10% DMSO medium, and cells were success-
fully recovered onto a LN-521 and col IV combination

matrix. For hPSC-RPE, passaging was required to
achieve an exponential growth phase for cryopreserva-
tion. The optimal window for cryostorage was 5–14 days
after passaging, as RPE was changing morphology from
fibroblastic to epithelial. The cryostoring was performed
either after selection and plating (RPE passage level p1)
or after additional replating to purify the RPE population

Fig. 3 A xeno-free, feeder-free differentiation strategy led to efficient production of high-quality retinal pigment epithelial (RPE) cells. a Schematic
illustration of the RPE differentiation pipeline. b Images of pigmented patches after 35 days of differentiation (upper row; scale bars= 1 cm) with and
without initial neuroectodermal induction (+/– ind.) for hESC1-RPE. Images of cell culture inserts (middle row; scale bar= 6.5 mm) and DIC confocal images
(lower row; scale bars= 10 μm) after 9 weeks of final maturation on inserts, illustrating the difference in pigmentation. c Quantification of pigmentation
using image analysis after 9 weeks on inserts presented as mean pixel intensity relative to spontaneous differentiation (– ind.; n= images from two
individual differentiation experiments), and (d) quantification of cell size after 9 weeks on inserts presented as mean cell area (μm2; n= number of cells
examined). e Mean TEER values after 9 weeks on inserts, differentiated with or without induction (n= inserts analyzed from four individual differentiation
experiments). f Phalloidin labeling for filamentous actin and vertical confocal sections of junctional proteins zonula occludens-1 (ZO-1) and Claudin-19 (Cl-
19). Scale bars= 20 μm. Error bars denote standard deviation. Mann–Whitney U test was used for assessing statistical significance; ***p< 0.01. Blebb.
blebbistatin, EB embryoid body
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(RPE passage level p2). Although we did not aim for
maximal production speed or quantity, in practice we
were able to cryostore an average of 2.2 × 106 hESC1-
RPE cells from 1.0 × 106 pluripotent hESC1 cells in
64–84 days without induction (SD 2.3, n = 4 differenti-
ation experiments), producing at best 5.6 × 106 RPE from
1.0 × 106 pluripotent hESC1 cells in 63 days. With
induction we have been able to cryostore 1.04 × 106 RPE
cells from 1.0 × 106 hESC1 cells as fast as in 42 days.
After freezing at RPE p1, the cells required an additional
passage for purification, allowing further expansion,
while if frozen at RPE p2, the cells were directly thawed
to cell culture inserts for final analysis. After recovery,
hESC1 RPE cells were maintained on cell culture inserts
for 10 weeks. They showed lower TEER compared to
cells that had not gone through a cryopreservation step
(Fig. 6a) but preserved their RPE marker expression
status (Fig. 6b).
Human PSC-LESCs were cryostored at day 22–25 of

differentiation when correct morphology and marker

expression were detected. On average 0.72 × 106 hESC1-
LESC cells were produced for cryostorage from 1 × 106

feeder-free hESC1 cells (SD 0.54, n = 6 differentiation
experiments) by day 23 of differentiation. Human PSC-
LESCs possessed appropriate epithelial morphology and
LESC marker expression directly after recovery (4 days
post-thawing, day 24–28 in total), and also after
additional replating for expansion (day 34 in total)
(Fig. 6c and Additional file 10: Figure S6). Over 80% of
the cells expressed p40 and over 90% expressed PAX6
after cryostorage (Fig. 6d), suggesting that cryostoring
and replating steps helped to purify the hPSC-LESC
population even further. Moreover, the cells showed the
capacity to form a stratified epithelium with apical tight
junctions and expression of CK3 (Fig. 6e) as well as a
p40-expressing stem cell population at the basal layer
(Fig. 6f ). Overall, successful cryopreservation protocols
were established for RPE and LESCs, enabling cell
banking that is essential for generation of future cell
therapy products.

Fig. 4 High-quality, functional RPE was obtained with the xeno-free differentiation method. a RT-PCR showing signature RPE gene expression,
and b immunofluorescence labeling and c Western blot showing key RPE protein expression after final maturation on inserts for hESC1-RPE. Nu-
clei counterstained with DAPI; scale bars = 20 μm. d Confocal sections after 4 h POS feeding at +37 °C and at +4 °C (negative control; neg.contr.).
Arrows indicate internalized POS labeled with anti-opsin antibody. Scale bars = 20 μm. e Mean PEDF secretion measured with ELISA from the
apical side of cell culture inserts; n = number of inserts from two independent differentiation experiments. Error bars denote standard deviation.
+/– ind. with and without induction, hPSC human pluripotent stem cell
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Discussion
Clinical safety of cell-based therapies requires the use of
highly defined and preferably xenogeneic-free techniques
with economically reasonable cost. In this study, we
developed simple but efficient methods for high-quality
hPSC culture and differentiation towards RPE and LESC
lineages. A minor modification of the inductive cues
during the first week of differentiation steered hPSCs
toward either the RPE or LESC fate, enabling production
of two clinically relevant ocular cell types with the same
basal method.
The culture of hPSCs has advanced from mouse or

human feeder cell-based systems to feeder-independent
culture on ECM proteins or their fragments in
chemically defined, xeno-free media such as NutriStem®
hESC XF medium (Biological Industries) and TeSR™2
medium [37]. The E8 medium was a major breakthrough
as an albumin-free, current Good Manufacturing Prac-
tice (cGMP)-compliant medium containing only eight

components essential for hPSC culture [38]. Consistent
with earlier studies, we were able to achieve efficient
monolayer culture of eight genetically distinct hESC and
hiPSC lines in E8 medium combined with LN-521
matrix [39–41]. We found that prolonged feeder-free
culture using single cell passaging led to karyotype
changes that generated growth and differentiation
advantages. In our analysis, two hPSC lines acquired
karyotypic changes in the 20q arm—a known hot spot
for chromosomal changes in hPSCs [42]. The gain of
20q11.21 allows hPSCs to escape apoptosis, allowing
abnormal cells to take over the culture [43]. Feeder-free
cultures thus require frequent karyotyping and use of
low-passage hPSCs for differentiation. The safe window
for usage is short; a maximum of 15 feeder-free passages
equals 7.5 weeks of culture, while we have routinely
cultured hPSCs on hFF feeders using manual passaging
for up to 100 weeks with stable karyotypes. However,
the feeder-free monolayer culture on LN-521 is more

Fig. 5 Directed differentiation of feeder-free hPSCs led to rapid hPSC-LESC production. a Schematic illustration of the differentiation strategy. b Phase-
contrast images showing cell morphology after 22 days of differentiation for hESC1-LESCs; scale bars= 100 μm. c Expression of LESC markers after
22 days of differentiation. Nuclei counterstained with DAPI; scale bars = 100 μm. d Percentage of p40- and p63α-positive cells quantified from cytospin
samples after 24 days of differentiation; n = 10 images, 1986 cells. bFGF basic fibroblast growth factor, Blebb. blebbistatin, BMP bone morphogenetic
protein, IF immunofluorescence, SB SB-505124 hydrochloride hydrate

Hongisto et al. Stem Cell Research & Therapy  (2017) 8:291 Page 10 of 15



efficient, scalable, and less laborious compared to feeder-
based systems. In practice, an average of approximately
threefold cell multiplication pace was achieved within
each passage (3–4 days) during successful culture. This
means that a single 24-well of hPSCs (~100,000 cells)
can expand into ~2.7 × 106 cells within 3 passages
(1.5 weeks). This efficiency enables the use of low-
passage feeder-free hPSCs to produce clinically relevant
numbers of differentiated cell types. Minimized variability
due to culture medium and matrix simplicity, and flexi-
bility as a weekend-free feeding regimen, also add value
and decrease costs.

Besides the well-defined and high-quality hPSCs,
successful stem cell-based therapy requires differenti-
ation methods with sufficient yield and purity. Recently,
several hPSC differentiation strategies mimicking whole
eye development have been reported to generate
multiple ocular cell types in zones of two-dimensional
colonies [44], or complex three-dimensional corneal [13,
45] or retinal organoids [29]. Ocular organoids recapitu-
late the early developmental events in vitro and provide
powerful three-dimensional model systems for studying
developmental or disease processes. However, these pro-
tocols are complex and time-consuming, difficult to

Fig. 6 Human PSC-RPE and hPSC-LESCs maintained their cellular phenotypes after cryopreservation. a Human ESC1-RPE were cryopreserved for
52 days (–ind.) or for 281 days (+ind.) and thawed to 1.8 μg/cm2 LN-521 + 10 μg/cm2 col IV combination matrix. After 74 days (–ind.) and 71 days
(+ind.) of post-thaw culture on inserts the cells showed (a) mean TEER values of 217 and 151 *cm2 (n = 4 inserts and 6 inserts), (b) expression and
localization of zonula occludens-1 (ZO-1) and Claudin-19 (Cl-19) to tight junctions, expression of the visual cycle protein cellular retinaldehyde binding
prot (CRALBP), and apical expression of Na+K+ATPase and tyrosine-protein kinase Mer (MERTK); scale bars= 20 μm. c Human ESC1-LESCs, 4 days after
recovery from cryostocks (103 days frozen, day 28 of differentiation in total) maintained morphology and expression of LESC markers similar to fresh
cells; scale bars = 100 μm. A similar morphology and expression pattern was achieved after replating for expansion (day 34 in total). d Quantification of
p40 and PAX6 expression for both hESC-LESCs (hESC1) and hiPSC-LESCs (hiPSC2) confirmed that the high LESC marker expression was retained during
subsequent culture and replating after cryopreservation; n = 10 images, minimum of 2205 individual cells per time point. e After in vitro stratification
assay, hPSC-LESCs showed expression of ZO1 tight junction protein and CK3, indicating maturity. f Confocal stacks confirmed expression of p40 at the
basal layer of the stratified structure after 3 days of airlifting (shown for hiPSC2-LESCs). Scale bars= 20 μm. BF bright field
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standardize for production of high cell yields for cell
therapy applications, and would require rigorous sorting
of the desired cell populations [46].
Within the last 2 years, several research groups intro-

duced xeno-free protocols for spontaneous or directed
clinical grade RPE differentiation [24–27, 29]. In our
hands, attempts to replicate some of these methods were
unsuccessful. Plaza Reyes et al. used spontaneous RPE
differentiation in suspension in tailored NutriStem hESC
XF medium lacking bFGF, and further plating of
selected, pigmented RPE cells to LN-521 [25]. Our
attempts to achieve RPE differentiation in EB suspen-
sions led to disaggregation of EBs and insufficient levels
of pigmentation. On the other hand, differentiation in
X-VIVO™ 10 medium (Lonza), previously reported for
xeno-free RPE differentiation [24], led to extreme
pigmentation at the expense of RPE and epithelial
properties (Additional file 6: Supplementary Dataset 1).
RPE differentiation with XF-Ko-SR basal medium was
recently reported by Choudhary and co-workers as an
adherent monolayer-based method relying on temporal
and sequential dual SMAD inhibition, BMP4, and
Activin A activation [26]. Their approach was efficient
and fast, with RPE-specific genes upregulated in 40 days,
allowing whole plate passaging without the need for
manual selection of pigmented cells. However, they
found lower expression levels of key RPE genes in these
cells compared with spontaneously differentiated hPSC-
RPE. This again emphasizes the need for a prolonged
culture of several weeks followed by purification and
expansion to allow for proper RPE maturation. Our
approach of using the XF-Ko-SR, together with LN-521
and col IV combination matrix, was suitable for either
spontaneous or simple, directed, xeno-free RPE differen-
tiation producing high-quality RPE. We also demon-
strate that a similar method, with minor modifications,
yields corneal LESCs; the induction stage was performed
in XF-Ko-SR, and adherent culture was continued in
CnT-30, a commercially available, fully defined culture
medium developed for primary corneal epithelial cells.
In its current formulation, CnT-30 contains animal-
derived (but clinical grade) heparin, which could be
replaced for a fully xeno-free medium. Most previously
published studies to generate corneal epithelial cells
from hPSCs have relied on the use of undefined, xeno-
geneic factors such as conditioned medium, PA6 feeder
cells, Bowman’s, or amniotic membranes [16, 19, 47, 48].
A recent, defined protocol to differentiate a single hESC
line to corneal epithelial progenitor cells utilized simple
keratinocyte serum-free medium (KSFM) mixed with
DMEM/F12 for increased calcium concentration,
together with a simple col IV matrix [30]. ABCG2- and
p63-positive populations were produced in just 6 days
but differentiation required elevated CO2 levels. The

mechanism behind these differentiation conditions was
not discussed [30].
When directing feeder-free hPSC differentiation

towards ocular epithelial lineages, suspension culture as
EBs greatly improved cell survival, while small molecule
induction helped direct differentiation. For feeder-free
LESC differentiation, ectodermal induction alone was
insufficient, resulting in neural network formation or cell
death. A mesodermal induction with BMP4 was
beneficial in directing differentiation towards surface
ectoderm, and consequently LESCs. BMP4 is important
in anterior eye segment development, induces corneal
and epidermal differentiation, and inhibits neural
differentiation [49, 50]. In our study, this two-stage
surface ectodermal induction followed by adherent
culture on LN-521/col IV combination matrix in
CnT-30 medium resulted in > 70% p63α-positive cell
populations in 24 days. As for RPE, the TGF-β signaling
inhibitor SB-431542 has been previously shown to
enhance pigmentation rate during initial differentiation,
but in a cell line-dependent manner [51]. Meanwhile,
Wnt signaling induces RPE differentiation once the cells
are committed to the retinal fate [52, 53]. Our short
neuroectodermal induction with Wnt and TGF-β inhibi-
tors repeatedly increased pigmentation of mature RPE
layers in all seven experiments and with both cell lines.
The role of pigmentation resulting from melanin content
in the RPE remains somewhat speculative. The pigment
serves to store Ca2+, absorb stray light, and minimize
scatter within the eye, but melanosomes also act as
antioxidants, eliciting cytoprotective functions [54]. We
have previously shown the inverse relationship of TEER
and pigmentation [36], and continuously see this effect
with hPSC-derived RPE. The mechanism behind this
phenomenon and its clinical significance requires further
studies. It was recently shown that the level of pigmenta-
tion does not correlate with hPSC-RPE maturity,
although it is commonly used as such a marker [55].
Interestingly, highly pigmented hPSC-RPE appear to
have significantly higher expression of pathways related
to calcium signaling and adherens junction remodeling,
compared with lightly pigmented cells [55]. Pigmentation
may also affect other aspects of physiology and functional-
ity of the intact RPE monolayer, and its relevance for
transplantation success calls for further studies.
Ocular cell replacement therapies require relatively

small populations of RPE (1.3 × 3.0 mm patch or 0.2 ×
106 cells in suspension) [11, 12] or a few thousand
p63-bright LESCs [56] per eye, but quality assurance for
GMP compliance requires additional cell populations
and thus scale-up of culture and differentiation. RPE
differentiation from hPSCs tends to be time consuming,
so using fresh hPSC-RPE for cell replacement therapy
requires a long waiting time for the patient. In contrast,
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the hPSC-LESC differentiation period is too rapid to
allow for quality and safety testing prior to transplant-
ation. Cryobanking offers a solution by allowing prepar-
ation of readily available cell stocks in advance. A recent
study showed successful cryostoring and recovery of
xeno-free hiPSC-derived neuroretinal organoids, and
further isolated photoreceptor precursor cells, as well as
RPE cells [29]. With our xeno-free methods, a starting
culture of 1 × 106 feeder-free hPSCs can yield cryostocks
of > 5 × 106 RPE cells in 9 weeks, and nearly 1 × 106

LESCs within 23 days. Controlled passaging of hPSC-
RPE once or twice is essential to achieve purity and
successful cryostoring at the exponential growth phase,
while passaging more than three times changes the
hPSC-RPE phenotype [57]. Meanwhile, LESC purity
improved after cryostoring and passaging, as suggested
by ubiquitous p40 and p63α protein expression.
GMP-compliant derivation, culture, and differentiation

methods are a requisite for cell-based medicinal
products, including hPSC-derived cells [58]. Xeno-free,
GMP-quality, clinical-grade hPSC-RPE products such as
OpRegen® cells are emerging [28], but simplified proto-
cols and raw materials for cell culture and differentiation
are an advantage. The simple xeno-free methods
described here could be upgraded to GMP-quality for
future preclinical testing.

Conclusions
We provide a simple but efficient methodology to pro-
duce two clinically relevant ocular epithelial cell types
from feeder- and xeno-free hPSCs. Our results show that
the simple, cost-effective methods produce high-quality
RPE and LESCs from multiple cell lines and across
several differentiation experiments. The safety and
functional efficacy testing of the hPSC-RPE and hPSC-
LESCs produced with these protocols are currently
ongoing in non-human primates and rabbit models of
LSCD, respectively.

Additional files

Additional file 1: Supplementary materials and methods. (DOCX 65 kb)

Additional file 2: Figure S1. Human iPSC line hiPSC1 cultured on LN-
521 in E8 medium maintained pluripotent characteristics. A) Typical
undifferentiated morphology and B) expression of pluripotency markers
NANOG, OCT-3/4, SSEA-3, SSEA-4, TRA-1-60, and TRA-1-81, as well as
corresponding nuclear stains with DAPI after 4 passages in feeder-free
culture. C) Pluripotency shown as expression of markers of the three
embryonic germ layers, namely SOX17 for endoderm, OTX2 for ectoderm,
and SMA for mesoderm after spontaneous differentiation (feeder-free
passage level 4). All scale bars = 200 μm. D) Cells showing normal female
karyotype after nine passages. (TIF 5463 kb)

Additional file 3: Figure S2. Human iPSC line hiPSC2 cultured on LN-
521 in E8 medium maintained pluripotent characteristics. A) Typical
undifferentiated morphology and B) expression of pluripotency markers
OCT-3/4, SSEA-3, SSEA-4, TRA-1-60, and TRA-1-81, and LIN-28 as well as

corresponding nuclear stains with DAPI after 11 passages in feeder-free
culture. C) Pluripotency shown as expression of markers of the three
embryonic germ layers after spontaneous differentiation (feeder-free
passage level 8). All scale bars = 200 μm, except for SMA = 100 μm. D)
Cells showing normal female karyotype after nine passages. (TIF 5580 kb)

Additional file 4: Figure S3. Human ESC line hESC1 cultured on VTN-N
matrix in E8 medium using cluster passaging showed typical, distinct
colony pattern, morphology, and expression of pluripotency markers.
Bright field (BF) images after eight passages. The arrow pointing out
some differentiating cells. Positive expression of pluripotency markers
NANOG, OCT-3/4, SSEA-3, TRA-1-81, and TRA-1-60, and lack of expression
of differentiation marker SSEA-1 after 14 passages in the feeder-free
culture on VTN-N in E8 medium. Counterstaining of nuclei with DAPI.
Scale bars = 200 μm. (TIF 1809 kb)

Additional file 5: Table S1. (DOCX 19 kb)

Additional file 6: Supplementary dataset 1. Optimization of hPSC-RPE
differentiation. (DOCX 36 kb)

Additional file 7: Figure S4. High-quality, functional RPE was derived from
the hiPSC1 line. A) Initial pigmentation rate was not affected by early
neuroectodermal induction as shown in images of pigmented patches after
38 days of differentiation (upper row) with and without initial neuroectodermal
induction (+/– ind.). Neuroectodermal induction increased pigmentation of the
mature hiPSC1-RPE layer after 9 weeks of final culture on inserts, as shown in
DIC confocal images (lower row). Scale bars = 10 μm. B) Similarly, the difference
in pigmentation was reflected in the lower TEER of the highly pigmented RPE
differentiated with induction, while very high TEER was achieved for the less
pigmented cells after spontaneous differentiation; n= 6 inserts. C) RT-PCR
showing signature RPE gene expression and lack of expression of the
pluripotency marker OCT-3/4. D) IF labeling showing RPE protein expression
and localization in vertical confocal sections for the junctional protein ZO-1, the
transporter protein Na+K+-ATPase, and phagocytosis regulator protein tyrosine-
protein kinase Mer (MERTK). E) Confocal sections after 4 h POS feeding at +37 °
C and at +4 °C (negative control). Arrows indicate internalized POS labeled with
anti-opsin antibody. Nuclei counterstained with DAPI; scale bars = 20 μm. F)
Mean PEDF secretion measured with ELISA from the apical side of cell culture
inserts; n=number of inserts. Error bars denote standard deviation. In addition,
the hiPSC1-RPE cells showed normal karyotypes after differentiation with and
without neuroectodermal induction (data not shown). (TIF 18107 kb)

Additional file 8: Supplementary dataset 2. Optimization of hPSC-LESC
differentiation. (DOCX 42 kb)

Additional file 9: Figure S5. Feeder-free hPSCs responded differently
to ectodermal induction compared to hPSCs cultured on feeder cells.
Representative images of hESC1 after corneal differentiation with 10 μM
SB-505124, 10 μM IWP-2, and 50 ng/ml FGF: A) neuronal networks (day
29), B) undesired cell morphology (day 21), and C) massive cell death
(day 14) were observed; scale bars = 100 μm. Relative qPCR analysis of
the early corneal differentiation from D) hFF feeder based culture, and E)
feeder-free culture. Expression levels of undifferentiated hESCs (UD, blue
bars) from the same culture system were used as a calibrator (fold-
change value set to 1) for each gene. Relative fold-change values after
embryoid body formation (EB, red bars) and after 4 or 6 days of induction
(green bars). Error bars denote standard deviation. (TIF 7012 kb)

Additional file 10: Figure S6. Human iPSC-LESCs derived from the
hiPSC2 line showed epithelial morphology and LESC marker expression
at A) day 22 of differentiation, B) day 26 (in total) after cryopreservation
(4 days post-thaw, 112 days frozen), and C) day 34 (in total) after cryo-
preservation and additional replating. Cells showed epithelial morphology
in phase contrast (A) and bright field (BF) images, and expression of LESC
markers PAX6, p40, p63α, cytokeratins 15 (CK15), and 14 (CK14), but no
expression of mature corneal cytokeratins 12 and 3. Scale bars = 100 μm
for all images. (TIF 7742 kb)
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Modulation of Wnt/BMP pathways during
corneal differentiation of hPSC maintains
ABCG2-positive LSC population that
demonstrates increased regenerative
potential
Meri Vattulainen1†, Tanja Ilmarinen1†, Laura Koivusalo1, Keijo Viiri2, Heidi Hongisto1,3 and Heli Skottman1*

Abstract

Background: The differentiation of corneal limbal stem cells (LSCs) from human pluripotent stem cells (hPSCs) has
great power as a novel treatment for ocular surface reconstruction and for modeling corneal epithelial renewal.
However, the lack of profound understanding of the true LSC population identity and the regulation of LSC
homeostasis is hindering the full therapeutic potential of hPSC-derived LSCs as well as primary LSCs.

Methods: The differentiation trajectory of two distinct hPSC lines towards LSCs was characterized extensively
using immunofluorescence labeling against pluripotency, putative LSC, and mature corneal epithelium markers.
Cell counting, flow cytometry, and qRT-PCR were used to quantify the differences between distinct populations
observed at day 11 and day 24 time points. Initial differentiation conditions were thereafter modified to support the
maintenance and expansion of the earlier population expressing ABCG2. Immunofluorescence, qRT-PCR, population
doubling analyses, and transplantation into an ex vivo porcine cornea model were used to analyze the phenotype
and functionality of the cell populations cultured in different conditions.

Results: The detailed characterization of the hPSC differentiation towards LSCs revealed only transient expression of a
cell population marked by the universal stemness marker and proposed LSC marker ABCG2. Within the ABCG2-positive
population, we further identified two distinct subpopulations of quiescent ΔNp63α-negative and proliferative ΔNp63α-
positive cells, the latter of which also expressed the acknowledged intestinal stem cell marker and suggested LSC marker
LGR5. These populations that appeared early during the differentiation process had stem cell phenotypes distinct from
the later arising ABCG2-negative, ΔNp63α-positive third cell population. Importantly, novel culture conditions modulating
the Wnt and BMP signaling pathways allowed efficient maintenance and expansion of the ABCG2-positive populations.
In comparison to ΔNp63α-positive hPSC-LSCs cultured in the initial culture conditions, ABCG2-positive hPSC-LSCs in the
novel maintenance condition contained quiescent stem cells marked by p27, demonstrated notably higher population
doubling capabilities and clonal growth in an in vitro colony-forming assay, and increased regenerative potential in the
ex vivo transplantation model.
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Conclusions: The distinct cell populations identified during the hPSC-LSC differentiation and ABCG2-positive LSC
maintenance may represent functionally different limbal stem/progenitor cells with implications for regenerative efficacy.

Keywords: Human pluripotent stem cells, Stem cell differentiation, Limbal stem cells, Stem cell hierarchy, Stem cell
maintenance, Wnt signaling, ABCG2, Limbal stem cell deficiency

Background
The constant homeostatic regeneration of the human
corneal epithelium (CE) is maintained by limbal stem
cells (LSCs) that reside in their specific niche structures
in the palisades of Vogt of the limbus [1]. Disturbances
in the renewal process due to LSC dysfunction or loss
manifest as a clinical condition called limbal stem cell
deficiency (LSCD) that may in unilateral cases be treated
with autologous cultured limbal epithelial transplant-
ation (CLET) [2]. On the other hand, differentiation of
LSCs from human pluripotent stem cells (hPSCs), in-
cluding both human embryonic stem cells (hESCs) and
induced pluripotent stem cells (hiPSCs), represents a
promising therapy option for patients suffering from the
bilateral condition [3, 4].
One of the most critical current challenges in the field

of LSC therapies, with both primary and hPSC-derived
cells, is the identification and maintenance of the clinically
relevant LSC population. No specific single marker has
been discovered to fill this gap. Thus, the phenotypic iden-
tification of LSCs currently relies on the expression of
several stemness-related markers, combined with the ab-
sence of cytokeratins (CKs) 3 and 12 that mark terminally
differentiated CE [5]. The tumor protein p63 is currently
acknowledged as the classical identifier of colony-forming
LSCs with proven clinical relevance and thus serves as a
hallmark of high-quality CLET transplants [6, 7]. More-
over, among different p63 isoforms, ΔNp63α has been
found to be the most abundantly expressed by LSCs [8, 9].
Other suggested LSC markers include ABCB5, BMI1,
Frizzled-7, C/EBPδ, and CK15 [10–13]. In addition, stu-
dies in mice have pointed to ABCG2 being a universal
marker of stemness in several tissues [14] and describing a
slow-cycling subpopulation of colony-forming primary
LSCs in humans [15, 16]. Thus, ABCG2 has been widely
acknowledged as a marker for putative LSCs in vivo [5].
Especially in the development of hPSC-based thera-

pies, the potential presence of undifferentiated (UD)
cells with tumorigenic potential among the transplant-
able cells raises an obvious safety concern. Markers that
allow purification of the clinically relevant cell material
by sorting would significantly promote both the safety
and efficacy of the future treatments [17]. However, this
issue is complicated by the fact that a low level of pluri-
potency markers is also expressed in the primary human
limbal epithelium [18], and some of these markers are

critically involved in the regulation of stemness [19]. A
thorough understanding of the LSC differentiation hier-
archy and the functional roles of various LSC-related
markers is required to be able to address these questions.
Recently, Bojic et al. identified two novel corneal cell
surface proteins in primary cultured LSCs, namely,
CD200, which marks a small quiescent population, and
CD109, which is a marker for a more abundant prolifera-
tive progenitor cell type [20]. Both of these markers were
coexpressed with the ΔNp63 isoform and demonstrated
great proliferative capacity in vitro; however, only CD200-
positive cells generated holoclones that are a hallmark of a
self-renewing stem cell population in vitro. The more
detailed knowledge of the mutual relations among various
LSC markers and their exact positions in the functional
LSC hierarchy have remained largely unknown.
In recent years, it has become increasingly evident that

several stem cell niches in various tissues possess hetero-
genic stem cell subpopulations with distinct roles. For
example, in the well-studied gut epithelium, LGR5-posi-
tive intestinal stem cells (ISCs) are located at the bottom
of intestinal crypts together with nurturing Paneth cells,
from where their short-lived transiently amplifying cell
(TAC) progeny migrate towards the villi and terminally
differentiate into mature intestinal epithelial cell types. On
the other hand, it has been suggested that in the intestinal
niche, there is also quiescent subpopulations of LGR5-
negative ISCs, which upon injury activate to repopulate
both the intestinal epithelium and the LGR5-positive cell
pool, demonstrating the extreme flexibility of tissue repair
mechanisms in the intestine [21]. It is currently not
known whether corresponding stem cell compartments
can also be found in the limbus. Intriguingly however, it
has been shown that LSCs share some mutual markers
with ISCs, such as LGR5 [22, 23] and BMI1 [11], suggest-
ing potential stem cell compartmentalization in the limbal
niche as well.
In this study, we utilized our established protocol [24,

25] to address the question of whether distinct stem
cell populations can be identified during the in vitro
differentiation process of hPSC-derived LSCs. Extensive
characterization of the protein expression patterns
during the differentiation process was carried using a
set of putative stemness, LSC, and mature CE markers.
With this approach, we revealed the subsequent emer-
gence of three cell populations, each of which exhibited
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a different LSC-associated phenotype. The first two
populations appeared early during the process and con-
sisted mainly of cells with strong expression of ABCG2
but different levels of ΔNp63α. After this phase, the
population phenotype gradually shifted to form the
third population with strong expression of ΔNp63α and
no ABCG2. By employing the Wnt/BMP signaling
modifiers traditionally used for culturing ISCs, we were
able to regulate the maintenance of ABCG2-positive
hPSC-LSCs in vitro. Importantly, in the functional
experiments, these ABCG2-positive hPSC-LSCs dem-
onstrated increased regenerative potential in compari-
son to the cell population expressing the ΔNp63α-
positive phenotype.

Materials and methods
Experimental design
Initial experimental design and progression of the study
is presented in Fig. 1. The study consisted of two main

parts, the first being the detailed characterization of
hPSC differentiation process towards LSCs (Fig. 1a), and
the second being establishing novel culture conditions
for the maintenance of an ABCG2-positive LSC pheno-
type and further characterization of the stemness and
functionality of the distinct populations observed in in-
dicated time points and culture conditions (Fig. 1b). Full
descriptions of the cell culture and cell characterization
methods are provided as Supplemental Materials and
Methods (Additional file 1).

hPSC differentiation and hPSC-LSC culture
All three hPSC lines used in this study (hESC lines
Regea08/017 and Regea11/013 and hiPSC line
UTA.04607.WT) were derived and characterized in-
house, as described previously [26, 27]. Human PSC
cultures were routinely maintained in serum- and feeder
cell-free conditions and differentiated towards the
corneal epithelial lineage as described by Hongisto et al.

Fig. 1 Flow chart of the experimental design and progression. a Standard CnT-30-based hPSC-LSC differentiation protocol and characterization of
the hPSC-LSC differentiation process. b Novel CnT-07+ENRC-based hPSC-LSC maintenance protocol, characterization, and comparison of distinct
cell populations identified during the study. PSC pluripotent stem cell, UD-hPSC undifferentiated human PSC, LSC limbal stem cell, IF
immunofluorescence, qRT-PCR quantitative real-time PCR, LN-521 laminin-521, Col IV collagen type IV, E8 Flex, E8 Flex pluripotent stem cell
culture medium, CnT-30 CnT-30 corneal differentiation medium, CnT-07 CnT-07 epithelial proliferation medium, ENRC epidermal growth factor,
Noggin, R-Spondin-1, CHIR99021
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[24, 25]. In brief, UD-hPSCs were enzymatically dissoci-
ated to a single-cell suspension and transferred onto
low-attachment plates for induction. Formation of
embryoid bodies (EBs) was supported by adding 5 μM
blebbistatin (Sigma-Aldrich) to the defined XF-Ko-SR
medium for 1 day. During the following 3 days, XF-Ko-
SR was first supplemented with 10 μM SB-505124 and
50 ng/ml human basic fibroblast growth factor (bFGF;
PeproTech Inc., Rocky Hill, NJ) for 1 day and with 25
ng/ml bone morphogenetic protein (BMP)-4 (PeproTech
Inc.) for 2 days, to push the differentiation towards sur-
face ectoderm. EBs were then transferred onto plates
coated with 0.5 μg/cm2 recombinant laminin-521 (LN-
521, Biolamina, Sweden) and 5 μg/cm2 human placental
collagen Type IV (Col IV, Sigma-Aldrich) for adherent
differentiation in defined commercial CnT-30 corneal
differentiation medium (CELLnTEC Advanced Cell
Systems AG, Bern, Switzerland). Cells were thereafter
cultured in CnT-30, with medium changes three times
per week until subjected to characterization analyses or
further experimental settings. Throughout the article,
the term “CnT-30 differentiation/condition” refers to the
standard CnT-30-based differentiation protocol de-
scribed in this chapter. Representative cell morphology
during the differentiation was imaged with a Nikon
Eclipse TE2000-S microscope equipped with a DS-Fi1
camera (Nikon Instruments, Amsterdam, Netherlands).

Establishment of the ABCG2-positive hPSC-LSC culture
For maintenance of the ABCG2-positive population,
CnT-30 was replaced with CnT-07 (CELLnTEC Ad-
vanced Cell Systems AG, Bern, Switzerland) supple-
mented with ENRC (50 ng/ml mouse recombinant
epidermal growth factor (EGF, Invitrogen), 100 ng/ml
mouse recombinant Noggin, 1 μg/ml human recombin-
ant R-spondin (both from PeproTech), and 3 μM CHIR-
99021 (Stemgent)) at d10–11 of the standard CnT-30
differentiation protocol. New medium was introduced
directly to the adherent cultures; alternatively, the hPSC-
LSCs were concomitantly passaged onto fresh LN-521/
Col IV-coated wells at a density of 1 000 cells/cm2 in the
new medium. The cells were thereafter cultured follow-
ing the standard feeding regimen. After the emergence
of ABCG2-positive colonies in approximately 7–10 days,
further expansion of the ABCG2-positive hPSC-LSCs in
the ENRC medium was carried out by passaging subcon-
fluent cultures onto fresh LN-521/Col IV-coated ma-
trices at a density of 1 000 cells/cm2. Batches of the
passaged cells were also cryopreserved following our
routine cryopreservation protocol [24, 25]. Throughout
the article, the term “ENRC maintenance condition”
refers to the novel CnT-07-based, ENRC-supplemented
culture protocol described in this chapter.

Immunofluorescence
Immunofluorescence staining (IF) was utilized in several
stages during the study to analyze the protein expression
of the cells, as presented in Fig. 1. In the characterization
of standard hPSC-LSC differentiation in CnT-30, adherent
cultures of UD-hPSCs as well as hPSC-LSCs at d7, d9,
d11, d14, d17, d21, and d24 were stained with antibodies
against OCT3/4, PAX6, ABCG2, ΔNp63, p63α, CK14,
CK15, and CK12. Cytospin samples were prepared at d10
and d24 and stained with OCT3/4, ABCG2, p63α, ΔNp63,
CK14, and CK15 for quantification of the different popu-
lations by cell counting analysis. Two hPSC lines
(Regea08/017 and UTA.04607.WT) were used for the full
IF characterization, and the results were replicated with at
least two individual cell differentiation batches for both
lines. Expression of indicated markers during standard
differentiation of the third hPSC line, Regea11/013, was
analyzed less extensively at d10–11 and d24–25.
Adherent d10–11 and d21–24 hPSC-LSCs during Cnt-

30 differentiation as well as d21–24 hPSC-LSCs in
ENRC maintenance were stained against ABCG2, p63α,
LGR5, Ki67, and p27. Day 24 hPSC-LSCs in ENRC
maintenance were characterized also for their OCT3/4,
PAX6, CK14, and CK15 expression. Standard fixation
and IF procedures with primary and secondary anti-
bodies were performed essentially as described previ-
ously in Mikhailova et al. [28]. Raw images of the
stained cells were captured with an Olympus IX51 fluor-
escence microscope. ImageJ Image Processing and
Analysis tools [29] and Adobe Photoshop CC 2019 soft-
ware were used for cell counting and image processing,
respectively. Antibody specifics are provided as Supple-
mental Information (Additional file 2: Table S1).

Flow cytometry and fluorescence-activated cell sorting
UD-hPSCs and d10–11 and d24-d29 hPSC-LSCs during
Cnt-30 differentiation were characterized for their ABCG2
and CD200 surface antigen expression using flow cytome-
try. For practical reasons, cryopreserved d26–d29 hPSC-
LSCs were used in some repeats in place of freshly differ-
entiated cells, as we have previously demonstrated preser-
vation of the phenotype throughout this process [24].
Standard flow cytometry staining protocols were used in
the sample preparation, following the recommendations
provided by the antibody manufacturers. APC-conjugated
monoclonal mouse anti-human CD338 (ABCG2) antibody,
clone 5D3 (BD Pharmingen, #561451), and PE-conjugated
mouse monoclonal CD200 (clone OX-104) antibodies
from two manufacturers (BioLegend, #329205 and BD
Pharmingen, #561762) were used for indicated cell popula-
tions. An APC-conjugated mouse IgG2b κ antibody (BD
Pharmingen, #555745) or unstained cells were used as iso-
type and/or negative controls, respectively. CD200-stained
samples were also double-stained with ABCG2.
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For continued culture of pure ABCG2-positive cell
population, 1 000 Regea08/017 hPSC-LSCs staining
positive for ABCG2 at d11 were sorted directly onto
LN521/Col IV-coated wells in CnT-30 supplemented
with a 10 μM concentration of the Rho kinase inhibitor
Y-27632 (Tocris Bioscience) and were then cultured
following the standard feeding regimen for 17 days. The
sorted cells were stained in IF against p63α and ABCG2,
and expression of p63α was quantified by cell counting.
Both flow cytometry analyses and cell sorting were per-

formed using a BD FACSAria™ Fusion cell sorter operating
with the FACSDiva™ software (BD Biosciences, San Jose,
California, USA). At least 10 000 events were recorded
from the initially gated populations and analyzed with
FlowJo 10 software (BD Biosciences, San Jose, CA, USA).

Quantitative RT-PCR
UD-hPSCs and d10–11 and d21–24 hPSC-LSCs during
Cnt-30 differentiation as well as d21 hPSC-LSCs in the
ENRC maintenance were analyzed for their ABCG2
mRNA expression with qPCR, using a sequence-
specific TaqMan Gene Expression Assay for ABCG2
(#HS01053790_m1, Applied Biosystems). GAPDH
(Hs99999905_m1) was used as a housekeeping gene.
Standard methods were used for RNA isolation and
cDNA synthesis from the cell pellet samples collected
in indicated time points. All samples and controls were
run as triplicate reactions with the 7300 Real-Time
PCR system (Applied Biosystems). The results were
analyzed using the − 2ΔΔCt method [30] and are pre-
sented as the fold change in gene expression norma-
lized to GAPDH and relative to the UD controls.

Cell surface antigen screening
Cell surface marker screening was performed for the
Regea08/017 hPSC-LSCs at d10 during Cnt-30 differen-
tiation, using the LEGENDScreen™ Lyophilized Antibody
Array, Human PE Kit (BioLegend, #700007) and essen-
tially following the instructions of the manufacturer. The
experiment was carried out in four parts using 120 000–
150 000 cells per sample that were double-stained with
3 μl of APC-conjugated ABCG2 antibody (BD Pharmin-
gen, #561451). At least 10 000 initially gated events per
sample were recorded with FACSCanto II flow cyt-
ometer (BD Biosciences, San Jose, CA, USA) and
analyzed with FlowJo software. The results were com-
pared to the previously published screening data of
cultured primary human LSCs, produced by Bojic et al.
[20], with special emphasis on the two novel LSC
markers, CD109 and CD200.

Population doubling analyses
Population doubling calculations were carried out for
the Regea11/013 hPSC-LSCs cultured in ENRC, both

prior and after the standard cryopreservation protocols
described in Hongisto et al. [24]. Population doublings
(PDs) at the end of each subculture were calculated
using the following formula: log (N/N0)/log2, where N0
is the number of plated cells and N is the number of
cells at the end of the culture period. Similarly, the
population doubling time (PDT) for each passage was
calculated with the following formula: T × log2/log(N
−N0), where T is the duration of the culture in hours.

Ex vivo transplantation into a porcine cornea model
Porcine corneas were obtained and processed for cor-
neal ex vivo culture as previously described in [31, 32].
The excised corneas were maintained in CnT-CC
medium (CELLnTEC Advanced Cell Systems AG, Bern,
Switzerland) for up to 3 weeks prior to transplantation
experiments. LSCD mimicking state was induced to the
ex vivo corneas by placing a filter paper disc soaked
with 1 M sodium hydroxide (NaOH) onto the corneal
surface for 40 s, followed by thorough removal of the
epithelium by scraping.
Human PSC-LSCs cultured in CnT-30 and ENRC con-

ditions were seeded onto both sides of a fibrin carrier
membranes at a density of 30 000 cells/cm2 and thereafter
cultured for 2 additional weeks in their initial medium
conditions. The carrier membranes were transplanted into
the ex vivo corneas using four interrupted 9-0 Vicryl
sutures. Soft contact lenses were placed on top of the cor-
neas to prevent drying. After ex vivo transplantation, the
hPSC-LSCs from CnT-30 conditions were further
cultured in CnT-30 for 1 week (n = 2). The hPSC-LSCs
from ENRC conditions were cultured in CnT-07 for 1
week (n = 2) or CnT-30 for 2 weeks (n = 3). The medium
was gradually changed from CnT-07 + ENRC to CnT-30
through one intermediate step with 1:1 ratio of the two
media. During ex vivo culturing, all media were supple-
mented with 5% fetal bovine serum (FBS, Sigma-Aldrich),
1% penicillin/streptomycin and 0.1% amphotericin B
(Sigma-Aldrich). Media were replaced three times a week.
After 1 to 2 weeks, the ex vivo corneas were fixed, proc-
essed into paraffin-embedded tissue sections, and stained
with hematoxylin-eosin (HE), following the standard
methods. Images of the HE-stained tissue sections were
captured with the Nikon Eclipse TE2000-S microscope
and DS-Fi1 camera.

Statistical methods
All data are presented as the mean ± standard deviation
(SD). Whenever n ≥ 3, the Mann-Whitney U test was
performed to analyze the differences between the groups
using the GraphPad Prism 5 software (GraphPad Soft-
ware Inc.). Differences were considered statistically
significant when P ≤ 0.05.
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Results
Dissection of the hPSC-LSC differentiation hierarchy
reveals the subsequent emergence of three separate cell
populations, marked by distinct expression patterns for
ABCG2 and ΔNp63α
To investigate protein expression patterns during the
differentiation of hPSCs towards LSCs, UD-hPSCs
were differentiated towards the corneal lineage and
characterized using IF. During the time frame ranging
from d7 to d24, expression of OCT-3/4 was markedly
downregulated, whereas expression of PAX6, ΔNp63α,
CK15, and CK14 increased, indicating the emergence
of an LSC-like population (Fig. 2a). Interestingly,
ABCG2 was expressed only transiently, peaking be-
tween d9 and d11 and then gradually decreasing to
very low levels by d24 (Fig. 2a). In accordance with
our previous results [24], CK12 remained undetect-
able within this timeframe (data not shown). Quantifi-
cation of cell populations by protein expression
confirmed major differences between the d10 and d24
time points, as shown for the representative hESC
line (Regea08/017) in Fig. 2b. To be precise, the ex-
pression of ABCG2 decreased from 62.3% (SD 6.7) to
1.8% (SD 0.9), while the expression of ΔNp63α (as
demonstrated by double-staining with ΔNp63 and
p63α antibodies, Fig. 2c) increased from 23.2% (SD
14.1) to 54.3% (SD 6.2). CK15 and CK14 were un-
detectable at d10 but increased to 37.0% (SD 12.4)
and 56.2% (14.3) by d24, respectively. OCT3/4, on the
other hand, was expressed in less than 1.5% of the
cells at d10 and was further diminished to under 1%
by d24. Due to the distinct expression profiles of
ABCG2 and ΔNp63α during the differentiation
process, we further characterized the coexpression of
ABCG2 with p63α in d10 and d24. Interestingly, the most
intense expression of both markers was typically observed
in separate cell populations, as demonstrated in Fig. 2d
(see also Additional file 3: Figure S1), suggesting a transi-
tional rather than a stable phase for the coexpression. At
d10, ABCG2 and p63α were coexpressed in 31.6% of the
cells, whereas at d24 only 1% of the cells were double-
positive (Fig. 2e).
Flow cytometry confirmed the IF results by showing

that both UD-hPSCs and more differentiated d24–26
hPSC-LSCs had low expression of ABCG2 (0.8%, SD 1.3
and 1.5%, SD 2.0, respectively, for the representative
hESC line Regea08/017), whereas d10–11 hPSC-LSCs
expressed significantly higher levels of ABCG2 (21.6%,
SD 8.2) than both UD-hPSCs (P = 0.0238) and d24–26
hPSC-LSCs (P = 0.0275) (Fig. 2f, see also Additional file 4:
Figure S2A for representative flow cytometry plots).
Lower percentage of ABCG2 expressing cells in flow
cytometry in comparison to cytospin quantification is
likely in large part a technical issue related to the chosen

methods, as standard IF sample processing (including
permeabilization) also allows staining of the intracellular
ABCG2, resulting in more abundant positive signal,
whereas in live cell flow cytometry only the cells expres-
sing ABCG2 on their surface membrane label as positive.
Notably, isolation of ABCG2-positive hPSC-LSCs at

d11 leads to the formation of homogeneous hPSC-
LSC monolayers, with 99.9% (SD 0.2, n = 2800 cells)
nuclear p63α expression and very low to undetectable
levels of ABCG2 (Additional file 4: Figure S2B).
Additionally, changes in ABCG2 expression at the
mRNA level further verified notably higher expression
level of ABCG2 in the d10 hPSC-LSC population
than in UD-hPSCs and the d24 hPSC-LSC population
(Fig. 2g). Taken together, the characterization analyses
consistently demonstrated very distinct expression profiles
for the proposed LSC/progenitor markers ABCG2,
ΔNp63α, CK15, and CK14 between the d10–11 and d24
time points during the hPSC-LSC differentiation. Import-
antly, the described expression patterns were reproduced
with the hiPSC line UTA.04607.WT (Additional file 5:
Figure S3).

Screening of LSC-associated surface markers revealed a
high level of CD200-positive cells among d10 hPSC-LSCs
At d10 in Cnt-30 culture, Regea08/017 hPSC-LSCs
expressed several limbus-associated markers at levels
comparable to those of human primary cultured LSCs,
as reported by Bojic et al. [20] (Table 1). Furthermore,
we specifically investigated the two markers highlighted
by Bojic et al. as novel candidates for quiescent LSCs
and the proliferative progenitor phenotype, namely,
CD200 and CD109. CD200 was expressed at a con-
siderably higher level in our d10 hPSC-LSCs than in
cultured primary human LSCs (42.6% vs. 2.3%, respec-
tively). On the other hand, CD109 was expressed in
only 25.7% of hPSC-LSCs, in comparison to 56.3% of
primary cultured LSCs. Interestingly, ABCG2 was
expressed in approximately half of both the CD200-
and CD109-positive hPSC-LSC subpopulations, thus
showing no preferred coexpression with either of these
markers. To be precise, there were 48.1% ABCG2-posi-
tive and 51.9% ABCG2-negative cells in the CD200-
positive population, and in the CD109-positive popula-
tion, these numbers were 58.5% and 41.5%, respectively
(Additional file 6: Table S2).
As the role of CD200 was recently investigated also in

hPSC-derived corneal cells [33], we performed flow
cytometry analysis to further analyze the expression
pattern of CD200 during differentiation of hPSC-LSCs.
The results were consistent with both used CD200
antibodies, unambiguously showing that CD200 was
expressed in over 99% of UD-hPSCs (Fig. 3a). During
the Cnt-30 differentiation, CD200 expression decreased
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from 87.6% (SD 0.7) at d11 to 38.5% by d29 (Fig. 3b, c),
whereas ABCG2 expression followed a typical trend,
with low expression in 3.3% (SD 1.8) of UD-hPSCs, 57%
(SD 5.9) of d11 cells, and 7.4% (SD 0.9) of d29 cells
(Fig. 3a–c). Again, based on our results, the expression
pattern of CD200 did not correlate with that of

ABCG2, and in line with the screening results, there
were both ABCG2-positive and ABCG2-negative hPSC-
LSCs in the CD200-positive subpopulation. However,
we were unable to confirm this specific finding with IF
visualization using the unconjugated primary CD200-
antibody from BioLegend.

Fig. 2 Characterization of putative LSC marker expression during hPSC-LSC differentiation. a Representative morphology and protein expression
of the cultures at selected time points. Scale bars, 100 μm for all images in the same column. Cell nuclei counterstained with DAPI (blue). b
Marker expression differences in the d10 and d24 populations. Five images per sample and a minimum of 1400 cells per time point were
analyzed for each marker from cytospin samples. c Representative IF image of ΔNp63 and p63α double-staining in a d24 cytospin sample. Scale
bar, 100 μm for both c and d. d Representative IF image of ABCG2 and p63α double-staining in a d10 cytospin sample. e p63α and ABCG2
expression in d10 and d24 hPSC-LSCs. Five images per sample and a minimum of 3 000 cells per time point were analyzed from cytospin
samples. P > 0.05. f The level of ABCG2 protein expression in UD-hPSCs and in d10 and d24–26 hPSC-LSCs, analyzed with flow cytometry. g The
ABCG2 mRNA expression levels in UD-hPSCs and in d10 and d24 hPSC-LSCs analyzed with qRT-PCR. All representative data are presented with
the hESC line Regea08/017. All quantitative data are presented as the mean + SD, and n marks the individual cell differentiation batches serving
as biological replicates. Statistical analyses were carried out using the Mann-Whitney U test. *P ≤ 0.05
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Maintenance of ABCG2 expression during hPSC-LSC
culture is achieved with Wnt/BMP pathway signaling
modifiers previously established for the long-term
sustained growth of intestinal organoids in vitro
To study the properties of the ABCG2-positive cell
population in more detail, culture conditions aiming to
preserve the ABCG2 expressing cell population for
extended periods were established. Due to similarities
between the limbal and intestinal crypt stem cell niches
and the signaling pathways involved in the regulation of
stemness, we hypothesized that Wnt agonists and a
BMP antagonist previously used for intestinal crypt
organoid culture could be utilized for regulating the
differentiation process of hPSC-LSCs as well. Remark-
ably, replacing the corneal differentiation medium CnT-
30 with the epithelial maintenance medium CnT-07 and
specific combination of EGF, Noggin, R-spondin-1, and
CHIR-99201 (ENRC) at day 11 of differentiation,

resulted in the preservation of the colonial morphology
and strong ABCG2 protein expression that were observed
only transiently during the CnT-30 differentiation. The
main differences between the standard CnT-30-based dif-
ferentiation condition and the novel CnT-07+ENRC-based
maintenance condition are shown in Fig. 1. Notably,
colonies positive for ABCG2 in the ENRC condition
expressed only low levels of p63α, whereas time point-
matched cells in CnT-30 were ABCG2-negative and
p63α-“bright” (Fig. 4a). These IF results were con-
firmed with all three studied hPSC lines. Importantly,
the effect of the ENRC condition was consistent in all
lines, despite cell line-specific variations in the effi-
cacy. Prominent upregulation of ABCG2 at the
mRNA level in the ENRC condition in comparison to
the CnT-30 condition was confirmed also with qRT-
PCR using the hESC line Regea08/017 (Fig. 4b). Add-
itional characterization of PAX6, CK14, CK15, and
OCT3/4 expression in Regea11/013 hPSC-LSCs in the
maintenance condition demonstrated positive expres-
sion for PAX6, weak expression for CK14 and CK15,
and negative expression for OCT3/4 (Additional file 7:
Figure S4A).

ABCG2-positive limbal colonies coexpress the stem cell
marker LGR5
Due to the finding that ENRC supplementation, which
preserves LGR5-positive ISCs, also supports the main-
tenance of the ABCG2-positive LSC phenotype, we de-
cided to analyze the expression of LGR5 in our cells and
compare its expression pattern to those of both ABCG2
and ΔNp63. Indeed, prevalent expression of LGR5 was
observed during CnT-30 culture at d11, followed by
decreased expression upon further differentiation up to

Table 1 Expression of selected cell surface markers in d10
Regea08/017 hESC-LSCs

Surface marker hPSC-LSCs (%) Primary human LSCs [20] (%)

EGFR 97.7 88.8

CD71 81.9 88.8

Integrin β5 93.5 91.5

Integrin α6 (CD49f) 98.6 92.5

E-cadherin (CD324) 85.9 88.5

CD40 24.7 26.0

CD146 84.0 67.0

CD166 99.5 95.1

CD200 42.6 2.3

CD109 25.7 56.3

Fig. 3 CD200 and ABCG2 expression patterns during differentiation of hPSC towards LSCs, analyzed with flow cytometry. Scatter plots and
adjunct histograms as well as tables showing the distribution of cells in the CD200+/ABCG2− (Q1), CD200+/ABCG2+ (Q2), CD200−/ABCG2+ (Q3),
and CD200−/ABCG2− (Q4) subpopulations of UD-hPSCs (a) as well as at d11 (b) and d29 (c) during hPSC-LSC differentiation. For each sample,
10,000 initially gated events were analyzed, and the experiment was carried out once for the representative line Regea08/017
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d24. On the other hand, in time point-matched colonies
in ENRC, the expression of LGR5 was highly conserved
(Fig. 4c). Interestingly, at d11 during the CnT-30 culture,
LGR5 was coexpressed with ΔNp63, as marked by dis-
tinct membrane-localized staining at cellular junctions
of ΔNp63-positive cells (Fig. 4c). Further differentiation
under CnT-30 conditions, resulting in the formation of a
ΔNp63-positive epithelial monolayer, was accompanied
by concomitant loss of strong LGR5 expression on the
cell surface, a phenomenon similar to the expression
pattern of ABCG2. Under ENRC conditions, LGR5 ex-
pression was localized to cellular junctions, again similar
to ABCG2. Fascinatingly, as in the ENRC, the colonies
expressed only low levels of ΔNp63; LGR5 thus ap-
peared to switch its preferred coexpression with ABCG2
and ΔNp63, depending on the culture conditions.

ABCG2-positive hPSC-LSCs retain clonal growth and
proliferative capacity during passaging in the novel
maintenance condition
Population doubling analyses were carried out to deter-
mine the proliferative capacity of hPSC-LSCs. Under

ENRC maintenance, colony morphology and the
ABCG2/p63α expression pattern were preserved at least
up to passage 10 (Fig. 5a). As comparison, passaging and
subsequent culturing in CnT-30 medium resulted in loss
of the colony morphology and ABCG2 expression and
promoted further differentiation towards ΔNp63α-posi-
tive epithelial monolayers, as described for the hPSC-
LSC differentiation process (shown in, e.g., Fig. 4a). In
addition, the proliferation of hPSC-LSCs is rapidly
diminished upon passaging in CnT-30 and generally
ceases after the third passage, as repeatedly demon-
strated with various cell lines during our standard hPSC-
LSC cell culture routine.
To quantify the proliferative capacity of the cells,

Regea11/013 hPSC-derived LSCs were frequently pas-
saged under ENRC conditions, and their PDs and PDTs
were calculated. Freshly differentiated Regea11/013
hPSC-LSCs were cultured for five passages, during
which the cells went through over 20 population dou-
blings, with an average PDT of 50.9 h (SD 16.4) (Fig. 5b,
c, black line). Notably, cryopreservation between pas-
sages 2 and 3 (p2-p3) did not have a marked effect on

Fig. 4 Effect of culture conditions on hPSC-LSC morphology and p63α, ABCG2, and LGR5 expression. a Representative cell morphology and
p63α/ABCG2 protein expression under different culture conditions, as demonstrated by IF. Scale bars, 100 μm. b ABCG2 mRNA expression under
different conditions, analyzed with qRT-PCR in d21 cells. Data are presented as the mean + SD, n = 3 technical replicates from one sample, P >
0.05. c Characterization of LGR5 protein expression in relation to ABCG2 and ΔNp63 at d11, as well as after continued culture in CnT-07+ENRC or
CnT-30 at d24. Cell nuclei counterstained with DAPI (blue). Scale bars, 50 μm. Data shown for the representative hESC line Regea08/017
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Fig. 5 Marker expression and functional proliferative and regenerative properties of the ABCG2-positive hPSC-LSCs cultured in the novel
maintenance condition. a Morphology and p63α/ABCG2 expression pattern of hPSC-LSCs cultured in CnT-07+ENRC up to passages 0, 1, and 10.
Cell nuclei counterstained with DAPI (blue). Scale bars, black = 200 μm, white = 100 μm. b Population doublings and c population doubling times
of freshly differentiated hPSC-LSCs up to passage 5 and cryopreserved hPSC-LSCs up to passage 10. d Characterization of expression of the
quiescence marker p27 in relation to ABCG2 and ΔNp63 at d11, as well as after continued culture in CnT-07+ENRC or CnT-30 at d24. Scale bars,
100 μm. e Hematoxylin and eosin-stained sections of CnT-30-cultured Regea08/017 and CnT-07+ENRC-cultured Regea11/013 hPSC-LSCs after 1-
week and 2-week time points in the ex vivo porcine cornea model, respectively. Asterisk points out migrating cells. Scale bars, 500 μm and
100 μm, for all images in the panel. Data are presented for the hESC lines Regea11/013 (a–c, e) and Regea08/017 (d, e)
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the proliferative capacity of the cells after thawing
(Fig. 5b, c, blue line). After cryopreservation, the average
PDT of Regea11/013 hPSC-LSCs was 52.9 h (SD 13.5),
which was not significantly different than the PDT of
freshly differentiated cells prior to cryopreservation
(unpaired T test, P = 0.8086). In the course of eight
passages (from p3 to p10) under ENRC, cryopreserved
Regea11/013 hPSC-LSCs went through 36.6 population
doublings (Fig. 5b, blue line) without evident signs of
cellular senescence, as indicated by rather stable PDTs
(Fig. 5c, blue line).

ABCG2-positive hPSC-LSC colonies contain a
subpopulation of quiescent stem cells and demonstrate
regenerative potential in an ex vivo porcine cornea
model
We further investigated the proliferative status of the
distinct stem cell populations that emerged during CnT-
30 differentiation as well as under the ENRC condition,
by characterizing their expression of the proliferation
marker Ki67 and the quiescence-related marker p27.
Not surprisingly, Ki67 stained a large subpopulation of
cells during CnT-30 differentiation as well as in the
ABCG2-positive, clonally growing colonies in the ENRC
condition (Additional file 7: Figure S4). The ABCG2-
negative, presumably ΔNp63α-positive population at the
later time point also contained a large subpopulation of
Ki67-positive cells (Additional file 7: Figure S4B).
Interestingly, ABCG2-positive colonies under the

ENRC condition as well as at d11 during CnT-30 differ-
entiation contained subpopulations of quiescent cells
marked by strong nuclear localization of p27, whereas at
later time points in the CnT-30 culture, p27 expression
was markedly decreased. ΔNp63 and p27 expressions
were mutually exclusive in all the studied conditions
(Fig. 5d). Importantly, when transplanted into an ex vivo
porcine cornea model, the ENRC-cultured ABCG2-posi-
tive hPSC-LSCs produced a viable multilayered epithe-
lium with robust wound healing capacity, as indicated by
cells that had migrated to the sides of the carrier gel at
2-week time point (Fig. 5e, on the right). A monolayer of
ENRC-cultured cells was observed also at 1-week time
point (Fig. 5e, in the middle) whereas no CnT-30-cul-
tured ΔNp63α-positive hPSC-LSCs were observed to be
left in the ex vivo cornea cultures after this time (Fig. 5e,
on the left).

Discussion
Extensive research on the CE has established a solid base
for understanding the general aspects of its renewal.
However, further knowledge of the LSC population iden-
tity as well as the regulation of LSC maintenance and
activation in the human cornea is required to produce
more efficient and safer methods for clinical purposes.

One of the key challenges in developing hPSC-based treat-
ments has been the production and isolation of cell mater-
ial that robustly exhibits essential hallmarks of adult LSCs
and lacks the tumorigenic properties of PSCs. This task is
even more challenging because the identity of the LSCs is
still under debate. In this paper, we describe a detailed
phenotypic characterization of hPSC-derived LSCs during
differentiation and propose causal relationships between
acknowledged and novel LSC markers. Our results
suggest the existence of separate stem cell populations
within hPSC-LSCs that are similar to those that have been
previously identified, for example, in the bone marrow,
skin, and intestine [34]. Furthermore, in our study, the in
vitro maintenance of the cell population with LSC cha-
racteristics was achieved by modulating the Wnt and
BMP pathways, mimicking the maintenance conditions
commonly used for ISCs.
ΔNp63α is one of the most widely used LSC markers.

It has been reported that 10% of resting limbal basal
cells show nuclear ΔNp63α staining with stem cell pro-
perties. A fraction of these cells have been shown to
become activated upon injury and acquire a proliferative
ΔNp63α-positive phenotype [11]. Upon activation, LSCs
gradually lose their self-renewal properties along with
ΔNp63α expression and convert to TACs with limited
proliferation potential [8, 11]. In our culture environ-
ment, changes in the marker expression profile following
small-molecule induction and CnT-30-based standard
differentiation of hPSCs indicated a shift from pluripo-
tency towards the corneal epithelial lineage, as reported
previously by our group [24, 25, 28]. After being cultured
in CnT-30 conditions for 24 days, over 50% of the cells
expressed nuclear ΔNp63α, however, raising the question
of whether these cells still represented LSCs or had
already started to commit towards early TACs. Interes-
tingly, dissection of the developmental trajectory revealed
a transient expression phase (d9–11) of another potential
LSC marker, ABCG2. The membrane localization of
ABCG2, an efflux transporter, in these cells indicated that
this protein was able to attain a functional conformation
[35]. Surprisingly, the spatial expression of p63 and
ABCG2 both in vivo and in vitro has been poorly
addressed in the literature. In our study, coexpression of
ABCG2 and ΔNp63α upon early CnT-30 differentiation
was limited to under 32% of the cells and was reduced to
only 1% of the cells at d24, indicating a transitional rather
than coexpressional status of these markers. Furthermore,
the cells with robust ABCG2 expression and membrane
localization had relatively “dim” nuclear ΔNp63α staining,
whereas ΔNp63α-“bright” cells that appeared in the
culture upon further differentiation typically did not
express ABCG2. When selecting only the ABCG2-positive
cells for continued culture in the CnT-30 differentiation
medium, robust generation of a pure ABCG2-negative
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and p63α-“bright” epithelial monolayer was observed,
indicating that these cells originate from same founder
but undergo rapid early-stage lineage commitment in the
hPSC-LSC differentiation pathway.
To date, some discrepancy remains concerning

whether there is one slow-cycling LSC population that is
also able to self-renew [11] or two separate LSC popula-
tions, of which one is fully quiescent and the other
represents activated but slow-cycling LSCs that can
produce progeny for quiescence, self-renewal, and diffe-
rentiation [36]. To further elucidate the identity of the
hPSC-derived LSCs within the time-window showing
ABCG2 expression, we carried out an extensive screen-
ing analysis to compare our results to those previously
acquired with human primary LSCs by Bojic et al. [20].
Based on this comparison, many limbal proteins were
expressed similarly between hPSC-LSCs and primary
cells, apart from CD200 and CD109, novel cell surface
markers of putative quiescent and active LSCs, respec-
tively [20]. In our hPSC-LSC cultures at d10, the num-
ber of CD200-positive cells was much higher, which
could potentially be explained by the wide range of dif-
ferent cell types known to express this marker. In fact,
Hayashi et al. used CD200 as a negative selector for
hiPSC-derived corneal epithelial cells and reported a lack
of a CD200 signal in adult human and mouse corneas
[33]. However, in their study, the selection was per-
formed after 10–15 weeks of differentiation, at which
stage the remaining CD200-positive population may
already be committed to lineages other than the corneal
lineage. On the other hand, the lack of a signal from the
corneal tissue in the study by Hayashi et al. may be af-
fected by the time from death to retrieval of tissue,
which was not reported but should be kept short to
avoid the loss of stem cells. In our study, it is notable
that almost all of the ABCG2-positive cells were also
positive for CD200, indicating that a subpopulation of
CD200-expressing cells may also be LSC-like in the
hPSC-derived cultures. On the other hand, CD109 was
expressed in fewer hPSC-LSCs than primary LSCs [20],
possibly reflecting the rapid differentiation pace and
potential commitment of hPSC-LSCs towards the TAC
phenotype in CnT-30. Primary cell cultures also typically
contain nurturing limbal niche cells that support the
quiescence of LSCs [36, 37]. This environment is mim-
icked only partially in our cell cultures by chemical and
ECM signals, which could drive all or some of the
hPSC-LSCs into an activated state, as suggested by the
expression of the proliferation marker Ki67 by a large
number of the cells, including many of the ABCG2-posi-
tive cells. Regardless, it seems that a subpopulation of
the ABCG2-positive cells is actually quiescent in our
hPSC-LSC cultures based on immunostaining of p27, a
reversible cell cycle arrest marker [38]. Whether these

quiescent cells were also positive for CD200 warrants
further study with functional antibodies. In vivo, quies-
cence in the human limbus has been linked to ΔNp63α
positivity based on coexpression of ΔNp63α and p27
[11]. The p27 protein belongs to the Cip/Kip family of
cyclin-dependent kinase (CDK) inhibitor proteins that
prevent the activation of the cyclin E-CDK2 and cyclin
D-CDK4 complexes and control cell cycle progression at
G1, resulting in slower or arrested cell division. Import-
antly, to inhibit CDK, p27 needs to be localized in the
nucleus [39, 40]. In the study by Barbaro et al., IF from
human limbal tissue showed that p27 localized predom-
inantly in the cytoplasm and only weakly in the nucleus
[11], suggesting that the ΔNp63α/p27-expressing cells
may have been exiting the quiescent phase and/or repre-
sented slow-cycling cells. In our study, p27 staining in
cell cultures was predominantly nuclear, suggesting full
cell cycle arrest.
Wnt signals are an essential component of a wide

range of stem cell niches, including the limbus and the
intestine, and interestingly, renewal of the CE highly
resembles the regeneration of the gastrointestinal epithe-
lium. ISCs are located in the bottom of intestinal crypts,
from where their short-lived TA progeny migrate
towards the villi and terminally differentiate into mature
intestinal epithelial cell types. The differentiation mecha-
nisms of ISCs employing the Wnt/BMP regulatory
routes are currently well understood and have been suc-
cessfully applied to the ex vivo/in vitro study of ISCs
[41]. There are also studies suggesting similar regulation
of quiescence and stem cell activation/renewal by the
Wnt/BMP signaling pathways in the limbus. In general,
Wnt signaling and suppression of BMP are required for
LSC proliferation and maintenance of an uncommitted
state [42, 43]. However, the outcome appears to be
dependent on the culture system used, as the same
exogenous signals have been reported to have opposite
effects in explant versus isolated limbal cultures [44]. In
our study, we tested the effect of the ENRC growth
factor cocktail that activates Wnt signaling and inhibits
BMP and is commonly used for long-term ex vivo
culture of ISCs [41] on the differentiation and popula-
tion maintenance of hPSC-LSCs. Together with com-
mercial CnT-07 medium specifically designed for
epithelial proliferation instead of the corneal differenti-
ation medium CnT-30, ENRC supplementation led to
prolonged maintenance of ABCG2-positive cells. Similar
to the CnT-30 differentiation culture at d11, the ENRC-
cultured hPSC-LSCs expressed PAX6 and stained faintly
positive for the basal epithelial cytokeratins 14 and 15,
and the ABCG2-positive colonies were ΔNp63α-“dim”
and contained a subpopulation of p27-positive/ΔNp63α-
negative cells. However, unlike the CnT-30 cultured
ABCG2-negative/ΔNp63α-“bright” populations, ENRC
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maintained colonial growth of the cells until at least pas-
sage 10 without signs of cellular senescence, during
which time the cells underwent 37 population doublings.
Additionally, we found that LGR5, an established marker
for ISCs [45] and a suggested marker for LSCs [22, 23],
showed spatiotemporal coexpression with ABCG2 in
both CnT-30 cultures at d11 and ENRC cultures. It is
now commonly acknowledged that there are two pop-
ulations of ISCs with distinct roles. The LGR5-marked
stem cells reside in the crypt bottom adjacent to the
nurturing Paneth cells and are proliferative yet long-
lived, maintaining a rather undifferentiated phenotype.
These cells are the main population responsible for
producing the differentiating TAC progeny under
homeostatic conditions. On the other hand, the quies-
cent cells in the + 4 position do not contribute to
homeostatic regeneration but activate upon injury to
both repopulate the intestinal epithelium and depleted
LGR5-positive ISC pool. This process can also act vice
versa, and LGR5-positive cells can convert to + 4 cells,
demonstrating the extreme flexibility of tissue repair
mechanisms in the intestine. Due to the similarities in
marker expression and maintenance environment be-
tween ISCs and hPSC-LSCs identified in our study, it is
tempting to speculate the existence of similar popu-
lations in the limbus.

To summarize, during the differentiation of hPSC-
LSCs, we were able to identify three distinct populations
of (1) ABCG2-positive/ΔNp63α-negative quiescent cells,
(2) cells with stem cell characteristics expressing ABCG2
and LGR5 with “dim” ΔNp63α expression and a mode-
rate proliferation rate upon ENRC maintenance, and (3)
a later emerging population of highly proliferative
ΔNp63α/CK14/CK15-expressing cells, which could rep-
resent an early unspecified TAC phenotype (Fig. 6). A
deeper understanding of the functional roles of these
stem cell populations and their in-depth molecular
characterization may be utilized to unravel the functions
of different LSC phenotypes and the mechanisms of
corneal regeneration. Overall, these in vitro findings
suggest the heterogenic and/or plastic nature of limbal
progenitors and the potential concomitant operation of
both quiescent and actively proliferating stem cell com-
partments in the cornea. From a translational point of
view, it is important to consider the role of cellular
quiescence in therapeutic efficacy, as it has been specu-
lated whether stem cell therapies containing quiescent
cells might prove beneficial over approaches which
mainly include transplantation of proliferating LSCs and
their progeny [38, 46]. Thus, for ocular surface
applications such as treatment for LSCD, a graft that
also incorporates quiescent cells might better endure

Fig. 6 Proposed differentiation hierarchy of the LSC populations in the human cornea. a Schematic illustration of the human limbus, proposing
that populations of both quiescent (purple) and actively cycling (green) LSCs coexist in the limbal crypts, from where their TAC (blue) progeny
migrate towards the central cornea, going through several cell divisions before terminal differentiation into mature (white) CECs. b
Representation of the interplay between separate limbal cell populations, identified by distinct marker expression profiles. LSC limbal stem cell,
TAC transiently amplifying cell, CEC corneal epithelial cell
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transplantation-related cellular stress, leading to im-
proved long-term efficacy. This hypothesis was highly
supported by our data from the ex vivo transplantations
into the porcine cornea model that demonstrated super-
ior regenerative potential of the ABCG2-positive hPSC-
LSCs over the ΔNp63α-positive population. Importantly,
because ABCG2 identified both the quiescent and prolif-
erating hPSC-LSC populations, it could be envisioned as
a selection marker for new hPSC-based therapeutic
strategies to treat corneal blindness caused by LSCD.

Conclusions
In summary, this article describes an extensive
characterization of the corneal differentiation of human
pluripotent stem cells as well as a novel method to
maintain the stemness of the functional differentiated
limbal stem cells in culture. The study indicates new
relationships in the limbal stem cell hierarchy and iden-
tity, providing tools for further development of safe and
more efficient therapies for LSCD.
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Corneal epithelial differentiation 
of human pluripotent stem cells generates 
 ABCB5+ and ΔNp63α+ cells with limbal cell 
characteristics and high wound healing capacity
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Abstract 

Background: Differentiation of functional limbal stem cells (LSCs) from human pluripotent stem cells (hPSCs) is 

an important objective which can provide novel treatment solutions for patients suffering from limbal stem cell 

deficiency (LSCD). Yet, further characterization is needed to better evaluate their immunogenicity and regenerative 

potential before clinical applications.

Methods: Human PSCs were differentiated towards corneal fate and cryopreserved using a clinically applicable 

protocol. Resulting hPSC-LSC populations were examined at days 10–11 and 24–25 during differentiation as well as 

at passage 1 post-thaw. Expression of cornea-associated markers including PAX6, ABCG2, ∆Np63α, CK15, CK14, CK12 

and ABCB5 as well as human leukocyte antigens (HLAs) was analyzed using immunofluorescence and flow cytometry. 

Wound healing properties of the post-thaw hPSC-LSCs were assessed via calcium imaging and scratch assay. Human 

and porcine tissue-derived cultured LSCs were used as controls for marker expression analysis and scratch assays at 

passage 1.

Results: The day 24–25 and post-thaw hPSC-LSCs displayed a similar marker profile with the tissue-derived LSCs, 

showing abundant expression of PAX6, ∆Np63α, CK15, CK14 and ABCB5 and low expression of ABCG2. In contrast, day 

10–11 hPSC-LSCs had lower expression of ABCB5 and ∆Np63α, but high expression of ABCG2. A small portion of the 

day 10–11 cells coexpressed ABCG2 and ABCB5. The expression of class I HLAs increased during hPSC-LSCs differentia-

tion and was uniform in post-thaw hPSC-LSCs, however the intensity was lower in comparison to tissue-derived LSCs. 

The calcium imaging revealed that the post-thaw hPSC-LSCs generated a robust response towards epithelial wound 

healing signaling mediator ATP. Further, scratch assay revealed that post-thaw hPSC-LSCs had higher wound healing 

capacity in comparison to tissue-derived LSCs.

Conclusions: Clinically relevant LSC-like cells can be efficiently differentiated from hPSCs. The post-thaw hPSC-

LSCs possess functional potency in calcium responses towards injury associated signals and in wound closure. The 

developmental trajectory observed during hPSC-LSC differentiation, giving rise to  ABCG2+ population and further to 

 ABCB5+ and ∆Np63α+ cells with limbal characteristics, indicates hPSC-derived cells can be utilized as a valuable cell 

source for the treatment of patients afflicted corneal blindness due to LSCD.
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Background

Corneal limbal stem cells (LSCs) reside in the limbus, 

the anatomically and microenvironmentally specialized 

zone separating peripheral cornea from the adjacent 

conjunctiva. LSCs play an essential role in maintaining 

homeostatic renewal and transparency of the multilay-

ered corneal epithelium (CE) [1]. Upon injury, activa-

tion of the quiescent LSCs facilitates corneal epithelial 

wound healing [2]. LSC loss or dysfunction leads to 

severe visual impairment due to emanating epithelial 

defects, conjunctival ingrowth, neovascularization, and 

opacification of the normally clear and avascular cor-

neal surface. This condition, also known as limbal stem 

cell deficiency (LSCD), can be caused by chemical or 

thermal burns, and inflammatory or genetic eye disor-

ders [3]. Despite multiple proposed strategies for the 

treatment of LSCD [4], transplantation of autologous 

or allogeneic LSCs remains the only curative option 

[5–7]. The currently preferred approach to unilateral 

LSCD involves transplantation of either a limbal auto-

graft obtained by biopsy from the healthy contralateral 

eye, i.e., simple epithelial transplantation (SLET), or of 

ex vivo cultivated autologous LSCs (CLET). Treatment 

of bilateral LSCD involves transplantation of LSCs 

obtained from an allogeneic donor. Notably, transplan-

tation of autologous LSCs has been shown to achieve 

significantly higher success rates and lower incidence 

of complications compared to allograft transplantation 

[7].

In LSCD, the normal immune privileged state of the 

cornea [8] is disrupted due to the breakdown of limbal 

barrier function. This disruption of the LSC niche ren-

ders LSC transplants vulnerable to immune attack. In 

allogeneic transplantation, the incompatible donor cells 

are commonly rejected by the host adaptive immune 

system based on the expression of highly polymorphic 

human leukocyte antigens (HLAs) on the cell surface 

[8, 9]. Therefore, the graft rejection-related problems 

and the limited availability of suitable donors represent 

major hurdles for successful allogeneic LSC transplan-

tations. To address this problem, alternative autolo-

gous tissue sources such as hair follicle and dental pulp 

stem cells, oral mucosal epithelia, and mesenchymal 

stem cells have been investigated for their potential for 

corneal regeneration upon transplantation [5, 6, 10]. 

However, despite eliminating the need for immunosup-

pression, incomplete differentiation towards the cor-

neal epithelial phenotype may pose a problem for using 

alternative autologous tissue grafts [10].

Differentiation of corneal cells from human pluripotent 

stem cells (hPSCs), namely embryonic stem cells (ESCs) 

and induced pluripotent stem cells (iPSCs), has emerged 

as a promising option for the treatment of bilateral LSCD 

[6, 11]. The first such protocol was described by Ahmad 

and colleagues in 2007 [12]. Since then, we and others 

have invested in developing techniques to produce an 

unlimited source of LSCs from hPSCs [6, 13–17]. While 

many of the earlier methods relied on animal-derived 

and poorly standardized culture components complicat-

ing their clinical translation, several clinically accept-

able protocols have recently been developed [18–20]. For 

example, in Japan, iPSC-derived corneal transplants were 

recently administered to four patients suffering from 

bilateral LSCD [21]. However, the outcomes of these 

transplants are not yet known.

In addition to immunoregulation, the success of LSC 

therapies is highly dependent on the differentiation 

Keywords: Human pluripotent stem cells, Stem cell differentiation, Limbal stem cells, Limbal stem cell deficiency, 

ABCG2, ABCB5, Wound healing, Calcium signaling
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potential of the transplanted cells, including their abil-

ity to home to the limbus and function as native LSCs. 

Due to their somewhat ambiguous nature, the iden-

tification of LSCs typically relies on the simultaneous 

expression of several putative LSC markers combined 

with the absence of corneal differentiation marker 

CK12 [22]. For the time being, the transcription fac-

tor p63 remains the only marker with proven associa-

tion with clinical success of LSC transplants [23]. Still, 

nuclear localization of p63 impairs its utilization for the 

surface marker-based LSC isolation. Numerous addi-

tional markers have been studied for their potential in 

identifying the therapeutically relevant bona fide LSCs 

in humans, including ABCG2 and CK15 [24–26]. In 

2014, Ksander et al. [27] demonstrated that in the cor-

neal limbus, the membrane-expressed protein ABCB5 

marks a population of slow-cycling basal cells that also 

express ΔNp63α, the most cornea-associated isoform 

of p63 [28, 29]. Transplantation of  ABCB5+ limbal 

cells in mice with induced LSCD lead to the long-term 

restoration of clear avascular corneas and absence of 

LSCD characteristics, while  ABCB5− transplants failed 

to do so [27]. Taken together, ABCB5 was admissibly 

proposed as the first prospective marker allowing selec-

tive isolation and enrichment of the therapeutically rel-

evant LSCs. Indeed, ABCB5 has been recently utilized 

for enrichment of LSCs obtained both from corneal tis-

sue of cadaveric donors [30] and iPSC-derived corneal 

organoids [31]. Similar to their tissue-derived counter-

parts, the iPSC-derived  ABCB5+ LSCs displayed high 

self-renewal potential and appropriate stratification 

towards  CK12+ CE in vitro [31].

In addition to self-renewal and stratification, wound 

healing represents one of the critical functions of healthy 

CE. In the case of minor wounds, the repair of surface 

CE is thought to be carried out without recruitment of 

LSCs, while excessive injuries require compensatory pro-

liferation of LSCs and their transiently amplifying cell 

(TAC) progeny [2, 32]. In many epithelial tissues includ-

ing CE, nucleotide-induced increase of cytosolic cal-

cium  (Ca2+) is known to act as the main initiator to the 

complex wound healing cascades [33]. In general, extra-

cellular adenosine triphosphate (ATP), released by the 

cells on the injury site, binds to P2 purinergic receptors, 

especially P2Y2, stimulating a fast release of intracellu-

lar  Ca2+ from their stores [33–36]. The elicited calcium 

wave propagates away from the wound border, triggering 

various downstream pathways and subsequent wound 

closure.

In the current study, we performed the characteriza-

tion and in vitro assessment of the functional properties 

of hPSC-derived LSCs (hPSC-LSCs) generated using the 

previously established clinically applicable protocol [18, 

19, 37] in comparison to tissue-derived ex vivo cultured 

LSCs.

Methods

Study design
To compare properties of hPSC-LSCs with their tissue-

derived counterparts, human and porcine LSC cultures 

were established in defined and feeder-free conditions 

and used as controls. Immunofluorescence (IF), flow 

cytometry (FC), scratch assay and  Ca2+ imaging were 

used to study the marker expression, immunophenotype 

and wound healing properties of the hPSC-LSCs. Sche-

matic overview of the study design is presented in Fig. 1.

Isolation and culture of tissue-derived human and porcine 
limbal stem cells
Primary LSC cultures were established from human (h) 

and porcine (p) corneo-limbal tissues. Cadaveric donor 

human corneas were received from the Cell and Tissue 

Bank Regea (Tampere University) following rejection 

from the clinical use. Whole porcine eyes were obtained 

from a local slaughterhouse and transported to the labo-

ratory on ice, where the eyes were sterilized, and corneas 

separated from the extra tissues as described previously 

[38, 39]. 2–3 mm wide limbal sections were dissected off 

the corneas and cut into 2 × 2 mm pieces. Limbal pieces 

were placed into CnT-07 medium (CELLnTEC) supple-

mented with 50-U/mL Penicillin–Streptomycin (pen/

strep, Gibco, Thermo Fisher Scientific) and 1 mg/mL col-

lagenase type II (Gibco, Thermo Fisher Scientific), and 

incubated 16–18  h at + 37  °C in the incubator. For por-

cine samples, limbal sections from 4 eyes were pooled, 

while human samples were handled individually.

Final digestion of the pieces was carried out with Try-

pLE Select enzyme (Gibco, Thermo Fisher Scientific) 

10  min at + 37  °C. Cells released in a suspension were 

collected to a separate tube containing CnT-07 medium 

and Defined Trypsin inhibitor (DTI; Gibco, Thermo 

Fisher Scientific), centrifuged 5 min at 300 rcf and finally 

resuspended into CnT-07 medium for counting. Isolated 

single cells were plated onto 6-well plates or cell culture 

dishes coated with 5  μg/cm2 human placental collagen 

type IV (Col IV; Sigma-Aldrich) and 0.5 μg/cm2 human 

recombinant laminin-521 (LN521; Biolamina) into CnT-

07 medium supplemented with 50-U/mL pen/strep. Pri-

mary cells were thereafter cultured changing the medium 

three times a week. Occasionally, overgrowth of fibro-

blastic cell types was removed by treating the cells with 

Tryple Select 2–3  min at + 37  °C. Upon subconfluence, 

primary LSCs were detached with Tryple Select and DTI, 

counted and cryopreserved into CnT-07 medium sup-

plemented with 10% dimethyl sulfoxide (DMSO; Sigma-

Aldrich) as a cryoprotectant. Secondary LSCs at passage 
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1 were recovered from cryostorage and used as controls 

in the experiments. “Tissue-derived LSCs” used in the 

text hereafter refer to these cultured secondary LSCs at 

p1.

Culture of human pluripotent stem cells
Three hPSC lines, including one hiPSC and two hESC 

lines, previously established in our laboratory, were 

used for LSC differentiations. The WT001.TAU.bB2 hiP-

SCs were reprogrammed from healthy donor peripheral 

blood monocytes (PBMCs) using the CytoTune-iPS Sen-

dai Reprogramming kit (Thermo Fisher Scientific) and 

characterized as previously described [40]. Derivation 

and characterization of the hESCs lines Regea 08/017 and 

Regea 11/013 was carried out as previously described in 

[41]. Feeder-free culture system, described in detail by 

Hongisto et al. [18], was utilized for maintenance of the 

hPSCs. In brief, the hPSCs were cultured on well plates 

coated with 0.55  μg/cm2 LN521 in Essential 8™ Flex 

Medium (E8, Thermo Fisher Scientific) supplemented 

with the 50X supplement and 50-U/mL pen/strep. Single 

cell passaging onto new LN521 coatings was carried out 

with TrypLE Select and DTI twice a week on Mondays 

and Thursdays, enabling a weekend-free feeding regimen. 

For the experiments, the quality of hPSCs were continu-

ously monitored for attachment, growth and morphology 

with a Nikon Eclipse TE2000-S phase contrast micro-

scope (Nikon Instruments Europe B.V. Amstelveen, The 

Netherlands), and prior to differentiations, the hPSCs 

were thoroughly characterized (e.g., OCT-3/4, SSEA-3, 

SSEA-4, TRA-1-81 and LIN28); the normal karyotype 

was confirmed (G-banding service by Fimlab Laborato-

riot Oy Ltd., Tampere, Finland) and cells were tested for 

mycoplasma negativity with Venor®GeM Classic (Min-

erva biolabs, Berlin, Germany) (data not illustrated).

Differentiation of human pluripotent stem cells 
towards limbal stem cells
Human PSCs were differentiated towards LSCs using 

the previously established, defined and feeder cell-free 

protocol [18]. Shortly, the undifferentiated hPSCs were 

detached and transferred into suspension culture in 

the presence of 5  μM Blebbistatin (Sigma-Aldrich) to 

form embryoid body (EB) structures overnight. Differ-

entiation of the EBs was guided towards surface ecto-

derm with 10  μM transforming growth factor (TGF)-β 

Fig. 1 Schematic presentation of the study design. Human pluripotent stem cells (hPSCs) were differentiated towards limbal stem cells using 

the method described in Hongisto et al. [18], and the resulting populations were compared with tissue-derived limbal stem cells in various time 

points for their limbal stem cell and immunogenicity related marker expressions, using immunofluorescence and flow cytometry. Cryopreserved 

hPSC-derived limbal stem cells were additionally analyzed for their wound healing potential via calcium imaging and scratch assay
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inhibitor SB-505124 (PeproTech) and 50  ng/ml human 

basic fibroblast growth factor (bFGF; PeproTech) for one 

day, followed by 2  days with 25  ng/ml bone morphoge-

netic protein (BMP)-4 (PeproTech). After the induction, 

the EBs were plated onto Col IV/LN521 coated surfaces 

into defined CnT-30 corneal differentiation medium 

(CELLnTEC), and thereafter maintained by changing the 

medium three times a week. The differentiating hPSC-

LSCs were subjected to analysis at days 10–11 and 24–25 

(day 0 being the formation of the EBs with Blebbistatin). 

For some experiments, hPSC-LSCs were cryopreserved 

after three weeks of adherent differentiation, following 

the previously described cryopreservation protocol [18, 

19].

Isolation and differentiation of  ABCG2+ hPSC-derived 
limbal stem cells
Differentiation dynamics of the  ABCG2+ hPSC-LSCs 

were investigated with the help of fluorescence activated 

cell sorting (FACS).  ABCG2+ cells were isolated from the 

ABCG2-enriched hPSC-LSC population at day 11 and 

subjected to further differentiation on Col IV/LN521 

coated well plates in CnT-30 (with pen/strep). After 

17 days in continued culture, the cultures were detached 

and spun down on object glasses to obtain cytospin sam-

ples for IF quantification of ΔNp63α. Human PSC-LSCs 

from one line were used in the experiment. For further 

details of the technical implementation of the experi-

ment, see Supplemental methods within Additional file 1.

Differentiation of hPSC-derived limbal stem cells further 
towards corneal epithelium
Cryopreserved hPSC-LSCs were thawed and plated onto 

Ø13mm cell-culture treated plastic coverslips (Ther-

manox™, Thermo Fisher Scientific) coated with Col IV/

LN521, and cultured to a confluent stage in CnT-30 

(with pen/strep). Coverslips with confluent cultures 

were thereafter transferred to a coculture with mitoti-

cally inactivated 3T3-Swiss albino feeder cells (CCL-

92,  ATCC, Manassas, VA), and CnT-30 medium was 

supplemented with 5% fetal bovine serum (FBS) and 

1  mM calcium dichloride  (CaCl2; both from Sigma-

Aldrich) to promote further differentiation. Cells were 

cultured in the enriched differentiation conditions for 

7–21  days, changing the medium every or every other 

day and replacing the 3T3 feeder layers every 7  days. 

Samples were fixed at 7, 14 and 21-day time points and 

analyzed for their expression of CK3 and CK12, following 

the basic IF protocol described in the following chapter. 

Human PSC-LSCs from one line were used to demon-

strate the capacity of hPSC-LSCs to differentiate further 

towards corneal epithelial cells. Detailed description of 

the experiment is provided in Supplemental methods 

within Additional file 1.

Immunofluorescence
Each batch of tissue-derived human and porcine LSCs 

was subjected to immunofluorescence characterization 

(IF) for their expression of PAX6, ABCG2, ABCB5, p63α, 

p40, CK12, CK14 and CK15 (for detailed antibody infor-

mation, see Table 1). LSCs were thawed and plated into 

Col IV/LN521 coated well plates into CnT-07 medium 

(with pen/strep) 30  000–40  000 cells/cm2 and let to 

recover for 2–4 days prior fixation with 4% paraformalde-

hyde (PFA; Sigma-Aldrich) 20 min at room temperature 

(RT). The cultures were permeabilized with 0.1% Triton-

X100 (Sigma-Aldrich) 10–15 min at RT and blocked with 

3% bovine serum albumin (BSA; Sigma-Aldrich) 1  h at 

RT, following incubations with appropriate primary and 

fluorochrome-conjugated secondary antibody dilutions, 

Table 1 Antibodies used in characterization of limbal stem cell marker expression

*Frank Lab, Division of Genetics at Brigham and Women’s Hospital, Harvard Medical School Harvard University, USA

Antibody Host Dilution Manufacturer Catalog #No

PAX6 Rabbit 1:100 Sigma-Aldrich # HPA030775

ABCG2 Mouse 1:200 Merck Millipore # MAB4155

ABCB5 Mouse 1:200 Frank Lab* -

p63α Rabbit 1:200 Cell Signaling Technology # 4892

p40 (∆Np63) Mouse 1:100 BioCare Medical # ACI3066

CK3 Mouse 1:100 Invitrogen # MA1-5763

CK12 Rabbit 1:200 Abcam # AB185627

CK14 Mouse 1:200 R&D Systems # MAB3164

CK15 Mouse 1:200 ThermoFisher Scientific # MS-1068-P1

Anti-rabbit IgG, Alexa Fluor 488 Donkey 1:800 Molecular Probes # A21206

Anti-mouse IgG, Alexa Fluor 568 Donkey 1:800 Molecular Probes # A10037

Anti-goat IgG, Alexa Fluor 647 Donkey 1:800 Abcam # AB150131
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overnight at + 4 °C and 1 h at RT, respectively. Finally, the 

stained cultures were mounted with Vectashield Antifade 

Mounting Medium with DAPI (Vector Laboratories) and 

round coverslips, and representative morphology and IF 

images were captured with Olympus IX51 fluorescence 

microscope. Representative IF for hPSC-LSCs  was car-

ried out once at days 11 and 25 of differentiation (using 

two lines) and post-thaw at p1 (using all three lines), 

following the similar fixation and staining protocol as 

described above for tissue-derived LSCs. Additionally, 

double-staining of ABCB5 together with p63α was car-

ried out for one batch of differentiating hPSC-LSCs 

(using one line). 

Further differentiated hPSC-LSCs cultured coverslips 

were similarly analyzed for their expression of CK3 and 

CK12, except that nuclear staining was performed by 

incubating Hoechst 33342 (1:1000) 5 min at RT, after the 

secondary antibody incubation and ProLong Gold Anti-

fade without DAPI (both from ThermoFisher Scientific) 

instead of Vectashield was used to mount the samples on 

object glasses. The samples were imaged with Zeiss LSM 

800 confocal microscope.

Flow cytometry
Flow cytometry (FC) was used to quantify the expres-

sions of ABCB5, ABCG2 and HLA class I/II antigens. 

Expressions ABCB5 and ABCG2 were measured during 

differentiation of the hPSC-LSCs from day 10/11 and day 

24/25 populations. At least six individual samples com-

prising of at least two cell lines were analyzed from both 

populations. Due to technical issues, double staining of 

ABCB5 and ABCG2 was only successfully performed for 

one sample from two cell lines. HLA class I (A,B,C) and 

class II (DR,DP,DQ) proteins were both  similarly ana-

lyzed from three individual differentiation batches of two 

cell lines and thawed p1 hPSC-LSCs from one line. One 

batch of tissue-derived hLSCs was used as control for 

both ABCB5/ABCG2 and HLA class I/II analyses.

For FC staining, cells were detached with TrypLE 

Select and DTI or 2 mM ethylenediamine-tetraacetic acid 

(EDTA; Gibco, Thermo Fisher Scientific), counted and 

washed with FC wash buffer containing 0.5% BSA and 

1–2 mM EDTA in DPBS. 1–2 ×  105 cells/100 μL per sam-

ple were divided to 5  mL sample tubes, incubated with 

appropriate primary antibodies 20–30  min in the dark 

on ice, washed three times with the washing buffer and 

further incubated with secondary antibody, where appli-

cable, 30 min in the dark on ice, and washed again. Infor-

mation of the used antibodies is presented in Table  2. 

The stained cells were immediately analyzed with the BD 

Accuri™ C6 flow cytometer (BD Pharmingen), collecting 

10 000 events of the primarily gated population of inter-

est. The collected data were further analyzed with the BD 

FlowJo™ v10.6 software.

In FlowJo, the negative control was used to gate the 

population of interest containing the cells. After exclud-

ing doublets from the analysis, the negative vs. positive 

gates were set with histograms (single stained samples) or 

quadrant tools (double-stained samples) using 0.5% mar-

ginal. Finally, the established gates were copied to each 

sample of the experiment. Overview of the FC gating 

strategy is presented within the Results section in Fig. 3b.

Calcium imaging
Ca2+ signaling responses towards treatment with agonist 

were investigated from thawed p1 hPSC-LSCs. Cryopre-

served hPSC-LSCs were thawed onto Col IV/L521 coated 

Ø13mm cell-culture treated plastic coverslips into CnT-

30 (with pen/strep) and cultured to a confluent stage 

prior the analysis. Final analyses were carried out once 

for one line.

For imaging, samples were washed twice with pre-

warmed Elliot buffer (pH 7.4 at + 37  °C, containing 

137  mM NaCl, 5  mM KCl, 0.44  mM  KH2PO4, 20  mM 

HEPES, 4.2  mM  NaHCO3, 5  mM Glucose, 1.2  mM 

 MgCl2 and 2 mM  CaCl2, osmolarity 330). Samples were 

loaded with 4  μM  Ca2+-sensitive dye fluo-4-acetoxy-

methyl ester (Fluo-4, ThermoFisher Scientific) in Elliot 

Table 2 Antibodies used in flow cytometry. Manufacturer recommendations in brackets

*Frank Lab, Division of Genetics at Brigham and Women’s Hospital, Harvard Medical School Harvard University, USA

Antibody Conjugation Amount Manufacturer Catalog #No

Ms ABCB5 mAb, clone 3C2–1D12 N/A 5 μg/mL Frank Lab* –

Donkey anti-Mouse IgG (H + L) secondary ab AlexaFluor 647 2.5 μg/mL Thermo Fisher Scientific # A31571

Ms IgG1 isotype control, clone MOPC-21 AlexaFluor 647 5 μg/mL Thermo Fisher Scientific # MA5-18168

Ms anti-Human ABCG2 mAb, clone 5D3 APC 1.2 (2) μg/mL BD Biosciences # 561451

Ms IgG2b, k isotype control, clone 27–35 APC 20 (20) μL BD Biosciences # 555745

Ms anti-Human HLA-A,B,C, clone G46-2.6 APC 16 (20) μL BD Biosciences # 562006

Ms anti-Human HLA-DR,DP,DQ, clone Tu39 FITC 18 (20) μL BD Biosciences # 562008
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buffer together with 2.5 mM Probenecid (ThermoFisher 

Scientific) 30 min in + 37 °C no-CO2 humidified incuba-

tor. After loading, samples were washed twice with Elliot 

buffer and let to rest 15 min in + 37 °C no-CO2 humidi-

fied incubator before imaging.  Ca2+ imaging was car-

ried out with Nikon Eclipse FN1 upright fluorescence 

microscope using water dipping Apo LWD 25X objec-

tive. Samples were maintained in constant flow of fresh 

pre-warmed Elliot buffer throughout the imaging, tem-

perature ranging between + 32 and + 37  °C. For detect-

ing  Ca2+ response towards the agonist, samples were 

perfused with 100 μM ATP diluted in Elliot buffer 2 min 

at 2:00–4:00 during the 10 min recording. Three parallel 

samples were imaged. Extra coverslips were fixed with 4% 

PFA 20 min at RT and stained for P2Y2 (Thermo Scien-

tific, #PA1-46150, 1:200) in IF. Images of stained cells on 

coverslips were captured with a confocal Zeiss LSM 800 

microscope.

ImageJ Image Processing and Analysis tools [42] were 

used to process  Ca2+ imaging videos for ATP response 

analysis. Individual single cells were manually outlined as 

regions of interest (ROIs) (see Fig. 5c in the Results-sec-

tion) and their average intensity values were extracted as 

a function of time using the ImageJ Multi measure tool. 

Raw intensity data were analyzed and normalized curve 

plots representing single cell responses were extracted 

using a custom self-developed MATLAB script package 

(MATLAB R2017b, The MathWorks Inc.), as reported 

previously [43, 44]. For quantifying cells that expressed 

 Ca2+ oscillations, kymographs were extracted from 5 

randomly selected segments from each parallel sample 

video using the command Slice [/] in ImageJ (see Fig. 5d 

in the Results-section). Finally, rows indicating single cell 

borders and intensity peaks were manually appointed. 

Cells expressing two or more peaks after the initial ATP-

induced intensity peak, were considered to oscillate.

Scratch assay
Scratch assays were carried out to investigate the wound 

healing potential of the thawed p1 hPSC-LSCs in com-

parison to tissue-derived pLSCs. Cryopreserved hPSC-

LSCs or pLSCs were thawed onto Col IV/L521 coated 

wells into CnT-30 or CnT-07 medium (with pen/strep), 

respectively, and cultured to a confluent stage prior the 

analysis. Three to four wells per analysis were scratched 

using a 1  mL pipette tip, washed once with the culture 

medium, and subjected to automated time-lapse imaging 

at 30 min intervals for the next 24 or 48 h. The imaging 

was carried out using Cell-IQ® automated cell culture 

and analysis system or EVOS® FL Auto Cell Imaging 

System (ThermoFisher Scientific), using a 10 × objec-

tive. Three independent batches of hPSC-LSCs from one 

cell line were imaged separately for the 24-h analyses 

(replicate experiments (R)1–3). In R3, one batch of tis-

sue-derived pLSCs was imaged in parallel with hPSC-

LSCs. For the 48-h analysis, two independent hPSC-LSC 

batches were imaged in parallel with two independent 

tissue-derived pLSC batches (R4/5).

ImageJ Image Processing and Analysis tools [42] were 

used for determining the scratch closure rate from 

images captured at 0, 2, 6, 12, 18, 24, 30, 36, 42 and 48 h. 

The scratched areas at each time point were manu-

ally selected as ROIs and ROI areas (A) were calculated. 

The percentage of scratch closure achieved in each time 

point (x)  was calculated using the following formula: 

[A(0 h) − A(x)]/A(0 h)*100.

Statistical methods
All data are presented as the mean ± standard deviation 

(SD). Statistical analyses were performed with Graph-

Pad Prism 5 software (GraphPad Software Inc.). Kol-

mogorov–Smirnov test was used to determine normal 

distribution of the data before statistical comparisons. If 

passed, paired T-test was utilized to compare differences 

between two time points in a group, or unpaired T-test 

was used to compare differences between two groups. 

When the data were not normally distributed, Mann–

Whitney U test was used. Differences were considered 

statistically significant when P ≤ 0.05. Number of subjects 

(n) is constituted of hPSC-LSC differentiation or tissue-

derived LSC isolation batches, each of individual cell 

batches being considered as biological replicates.

Results

Expression of limbal stem cell-associated markers 
in differentiating hPSC cultures in comparison 
to tissue-derived limbal stem cells
Immunofluorescence analysis of several LSC-associated 

markers demonstrated the increased expression of PAX6, 

ΔNp63α detected by p63α/p40 co-staining, CK14 and 

CK15 during hPSC differentiation at day 11 and 25. In 

these cultures, ABCG2 was only detected at day 11, and 

the corneal epithelial differentiation marker CK12 was 

not present at day 11 or day 25 (Fig. 2a). A similar marker 

expression was observed in cryopreserved p1 hPSC-

LSCs (Fig.  2a). However, arising expression of CK3 and 

CK12 was observed after further epithelial differentiation 

of post-thaw p1 hPSC-LSCs in enriched differentiation 

conditions in CnT-30 supplemented with FBS and  CaCl2 

(Fig. 2b, Additional file 2: Fig. S1), along with cell layering 

(Fig.  2b). The tissue-derived cultured hLSCs and pLSCs 

displayed robust expression of PAX6, ΔNp63α, CK14 

and CK15, low levels of CK12 and no detectable ABCG2 

(Fig.  2a). These staining patterns resembled day 25 and 

p1 hPSC-LSC cultures (Fig.  2a). Within hPSC-LSCs, 

both hESC- and hiPSC-derived LSCs demonstrated 
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comparable marker expression patterns throughout the 

differentiation process and post-thaw recovery (data not 

illustrated).

ABCB5 marks the population of ABCG2-negative 
and p63α-positive hPSC-LSCs
Flow cytometry analyses revealed divergent expression 

patterns of ABCB5 and ABCG2 during differentiation 

of hPSC-LSCs (Fig. 3a). Gating strategy and representa-

tive flow cytometry histograms for both markers, accom-

panied with negative and isotype controls, are shown in 

Fig. 3b, c. In the course of differentiation, expression of 

ABCB5 significantly increased from 14.7 ± 5.3% at day 

10–11 to 49.3 ± 13.7% at day 24–25, (n = 6, P = 0.0002, 

unpaired t-test) while expression of ABCG2 signifi-

cantly decreased from 23.9 ± 10.2% at day 10–11 (n = 8) 

Fig. 2 Expression of limbal stem cell associated markers. a Representative immunofluorescence images of hPSC-derived LSCs at day (d)11, d25 and 

at passage 1 (p1) post-thaw, in comparison to human and porcine LSCs at p1 post-thaw. Corresponding DAPI-stained nuclei presented in the lower 

left corner of each panel. Scale bars, 100 μm. Representative hPSC-LSC data shown for line Regea08/017. b Cytokeratin (CK)12 and CK3 expression 

and cell layering in p1 hPSC-LSCs after 21 days further differentiation in CnT-30 supplemented with 5% FBS and 1 mM  CaCl2. Scale bar, 50 μm. CK12/

CK3 expression data for hPSC-LSC line Regea08/017
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to 3.3 ± 1.8% by day 24–25 (n = 7, P = 0.0014, Mann–

Whitney U test) (Fig.  3a). In cultured tissue-derived 

hLSCs, ABCB5 was expressed by 32.9% and ABCG2 by 

1.0% of the cells (n = 1) (Fig.  3a). Immunofluorescence 

analyses revealed distinct ABCB5 expression patterns 

in day 10–11 hPSC-LSCs, day 24–25 hPSC-LSCs and 

tissue-derived hLSCs (Fig.  3d). ABCB5 staining in p1 

post-thaw hPSC-LSCs was similar to day 24–25 hPSC-

LSCs (data not illustrated). ABCG2 was detected in day 

10–11 hPSC-LSC cultures with significantly reduced 

expression in day 24–25 hPSC-LSCs or tissue-derived 

hLSCs (Fig.  3d). High ΔNp63α expression determined 

by p63α and p40 positivity was observed in the major-

ity of day 24–25 hPSC-LSCs and hLSCs, while a smaller 

number of p63α/p40 double-positive cells was observed 

in day 10–11 hPSC-LSC cultures (Fig.  3d, staining 

shown for p63α). Importantly, differentiation of isolated 

 ABCG2+ cells yielded a hPSC-LSC population with high 

expression of ΔNp63α (88.7 ± 2.8%, n = 1565 cells, see 

Additional File 2: Figure S2).

Double staining flow cytometry analyses revealed 

ABCB5 expression by 14.5 ± 1.5% and ABCG2 expres-

sion by 26.2 ± 7.9% of cells in day 10 hPSC-LSCs cultures 

(Fig. 3e, f ), among which 6.3 ± 0.04% of cells co-expressed 

both proteins (n = 2). Immunofluorescence analyses 

demonstrated co-expression of ABCB5 and p63α in both 

day 11 and day 25 hPSC-LSCs (Fig.  3g). This was espe-

cially highlighted in the day 11 hPSC-LSC culture, where 

a clear separation to ABCB5/p63α double-positive and 

double-negative populations was observed, while in day 

25 hPSC-LSCs the expression of both markers was more 

ubiquitous (Fig. 3g).

Immunophenotype of hPSC-LSCs
Flow cytometry was used to analyze the expression of 

HLA class I (A,B,C) (Fig.  4a) and class II (DR,DP,DQ) 

(Fig. 4b) proteins during differentiation of hPSC-LSCs. At 

day 10–11, class I HLAs were expressed on 44.9 ± 7.9% of 

the cells and their expression was significantly increased 

to 84.6 ± 20.5% on day 24–25 (n = 6, P = 0.0070, paired 

T-test) (Fig.  4a). Noteworthy, especially in one replica 

experiment where the two parallel cell lines gave highly 

varied results (90.9% in Regea08/017 hESC-LSCs vs. 

53.4% in WT001.TAU.bB2 hiPSC-LSCs) at day 24–25, 

lower differentiation efficacy was also clearly observed 

during morphological evaluation correlating with the 

lower expression of HLA I (data not illustrated). Fur-

ther, class I HLAs were expressed rather uniformly in 

97.4 ± 2.8% of p1 hPSC-LSCs post-thaw (n = 3), but dif-

ference to day 24–25 hPSC-LSCs was not significant 

(Mann–Whitney U test). Similar uniform expression 

of HLA class I (99.9%, n = 1) was measured in tissue-

derived, cultured hLSCs, but as seen in representative 

FC histograms in Fig. 4c, the mean fluorescence intensity 

(MFI) shown on x-axis is markedly lower in hPSC-LSCs 

in comparison to tissue-derived hLSCs.

On the other hand, HLA class II proteins were not 

expressed by day 10–11 hPSC-LSC cultures (0.7 ± 0.1%) 

and their expression remained at negligible levels at day 

24–25 (0.9 ± 0.3%) (Fig.  4b). Interestingly, post-thaw p1 

samples showed slightly but significantly higher expres-

sion of HLA class II (3.6 ± 2.0%) in comparison to day 

24–25 samples (n ≥ 3, P = 0.0357, Mann–Whitney U 

test). In hLSCs, class II HLAs were expressed in 8.5% of 

the cells. Representative FC histograms of the studied 

populations are shown in Fig. 4c.

Wound healing properties of hPSC-LSCs
The functional potential of the post-thaw p1 hPSC-LSCs 

was evaluated through examination of calcium signal-

ing and wound healing capacity. Immunofluorescence 

analyses revealed abundant expression of the purinergic 

receptor P2Y2, the main mediator of ATP-induced  Ca2+ 

response (Fig.  5a). Accordingly, robust  Ca2+ response 

was observed after agonizing hPSC-LSCs with the P2Y2 

ligand ATP, as visualized in a pseudocolored image 

time series in Fig.  5b. Of 1082 analyzed cells, 99.7% 

were responsive to ATP stimulation. The cells produced 

responses with both fast rise and fast decay (Fig. 5c). In 

addition to the main  Ca2+ peak, many of the individual 

cells displayed post-stimulatory  Ca2+ oscillations. In 

total, 331 cells were analyzed for their oscillatory behav-

ior and 23.8 ± 15.9% of those produced two or more sep-

arate  Ca2+ peaks after the initial response (Fig. 5d).

The wound healing capacity of p1 hPSC-LSCs was 

evaluated in the scratch assay [45]. Wound closure rate 

for post-thaw p1 hPSC-LSCs  (n2-24 h = 5 and  n30-48 h = 2) 

was on average 14.3 ± 4.8% at 2  h, 30.1 ± 7.7% at 6  h, 

(See figure on next page.)

Fig. 3 Expression of ABCB5, ABCG2 and p63α. a Flow cytometry (FC) analyses of ABCB5 and ABCG2 expression in day (d) 10–11 (n ABCB5 = 6, 

 nABCG2 = 8) and d24-25  (nABCB56,  nABCG2 = 7) hPSC-LSCs populations and in human LSCs at passage (p)1 (n = 1). For statistical analyses, paired t 

test and Mann–Whitney U test were used for comparison of day 10–11 and day 24–25 hPSC-LSC populations. b Gating strategy used in FC. c 

Representative FC histograms showing unstained (tinted black) and isotype-stained controls (dotted black) in overlays with ABCB5 (red) and ABCG2 

(green) stained populations. d Immunofluorescence (IF) analysis of single-stain ABCB5, ABCG2 and p63α. Corresponding DAPI-stained nuclei 

presented in the lower left corner of each panel. Scale bars, 100 μm (applies for d and g). e FC results of ABCB5/ABCG2 double-stained cells in d10 

hPSC-LSCs. f Representative FC dot plots of the single- and double-stained d10 hPSC-LSCs. g IF analysis of ABCB5/p63α double staining in d11 and 

d25 hPSC-LSCs. Representative hPSC-LSC data in all images shown for line Regea08/017



Page 10 of 17Vattulainen et al. Stem Cell Research & Therapy          (2021) 12:609 

Fig. 3 (See legend on previous page.)
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59.2 ± 11.2% at 12 h, 77.4 ± 12.7% at 18 h, 89.2 ± 10.1% 

at 24 h and > 95% at 30 h and later time points (Fig. 6a, 

b). For tissue-derived, cultured pLSCs  (n2-24  h = 3 and 

 n30-48  h = 2) the corresponding wound closure rates 

were 6.4 ± 1.8%, 12.1 ± 0.3%, 23.7 ± 3.1%, 36.1 ± 2.0%, 

51.1 ± 2.7%, 69.6 ± 3.2%, 81.1 ± 9.5%, 91.1 ± 4.1 and 

94.6 ± 2.4%, respectively (Fig. 6a, b). The healed area of 

hPSC-LSCs was on average 55.2%, 59.2%, 60.0%, 53.4%, 

42.7%, 28.0%, 18.2%, 8.2% and 5.3% larger than that of 

pLSCs by 2, 6, 12, 18, 24, 30, 36, 42 and 48 h. The dif-

ferences were significant (P = 0.0357, Mann Whitney U 

test) between 6 and 24  h (Fig.  6b). Human PSC-LSCs 

also displayed more migratory behavior in comparison 

to pLSCs (Fig.  6c, d, for more comprehensive demon-

stration see also the Supplementary movie S3 provided 

in Additional File 2).

Fig. 4 Expression of human leukocyte antigen (HLA) class I and class II proteins. a Flow cytometry (FC) results of HLA-A,B,C (class I) and b 

HLA-DP,DR,DQ (class II) expression in day (d) 10–11 (n = 6), d24–25  (nHLA-A,B,C = 6,  nHLA-DR,DP,DQ = 5) and passage 1 (p1, n = 3) hPSC-LSCs populations, 

and in p1 human LSCs (n = 1). For statistical analysis, paired t-test was used for comparison of day 10–11 and day 24–25 hPSC-LSC populations, and 

Mann–Whitney U-test was used for comparison of day 24–25 and p1 hPSC-LSC populations. c Representative FC histograms showing unstained 

(tinted black) controls in overlays with HLA-A,B,C- or HLA-DR,DP,DQ-stained populations. Representative hPSC-LSC data shown for line Regea08/017
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Discussion

The development of safe, efficient, and economically 

feasible tissue-engineered grafts to treat LSCD is an 

important objective in the battle against insufficiency 

of the currently available methods, especially in case of 

bilateral LSCD. Here, we have investigated the marker 

expression of LSCs produced from hPSCs with the previ-

ously established defined and feeder-free method [18, 19] 

and provide insight of their functional potential in wound 

healing.

The LSC associated marker expression profile and its 

maintenance after cryopreservation in hPSC-LSCs were 

Fig. 5 Calcium signaling properties. a Expression of purinergic receptor P2Y2 in p1 hPSC-LSCs. Scale bar, 20 μm. b Representative pseudocolored 

image time series of ATP-induced  Ca2+ response in p1 hPSC-LSCs, visualized with Fluo-4  Ca2+ indicator. c Representative single cell selections from 

one parallel sample and corresponding curve cluster showing relative intensities as a function of time for each analyzed cell in a sample. Typical 

response (based on relative intensity peak during the ATP stimulation) is highlighted in black, strongest response in pink and weakest response 

in blue. d Representative regions of interest (ROIs) from one parallel sample and resulting kymograph from one representative ROI, with example 

curves of single non-oscillating and oscillating p1 hPSC-LS cells. Asterix marks the primary ATP-induced calcium peak. All data for hPSC-LSC line 

Regea08/017
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in line with our previous observations, including the 

expression pattern of ABCG2 with bright membrane-

localized staining at day 11 and negligible expression in 

the following time points [18, 37]. The results demon-

strate high reproducibility of the method in our hands. 

Noteworthy, Sun et  al. [46] utilized a differentiation 

protocol with the same induction molecules to inves-

tigate cellular heterogeneity during differentiation of 

hPSC-LSCs at days 0, 7, 14 and 21, using single cell RNA 

sequencing. Interestingly, they reported overall very 

low expressions for PAX6, p63, and CK14 and distinc-

tive expression pattern for ABCG2, demonstrating the 

highest peak of ABCG2 expression at day 21. These dif-

ferences could be explained by divergent culture meth-

ods affecting cell signaling pathways, such as the use of 

Matrigel in hPSC culture and the use of ROCK inhibi-

tor instead of blebbistatin in EB formation. However, the 

results highlight the importance of the  ABCG2+ cell pop-

ulation in the hPSC-LSC cultures.

In the current study, the expression of another LSC 

marker ABCB5 during hPSC-LSC differentiation was 

also investigated. Both  ABCB5+ [31] and  ABCG2+ [24, 

25] cells have been shown to possess the capacity to 

form holoclones, which identifies the self-renewing stem 

cells in  vitro. Furthermore, we have previously associ-

ated high expression of ABCG2 with the presence of 

a quiescent subpopulation, as well as with increased 

regenerative potential of hPSC-LSCs [37]. In the cur-

rent study, we found that during hPSC-LSC differen-

tiation, expression of ABCB5 was significantly increased 

from day 10–11 (14.6%) to day 24–25 (49.3%). Previ-

ously, using the exact protocol, we found that ΔNp63α 

expression also increased from 23.2% to 54.3% at these 

time points [37]. Due to their critical role in LSC func-

tionality, and preferred coexpression of p63α and ABCB5 

in vivo [27], quantification of PAX6/p63 double-positive 

cells was used as potency assay during quality control 

of the novel  ABCB5+ LSC-based ATMP [30]. Impor-

tantly, double staining of ABCB5 and p63α in our study 

showed that these markers were coexpressed both on 

day 11 and day 25 hPSC-LSCs cultures. It is noteworthy 

that, while expression of the ΔNp63α isoform of the most 

widely used LSC marker p63 (first proposed by Pellegrini 

et  al. in 2001 [47]) can be shown only via double stain-

ing with p63α and p40 antibodies, we have previously 

demonstrated that 90% of the hPSC-LSCs expressing 

either p63α or ΔNp63 are double-positive with the other 

marker as well [18]. Thus, in the context of this paper it 

is reasonable to assume that positivity to either of those 

markers represents the presence of specific ΔNp63α 

isoform.

In contrast to ΔNp63α and ABCB5, expression of 

ABCG2 in hPSC-LSCs declined during differentiation to 

3.3% of cells by day 24–25. At day 10–11, both ABCB5 

Fig. 6 Wound healing capacity. a, b Scratch assay results for passage 1 (p1) hPSC-LSCs and p1 porcine LSCs. Results are presented as mean 

(± standard deviation) of all individual replicate experiments. For statistical analysis, Mann–Whitney U-test was used to compare between the 

populations in 2–24 h time points. c Representative phase contrast images of p1 hPSC-LSC and d, p1 porcine LSC scratches at 0, 6, 12, 18, 24, 30, 36, 

42 and 48 h time points in R4/5. Yellow lines mark the borders of analyzed wound area. All hPSC-LSC data for line Regea08/017
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and ABCG2 were expressed, by 14.5% and 26.2% of the 

cells, respectively, and a small subset of 6.3% of all cells 

coexpressed both proteins. Interestingly, a population of 

highly regenerative  ABCB5+/ABCG2+ LSCs could also 

be retrieved from human limbus using a specialized cul-

turing process [48], raising an interest towards the ther-

apeutic relevance of this earlier population as well. In a 

transcriptomic analysis investigating the stemness hierar-

chy of human LSCs expressing ABCB5 and p63, ABCB5 

was positioned after p63 [49]. Here,  ABCG2+ cells iso-

lated from day 11 hPSC-LSC cultures gave rise to popu-

lations with high (> 88%) expression of ΔNp63α. This is 

in line with our previous results, where similarly sorted 

 ABCG2+ cells produced > 99% pure  ABCB2−/p63α+ pop-

ulation [37]. While we have not examined whether p63 

is co-expressed in some of the isolated  ABCG2+ cells at 

day 10–11, these results and the transient expression of 

ABCG2 during the early phase of hPSC-LSC differentia-

tion suggests its role as a preceding marker in relation 

to p63 and potentially ABCB5, both of which appeared 

more prevalent at day 25. As known from Rama et  al. 

2010 [50], long-term restoration of the corneal surface is 

accomplished with  p63+ LSCs, and preclinical evidence 

of the high potential of  ABCB5+ LSCs [27, 30, 31] is com-

pelling as well. Although the developmental trajectory 

of ABCG2, ABCB5 and ΔNp63α remain to be further 

studied, they all represent extremely attractive hPSC-

LSC populations for therapeutic applications. Impor-

tantly, the cell surface localization of ABCG2 and ABCB5 

allows antibody-dependent isolation of living cells, which 

can be used to purify and enrich the target population, 

as recently demonstrated by Norrick et  al. (2021) for 

ABCB5 [30].

Additionally, we addressed the development of immu-

nogenic properties during differentiation to gain pre-

liminary insight to the future immunoregulatory aspects 

of hPSC-LSC transplantation. HLA class I proteins are 

expressed by most nucleated cells and they are recog-

nized by cytotoxic T cells, leading to direct extermina-

tion of mismatched tissue transplants [9, 51]. HLA class 

II proteins are mainly expressed by antigen presenting 

cells (APCs), which are represented by the Langerhans 

cells in the cornea [8]. The Langerhans cells activate B 

and T cells indirectly via stimulation of helper T cells. In 

our investigations, the baseline expression of HLA class 

II antigens in hPSC-LSCS was low. The number of cells 

expressing class I HLAs significantly increased during 

differentiation, and lower/slower differentiation efficacy 

of one analyzed cell batch was likewise reflected to the 

lower expression of class I HLAs in that particular sam-

ple at day 24–25. Based on our studies, both hESC- and 

iPSC-LSCs express HLAs in similar manner and the dif-

ferences in HLA expression levels and differentiation 

efficacy towards LSCs in general is more dependent on 

characteristics of individual cell lines rather than the 

source of hPSCs. Our results are in line with previously 

published reports stating that while hESCs and hiPSCs 

have low expression of class I HLAs, their expression is 

increased upon differentiation, even though their lev-

els remain low in comparison to somatic cells [51, 52]. 

Importantly, expression of HLA class I antigens in hPSC 

ocular derivatives is strongly elicited when the cells are 

exposed to inflammatory signals, as previously reported 

for ESC-derived corneal epithelial cells (CECs) [53] and 

iPSC-derived retinal pigment epithelium (RPE) [52, 54]. 

However, in ESC-CECs the HLA class I staining MFI 

remained at significantly lower level in comparison to 

primary LSCs and expression of class I antigens was not 

affected, indicative of the lower immunogenicity of ESC-

CECs [53]. Similarly to Wang et al. (2016), we also found 

the baseline expression of HLA class I was markedly 

lower in hPSC-LSCs compared to tissue-derived hLSCs. 

While this basic investigation of the immunogenic sta-

tus of our hPSC-LSCs implicates low immunogenicity 

in comparison to donor tissue, a more comprehensive 

study including the inflammatory environment needs be 

carried out utilizing this specific differentiation method. 

Further, modern immunomodulatory strategies like uti-

lization of “universal donor lines” with HLA inactiva-

tion [55–57] should be explored in order to minimize the 

immunogenic threats and promote the usability of the 

method.

The marker expression of differentiating hPSC-LSCs 

at day 10–11 and 24–25 as well as cryopreserved hPSC-

LSCs at p1 were also compared with cryopreserved p1 

human and porcine tissue-derived LSCs. While human 

corneas are only randomly available for research pur-

poses for our group, porcine corneas serve as a validated 

substitute for human tissue [38, 39]. In this study, the 

tissue-derived cultured LSCs, both human and porcine, 

showed striking similarity to day 25 and p1 post-thaw 

hPSC-LSCs, except for CK12 expression. The presence 

of residual  CK12+ mature corneal cells in tissue-derived 

cultures is to be expected, however their low numbers in 

addition to wide expression of ΔNp63α, CK15, CK14, and 

ABCB5 indicate, that the used feeder-free and defined 

culture conditions of tissue-derived LSC promote main-

tenance of progenitors over maturation of the cells. In 

hPSC-LSCs, further differentiation could be induced by 

culturing the cells in enriched differentiation condition 

including 3T3 feeders. While the formation of properly 

stratified multilayered CE was not achieved within the 

maximum 21-day observation period, preliminary cell 

layering and arising expression of the CE specific termi-

nal differentiation markers CK3 and CK12 demonstrates 

the capacity of hPSC-LSCs to carry out corneal lineage 
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differentiation. However, the unequivocal functional 

capacity of hPSC-LSCs in terms of multilayered CE 

regeneration remains to be verified in vivo.

In this study, the functional properties were studied in 

regard to wound healing, which is a fundamental func-

tion of limbal cells. Corneal wound closure is achieved by 

migration, proliferation, and differentiation of TACs [2, 

58]. Post-thaw p1 hPSC-LSCs were chosen for the anal-

ysis because of their phenotypic similarity to the tissue-

derived cultured LSCs, and because the maintenance of 

the functional LSC characteristics after cryopreservation 

is an important factor for the development of future cell 

therapeutics. Importantly, we were able to demonstrate 

that post-thaw p1 hPSC-LSCs possess the functional 

capability to initiate and carry out wound healing. Injury-

driven release of extracellular ATP and its subsequent 

binding to P2Y2 receptors of nearby cells is known to 

trigger a propagating calcium wave and wound healing 

response in CE [33–36]. We confirmed the presence of 

P2Y2 by IF and used direct administration of P2Y2 ago-

nist ATP to elicit  Ca2+ response in unwounded confluent 

cultures of p1 hPSC-LSC. Indeed, signal detection with 

 Ca2+-sensitive dye Fluo-4 demonstrated a uniform  Ca2+ 

response throughout the hPSC-LSC monolayer. Rapid 

release and rapid restoration of  Ca2+ from the intracellu-

lar stores allows fast reaction to repeated stimulus. While 

the utilized set-up does not allow to examine the dynamic 

propagation of the  Ca2+ wave between the cells, the cells 

treated with an agonist all react in a similar manner as 

cells located directly next to a wound [59]. In experi-

ments of Lee et al. 2019, the cultured corneal limbal cells 

located to this so-called leading edge of the wound were 

also shown to exhibit sustained  Ca2+ oscillations, which 

we also observed in our samples. Their results suggest 

that sustained  Ca2+ oscillations were required for wound 

closure via changes in cell shape and mobilization. The 

same authors also confirmed similar response in vivo in 

organ cultured mouse corneas, where oscillatory events 

were preferably localized in basal corneal epithelial cells. 

In another study, cultured bovine corneal endothelial 

cells, the  Ca2+ oscillations were linked with potential role 

in modulation of the apoptotic response after mechani-

cal injury [60]. Overall, our current  Ca2+ imaging results 

strongly support the notion that post-thaw p1 hPSC-

LSCs possess functional capacity to detect injury-driven 

signals and elicit appropriate response. Further proof 

of the cryopreserved hPSC-LSCs’ ability to accomplish 

wound healing was obtained via scratch assay. Notewor-

thy, the wound closure rate of hPSC-LSCs appeared to 

be even faster in comparison to cultured tissue-derived 

pLSCs. One explanation to this is the more immature 

status of p1 hPSC-LSCs after relatively short differen-

tiation period, whereas tissue-derived LSCs are likely to 

comprise further differentiated progenitors and TACs 

with limited proliferative capacity. As an important con-

sideration, even the golden standard methods for ex vivo 

cultivation (using amniotic membrane or 3T3 feeder lay-

ers) were recently deemed insufficient in maintaining the 

in  vivo-associated transcriptomic profile of LSCs [61]. 

However, it is of interest to see if differentiation of LSCs 

from hPSCs could be utilized in capturing this elusive 

in vivo phenotype as well.

Conclusion

In this study, we carried out further investigation of the 

hPSC-LSCs produced with our previously established 

defined and xeno-free differentiation method. Here, we 

provide further insight into the properties of different 

hPSC-LSC subpopulations and demonstrate functional 

potential of cryopreserved hPSC-LSCs. A more detailed 

analysis of the differentiation trajectory of ABCG2, 

ABCB5 and ΔNp63α and the potential roles of their sub-

populations in LSC quiescence, self-renewal, and differ-

entiation remain to be performed. Furthermore, it is yet 

to be determined which one of the emerging subpopu-

lations is the most potent therapeutically; the early aris-

ing day 10–11 hPSC-LSC populations comprising higher 

number of  ABCG2+ cells alongside some ABCB5 and 

p63α expression, or the late arising day 24–25 popula-

tion with minimal  ABCG2+ but abundant  ABCB5+ and 

p63α+ cells. Specifying the hPSC-LSCs population with 

the highest regenerative capacity in  vivo remains as an 

important future task, for which the LSC surface mark-

ers ABCG2 and ABCB5 as isolation tools offer great 

opportunities.

Limitations of the study

In this study, we characterized the differentiation of 

hPSC-derived LSCs and carried out evaluation of their 

wound healing-associated functional potential in  vitro. 
While our results provide indications of the regenerative 

potential of these cells, the relevance of the findings pre-

sented herein remain to be verified in vivo.
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