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“You gain strength, courage, and confidence by every experience in which you 

really stop to look fear in the face. You must do the thing which you think you 

cannot do.” 
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ABSTRACT 

Vision can be regarded as a critical sense in everyday life, and vision loss is associated 

with a deterioration in quality of life. The visual function is partly ensured by the 

retinal pigment epithelium (RPE), a monolayer of pigmented cells supporting the 

welfare of the neural retina, which itself has many essential functions. Age-related 

macular degeneration (AMD) is a retinal degenerative disease where the 

degeneration of the RPE can lead to impaired or total loss of vision. To date, no 

curative treatment is available for AMD. However, replacement of the damaged and 

dysfunctional RPE cells with in vitro differentiated and cultured RPE cells is 

considered as a potential approach to cure AMD and other RPE degeneration-

related diseases. Human embryonic stem cell-derived RPE (hESC-RPE) cells have 

been shown to be a promising cell source for the transplantation studies. Current 

clinical trials have shown no safety issues, but the efficacy of the transplantation 

remains to be studied in further clinical trials. One possible issue with clinical efficacy 

can be the immature state of the transplanted RPE cells. The work presented in this 

thesis focuses on the in vitro maturation of cryopreserved hESC-RPE cells with three 

approaches: I) to study the influence of the surface protein coating to the maturation 

of hESC-RPE cells on the functional level and in the expression of RPE-related 

proteins during maturation, II) to study the tolerance to cellular stress in different 

maturation levels of hESC-RPE cells, and III) to investigate the functional Ca2+ 

channels in hESC-RPE. 

Based on the results obtained in this thesis, there are three main findings. First, 

adding more complexity to the culture substrate protein coatings is advantageous in 

improving the functionality of hESC-RPE cells and producing a more homogenous 

RPE cell layer. Secondly, a prolonged culture time was observed to have positive 

effects on the ability of hESC-RPE cells to tolerate cellular stress, which is important, 

for example, for the success of cell transplant therapy. Thirdly, the results showed 

that the intracellular localization of the Ca2+ channel, in particular the voltage-gated 

CaV1.3 subtype, changed as the culture time increased. In addition, the results 

indicate that the CaV1.3 channel is involved in the regulation of phagocytosis and 

vascular endothelial growth factor (VEGF) secretion. 
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To conclude, this thesis provides new insights into the phenotypic changes of 

cryopreserved hESC-RPE cells, which can be altered with culture conditions such 

as substrate protein coatings and culture time. Importantly, the results from this 

thesis can be utilized in RPE studies in general but also in the development of 

transplantation therapies. 
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TIIVISTELMÄ 

Näkökyky on ihmisen hyvinvoinnin ja elämän laadun kannalta tärkein aistimme. 

Näkökykyä ylläpitää verkkokalvon pigmenttiepiteeli (engl. retinal pigment 

epithelium, RPE), joka sijaitsee silmän takaosassa verkkokalvon ja suonikalvon 

välissä huolehtien erityisesti verkkokalvon näköaistinsolujen toiminnasta ja täten 

koko näköaistista. RPE:n toimintahäiriöt voivat johtaa verkkokalvon 

rappeumasairauksiin kuten ikärappeumaan, joihin liittyy heikentynyt näkökyky tai 

jopa sokeus. Tällä hetkellä hoitokeinot ikärappeumaan ovat varsin rajalliset. 

Solusiirtohoitoa, jossa vaurioituneet RPE-solut korvataan terveillä RPE-soluilla, 

pidetään potentiaalisena tulevaisuuden hoitokeinona verkkokalvon 

rappeumasairauksiin. Ihmisen alkion kantasoluista erilaistetut RPE-solut (hESC-

RPE) ovat osoittautuneet lupaavaksi solulähteeksi näihin soluterapiahoitoihin. 

Nykyiset kliiniset kokeet ovat osoittaneet hoitojen turvallisuuden, mutta hoitojen 

tehokkuuden saavuttamiseksi tarvitaan vielä lisää tutkimusta sekä lisätietoa 

siirrettävien solujen kypsyystasojen vaikutuksesta hoitotuloksiin. Tässä väitöskirjassa 

keskityttiin laboratoriossa kasvatettujen hESC-RPE-solujen ominaisuuksien 

analysointiin kolmella eri lähestymistavalla: I) tutkittiin kasvatusalustassa käytetyn 

proteiinipinnoitteen vaikutusta solujen ominaisuuksiin ja RPE:lle tyypillisten 

proteiinien ilmentymiseen, II) tutkittiin kasvatusajan vaikutusta solujen kykyyn sietää 

solustressiä ja III) tutkittiin Ca2+ -kanavien ilmentymistä ja roolia hESC-RPE:ssä.  

Työn tulokset voidaan tiivistää kolmeen päätulokseen. Ensinnäkin, 

kasvatusalustana käytettävällä proteiinipinnoitteella huomattiin olevan merkittävä 

rooli hESC-RPE:n ominaisuuksiin. Solujen toiminnallisuus parani ja solukerroksesta 

tuli tasalaatuisempi. Toiseksi, pidemmällä viljelyajalla huomattiin olevan positiivisia 

vaikutuksia solujen kykyyn sietää paremmin solustressiä, jolla on tärkeä merkitys 

esimerkiksi solusiirtohoidon onnistumisen kannalta. Kolmanneksi, tutkimustulokset 

myös osoittivat, että Ca2+-kanavan, erityisesti jänniteohjatun CaV1.3 alatyypin, sijainti 

hESC-RPE-soluissa muuttui viljelyajan pidentyessä. Lisäksi osoitimme CaV1.3-

kanavan osallistuvan hESC-RPE-solujen fagosytoosiin sekä verisuonten endoteelin 

kasvutekijän (VEGF) erityksen säätelyyn.  

Yhteenvetona tämä väitöskirja tuo merkittävästi uutta tietoa hESC-RPE-solujen 

ominaisuuksista, joihin pystytään vaikuttumaan viljelyolosuhteilla kuten 
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kasvatusalustan pinnoitteella sekä viljelyajalla. Työn tuloksia voidaan hyödyntää 

RPE-solututkimuksissa, mutta myös soluterapiahoidon kehityksessä.  
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1 INTRODUCTION 

The retinal pigment epithelium (RPE) is a monolayer of pigmented cells located 

between the photoreceptors and choroid. The RPE has multiple functions and RPE 

ensures the proper functioning of the neural retina, thus ensuring vision. The RPE 

is responsible for forming the tight blood-retina barrier, epithelial trafficking, 

controlling subretinal ionic homeostasis, phagocytosing photoreceptor outer 

segments, secreting growth factors, and reisomerization of retinal in the visual cycle 

(Strauss, 2005). Malfunction in any of these functions can lead to retinal degenerative 

diseases such as age-related macular degeneration (AMD), which could impair vision 

and even lead to blindness (Dehghan et al., 2022). AMD is a major health issue 

affecting millions of people worldwide. Currently, despite several clinical trials, no 

curative treatment is available for the dry form of the AMD and wet AMD is treated 

with intravitreal injections of anti-VEGF agents (S. Yang et al., 2021). 

Stem cell-based replacement therapy has been proposed as an approach for cell 

therapy to cure retinal diseases like AMD, especially the dry AMD. It utilizes 

technology where damaged and malfunctioning RPE cells are replaced with healthy, 

in vitro cultured RPE cells (Maeda et al., 2021). Promising sources for the therapies 

are human pluripotent stem cell-derived RPE cells (hPSC-RPE), including human 

embryonic stem cell-derived RPE (hESC-RPE) cells (Maeda et al., 2021; Plaza Reyes 

et al., 2016). First clinical trials have not shown any major safety issues, but the 

efficacy of the treatment has been incomplete (Kashani et al., 2021; Mehat et al., 

2018; Schwartz et al., 2015, 2016; Song et al., 2015). The transplanted RPE cells must 

function rapidly after the transplantation to secure the well-being of the retina. 

Therefore, the incomplete restoration of vision could be due to the immaturity of 

the transplanted hPSC-RPE cells. 

Among all the essential functions of the RPE, a key characteristic is Ca2+ 

signalling, which contributes to several RPE functions (Berridge et al., 2003; 

Mamaeva et al., 2021; Müller et al., 2014; Rosenthal et al., 2007). Light increases the 

subretinal adenosine triphosphate (ATP) concentration, which induces the activation 

of Ca2+ signalling in the RPE (Wimmers et al., 2007). To date, only a few studies 

focusing on the Ca2+ signalling of hPSC-RPE cells exist, even though Ca2+ signalling 
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is highly relevant for the overall physiology of the RPE (Abu Khamidakh et al., 2016; 

Miyagishima et al., 2016; Singh et al., 2013; Sorvari et al., 2019). 

This thesis focuses on the maturation of hESC-RPE in culture and studies how 

the culture conditions and timing affect maturation in vitro. The overarching goal is 

to improve our understanding of the maturation process, especially related to gaining 

the functionality of the native RPE, which is a prerequisite for the success of future 

cell replacement therapies.  
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2 LITERATURE REVIEW 

2.1 Retinal pigment epithelium 

Sensing our visual environment begins with the eye. All information is carried in the 

form of visible light that passes through the cornea, lens, and vitreous humour, 

finally reaching the retina and retinal pigment epithelium (RPE) at the back of the 

eye (Figure 1). The retina is the light-detective neural tissue that converts light into 

electric signals, which, after additional signal processing, are sent to the brain where 

the actual sense of vision takes place. The retina contains several types of neuronal 

cells that are organized in layers (Figure 1) and have functional specializations. The 

cells responsible for detecting light and converting it into electric signals consists of 

two types of photoreceptors, rods and cones. These cells are supported by the RPE, 

a tight monolayer of highly pigmented epithelial cells residing under the neural retina. 

(Strauss, 2005; Wimmers et al., 2007) With different extracellular milieus on both 

sides of the monolayer, RPE cells are polarized by forming apical and basolateral 

structures with different distributions of membrane proteins and organelles (Bok, 

1993). The apical cell membrane is facing the photoreceptors and neural retina, while 

the basolateral membrane faces Bruch’s membrane (BM), which is the interface of 

the RPE and choriocapillaris. Long microvilli cover the apical side, whereas the 

basolateral side has deep infoldings. (Strauss, 2005) Between the RPE and 

photoreceptors is a narrow subretinal space where nutrient and waste exchange 

between the RPE and photoreceptors occurs (Gonzalez-Fernandez, 2003). 

Positioned between the neural retina and the choroid, RPE cells form a tight 

blood-retina barrier (BRB) to control trafficking between the bloodstream and 

retinal neurons (Bok, 1993). Besides the barrier formation, the RPE has many 

supportive functions which all together ensure the welfare and functionality of the 

retina. The RPE is involved in epithelial transport, the visual cycle, phagocytosis, 

secretion, ion buffering, immune modulation, and absorption of scattered light 

(Strauss, 2005). These functions are discussed below. 
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Figure 1. Structures of the human eye and the retina – the RPE complex 

together with an illustration of the functions of the RPE. The figure 
was created with BioRender.com by reconstruction with 
modifications from (Strauss, 2005). 

2.1.1 Blood-retina barrier and controlled epithelial transport 

The RPE forms a blood-retina barrier (BRB) together with BM and the vascular 

endothelial cells. The main function of the BRB is to form a tight and controlled 

barrier between the inner eye and blood circulation, thus preventing the free 

diffusion of molecules between the two spaces. Electrolytes, water, and metabolic 

end products are transported from the subretinal space to the bloodstream, while 
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glucose and nutrients are transported from the bloodstream to the inner eye via the 

RPE. (Rizzolo et al., 2011; Strauss, 2005) The barrier is composed of adherens and 

tight junctions, which form a distinguishable polarized cell structure (Rizzolo, 2014). 

As a polarized monolayer, the tight junctions encircle the cell, separating the distinct 

apical and basolateral membranes (Rajasekaran et al., 2003). Tight junctions are 

expressed in the apical junctional complex, where over 30 different proteins 

including transmembrane proteins and scaffolding proteins are involved in the 

formation and regulatory properties of the barrier (Anderson, 2001). The zonula 

occludens (ZO) covers the main protein group of scaffolding proteins that act as a 

linker between the tight junctional transmembrane proteins and cytoskeleton to 

form a junctional network (Naylor et al., 2020). The selectivity of the tight junctions 

is maintained by transmembrane claudin proteins, especially claudin-19 (CL-19) in 

the RPE (Peng et al., 2011). The expression of CL-19 can directly affect the ion 

selectivity and permeability of the tight junction. Therefore, CL-19 is referred to as 

the structural basis of the tight junctions. (F. Liu et al., 2020, 2021) Besides the 

junctional proteins, formation of the tight junctions and therefore formation of the 

tight barrier is affected by various factors, including the endothelial cell-secreted 

factors, which enhance the barrier function (Benedicto et al., 2017). Altogether, the 

expression and correct localization of tight junctional proteins ensure the proper 

function of tight junctions.  

The formation and integrity of the epithelial barrier can be measured in vitro with 

transepithelial electrical resistance (TER), which can be conducted in real-time 

without damaging the cells. With TER measurements, the tightness of the tight 

junctions and therefore the tightness of the whole epithelium can be evaluated. 

(Anderson, 2001; Fronk & Vargis, 2016). In principle, a higher TER indicates a 

confluent, well-polarized, and properly formed epithelium (Fronk & Vargis, 2016). 

TER values of the in vitro RPE vary depending on the RPE cell line used and the 

culture age. Blenkinsop et al. (Blenkinsop et al., 2015) cultured human adult RPE 

cells for 2 months, after which the TER value was 178.7 ± 9.9 Ω·cm2, while Peng et 

al. (Peng et al., 2011) reported a TER value of 900-1400 Ω·cm2 from human fetal 

RPE cells cultured for 6-8 weeks. Typical TER values for human pluripotent stem 

cell-derived RPE (hPSC-RPE) cells range between 150 and 1000 Ω·cm2 (Hongisto, 

Ilmarinen, et al., 2017; Ilmarinen et al., 2019; Li et al., 2021; May-Simera et al., 2018; 

Sharma et al., 2019; A. Sorkio et al., 2014). 

In addition to the tight junctions, RPE cells possess gap junctions that are 

composed of transmembrane protein connexins, of which connexin 43 (Cx43) is the 

major subtype expressed in RPE cells (Fadjukov et al., 2022; Kojima et al., 2008). 
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Cell-to-cell communication occurs through gap junctions, but in addition, Cx43 

takes part in differentiation, proliferation, and cell viability (Hutnik et al., 2008; 

Kojima et al., 2008; Pearson et al., 2005). 

Na+/K+-ATPase pumps in the apical membrane of RPE cells are responsible for 

the regulation of the apical transport system (Hu et al., 1994; Korte & Wanderman, 

1993; Rajasekaran et al., 2003). Intracellular Na+ and K+ homeostasis is regulated by  

Na+/K+-ATPase by transporting sodium ions to the subretinal space and potassium 

ions into the cell in 3:1 stoichiometry (Marmorstein, 2001; Rajasekaran et al., 2003). 

This transport needs and consumes energy due to the pumping of ions against their 

electrochemical gradient. Energy is provided by the hydrolysis of adenosine 

triphosphate (ATP) (Rajasekaran et al., 2003). Maintaining the Na+ gradient across 

the cell membrane is essential for the transport of various ions, molecules, and 

metabolic end products into the RPE from the subretinal space (Wimmers et al., 

2007). 

Due to the tight epithelial structure, water has to be actively transported, and this 

is maintained by Cl- and K+ cotransporters and the functional presence of aquaporin-

1 (Quinn & Miller, 1992). Photoreceptors secrete metabolic end products to the 

subretinal space, and RPE cells are responsible for their degradation (Strauss, 2005). 

The most common metabolic end product is lactic acid, whose pathway goes 

through the RPE’s basolateral membrane to the choroid (Léveillard et al., 2019; 

Strauss, 2005). 

Photoreceptors require energy to function and therefore glucose and nutrients 

are transported to the photoreceptors by the RPE (Strauss, 2005). However, the 

RPE must minimize its own glucose consumption to ensure enough glucose for the 

photoreceptors and other retinal cells. Photoreceptors can convert glucose into 

lactate, which suppresses glycolysis in the RPE. (Hurley, 2021) Glucose is actively 

transported by glucose transporters, which are located both in the apical and the 

basolateral membranes (Ban & Rizzolo, 2000). The malate-succinate shuttle has been 

revealed to be an important factor in the RPE metabolism. Succinate is produced in 

the retina, from where it is imported into the RPE to be oxidized. Succinate is an 

excellent fuel for the RPE since it increases the consumption of O2 to H2O threefold 

compared to glucose. RPE modifies succinate to malate, which is transported back 

to the retina where through the reverse succinate dehydrogenase reaction it is 

converted to fumarate to accept electrons. Thus, the malate-succinate shuttle 

transfers reducing power from the low O2 retinal environment to the rich O2 RPE 

environment. (Bisbach et al., 2020) 
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2.1.2 Phagocytosis 

RPE cells are responsible for maintaining the welfare of photoreceptors with the 

circadian-regulated phagocytosis of photoreceptor outer segments (POS) (Strauss, 

2005; Young & Bok, 1969). Photoreceptors renew 10% of their outer segments daily 

in interaction with RPE cells that digest and phagocytose the aged segments 

(Lakkaraju et al., 2020; Mazzoni et al., 2014). Typically in mammals, phagocytosis is 

initiated at light onset for rods and light offset for cones (Laurent et al., 2017; Young, 

1978). POS interact closely with surrounding microvilli in the apical membrane of 

RPE cells (Wimmers et al., 2007). Phagocytosis is tightly regulated between the RPE 

and photoreceptors, and malfunction in this process can lead to the uncontrolled 

lengthening or shortening of POS (Strauss, 2005). One RPE cell is responsible, on 

average, for phagocytosing POS from 23 photoreceptors, and the entire outer 

segments are renewed every 11 days (Wimmers et al., 2007). POS are exposed to 

high levels of light, radicals, photo-damaged proteins, and lipids, which initiate 

accumulation in the POS, and the highest concentration of these radicals can be 

observed in the outermost POS tips. The tips are detached and new POSs are formed 

at the base of the outer segments so that the length of the POS stays constant. 

(Strauss, 2005) 

Phagocytosis contains three phases: binding, internalization, and degradation. 

Specific RPE receptors in the apical membrane recognize POS, after which POS are 

bound to the apical membrane. The internalization phase transfers the bound POS 

to the intracellular space of the RPE. Phagocytosis is regulated and controlled with 

specific proteins by the RPE. CD36, Mer tyrosine kinase (MerTK), and αvβ5 integrin 

are responsible for the regulation of the phagocytosis. While αvβ5 integrin is required 

for the binding of POS, MerTK initiates the internalization of POS and CD36 

regulates the rate of POS internalization. (Finnemann & Nandrot, 2006; Lakkaraju 

et al., 2020; Mazzoni et al., 2014) After internalization, POS migrates to the 

basolateral regions of the RPE, where it unites with lysosome, forming a 

phagolysosome (Lakkaraju et al., 2020; Mazzoni et al., 2014). Lack of MerTK 

expression does not affect the binding of POS but the RPE is unable to digest the 

bound POS (Chaitin & Hall, 1983; Schreiter et al., 2020).  MerTK and αvβ5 integrin 

interact with each other since αvβ5 integrin plays a role not only in the binding of 

POS but also in the activation of MerTK (Finnemann, 2003).  

Phagocytic capacity can be studied in vitro with isolated POS particles typically of 

porcine or bovine origin (Mazzoni et al., 2014). However, the measurement 

methodology used is known to affect the results of phagocytosis making the 
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comparison between different studies difficult (Vargas & Finnemann, 2022). In 

addition, phagocytosis occurs in the mammalian eye with a diurnal rhythm; therefore 

the in vitro studies differ from natural phagocytosis since the POS are added in vitro 

typically in single pulses with high concentration (Mazzoni et al., 2014). 

2.1.3 Secretion and immune modulation 

RPE produces and secretes various growth factors, such as vascular endothelial 

growth factor (VEGF) and pigment epithelium-derived factor (PEDF), to support 

the photoreceptors and choriocapillaris (Strauss, 2005). VEGF and PEDF are 

secreted in a polarized manner with the pronounced apical secretion of PEDF, 

whereas the VEGF is primarily secreted basolaterally (Becerra et al., 2004; 

Maminishkis et al., 2006). The role of PEDF is to inhibit endothelial proliferation 

and to stabilize the structure of the retina and choriocapillaris (Strauss, 2005), while 

VEGF prevents endothelial cell apoptosis and acts as a stabilizer of the endothelium 

fenestrations (Dawson et al., 1999). In addition, the secretion of VEGF is essential 

for the formation and maintenance of the intact endothelium of the choriocapillaris 

(Strauss, 2005). 

RPE is known to participate in ocular immunity to secure the immune privilege 

of the eye (Strauss, 2005; Streilein et al., 2002). It is involved in both innate and 

adaptive immunity by secreting immune components such as cytokines and 

chemokines (Detrick & Hooks, 2020). To protect the eye in inflammatory 

conditions, the RPE is the main source of complement activators and inhibitors at 

the retina-choroid interface and subretinal space, thus indicating RPE involvement 

in immunological defence. (Sugita et al., 2018) For immune suppression, RPE cells 

express a variety of receptors to secrete immunoregulatory factors, for example, to 

suppress the activation of T-cells (Sugita et al., 2009, 2018). 

2.1.4 Visual cycle 

The visual cycle is one of the most crucial integrative functions of the RPE and the 

retina that ensures photoreceptor light sensitivity. The process requires close 

interaction between the photoreceptors and RPE cells. During light exposure, light 

is absorbed in the photoreceptors by rhodopsin molecules, which are composed of 

opsin protein and retinaldehyde chromophore. Light causes a cis-trans conformation 

to the retinaldehyde chromophore, and for retained light sensitivity the all-trans-
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retinal needs to be converted back to 11-cis-retinal. However, photoreceptors lack 

the cis-trans isomerase function that is needed for this conversion. The 

reisomerization of all-trans-retinal into light-sensitive 11-cis-retinal (stored form, 11-

cis-retinol, also known as vitamin A) is provided by the RPE. The 11-cis-retinal is 

then transferred back to the photoreceptors and combined with opsin. (Goldstein, 

1970; Strauss, 2005; Xue et al., 2015).  

The two key proteins in the RPE cells that participate in the visual cycle are retinal 

pigment epithelium-specific protein 65 kDa (RPE65) and cellular retinaldehyde-

binding protein (CRALBP). RPE65 regenerates all-trans-retinal into its photoactive 

form, 11-cis-retinal. (Redmond. et al., 1998; Simó et al., 2010; Strauss, 2005) 

CRALBP, on the other hand, participates in the retinoid metabolism with a high 

affinity to bind 11-cis-retinol and 11-cis-retinal. The precise function of the CRALBP 

is still unknown, although it has been shown that reisomerization of retinaldehyde 

was impaired in the absence of CRALBP. (Saari et al., 2001; Xue et al., 2015) 

2.1.5 Other functions of the RPE 

RPE cells are highly pigmented, and therefore they have the capability to absorb 

scattered light and protect the retina against photo-oxidation. Melanin is the main 

factor responsible for light absorption. (Strauss, 2005) Pigment granules are formed 

from melanosomes, which contain high amounts of melanin. Pigmentation can be 

observed as the dark colour of the RPE cells. Melanin concentration decreases with 

age due to high levels of light exposure and oxidative stress. Melanin cannot be 

reproduced, therefore the loss of melanin indicates ocular senescence. (Shu et al., 

2017) Melanin is formed during embryogenesis, whereas during life, RPE cells tend 

to accumulate another pigment called lipofuscin, which consists mostly of 

indigestible waste products (Juel et al., 2013). At first, lipofuscin is beneficial for light 

absorption but as the accumulation continues, the high amount of lipofuscin starts 

to become toxic to RPE cells (Strauss, 2005). 

RPE cells contain a variety of different ion channels. Similar to cells in general, 

RPE cells keep intracellular calcium (Ca2+), sodium (Na+), and chloride (Cl-) 

concentrations lower compared to the extracellular space. For K+, the concentration 

gradient is the opposite. RPE cells express Cl- channels whose one function is to 

enable the transport of water from the subretinal space to the bloodstream. The 

subretinal space contains water from the metabolic processes and also from the 

vitreous humour due to an intraocular pressure. This osmotic transport occurs 
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together with the transportation of Cl- and K+. (Wimmers et al., 2007) K+ channels 

are known to participate in several RPE functions, including phagocytosis (Müller et 

al., 2014) and VEGF and PEDF secretions (Mamaeva et al., 2021) but also in the 

protection of the RPE against oxidative stress (Huang et al., 2018). The relevance of 

Na+ homeostasis in normal RPE function is known, although the identification of 

Na+ channels is still partly unclear (Johansson et al., 2019; Wimmers et al., 2007). 

RPE cells express epithelial Na+ channels and voltage-gated Na+ channels 

(Johansson et al., 2019; Wimmers et al., 2007) from which the voltage-gated Na+ 

channels are shown to be a part of the regulatory machine of POS phagocytosis 

(Johansson et al., 2019). The Ca2+ channels expressed in the RPE are described in 

Chapter 2.2. 

2.1.6 Oxidative stress in the RPE 

RPE cells are exposed to chronic oxidative stress due to their metabolically active 

role and the daily absorption of scattered light. Oxygen consumption increases 

during light exposure, which leads to the formation of reactive oxygen species (ROS) 

in the RPE at a high rate (Upadhyay et al., 2020). ROS are produced in the 

mitochondria even under normal conditions in high amounts, thereby forcing RPE 

cells to adapt to the oxidative conditions (Bellezza, 2018; Datta et al., 2017). The 

production of ROS is essential for normal cellular functions, such as redox signalling. 

However, over-production of ROS is harmful and even fatal for the RPE cells. 

During ageing, mitochondria-derived ROS increases. (Datta et al., 2017) Thus, RPE 

cells must tolerate oxidative stress and protect themselves and the whole retina from 

the over-production of ROS. The RPE has a method to overcome the intracellular 

overload of ROS and pathogens through autophagy. As oxidative stress increases in 

the RPE cells, the level of autophagy increases as well, although the efficiency of 

autophagy decreases during ageing. (Hyttinen et al., 2011; Kaarniranta et al., 2010) 

Since mitochondria are highly active in RPE cells, the number of malfunctioning 

mitochondria increases during the lifetime. Cells have a unique way to dismantle 

damaged mitochondria in a process called mitophagy. If this function is impaired, 

redundant and non-functional cellular elements increase which is sufficient to initiate 

the degeneration of the RPE. (Bellezza, 2018; Hyttinen et al., 2018) 

Like most cell types, RPE cells have developed mechanisms to protect themselves 

from oxidative damage. The antioxidant defence is composed of multiple enzymes 

such as catalase and SODs and non-enzymatic molecules such as vitamin E and β-
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carotene. (Bellezza, 2018; Miranda & Romero, 2019) Transcription factor Nrf2 plays 

a key role in the regulation of enzymatic antioxidant defence in RPE (Bellezza, 2018; 

Bellezza et al., 2018). Normally, Nrf2 is bound to its inhibitor Kelch ECH-associated 

protein 1 (Keap1) which maintains the level of Nrf2 relatively low. Over-produced 

ROS disrupts the interaction between Keap1 and Nrf2. Antioxidant responses 

initiate as Nrf2 is translocated to nucleus where it binds to antioxidant response 

element sequences leading to the activation of its target genes such as glutamate 

cysteine ligase modifier subunit, NAD(P)H:quinone oxidoreductase, glutathione S-

transferase and thioredoxin. (Bellezza, 2018; Bellezza et al., 2018; Sachdeva et al., 

2014) 

2.1.7 Development and early maturation of RPE cells 

The RPE and the neural retina derive from the neuroepithelium tissue. A patch of 

cells forms the eye field, from which, with specific and tightly regulated signals and 

interactions, the differentiation of the RPE and retinal cells is initiated. Initially, an 

optic vesicle and eventually an optic cup with inner and outer layers are formed. The 

inner layer of the optic cup is responsible for the formation of the neural retina, 

while the outer layer of the optic cup forms the RPE. (Bowes Rickman et al., 2016) 

The first visible signs of RPE development are the formation of distinguishable 

pigmentation and the cuboidal morphology of the cells. Further development of the 

RPE requires interactions with extraocular mesenchyme, which controls the process 

with specific signalling molecules such as transforming growth factor-beta. (George 

et al., 2021) Wnt signalling is mediated by β-catenin and its direct targets are 

transcription factors related to the differentiation of RPE cells such as 

microphthalmia-associated transcription factor (Mitf), paired box protein-6 (Pax6) 

and orthodenticle homolog 2 (Otx2). On the other hand, activation of Wnt signalling 

in mature RPE leads to a deformation of epithelial morphogenesis and induces an 

epithelial-mesenchymal transition (EMT). Mitf, Pax6 and Otx2 are considered as 

three key transcription factors in the RPE development. Pax6 is referred to as a 

master regulator since it is essential for the whole ocular development (Gehring, 

1996). Otx2, on the other hand, is essential in the embryogenesis where it is required 

for the specification of the RPE after the formation of the optic vesicle (Beby & 

Lamonerie, 2013). Mitf transactivates genes such as tyrosinase for terminal pigment 

differentiation and malfunctions in Mitf would lead to defects in the RPE 

development (Bharti et al., 2012), pigmentation and also hyperproliferative RPE (Ma 
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et al., 2019; Nguyen & Arnheiter, 2000; Ramón Martínez-Morales et al., 2004). 

Besides Mitf, also Pax6 and Otx2 are known to participate in pigmentation and 

melanogenesis of RPE by binding and transactivating their target genes such as 

tyrosinase (Cavodeassi & Bovolenta, 2014; Ramón Martínez-Morales et al., 2004).  

Tissue development in the human body is tightly controlled by multiple different 

factors, including primary cilia, which are sensory organelles found in nearly all 

human cell types. Primary cilia are referred to as the antenna of the cell as they are 

located on the apical membrane to face the extracellular space to sense and transduce 

extracellular signals. (May-Simera et al., 2018; Sun et al., 2021) The primary cilium is 

a nonmotile and interestingly only one primary cilium exists per cell with a 9+0 

microtubule structure. The base of the primary cilium (known as the basal body) is 

docked in the cytoplasmic site under the apical membrane. (Wheway et al., 2018) 

Pericentrin (PCNT), which is an integral component of the basal body, serves as the 

anchoring for multiple proteins (Delaval & Doxsey, 2010). The primary cilium 

membrane is a continuum of the cell membrane, although a transition zone separates 

the membranes from each other so that the membranes have, for example, their own 

protein compositions (Wheway et al., 2018). The primary cilium has been shown to 

be an important factor during RPE development and maturation, but, RPE cells also 

require a functional primary cilium to polarize properly (May-Simera et al., 2018). 

The primary cilium is disassembled upon maturation in some cell types, like corneal 

epithelial cells, but in the case of the RPE, the disassembly is yet to be studied (Blitzer 

et al., 2011). Defects in generation of primary cilium (ciliogenesis) lead to incomplete 

RPE maturation with incomplete functionality where RPE-specific gene expressions 

are reduced and the morphology of the apical microvilli is deformed (May-Simera et 

al., 2018).  

Retinoic acid, a derivative of vitamin A, is synthesized in multiple sites in the 

developing eye; it contributes to the retinal development and the maintenance of the 

developed RPE cells (Compochioro et al., 1991; George et al., 2021). Once the RPE 

cells are developed as an individual monolayer of cells, the maturation of the cells is 

initiated. The interphotoreceptor layer is formed between the RPE and retina and it 

is involved in the maturation of RPE cells. The RPE starts to gain a polarized cell 

structure simultaneously with the development of BM. Apical microvilli start to 

emerge with elongation due to apical microvilli protein ezrin and junctional tightness 

is initiated to finalize the apical-basal polarization. At first, the tight junctions are 

relatively leaky, but during the maturation of RPE, the expression of tight junctional 

proteins such as ZO-1 and CL-19 develops to ensure the tightness of the junctions. 

(George et al., 2021) 
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2.1.8 Bruch’s membrane 

BM resides strategically between the RPE monolayer and the choroid. Its main 

functions are to provide structural support for the RPE and to control the exchange 

of biomolecules between the retina and blood circulation. BM is prone to 

modifications. Especially ageing and some retinal diseases can alter and modify the 

structure of BM, which could lead to the loss of its supportive function. (Gullapalli 

et al., 2005; Saari et al., 2001) BM is a multilayered membrane that is highly 

concentrated with specific extracellular matrix (ECM) proteins. It is composed of 

five different protein layers, and the layer underneath the RPE cells is called the 

basement membrane of the RPE. This layer is rich in proteins like collagen IV (Col-

IV), laminin (LN) and nidogen-1 (Nid-1). All the proteins have their unique role in 

the architecture of the membrane. (Curcio & Johnson, 2013) LNs are responsible 

for the attachment of the RPE cells to BM through interactions with integrins; Col-

IV gives the elasticity to BM; and Nid-1 acts as a crosslinker between the LN and 

Col-IV, thus forming a protein network (Curcio & Johnson, 2013; May, 2012). LNs 

are cell-adhesive glycoproteins made from three distinct polypeptide chains with a 

binding site for integrins (Hohenester, 2019). LNs play a vital role together with Col-

IV to provide the structural stability of BM. Nid-1 links LN and Col-IV together, 

which enhances the stability even further. (Jayadev & Sherwood, 2017; Yurchenco, 

2011) Nid-1 consists of three subdomains from which the G2 domain fuses with 

Col-IV while the G3 domain binds to LN (Yurchenco, 2011). 

2.2 Ca2+ signalling in RPE 

Ca2+ signalling is one of the most prominent ways for the cell to affect the 

functionality of cellular proteins (Berridge et al., 2003; Wimmers et al., 2007). It 

contributes to nearly all cell functions, starting from fertilization all the way to 

apoptosis. Dysfunctions in Ca2+ signalling are linked to various diseases such as 

tumorigenesis (Berridge et al., 2000), and some retinal degenerative diseases such as 

Best Disease (Singh et al., 2013). Ca2+ signalling must therefore be tightly controlled 

and regulated. (Berridge et al., 2003) In RPE cells, Ca2+ signalling is known to be 

involved in cell functions including phagocytosis (Mamaeva et al., 2021; Müller et al., 

2014; Wimmers et al., 2007), secretion of VEGF (Mamaeva et al., 2021; Rosenthal 

et al., 2007; Strauss, 2005; Wimmers et al., 2007, 2008), transepithelial transport of 



 

30 

ions and water (Wimmers et al., 2007), and apoptosis (D. Yang et al., 2011) (Table 

1). 

Ca2+ ions have a high affinity to binding the cellular proteins by acting as a second 

messenger. Protein conformation and function are changed due to the binding of 

Ca2+. Basically, Ca2+ can initiate an intracellular response either by binding to a 

protein or by detaching from the protein. (Berridge et al., 2003; Wimmers et al., 

2007) Ca2+-mediated signalling is regulated by Ca2+-sensing proteins such as 

calmodulin which is activated after the binding of Ca2+. Once bound, calmodulin 

goes through conformational changes which enables it to modify the interactions 

with its target proteins and activate Ca2+-sensitive cellular processes. (Berridge et al., 

2003; Chin & Means, 2000). Interestingly, the speed of Ca2+ signalling from the 

stimulus to the cellular response varies from microseconds even to hours, depending 

on the cell function. The most crucial factor in Ca2+ signalling is controlling the free 

intracellular Ca2+ concentration ([Ca2+]i), which is usually around 100 nM. (Berridge 

et al., 2003) This low concentration is maintained by actively pumping Ca2+ into the 

extracellular space and cytoplasmic Ca2+ stores using Ca2+ pumps and Ca2+ 

exchangers (Berridge et al., 2003; Wimmers et al., 2007). Thus, Ca2+ signalling can 

be divided into two phases: 1) maintaining low [Ca2+]i and 2) increasing cytoplasmic 

[Ca2+]i by releasing Ca2+ from the intracellular stores and/or the extracellular space. 

However, Ca2+-binding proteins exist in the cytoplasm, thus all the released Ca2+ will 

not end up as free intracellular Ca2+. These proteins with a high affinity to Ca2+ are 

involved in the fine-tuning of the spatial and temporal properties of Ca2+ signalling. 

(Berridge et al., 2003) In the RPE, the intracellular Ca2+ stores are in the endoplasmic 

reticulum (ER), mitochondria, and especially in the melanosomes. (Berridge et al., 

2000; Boulton, 1991; Salceda & Sánchez-Chávez, 2000; Strauß, 2013) The storage of 

Ca2+ consumes energy, which is produced during ATP hydrolysis (Clapham, 2007). 

Ca2+ signals occur on multiple time scales, yet even short spikes can initiate a 

cellular response. Occasionally, multiple repeated spikes with proper frequencies are 

necessary to trigger a response. Ca2+ signalling occurs in response to different stimuli 

but also spontaneous [Ca2+]i increases are common. (Berridge et al., 2000) Both of 

these signalling types are present in the RPE (Abu Khamidakh et al., 2016). Ca2+ 

signalling in the RPE can be studied in vitro by observing the changes in the [Ca2+]i 

using fluorescent dyes (Abu Khamidakh et al., 2016; Sorvari et al., 2019; Stalmans & 

Himpens, 1997).  
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Table 1. Summary of Ca2+ channels participating in RPE functions. Factors that influence the functioning 
of the channels are named, if known. 

RPE function Ca2+ channels Influencing factor Ref 

VEGF secretion CaV1.1 
CaV1.3 

n/a 
Best-1, bFGF, TKs 

(Mamaeva et al., 2021; Rosenthal et 
al., 2007) 

CaV3.1, CaV3.3 n/a (Mamaeva et al., 2021) 

TRPV n/a (Cordeiro et al., 2010) 

PEDF secretion 
CaV1.1 
CaV1.3 

n/a 
Best-1, bFGF, TKs 

(Mamaeva et al., 2021) 

Phagocytosis CaV1.1 
CaV1.3 

n/a 
Best-1, bFGF, TKs 

(Mamaeva et al., 2021; Müller et al., 
2014) 

CaV3.1, CaV3.3 n/a (Mamaeva et al., 2021) 

TRPV n/a (Kennedy et al., 2010; Müller et al., 
2014) 

Transepithelial transport P2Y Extracellular ATP (Peterson et al., 1997) 

Apoptosis P2X Extracellular ATP (D. Yang et al., 2011) 

 

2.2.1 ATP-mediated Ca2+ signalling in RPE cells 

Small molecules like ATP can initiate a Ca2+ signalling cascade that leads to changes 

in the intracellular Ca2+ concentration. ATP-mediated Ca2+ signalling is largely 

involved in the RPE physiology, and it can be divided into paracrine signalling and 

autocrine signalling. (Wimmers et al., 2007) ATP in the subretinal space can be light-

induced (paracrine signalling) or ATP can be released from the RPE cells (autocrine 

signalling) (Mitchell, 2001; Peterson et al., 1997). ATP initiates Ca2+ signalling by 

binding to purinergic receptors (P2Y and P2X) in the apical membrane of the RPE 

cells (Figure 2) (Wimmers et al., 2007). P2Y is a G protein-coupled receptor, whereas 

P2X is a ligand-activated channel (North, 2002), and both exist in the RPE (Peterson 

et al., 1997; Sullivan et al., 1997; D. Yang et al., 2011). P2Y and P2X are connected 

to various RPE functions, and the malfunction of these receptors can contribute to 

the formation of age-related macular degeneration (AMD) (Peterson et al., 1997; D. 

Yang et al., 2011).   

Activation of G-protein coupled P2Y2 by ATP leads to the activation of 

phospholipase C (PLC). At the cell membrane, PLC hydrolyses phosphatidylinositol 

4,5-bisphosphate (PIP2) to inositol-1,4,5-trisphosphate (IP3) and diacylglycerol. 

(Berridge et al., 2003; Lemon et al., 2003) Ca2+ is then released from the intracellular 

stores to the cytoplasm after the IP3 interacts with its receptor, IP3R in the ER 

membrane. However, IP3R is a Ca2+ sensitive receptor and the increased [Ca2+]i 

inhibits IP3R and prevents the release of Ca2+ from the ER. (Berridge et al., 2003) 
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Altogether, this cascade requires the interactions of ATP, P2Y2, PLC, PIP2, IP3 and 

IP3R will lead to the increase of [Ca2+]i. 

As RPE cells are connected to adjacent cells via gap junctions, cell-cell 

communication can occur through these junctions. Therefore, Ca2+ signals are able 

to spread between the adjacent cells to influence even the whole monolayer (Abu 

Khamidakh et al., 2013; Himpens et al., 1999; Stalmans & Himpens, 1997; Wimmers 

et al., 2007). Ca2+ signalling has not been studied in hPSC-RPE extensively, and much 

is still unknown about its function and pathways (Abu Khamidakh et al., 2016; 

Miyagishima et al., 2016; Singh et al., 2013; Sorvari et al., 2019).  

 

 
Figure 2.  Schematic illustration of the ATP-mediated Ca2+ signalling.  ATP: 

adenosine triphosphate, DAG: diacylglycerol, PLC: phospholipase 
C, PIP2: phosphatidylinositol 4,5-bisphosphate, IP3: inositol-1,4,5-
trisphosphate, IP3R: inositol-1,4,5-trisphosphate receptor, ER: 
endoplasmic reticulum, [Ca2+]i: free intracellular Ca2+. Figure created 
with BioRender.com. 
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2.2.2 Ca2+ channels in the RPE 

The correct physiology of RPE cells is largely dependent on the proper function and 

activity of ion channels in the apical and basal cell membranes of the RPE. A set of 

different voltage- and ligand-dependent Ca2+, K+, Na+, and Cl- channels are 

expressed in RPE cells. One of the highly important ion channel types in RPE cells 

are the Ca2+ channels, which contribute to most of the functions of the RPE. Ca2+ 

channels participate in Ca2+ signalling by providing a route for Ca2+ ions into the 

cytoplasm from the extracellular space. (Wimmers et al., 2007)  

As described previously, Ca2+ acts as a second messenger intracellularly, and to 

act properly, its concentration must be altered very quickly. Within a stimulus from 

the intracellular or extracellular space, Ca2+ is actively transported to the cytoplasm. 

(Strauß, 2013; Wimmers et al., 2007) The most rapid way for the cell to change the 

[Ca2+]i is via the Ca2+ channels, especially voltage-gated Ca2+ channels that can 

change the Ca2+ levels within milliseconds (Clapham, 2007). Voltage-gated L-type 

Ca2+ (CaV) channel subtypes CaV1.1- CaV1.3 and T-type channels CaV3.1 and CaV3.3 

have been shown to be expressed in cultured ARPE-19 cells (spontaneously 

immortalized human ARPE-19 line) (Wimmers et al., 2008) of which CaV1.3 is the 

main subtype in RPE cells (Müller et al., 2014; Rosenthal et al., 2007; Wimmers et 

al., 2008; Wollmann et al., 2006). Opening upon cell membrane depolarization, these 

CaV channels enable the transfer of Ca2+ from the extracellular space to the 

cytoplasm down the electrochemical gradient (Wimmers et al., 2007). L-type Ca2+ 

channels have been shown to participate in several RPE functions, including the 

secretion of VEGF (Rosenthal et al., 2007) and phagocytosis (Karl et al., 2008; 

Mamaeva et al., 2021; Müller et al., 2014). For example, the rate of the VEGF 

secretion is dependent on the activation of L-type Ca2+ channels which is regulated 

by cytosolic tyrosine kinases (Rosenthal et al., 2007). Therefore, it is not surprising 

that defects in Ca2+ signalling have been shown to be related in the pathogenesis of 

certain retinal diseases (Mergler et al., 1998). For example, the increased activity of 

L-type Ca2+ channels can lead to the over-secretion of VEGF, which can lead to 

choroidal neovascularization and eventually to the formation of retinal degenerative 

diseases such as AMD (Strauss, 2005).  

The functions of Ca2+ and certain K+ channels are coupled since an increase in 

intracellular Ca2+ concentration can activate Ca2+-activated K+ channels and lead to 

membrane hyperpolarization. On the other hand, voltage-gated K+ channels limit 

the activation of L-type Ca2+ channels through their hyperpolarizing effect, thus 

preventing the overload of Ca2+ in the intracellular space. This supports the rapid 
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change in intracellular Ca2+ homeostasis. (Strauss, 2005; Wimmers et al., 2007) In 

addition, transport molecules such as Na+/Ca2+ exchanger control the intracellular 

Ca2+ concentration by eliminating Ca2+ from the cytoplasm (Wimmers et al., 2007).  

The functionality of Ca2+ channels can be studied in vitro with the patch-clamp 

technique. In a whole cell configuration, it measures the Ca2+ currents across the 

RPE cell membrane simultaneously from all active channels. In patch clamp 

recordings, the different channel types can be analysed by varying measurement 

protocols and using channel-specific pharmacological modulators. (Reichhart & 

Strauß, 2014) 

2.3 Pathophysiology of RPE 

The dysfunction of RPE cells have been linked to the retinal degenerative diseases, 

such as retinitis pigmentosa, AMD, and Stargardt disease. The causes of the retinal 

diseases vary depending on the disease type. Some forms are inherited, whereas some 

are multifactorial. (S. Yang et al., 2021) Of all these retinal diseases, AMD is the most 

common, affecting millions of people worldwide. Currently, no curative therapy is 

available for AMD, although wet AMD can be managed using monthly anti-VEGF 

injections (Fabre et al., 2022; S. Yang et al., 2021). 

2.3.1 Age-related macular degeneration 

As the RPE is responsible for multiple physiological tasks and its proper 

functionality is crucial for the welfare of the whole retina, any malfunctions of the 

RPE can be fatal for vision. AMD  is the leading cause of vision impairment or loss 

in developed countries (Resnikoff et al., 2004). AMD affects the macular area which 

is responsible for the sharp vision and colour sensation in daylight conditions 

(Dehghan et al., 2022). AMD does not in its early stage cause total blindness since 

the RPE damage occurs in the macula and thus peripheral vision is retained. A 

consequence of the loss of the RPE is the loss of photoreceptors, which eventually 

can spread to the peripheral area and lead to total blindness. (Dehghan et al., 2022) 

AMD can be categorized as dry AMD and wet AMD (Higuchi et al., 2017). The dry 

form is the most common one (approximately 90% of all the cases), and it progresses 

slowly in the area of central vision (Jager et al., 2008). In the wet form of AMD, the 
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most severe symptom is a growth of new blood vessels in the subretinal space 

(Dehghan et al., 2022). 

AMD is a multifactorial disease, although the most common unifying factor 

among patients is age. In addition, other risk factors such as smoking, genetics, and 

even family history can affect the formation of AMD. (Ambati et al., 2003; Datta et 

al., 2017; Dehghan et al., 2022). It is well known that the RPE and its degeneration 

plays a crucial role in the development of AMD, but also BM and the choroid are 

involved in AMD pathogenesis (Farazdaghi & Ebrahimi, 2019). One of the main 

symptoms and also a requirement for the diagnosis of AMD is the formation of 

drusen (lipid and protein aggregates) between the RPE and BM and also inside BM 

in dry AMD. Choroidal neovascularization is a symptom in the wet form of the 

AMD and also the most severe symptom since it can lead to intraocular bleeding 

and eventually to the loss of vision. (Strauss, 2005) However, intravitreal anti-VEGF 

injections are used to treat the wet AMD which prevents the uncontrolled bleeding 

and leaking from the blood vessels (Fabre et al., 2022; Kaiser et al., 2021; Modi et 

al., 2015; Schmidt-Erfurth et al., 2014). 

Immunological aspects like inflammation have been noted in AMD studies as 

one of the leading causes of AMD (Ambati et al., 2013; de Jong et al., 2023; Hollyfield 

et al., 2008; Kauppinen et al., 2016). Damaged cells use inflammation as a sign of 

foreign or damaged material, but as the inflammation continues to be chronic, 

various diseases are initiated, such as retinal degenerative diseases (Kauppinen et al., 

2016). Overactivation of immune responses is suggested to be related to AMD 

pathogenesis (Ambati et al., 2013). Certain pro-inflammatory cytokines like 

interleukin-6 (IL6), interleukin-8 (IL8), and tumour necrosis factor-α are observed 

in AMD patients and are therefore considered as markers for AMD (Knickelbein et 

al., 2015). The role of cytokines is to activate and attract leukocytes to the inflamed 

site (Kauppinen et al., 2016). 

As drusen contain multiple inflammatory proteins like cytokines, local 

inflammation could increase and cause retinal stress reactions (Hageman et al., 2001; 

Kauppinen et al., 2016). As mentioned previously, RPE and the whole retina are 

under constant exposure to oxidative stress from multiple sources, such as scattered 

light, lipofuscin, and a high metabolism, and all these lead to the generation of ROS. 

Oxidative stress can be studied in vitro with the use of oxidative chemicals such as 

hydrogen peroxide (H2O2). Treatment with H2O2 can result in the decreased 

expression of specific RPE proteins, such as the visual cycle proteins RPE65 and 

CRALBP (Alizadeh et al., 2001). The most severe effect of H2O2 treatment is the 

cellular death of the RPE (Juel et al., 2013), which together with the decreased 
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protein expressions indicate the possible role of oxidative stress in AMD. Even 

though the RPE cells have mechanisms to protect themself and the retina from 

oxidative stress, antioxidant defence is not capable of protecting the cells endlessly 

as ROS is produced in excessive amounts. (Bellezza, 2018; Datta et al., 2017) 

One of the causes that leads to AMD is the loss of the RPE’s capability to absorb 

light (Ambati et al., 2003). Even in normal conditions, the RPE must tolerate 

enormous amounts of oxygen radicals due to the phagocytosis and light exposure, 

and the malfunction in the degradation of the radicals enhances the increase in 

radicals even further. Oxygen radicals are accumulated in the POS and end up in the 

RPE during phagocytosis, and the RPE itself is exposed to high amounts of oxygen 

radicals due to high light energy exposure. In addition, the consequence of RPE loss 

is a higher number of photoreceptors per single RPE cell, which again causes a 

greater amount of accumulated oxygen radicals in the remaining RPE cells. Thus, 

phagocytosis might take part in the formation of AMD. (Strauss, 2005) 

2.3.2 Treatments for AMD 

Retinal degenerative diseases such as AMD form a group of diseases that affect 

millions of people worldwide. AMD affects mostly elderly people, and globally it is 

a major health issue. As the world population ages, the total global burden will 

increase, which could test healthcare systems to their limits. (Pascolini & Mariotti, 

2012) Therefore, there is an urgent need for treatment for AMD, but no curative 

treatment is currently available, especially for the dry form of AMD (Higuchi et al., 

2017). Several clinical trials are ongoing for dry AMD (Table 2), but for wet AMD, 

the stabilization of the disease progression can be achieved with current therapies 

(such as monthly anti-VEGF injections), although a curative treatment to restore 

vision is still missing (Dehghan et al., 2022; Higuchi et al., 2017). A potential 

treatment approach to dry AMD is based on hPSC-RPE cells, where healthy RPE 

cells are transplanted to replace the degenerated RPE cells as an intact sheet or as a 

suspension (Figure 3) (Maeda et al., 2021). To be effective, the transplantation should 

occur in the early stage of AMD, before the total loss of the RPE and the 

degeneration of the photoreceptors (Bennis et al., 2017). Sheet transplantation 

requires a surgical procedure, as the intact RPE monolayer is delivered and 

transplanted in the subretinal space (Dehghan et al., 2022). In addition, the sheet 

transplantation usually requires the use of biodegradable biomaterials as a carrier for 

the cells, whereas the suspension method uses a suspension of single RPE cells 
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(Sharma et al., 2020). The main requirements for the carrier are permeability and a 

surface that allows the RPE cells to adhere and proliferate on the substrate (Higuchi 

et al., 2017). The sheet transplantation method may be more suitable for the 

therapies since the suspension approach requires detaching the RPE cells from the 

culture substrate, and this leads to the loss of polarization of the RPE cells. In 

addition, detached RPE cells must adhere to the retina and possible dedifferentiation 

of the already differentiated RPE cells could occur. (Higuchi et al., 2017) However, 

sheet transplantation is more invasive, therefore the risk of surgical complications is 

higher compared to the suspension method, where the cells are injected with a thin 

needle (Maeda et al., 2021). The survival rate of the transplanted RPE cells is 

nevertheless higher after sheet transplantation when compared to suspension 

(Hsiung et al., 2015). 

 
Table 2. Summary of ongoing clinical trials for dry AMD. Table modified from Guimaraes et al. 
(Guimaraes et al., 2022) 

Treatment Drug Route of delivery ClilinalTrials.gov 
identifier 

Antioxidative AREDS/2 Oral NCT00000145, 
NCT00345176 

OT-551 Topical NCT00306488 

Reduction of toxic 
byproducts 

GSK933776 IV NCT01342926 

RN6G IV NCT01577381 

Visual cycle modulators ACU-4429 Oral NCT01802866 

Fenretinide Oral NCT00429936 

C20-D3-vitamin-A Oral NCT03845582 

Anti-inflammatory and 
complement inhibition 

Eculizumab IV NCT00935883 

Lampalizumab Intravitreal NCT02247531 
NCT02247479 

Sirolimus Subconjuctival NCT00766649 

Zimura Intravitreal NCT02686658 

Pegcetacoplan Intravitreal NCT02503332 
NCT03525600 
NCT03525613 

Tedisolimab Intravitreal NCT01527500 

Risuteganib Intravitreal NCT03626636 

Neuroprotection Ciliary nerve trophic factor Intravitreal NCT00063765 
NCT00447954 

Brimonidine tartrate Intravitreal NCT00658619 
NCT02087085 

Gene therapy AAVCAGsCD59 Intravitreal NCT03144999 

GT005 Subretinal NCT03846193 

Mitochondrial enhancers Elamipretide Subcutaneous NCT02848313 
NCT03891875 

Nanosecond laser therapy 2RT nanosecond laser Retinal active laser therapy NCT01790802 

 

The most promising cell source for the stem cell therapies are hPSCs, and 

remarkably, clinical trials have already been initiated with hPSC-derived RPE cells 
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(Table 3) (Da Cruz et al., 2018; Kashani et al., 2018, 2021; Mandai et al., 2017; 

Schwartz et al., 2015, 2016; Song et al., 2015). The first clinical trials I/II have proved 

the safety of the hPSC-derived RPE cells in transplantation (Kashani et al., 2021; 

Mehat et al., 2018; Schwartz et al., 2015, 2016; Song et al., 2015) but also the efficacy 

of the treatment (Da Cruz et al., 2018; Kashani et al., 2021; Mehat et al., 2018; 

Schwartz et al., 2015, 2016; Song et al., 2015). However, behaviour and the proper 

functionality of the transplanted cells after the transplantation is still unknown. 

In addition, adult or fetal donor RPE cells and human adipose-derived stem cells 

are under consideration for the therapies (Higuchi et al., 2017). The hPSCs are 

differentiated to RPE cells before transplantation, whereas adult or fetal stem cells 

are transplanted directly into the subretinal space without differentiation to RPE 

cells (Higuchi et al., 2017). The differentiation of the hPSC cells into RPE cells is 

relatively efficient, albeit time-consuming (Chapter 2.4) (Dehghan et al., 2022).  

 
Table 3. Summary of ongoing clinical trials utilizing hPSC-RPEs for AMD.  

Cell source Dry/wet AMD Cell delivery 
method 

Phase of trial ClinicalTrials.gov 
identifier 

Ref 

hESC-RPE Advanced dry AMD n/a Phase I/II NCT01674829 (Song et al., 
2015) 

hESC-RPE Advanced dry AMD Suspension Phase I/II NCT01344993 (Schwartz et al., 
2012, 2015, 
2016) 

hESC-RPE Advanced dry AMD Suspension Phase I/II NCT02463344 (Schwartz et al., 
2012, 2015, 
2016) 

hESC-RPE Advanced dry AMD Cells on 
parylene-C film 

Phase I/II NCT02590692 (Kashani et al., 
2018, 2021) 

hESC-RPE Acute wet AMD Cells on 
polyester 
membrane 

Phase I NCT01691261 (Da Cruz et al., 
2018) 

iPSC-RPE Wet AMD Sheet n/a n/a (Mandai et al., 
2017) 
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Figure 3.  Schematic illustration of the two transplantation approaches. Figure 

created with BioRender.com. 
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2.4 Human pluripotent stem cell-derived RPE cells 

2.4.1 In vitro differentiation and maturation of hPSC-RPE cells 

RPE cells can be differentiated from ESCs and iPSCs (Figure 4). Stem cells have a 

unique ability to self-renew and differentiate into multiple different types of cells 

(Takahashi & Yamanaka, 2006). Thus, stem cells provide an unlimited source of RPE 

cells (Dehghan et al., 2022). The differentiation of stem cells into RPE cells can be 

conducted with two differentiation methods: spontaneous or directed differentiation 

(Choudhary et al., 2017; Geng et al., 2017; Pennington et al., 2015; Plaza Reyes et al., 

2016; Reichman et al., 2017). In the spontaneous method, stem cells can freely 

differentiate into many cell types. However, this method is relatively inefficient 

(efficiency of ~1%) and requires multiple purification steps to obtain the pure RPE 

cells. (Leach et al., 2016; Sharma et al., 2020) An alternative and more efficient 

(efficiency up to ~80%) method to produce RPE cells is to add growth factors such 

as Noggin and Activin A and small molecules such as nicotinamide in the culture 

media that guides the stem cells to differentiate into the desired cell type. This 

method is called directed differentiation. (Buchholz et al., 2013; Dehghan et al., 2022; 

Leach et al., 2016; Sharma et al., 2020; Zahabi et al., 2012)  

Human embryonic stem cell (hESC) lines are generated from surplus embryos 

from fertility treatments. The hESCs are then differentiated to hESC-RPE cells. The 

iPSC-RPE cells, on the other hand, can be obtained through the generation of iPSC 

cell lines from tissues such as skin or blood, after which the iPSC cell lines are 

differentiated to iPSC-RPE cells. (Dehghan et al., 2022) Our group and others have 

previously shown the successful differentiation of hESC-RPE cells (Dehghan et al., 

2022; Hongisto, Ilmarinen, et al., 2017; Hongisto, Jylhä, et al., 2017; Vaajasaari et al., 

2011). Recently, research aiming towards safer cell therapies, xenogeneic- and feeder 

free (FF) culture and differentiation of hPSCs are used to produce RPE cells 

(Choudhary et al., 2017; Geng et al., 2017; Hongisto, Ilmarinen, et al., 2017; McGill 

et al., 2017; Pennington et al., 2015; Plaza Reyes et al., 2016). Hongisto et al. showed 

that the FF-hESCs are not karyotypically as stable as the hESC cells produced with 

presence of the feeder cells, thus the safe window of FF-hESCs for usage is short 

(approximately 7.5 weeks compared to up to 100 weeks) (Hongisto, Ilmarinen, et al., 
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2017). However, high efficiency was achieved compared to feeder-based method 

(efficiency approximately threefold higher). (Hongisto, Ilmarinen, et al., 2017) 

Figure 4.  Basic concept of the cell differentiation from human pluripotent 
stem cells. IVF: in vitro fertilization. Figure created with 
BioRender.com. 

Since RPE differentiation from hESCs is time-consuming, cryopreservation is 

urgently needed after the differentiation. This will decrease the waiting time of the 

transplanted cells in cell therapy (Hongisto, Ilmarinen, et al., 2017). In addition, RPE 

cells can be cultured only for a limited time before the cells start to lose their 

phenotype (Buchholz et al., 2009). After differentiation, the cells require time to 

mature and gain functions and characteristics specific to the RPE (Figure 5). The 
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outcome of the successful differentiation of stem cell-derived RPE cells is cells 

resembling their native counterparts regarding characteristics such as their proteome 

(Hongisto, Jylhä, et al., 2017), phagocytosis capacity (Hongisto, Ilmarinen, et al., 

2017), barrier formation (A. Sorkio et al., 2014), secretion of VEGF (Skottman et 

al., 2017), and functional visual cycle (Maeda et al., 2013).  

Pigmentation has been widely used as an indicator for mature RPE cells in vitro. 

However, Bennis et al. (Bennis et al., 2017) revealed that the pigmentation level does 

not reflect the expression level of specific RPE marker genes. In addition, they stated 

that appearance of pigmentation is rather an early maturation marker for RPE cells, 

and a higher pigmentation does not indicate a more mature monolayer. (Bennis et 

al., 2017) 

As RPE cells mature in time in vitro, the polarized structure and expression of 

functionally important proteins are gained, and therefore functionality increases as 

well. It is still unclear whether the transplanted cells should be as mature as possible 

or if an early maturation level is more suitable in order for the transplantation to be 

successful. 

 
Figure 5.  Illustration of RPE-related proteins and their localizations and 

functions. BM: Bruch’s membrane, CRALBP: Cellular 
retinaldehyde-binding protein, Cx43: Connexin 43, MerTK: Mer 
tyrosine kinase, POS: photoreceptor outer segment, RPE65: Retinal 
pigment epithelium-specific protein 65 kDa, ZO-1: zonula 
occludens. Figure created with BioRender.com. 
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2.4.2 RPE culture substrates 

The goal of the RPE cultures is to produce RPE cells that mimic native RPE cells. 

The growth conditions, such as the culture surface and culture media, are known to 

affect the maturity of the cultured RPE cells. RPE cells are cultured with a spectrum 

of different culture protocols that all support the maturation and functionality of 

RPE cells to varying degrees. (Fronk & Vargis, 2016) 

Since RPE cells are polarized cells with two distinct cell membranes, the in vitro 

culture of RPE cells should support the polarized structure. When RPE cells are 

cultured on a porous surface, the polarized secretion of the RPE is enabled as the 

basolateral secretion occurs through the pores of the culture surface. A commonly 

used culture surface for the RPE cells is the porous polyethylene terephthalate (PET) 

insert, which is coated with different protein compositions to mimic BM (Da Cruz 

et al., 2018; Hongisto, Ilmarinen, et al., 2017). It has been shown that the protein 

coating used affects, for example, the structure and barrier properties of RPE cells 

(A. Sorkio et al., 2014). Commercially available protein mixes such as Matrigel and 

Synthemax II-SC (Pennington et al., 2015) are used to coat the culture substrate, 

although the use of Matrigel has limitations in clinical applications due to the animal-

derived xenomaterial (Bharti et al., 2014; Rowland et al., 2013). Use of the 

commercially available protein mixes in the substrate coating is based on the 

resembling protein compositions compared to the ECM proteins (Guo et al., 2016; 

Weber et al., 2010). Purified or recombinant ECM proteins like Col-IV and LN can 

be used in the substrate coating individually or in combination. By mixing the 

purified ECM proteins, an environment more or less mimicking BM can be achieved. 

(Hongisto, Ilmarinen, et al., 2017; Rowland et al., 2013) However, the protein 

composition has a key role in the efficiency of RPE differentiation, maturation, cell 

structure, and functions (Rowland et al., 2013; A. Sorkio et al., 2014). For example, 

laminin supports the differentiation and maintenance of hESC to RPE since 

undifferentiated hESC cells express a variety of integrins which are known to have 

high affinity to laminin (Rowland et al., 2013). 

2.4.3 Requirements for successful transplantation 

For transplantation, the in vitro RPE cells must be well-characterized and the quality 

of the cells should be consistent. As mentioned earlier, cryopreservation of 

transplanted cells is essential. A requirement for the cryopreservation is that the cells 

must survive the cryopreservation and thawing, and they must start to mature rather 
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quickly after thawing. It is important to note that the cryopreservation should occur 

at the right time during the differentiation. (Zhang et al., 2022) The differentiation 

and maturation should be conducted in such an environment that is suitable for 

transplantation. A good manufacturing process (GMP) is required for the therapies, 

but the conditions should preferably be xeno-free (Higuchi et al., 2017; Pennington 

et al., 2015).  

Since RPE cells have many crucial functions in the welfare of the retina, the 

transplanted RPE cells should also have the functionality of the same level compared 

to the native RPE cells. At the very least, they should gain the functions rapidly after 

the transplantation. Our group have previously shown that the cryopreserved hESC-

RPE cells gain RPE characteristics during the culture (Hongisto, Ilmarinen, et al., 

2017; Ilmarinen et al., 2019; A. Sorkio et al., 2014). The immunostainings of key RPE 

proteins and functional studies revealed the RPE cells to be functional after the 

cryopreservation (Hongisto, Ilmarinen, et al., 2017). However, the functional 

improvement during the culture is still unclear.  

Since the suspension approach for the transplantation has been mostly 

unsuccessful so far, sheet transplantation may aid the survival or functionality of the 

transplanted cells, but it requires a carrier that can be transplanted together with the 

cells. The material requirements for the carrier are to be permeable to support the 

polarized structure of the transplanted cells and to be biocompatible causing no side 

effects such as rejection or toxicity reactions. (Da Cruz et al., 2018) In addition, the 

surgical procedure should be carried out by such a method that the retina or other 

parts of the eye are not damaged (G. S. W. Tan et al., 2021). 

The cultured RPE cells may not fully mature compared to the native RPE cells 

and the influence of the maturation status of the transplanted hESC-RPE to the 

success of the transplantation could be one potential aspect to be studied.  
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3 AIMS OF THE STUDY 

The study aimed to investigate the maturation of hESC-RPE cells in vitro with a focus 

on RPE functionality. The general hypothesis was that the culture conditions and 

duration influence the functionality of the hESC-RPE cells. 

The specific aims of this study are outlined below: 

 

1) To study the influence of basement membrane proteins on the molecular 

characteristics and functionality of hESC-RPE cells with specific focus on ATP-

mediated Ca2+ signalling (Study I). 

 

2) To investigate how the in vitro culture time of hESC-RPE cells affects their 

ability to tolerate cellular stress, i.e. maintain critical RPE functions, after treatment 

with chemicals leading to oxidative stress and proteasome impairment (Study II). 

 

3) To analyse the presence of functional voltage-gated Ca2+ channels, especially 

CaV1.3, of hESC-RPE cells in vitro and to determine how the culture time of the RPE 

cells affects the expression and localization of this channel (Study III). 
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4 MATERIALS AND METHODS 

4.1 Culture and differentiation of hESC cells into RPE cells 

4.1.1 Culture of undifferentiated hESC cells  

Four different hESC lines were used in the studies. All the lines - namely Regea 

08/017 (46, XX) (Studies I, II, III), Regea 11/013 (46, XY) (Studies I and III), 

Regea 13/012 (46, XY) (Study I), and Regea 08/023 (Study III) - were derived and 

characterized as described previously (Skottman, 2010). The culturing of the hESC 

lines was carried out in the presence of feeder cells in Studies I and III, whereas a 

feeder-free hESC culture was used in Study II. The feeder-cultured cells were 

maintained in serum-free culture conditions with culture medium containing 

KnockOutTM Dulbecco’s Modified Eagle Medium supplemented with 20% xeno-

free KnockOutTM Serum Replacement (KO-SR), 2 mM Glutamax, 0.1 mM 2-

mercaptoethanol, 1% non-essential amino acids, 50 U/ml penicillin-streptomycin 

(all from Thermo Fisher Scientific), and 8 mg/ml human basic fibroblast growth 

factor (bFGF, PreproTech Inc.) on inactivated human foreskin fibroblast feeder cells 

(CRL-2429TM American Type Culture Collection) (Studies I and III). The feeder-

cultured undifferentiated stem cell colonies were enzymatically passaged with 

TrypLE Select (Thermo Fisher Scientific) onto a fresh feeder cell layer every 10 days. 

In the feeder-free culture, the hESC lines were cultured in Essential 8 Flex medium 

(Thermo Fisher Scientific) supplemented with 50 U/ml penicillin-streptomycin 

(Study II) on human recombinant laminin-521 (LN521, Biolamina) and passaged to 

culture plates coated with LN521 diluted in Ca2+- and Mg2+-containing 1x 

phosphate-buffered saline (Thermo Fisher Scientific) twice a week. 

4.1.2 Differentiation of hESC cultures 

The hESCs were spontaneously differentiated into RPE cells in one of two ways: in 

suspension from feeder-cultured hESCs (Studies I and III) or adherent from feeder 
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free -cultured hESCs (Study II) (Figure 6). In both methods, the colonies were 

dissociated with TrypLe Select and transferred to CorningTM CostarTM Low 

Attachment well plates (Sigma Aldrich) for differentiation. 5 µM blebbistatin (Sigma 

Aldrich) was used to induce embryoid body formation. The next day, blebbistatin 

was removed and replaced with culture media. In adherent differentiation method, 

after 4-6 days of suspension culturing, the embryoid bodies were plated on culture 

wells coated with LN521 and Col-IV (Sigma Aldrich) for further differentiation. The 

adherent differentiation in Study II was conducted in xeno-free conditions. In both 

methods, differentiation was performed in a feeder-hESC culture medium with a 

reduced (15%) KO-SR concentration and no bFGF. Pigmented areas began to form 

in both methods, and the areas were manually separated with a scalpel and 

dissociated with 1x Trypsin-EDTA/TrypLe Select. The cells were then seeded on 

Col-IV +/- LN521 for the enrichment of the RPE cells. After the differentiation, 

the RPE cells were cryopreserved, thawed, and seeded as described in each study. 

4.1.3 Culture of differentiated hESC-RPE cells 

After differentiation and cryopreservation, the hESC-RPE cells were thawed and 

seeded to mature. Depending on the assay, 1 µm PET culture inserts (Millipore or 

Sarstedt) or 48 well plates were used. The culture surfaces were dip-coated with RPE 

basement membrane proteins. In Study I, five different protein compositions were 

used: Col-IV alone, LN521 alone, and a combination of Col-IV and LN521 with or 

without the addition of Nid-1 (R&D Systems, 2570-ND) with the Nid-1 used at two 

different concentrations. In Studies II and III, a combination of Col-IV and LN521 

was used. The specific details of the protocols are described in each study. 

Differentiated hESC-RPE cells were cultured and analysed at desired time points, 

depending on each study (summarized in Figure 7, Chapter 4.2). 

In Study II, the differentiated hESC-RPE cells were exposed for 24 hours to 

cellular stress with two different chemical stressors, separately with 1 µM MG132 

protease inhibitor (from now on referred to only as MG132, Calbiochem) and 600 

µM H2O2 (Sigma Aldrich). The control cells received a fresh medium without the 

stressors.  
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Figure 6.  Illustration of both RPE differentiation methods used in this thesis. 

Blebbistatin was used to induce the EB formation. The protocols are explained 
in more detail in Chapter 4.1.2. Timelines are visible next to each step of the 
differentiation methods. After thawing, differentiated hESC-RPE cells are 
cultured for a desired time, depending on each study. hESC-RPE cultures can 
be divided into two distinct parts: differentiation of hESC-RPE and 
maturation of differentiated hESC-RPE. hESC-RPE: human embryonic stem 
cell-derived retinal pigment epithelium, EB: embryonic body. Figure created 
with BioRender.com. 
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4.2 Methods to study the differentiated hESC-RPE cells 

All cell cultures used in this thesis were characterized and monitored throughout the 

culturing. The typical cobblestone morphology and the development of RPE cells’ 

pigmentation were monitored with a Nikon Eclipse TE2000-S phase contrast 

microscope (Nikon Instruments Europe B.V., Amstelveen, Netherlands) and 

imaged with a Nikon DS-Fi1 camera. TER was measured to ensure the proper 

development of the barrier properties and the intactness of the RPE monolayer. At 

the endpoints of culturing (depending on the study), characterizations with different 

methods were conducted (Figure 7). 

 

 
Figure 7.  Time points and analyses conducted in each study. TER: transepithelial 

resistance, IF: immunofluorescence stainings, MMP: mitochondrial 
membrane potential, VEGF: vascular endothelial growth factor. Figure 
created with BioRender.com 
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4.2.1 Transepithelial resistance 

TER was comprehensively measured in Studies I and II, and routinely checked 

during the culturing in Study III. The cells were cultured on PET culture inserts 

(Millipore) and measurements were carried out with a Millicell electrical resistance 

volt-ohm meter (Merck Millipore). Inserts without cells were measured to obtain 

background values, which were subtracted from the original values. The surface area 

(0.3cm2) of the PET insert was acknowledged in the final values. 

4.2.2 Analysis of pigmentation 

For pigmentation analysis conducted in Study I, differential interference contrast 

(DIC) images were obtained with confocal microscopy (LSM 800, Carl Zeiss) with a 

20x air immersion objective. Images were taken from five randomly selected areas 

per sample. Average intensities were calculated with ImageJ (Schneider et al., 2012) 

from each image. 

4.2.3 Immunofluorescence stainings 

Immunofluorescence staining was used to detect protein expression and localization 

from RPE monolayers (all studies). The primary antibodies are listed with details in 

Table 4. In addition, phalloidin-tetramethylrhodamine B isothiocyanate (Sigma 

Aldrich) was used to detect the filamentous F-actin cytoskeleton. Imaging of samples 

was conducted with confocal microscopes (LSM 700, Carl Zeiss (Study II and III), 

LSM 780, Carl Zeiss (Study II and III), or LSM 800, Carl Zeiss (Studies I and II); 

see imaging details in each publication) with a 63x/1.4 oil immersion objective. 

Detailed protocols of the stainings are described in the original publications (Study 

II and III) and in (A. E. Sorkio et al., 2015). The images were processed with ImageJ 

(linear brightness and contrast adjustment). Final figures were created with 

GraphPad Prism (version 8, GraphPad Software, La Jolla, CA, USA) and 

CorelDRAW Graphics Suite 2019 (Corel Corporation, Ottawa, Canada). 
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Table 4. Antibodies used in this study. 

Antibody Manufacturer Cat.no Dilution Study 

Acetylated α-tubulin Sigma Aldrich T6793 1:1000 III 

CaV1.3 Alomone Labs ACC-005 1:100 III 

CL3 Thermo Fisher Scientific 34-1700 1:80-1:100 I, III 

CL-19 R&D Systems MAB6970 1:100-1:200 I, II 

Cx43 Abcam ab11730 1:200 II 

CRALBP Abcam ab15051 1:500 I, III 

Ezrin Abcam ab4069 1:100 III 

Na+/K+-ATPase Abcam ab7671 1:200 I, II 

Opsin Sigma Aldrich O4886 1:200 All studies 

ZO-1 Thermo Fisher Scientific 61-7300 1:50-1:200 All studies 

P2Y2 Invitrogen PAI-46150 1:200 II 

PCNT Abcam ab28144 1:200 III 

Vinculin Sigma Aldrich V4139 1:400 I 

Phalloidin-Atto 500 Sigma Aldrich 19083 1:100 I 

Phalloidin-Atto 633 Sigma Aldrich 68825 1:100 III 

Phalloidin tetramethyl-rhodamine B Sigma Aldrich P1951 1:800 II 

Anti-mouse 
Alexa Fluor A488 

Thermo Fisher Scientific A21202 
A21042 

1:200-1:400 I, II 

Anti-mouse  
Alexa Fluor A568 

Thermo Fisher Scientific A10037 
A21043 

1:200 III 

Anti-rabbit 
Alexa Fluor A488 

Thermo Fisher Scientific A21206 1:200 III 

Anti-rabbit 
Alexa Fluor A568 

Thermo Fisher Scientific A10042, 
A11011 

1:200-1:400 I, II 

 

4.2.4 Phagocytosis analysis 

The capability of the cells to phagocytose (all Studies) was analysed as follows. POS 

particles were isolated and purified from porcine eyes as described previously 

(Hongisto, Ilmarinen, et al., 2017). The POS challenge was applied to the apical side 

of the hESC-RPE cells, and cells with POS-containing media were incubated for 2h. 

After the challenge, the cells were fixed and immunostained with anti-opsin, anti-

ZO-1, or phalloidin, depending on the study. Confocal microscopy (LSM 800 or 

LSM780, Carl Zeiss) with a 63x/1.4 oil immersion objective was used to obtain Z-

stack images of randomly selected areas from each sample. The images were further 

processed with ImageJ to evaluate the overall capability of the cells to bind and 

internalize POS particles (all Studies) and to count internalized POS particles 

(Studies I and II) (Figure 8). The protocol is explained in more detail in each Study. 
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Figure 8.  Orthogonal view of the hESC-RPE monolayer during the 

phagocytosis assay. POS particles are shown in green and F-actin in 
red. The white line illustrates the localization of the apical cell 
membrane and cytoplasm, and white arrows point to the 
internalized POS particles. Figure modified from Study I. 

4.2.5 Ca2+ imaging 

For Ca2+ imaging (Studies I and II), cells were washed with Elliot buffer (pH 7.4, 

330 mOsm) 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. Ca2+ -

sensitive dye fluo-4-acetoxymethyl ester (fluo-4 AM; Molecular Probes, Thermo 

Fischer Scientific) was diluted in Elliot buffer with a final concentration of 1 mM. 

Cells were incubated for 45 min in 1 mM fluo-4 followed by washing with Elliot 

buffer for 15 min. Imaging was conducted with a Nikon Eclipse FN1 upright 

fluorescence microscope with a 25x/1.1 water immersion objective. A gravity-fed 

solution exchange system (AutoMate Scientific) was used during the imaging to keep 

the cells in a constant flow of Elliot buffer with or without 100 µM ATP (Sigma 

Aldrich). The total imaging time per sample was 10 min (with 500 ms intervals) 

containing 2 min of baseline imaging, 2 min of imaging after bath-applied ATP, and 

6 min of imaging after ATP washout. All the steps during the assay were performed 

at room temperature protected from light. 

Data analysis of Ca2+ imaging 

Timelapse imaging of the fluorescent Ca2+ indicator in the hESC-RPE cells was used 

to follow the cellular Ca2+ -response to the ATP stimulation. The data analysis was 

carried out so that the timelapse videos were processed with ImageJ (version 1.52e) 

where three randomly chosen region of interests (ROIs) (200x200 pixels, 104x104 

µm) were cropped from each video. All the reasonably recognizable cells were 
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outlined as circles, resulting in approximately 70-120 cells per ROI. The data were 

then converted to MATLAB (version R2017b, The MathWorks Inc.) form and 

analysed with specific MATLAB scripts (Sorvari et al., 2019). 

In Study I, the outlined cells were analysed with a set of parameters (shown in 

Figure 9). The rise of the response indicates the release of Ca2+ from the intracellular 

stores as well as the Ca2+ influx from the extracellular solution (Tovell & Sanderson, 

2008). Decay of the response reflects the activation of Ca2+ extrusion mechanisms 

and the return of intracellular Ca2+ concentration back to the resting level. In 

principle, fast response rise and decay kinetics are desirable for the RPE (Tovell & 

Sanderson, 2008). In Study II, the cells were first subcategorized as cells that 

respond to ATP stimulus and cells that do not respond to the ATP stimulus. 

Responding cells were further analysed to determine the relative maximum 

amplitude of the Ca2+ response. 

 

Figure 9.  Pseudo-coloured image time series of ATP-induced Ca2+ response in 
hESC-RPE with Fluo-4 Ca2+ indicator and schematic curve 
representing the parameters determined from each single cell Ca2+ 
response. The pseudocoloured intensities are linearly scaled from 0 
to 255. Scale bar 10 µm. Figure modified from Study I (Viheriälä et 
al., 2021). 

4.2.6 Mitochondrial membrane potential 

For the mitochondrial membrane potential (MMP) assay (Study II), the RPE cells 

were seeded and cultured on a 48-well plate. A TMRE-Mitochondrial Membrane 

Potential Assay Kit (Abcam, ab113852) with a microplate reader was used to detect 

changes in the mitochondrial membrane potentials. Results were obtained as 

intensity values. The protocol is presented in more detail in Study I (Viheriälä et al., 

2022). 
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4.2.7 Cytokine secretion 

Secretion of several cytokines were analysed in Study II with a Cytokine Array Kit 

(ARY005B, R&D Systems) from apical media collected from the RPE cell cultures. 

Results were obtained as intensity values, which were then compared between the 

samples. Specific details about the protocol are presented in Study II (Viheriälä et 

al., 2022). 

4.3 Statistical analysis 

Normality was tested with the Shapiro-Wilk test. Statistical differences were 

performed with the Mann-Whitney U test. A p-value of < 0.05 was considered 

statistically significant. 

4.4 Ethical issues 

Tampere University, Faculty of Medicine and Health Technology, has the approval 

of the National Supervisory Authority Fimea (Dnro FIMEA/2020/003758) to 

conduct research with human embryos. The Ethics Committee of the Pirkanmaa 

Hospital District has given the research group a supportive statement to derive, 

culture, and differentiate hESC lines (R05116) and to use the lines for research 

purposes. New cell lines were not derived for any of the studies in this thesis. 
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5 SUMMARY OF RESULTS 

5.1 Cell surface protein coatings affect the formation of the 
intact and pigmented hESC-RPE monolayer 

The aim of Study I was to investigate the effect of the culture surface protein 

coatings on the maturation of cultured hESC-RPE cells after cryopreservation. To 

address this, different basement membrane proteins were used: Col-IV alone, LN521 

alone, and a combination of Col-IV and LN521 with or without the addition of Nid-

1 (at two different concentrations). Adhesion and initial spreading 24h after thawing 

were first examined. Cell spreading indicates the formation of actin stress fibres, 

which provides the force for the maturation of cell adhesion and focal adhesion. 

Except for the cells on Col-IV, the hESC-RPE cells showed a well-spread 

morphology and the formation of organized actin stress fibres and initial focal 

adhesions and adherens junctions, as indicated by vinculin immunostaining. 

However, using centrifugation force, differences in the adhesion force were not 

observed between different coatings (Study I, Figure 1c).  

In addition to poor spreading, cells cultured for a longer time with Col-IV alone 

were not able to form an intact epithelium based on morphology, and they were also 

lacking the RPE-like cobblestone morphology (Figure 10). Therefore, this coating 

was omitted from the upcoming analysis. All other protein coatings supported the 

formation of the intact epithelium monolayer, and the cobblestone morphology was 

detected during maturation. The results in more detail are described in the following 

chapters. 

The effect of protein coatings on the pigmentation of hESC-RPE cells was 

measured. Modest changes were observed between the different coatings except 

with cells cultured on LN521, which yielded the highest pigmentation level. 
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Figure 10.  Comparative phase contrast images demonstrating the formation of 
the intact epithelium of hESC-RPE. The hESC-RPE cells on PET 
insert coated with Col-IV (left image) and Col-IV + LN521 + Nid-
1 (right image) are shown. The hESC-RPE cells were not able to 
form an intact epithelium when cultured on Col-IV alone. Scale bar 
20µm. Figure modified from Study I (Viheriälä et al., 2021). 

5.2 Protein expression and localization were changed during 
hESC-RPE maturation 

RPE-characteristic protein expression and their correct localization are a prerequisite 

for proper functionality. The localization of proteins differs depending on their 

tasks. RPE cells are polarized cells, which can be exhibited as the polarized 

localizations of proteins, as well. The apical membrane facing the neural retina has 

its own protein composition compared to the choroid facing the basolateral 

membrane.  

Studies I, II, and III demonstrated the expression and localization of key RPE 

proteins in cultured hESC-RPE cells. In Study I, protein expressions and 

localizations were studied on RPE cells cultured for 8 weeks using different coating 

proteins. Functionally relevant proteins, CRALBP, Na+/K+-ATPase, claudin-3 

(CL3), CL-19, and ZO-1, were selected, immunostained and imaged with confocal 

microscopy. In this study, the protein coatings used did not majorly affect the 

expression of these proteins, except for the cells cultured on LN521 alone, which 

yielded a less frequent expression of junctional protein CL-19. On the contrary, cells 

cultured in a combination of Col-IV, LN521, and Nid-1 (both concentrations) 

gained an improved localization of CL-19 (Study I, Figure 2).  

Study II investigated and compared more closely the maturation of hESC-RPE 

since two different time points were chosen to represent RPE cells at an early (3 

weeks) and late (12 weeks) maturation status (Figure 11). Immunostainings revealed 
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that tight junction protein ZO-1 was expressed and localized correctly in the cell-cell 

junctions already in the early phase of the maturation, and further culturing for 12 

weeks did not affect the localization. CL-19, on the other hand, shifted its 

localization during maturation. At the 3-week time point, CL-19 was expressed 

apically, from where the localization shifted to be junctional at the 12 weeks.  

RPE cells communicate with neighbouring cells via gap junctions, which are 

located near the tight junctions in cell borders. Gap junctions are composed of 

connexin protein hexamers, and Cx43 is the major connexin in the RPE (Fadjukov 

et al., 2022; Kojima et al., 2008). In Study II, the Cx43 localization in the hESC-

RPE cells with a late maturation status (12 weeks) is primarily on the cell borders 

(Study II, Figure 3), resembling its native localization (Lobato-Álvarez et al., 2016). 

This can be observed also in the cells with early maturation status (3-week time 

point), although not as clearly as the cells with late maturation status.  

Na+/K+-ATPases generate and maintain the gradients of Na+ and K+ in the RPE. 

In native and polarized RPE cells, Na+/K+-ATPase is expressed highly apically 

(Lobato-Álvarez et al., 2016). In Study II, cells at both maturation time points 

expressed Na+/K+-ATPase apically with a slight intracellular localization. 

Furthermore, the expression and localization of Ca2+ signalling-related protein 

P2Y2 was studied in Study II. P2Y2 is an apical receptor initiating the cascade that 

transforms the apically applied ATP stimulus to intracellular Ca2+ transients. The 

hESC-RPE cells at early and late maturation time points expressed the P2Y2 receptor 

both apically and laterally.  

In Study III, CRALBP, ZO-1, and CL3 were immunostained from RPE 

monolayers, and the polarization of RPE cells was verified by immunostaining 

paraffin-embedded hESC-RPE sections with Na+/K+-ATPase and Best-1. 

CRALBP and Na+/K+-ATPase were localized in the apical membrane, Best-1 on 

the basolateral side and ZO-1 and CL3 in the cell-cell junctions. All these 

localizations resemble those in native RPE, as demonstrated by Luo et al. (Luo et al., 

2006). Notably, the immunostainings in Study III were conducted with cells 

cultured for 9-15 weeks as compared to the culture times of 3 and 12 weeks in Study 

II. 

All these results obtained from immunostainings indicate that hESC-RPE cells 

mature in vitro since proper proteins are expressed and their localizations are shifted 

during the maturation to resemble the native tissue. 
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Figure 11.  Immunostaining images of the hESC-RPE with two maturity 

statuses to compare the marker expression and localization during 
maturation. Scale bar 20µm. Figure modified from Study II 
(Viheriälä et al., 2022). 

5.2.1 Functional CaV1.3 channel in hESC-RPE cells 

Voltage-gated CaV1.3 channels take part in several RPE functions and are therefore 

a crucial factor for the proper development of the physiology of the RPE cells. The 

aim of Study III was to analyse the presence and localization of L-type CaV1.3 

channels in the hESC-RPE cultures and to determine their functionality. At first, the 

channels were immunostained from hESC-RPE monolayers cultured for 13 weeks. 

This staining showed the apical localization of the channels, but to analyse the 

possible basolateral localization, immunostaining of paraffin-embedded hESC-RPE 

sections was conducted. Paraffin sections revealed also a basolateral localization of 

CaV1.3. Mouse eyecups were used as controls to verify the localization of CaV1.3 in 

native tissue. The localization of CaV1.3 was similarly in the apical membrane in the 

whole mount preparations, but the paraffin-embedded mouse eyecups revealed also 

a distinct basolateral localization. 
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CaV1.3 channels during RPE maturation 

Another aim of Study III was to follow the expression and localization of CaV1.3 

during hESC-RPE maturation. As stated above, immunostaining of mouse RPE 

revealed the localization of the channel in mature RPE cells to be both apical and 

basolateral. In our hESC-RPE cultures, the localization of CaV1.3 was in 

concordance with this in cells cultured for 13 weeks (Study III, Figure 3H). Cultured 

hESC-RPE cells reached confluency around day 5, after which the immunostainings 

were conducted at four time points to follow the localization of CaV1.3 during RPE 

maturation. CaV1.3 was immunostained on day 1, day 6, day 31, and day 84 post-

confluency. CaV1.3 was present already at the beginning of the maturation process, 

but the localization shifted during maturation. Quite soon after confluency (day 6), 

CaV1.3 was localized at the apical and basolateral membranes. Apical localization 

enhanced during maturation (although the detection of basolateral localization was 

hindered by the increase in pigmentation). 

The hESC-RPE immunostainings revealed not only the presence and the shifting 

localization of the CaV1.3 channels during maturation, but also a colocalization of 

the channel with PCNT. This was observed as a clear and small apical cluster (1 per 

cell), and immunostaining with PCNT antibody verified the colocalization. This 

finding was further verified by immunostaining with a primary cilium marker, 

acetylated α-tubulin. CaV1.3 localization was near the base of the primary cilium. The 

co-localization of CaV1.3 and PCNT remained during maturation. Mouse RPE were 

immunostained as control cells where CaV1.3 was clearly visible in the apical 

membrane but lacking the co-localization with PCNT, which may be due to the 

strong apical CaV1.3 expression that hinders the PCNT localization. The results of 

this thesis work revealed the localization of CaV1.3 (and PCNT) near the centre at 

the time point of 84 days post-confluence. 

5.3 Changes in functionality during hESC-RPE maturation 

The functionality of hESC-RPE cultures was assessed in all studies of the thesis. 

TER, Ca2+ signalling, and phagocytosis experiments were conducted from maturing 

RPE cells. These analyses can be utilized to address several aspects of RPE 

functionality and to gain a better understanding of the maturation status of the RPE 

cell monolayer.  
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5.3.1 TER increased during hESC-RPE maturation 

Measuring TER and its changes during RPE maturation is highly important since 

the barrier formation and its maintenance are among the key functions of the RPE. 

TER measurements were conducted from cells cultured on hanging inserts. In 

principle, higher TER values indicate a stronger polarization and better-developed 

tight junctions between the cells (Fronk & Vargis, 2016).  In Study I, TER 

measurements were initiated after 3 weeks post-seeding and continued up to 9 

weeks. The results clearly revealed the increase in TER values from ~200 Ω·cm2 to 

630-730 Ω.cm2, although the RPE cells cultured on LN521 alone showed a decrease 

in TER values at 9 weeks (TER value decreased back to ~200 Ω·cm2). The 

combination of Col-IV, LN521 and Nid-1 yielded the highest TER values (730±80 

Ω·cm2), with a significant difference compared to the combination of Col-IV and 

LN521 (630±200 Ω·cm2, p=0.014) (Study I, Figure 2a).  

The TER results of Study II supported the results obtained from Study I. TER 

values increased during RPE maturation in vitro. Cells with a culture time of 3 weeks 

gained TER values of >160 Ω·cm2, while the values after 12 weeks of culturing was 

>840 Ω·cm2.  

5.3.2 Phagocytosis 

Phagocytosis was investigated in all studies. In Study I, a new analysis method was 

developed to count only the internalized POS particles. The same method was 

utilized in Study II. Phagocytosis is crucial for the welfare of the whole retina since 

RPE cells phagocytose POS daily to enable their continuous renewal. In Study I, 

phagocytosis was studied from cells cultured for 13 weeks. After the counting of the 

internalized particles from the obtained z-stack images, all the protein coatings used 

produced RPE cells with phagocytic capacity with minor differences. The addition 

of Nid-1 to the culture substrate yielded the highest mean number of internalized 

POS but also the lowest variation between the samples. The number of internalized 

POS in cells cultured on LN521 was 4.8±1.6/cell (506±180 POS/imaged field), Col-

IV + LN521 3.4±1.2/cell (367±130 POS/imaged field), Col-IV + LN521 + 1xNid-

1 6.2±0.5/cell (650±49 POS/imaged field), and Col-IV + LN521 + 10xNid-1 

6.2±0.8/cell (629±72 POS/imaged field) (Study I, Figure 3). 

In Study II, phagocytosis efficiency was measured in hESC-RPE cells with the 

culture time points of 3 and 12 weeks. Internalized POS particles were calculated as 

described above. No major differences were observed when comparing cells with 3 
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weeks and 12 weeks of culturing. The number of internalized POS were 521±140 

POS/imaged field and the number of POS/cell was 3.9±1 at 3 weeks and 567±228 

POS/imaged field and 4.8±2 POS/cell at 12 weeks (Study II, Figure 4). The results 

obtained from Study I and II were consistent indicating the phagocytosis machinery 

to be functional already in cells with an early maturation status.  

5.3.3 ATP-mediated Ca2+ signalling 

In Study I and II, two different time points were used to measure and calculate the 

ATP-mediated Ca2+ signalling in the RPE monolayer. The hESC-RPE cells were 

exposed to ATP and the response to the ATP stimulus was imaged along with 

imaging before and after the stimulus. All the calculated parameters are shown in 

Figure 10. The monitored Ca2+ signal includes the release of Ca2+ from the 

intracellular stores but also the influx of Ca2+ from the extracellular space. This can 

be observed as a biphasic response (Figure 12a and Study I, Figure 4).  

In Study I, RPE cells showed quite large heterogeneity in their Ca2+ responses, 

regardless of the protein coating used. However, biphasic responses were observed 

as well as the increase of the mean amplitudes between 9- and 13-week culture times 

in all coatings. Cells cultured on LN521 alone showed altered Ca2+ signalling 

compared to the other coatings, especially after 13 weeks of culturing. These cells 

showed the largest cell-to-cell variation in response properties, the initiation of the 

responses was delayed, the decay time was longer, and only a few cells produced fast 

responses. Combining LN521 and Col-IV produced cells with improved Ca2+ 

signalling kinetics compared to LN521 alone: the initial rise of the responses was 

faster and the decay time was shorter. Nevertheless, even more improved Ca2+ 

signalling kinetics were achieved with the combination of Col-IV, LN521, and Nid-

1 at both concentrations. Not only the number of cells with the fast initial rise were 

increased but also cell-to-cell variation was decreased. In addition, Nid-1 at the 

higher concentration produced cells with fast response and fast decay kinetics. 

Altogether, hESC-RPE cells cultured on a coating consisting of Col-IV, LN521, and 

Nid-1 produced Ca2+ response kinetics that best resembled the characteristics of 

native RPE tissue (Tovell & Sanderson, 2008). 

Ca2+ imaging was conducted also in Study II, where the hESC-RPE cells were 

categorized as responsive or non-responsive (Figure 12b). Responsive cells were 

counted from the RPE monolayer and their maximum amplitude intensities were 

measured. The majority of the cells were responsive at both time points: 97 ± 3 % 
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at the 3-week time point and 98 ± 3 % at the 12-week time point (Study II, Figure 

5a). However, at 3 weeks, considerable heterogeneity between the cells was observed 

and the maximum amplitude intensities were widely distributed.  

 
Figure 12.  The representative images of the Ca2+ signalling responses. a) 

Illustrates the biphasic response with two arrows pointing the first 
and the second phases. Modified from Figure 4 in Study I. b) 
Example of a non-responsive cell from Study II. Cells were 
manually categorized into two subcategories: responsive and non-
responsive cells. Response curves with no increase in intensity were 
considered as non-responsive cells.  

5.3.4 Functional assays of Ca2+ channels 

Whole-cell patch-clamp recordings, phagocytosis capacity and VEGF secretion were 

measured to analyse the functionality of CaV channels in hESC-RPE cultures in 

Study III. Notably, these experiments are not included in this thesis but are 

introduced here since the results are highly relevant to the overall view of Study III. 

For the patch-clamp measurements, single cells were dissociated from the 

monolayer. Two types of currents were detected: the slowly inactivating current and 

fast inactivating current from which the slowly inactivating was the main current 

type. Further analysis indicated the slowly inactivating current to be through L-type 

Ca2+ channels, and the presence of functional CaV1.3 channels in the hESC-RPE 

was concluded based on the similarity of the results to previous studies (Rosenthal 

et al., 2007; Wimmers et al., 2008) as well as the recordings from mouse RPE in 

Study III.  

VEGF secretion was observed to be polarized in the hESC-RPE, as is 

characteristic of RPE physiology. When pharmacologically modulating the Ca2+ 
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channels, the overall secretion (apical and basal secretion) of VEGF was altered. 

Activation of Ca2+ channels increased the VEGF secretion, whereas the inhibition 

decreased the secretion, thus indicating the interplay between Ca2+ channels and 

VEGF secretion.  

Phagocytosis was analysed by modulating CaV channels during the phagocytosis 

assay. Activation of L-type Ca2+ channels reduced the number of bound and 

internalized POS particles by 30% compared to the control cells. The inhibition of 

L-type Ca2+ channels reduced the number of POS particles by 62%. Thus, the results 

from the immunostainings, patch-clamp recordings, VEGF secretion, and 

phagocytosis assays indicate the presence and functionality of the voltage-gated L-

type Ca2+ channels in hESC-RPE. 

 

5.4 Tolerance of cellular stress in hESC-RPE 

Transplantation requires the transplanted RPE cells to tolerate cellular stress caused 

by multiple different sources such as live-cell shipment to the clinic and oxidative 

stress in the diseased microenvironment of the eye. The main aim of Study II was 

to investigate the effect of the maturation status of hESC-RPE in terms of tolerance 

of cellular stress. In addition, the goal was to resolve if the maturation status of the 

cultured cells affects the capability of the cells to maintain their functions 

immediately after exposure to cellular stress. Two time points were chosen: 3 weeks 

and 12 weeks post-seeding. In addition, two different chemical stressors were used: 

MG132 and H2O2, both with sublethal concentrations to avoid cell death. The 

viability of the cells was monitored during the study and no cell death was observed 

since the hESC-RPE cells maintained the RPE-like cobblestone morphology during 

the treatments. In addition, no changes in the pigmentation were observed (Study 

II, Figure 2b).  

A mitochondrial membrane potential (MMP) assay was used to monitor the 

viability of the cells and to verify the sublethal concentrations of the stressors since 

MMP is known to decrease in apoptosis (Gottlieb et al., 2003; C. Wang & Youle, 

2019) and disperse in necrosis (Webster, 2012). Both time points and treatments 

revealed an increase in MMP compared to the control cells (Study III, Figure 1). 

These results indicate the concentrations of the treatments to be sublethal. 
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5.4.1 Barrier properties were altered especially in hESC-RPE with early 
maturation status  

Since the transplanted RPE cells need to maintain the proper barrier function after 

transplantation, the barriers were studied with immunostainings of junctional 

markers CL-19 and ZO-1 and with measurements of TER. The results revealed the 

decreased TER values of MG132- and H2O2-treated cells in comparison to the 

untreated control cells (Study II, Figure 2a). This was especially observed in cells 

with an early maturation status (3-week time point). Although the TER was 

decreased, the expression and localization of tight junction protein ZO-1 were not 

affected by the treatments. Localization of ZO-1 remained in the cell-cell junctions 

at both time points and after both treatments. Localization of CL-19, on the other 

hand, was affected by the treatments. This was observed most clearly in cells with 

an early maturation status after both treatments as the apical localization was shifted 

to the cytoplasm (Study II, Figure 3).  

In addition to ZO-1 and CL-19 immunostainings, gap junction protein Cx43 and 

Na+/K+-ATPase were immunostained (Study II, Figure 3). Cx43 participates in the 

intercellular communication of adjacent RPE cells, while Na+/K+-ATPase forms the 

Na+ and K+ gradients. MG132 treatment shifted the localization of Cx43 from the 

junctional to the apical in cells with early maturation status. After H2O2 treatment, 

the localization of Cx43 was shifted to the apical membrane or the cytoplasm. After 

both treatments, Cx43 was not detectable in some cells, pointing to a loss of 

expression. Na+/K+-ATPase localization shifted more visibly to the apical 

membrane after MG132 treatment, which resembles the native localization of 

Na+/K+-ATPase. After H2O2 treatment, Na+/K+-ATPase expression and 

localization were not altered. 

5.4.2 Phagocytosis and Ca2+ signalling were altered particularly in cells 
with early maturation status 

Phagocytosis was conducted with isolated POS particles as described previously in 

this thesis. POS were added to the cells immediately after the MG132 and H2O2 

treatments and incubated for 2h. Internalized POS particles were counted from z-

stack images obtained from a confocal microscope. Interestingly, the H2O2 treatment 

did not affect the phagocytosis efficiency at either of the time points. However, the 

treatment with MG132 reduced the number of internalized POS particles in cells 
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cultured for 3 weeks (3.9±1 POS/cell to 2.5±1 POS/cell). No changes at the 12-

week time point were observed (Study II, Figure 4c). 

Ca2+ imaging is a sensitive method for analysing the functionality of the RPE 

monolayer since the measurement is conducted from the whole monolayer, but the 

analysis can be targeted to individual cells. When almost all the control cells (97 ± 

3%) were responsive to the ATP stimulus at 3 weeks, only 3 ± 3% of the MG132-

treated cells and 43 ± 33% of the H2O2-treated cells responded. As the cells reached 

the culture age of 12 weeks, the relative number of responsive cells was 31 ± 43% 

after MG132 treatment and 99 ± 0% after H2O2 treatment, while 98 ± 3% of the 

control cells were responsive. In addition, at 12 weeks only cells treated with MG132 

showed reduced maximum amplitude values compared to the control cells. (Study 

II, Figure 5a-e) 

Localization of the P2Y2 protein was altered after both treatments. Apical and 

lateral localizations observed in control cells were shifted to cytoplasmic and lateral 

localizations at both time points with enhancement at 12 weeks (Study II, 5f). 

5.4.3 Cytokine expression after induction of cellular stress 

Transplantation itself is a procedure that may initiate the expression and secretion of 

cytokines and chemokines to reject the RPE graft. In Study II, the secretion of 

different cytokines in the control cells but also in the cells after the MG132 and H2O2 

treatments was analysed. Most of the cytokines expressed in control cells at 3 weeks 

were downregulated or not expressed at 12 weeks. IL6 and IL8 were expressed only 

after the treatments. IL6 was expressed after the treatment with H2O2 at 12 weeks. 

IL8 was expressed after the treatment with MG132 at 3 weeks. (Study II, Figure 6) 

 



 

66 

6 DISCUSSION 

RPE cells derived from hPSCs present a potential cell source for the treatment of 

retinal degenerative diseases caused by RPE degeneration. RPE cells form a tight 

monolayer at the back of the eye and together with the underlying BM, trafficking 

between the retina and blood circulation is closely controlled. Due to this BRB, RPE 

cells are responsible for the formation of the immune privilege of the eye. Route for 

delivery of drugs for dry AMD are mostly oral administrations and intravitreal 

injections as summarized in Table 2. However, BRB sets its own limitations on 

treating retinal diseases; for example, some therapeutic drugs are not able to pass the 

barrier. The use of eye drops could be a potential approach to treat retinal diseases, 

but the challenge with the eye drops is that they must pass multiple cell layers before 

reaching the retina located at the back of the eye. (Choi et al., 2020) Transplantation 

of healthy RPE cells to replace the degenerated RPE has been proposed as a 

treatment option for the future to cure retinal diseases such as dry AMD. (Choi et 

al., 2020; Fronk & Vargis, 2016) The ideal outcome of the cell replacement therapy 

would be to restore the vision and reverse the damage caused in the retina, or at least 

to stop the progression of the disease. Since patients with dry AMD do not suffer 

from the loss of photoreceptors (except at the late stage of the disease), they might 

benefit from the RPE cell replacement therapy. Therefore, the transplantation 

should occur at the early stages of AMD to pre-empt the irreversible damage. 

(Markert et al., 2022) 

RPE cells can be successfully cultured in vitro. With proper culture conditions, 

RPE cells form a monolayer, which represents in many aspects the native RPE of 

the eye. Since RPE cells have been associated with several retinal diseases, 

transplantation research has advanced significantly. Clinical trials have been initiated 

that have proven the safety of the treatment, but at the same time, the treatment has 

not been completely successful, mostly due to the patients’ advanced stage of AMD 

(Sharma et al., 2020). Thus, the efficacy of the treatments remains to be verified with 

further clinical studies involving patients with less advanced AMD. One possible 

aspect affecting the clinical outcome and efficacy is the maturation level of the 

transplanted RPE cells. (Markert et al., 2022) The overarching goal of this thesis was 
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to study the in vitro maturation and functionality of hESC-RPE cells with a focus on 

cell culture parameters, which are important for cell replacement therapies as well. 

6.1 Maturation of hESC-RPE cells 

The time points for the studies in this thesis were based on our experience of RPE 

cultures. Since the culturing of hESC-RPE is time-consuming, cryopreservation of 

differentiated hESC-RPE cells is required, although it could slow down the 

maturation of the cells after cryopreservation. All the studies in this thesis were 

conducted with cryopreserved cells. Our group and others have previously shown 

that the cryopreserved RPE cells gain RPE characteristics and functions after 

thawing (Hongisto, Ilmarinen, et al., 2017; Li et al., 2021; Reichman et al., 2017). To 

study this further, the aim here was to investigate more specifically how the culture 

conditions and duration affect the characteristics of the hESC-RPE after 

cryopreservation.  

6.1.1 The effects of culture substrate coating to hESC-RPE 

Culture conditions were studied in Study I regarding the culture surface protein 

coatings. Various protocols exist for the differentiation and maturation of the hPSC-

RPE cells, but comparative studies of the effect of the substrate protein coatings on 

the functionality of the cells after cryopreservation were lacking. RPE cells are 

commonly cultured on a permeable membrane to support transepithelial transport 

and basolateral secretions. PET inserts are already being used as a membrane for 

RPE cells in transplantation studies (Da Cruz et al., 2018; Z. Liu et al., 2021), and 

therefore it was chosen as the culture substrate. Proteins for coatings were chosen 

from the proteins that exist in the native BM, which gives structural support to the 

RPE cells by forming a protein network to which the RPE cells attach with 

interactions of specific proteins, like integrins, which are the main protein group 

responsible for the attachment of the cells (Aisenbrey et al., 2006; Gullapalli et al., 

2005). We have previously shown that hESC-RPE cultured on fibronectin did not 

produce well-pigmented monolayer compared to the RPE cells on Col-IV and 

LN521 protein coatings (A. Sorkio et al., 2014). In addition, since the role of the 

Nid-1 is to act as a linker between Col IV and LNs (May, 2012), it was included in 

the Study I. Laminin isoform LN521 is the main laminin isoform in BM. In addition, 
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it has been previously shown that LN521 supports the differentiation and maturation 

of hESC-RPE cells (Aisenbrey et al., 2006). In Study I, the hESC-RPE cells cultured 

on Col-IV alone were not able to produce an intact epithelium based on phase 

contrast microscopy imaging, and therefore the tight barrier was lacking, yielding low 

TER values. It has been previously shown that ARPE-19 cells preferentially adhere 

to laminins over Col-IV (Aisenbrey et al., 2006) which could also explain the 

unfavourable conditions in our study when using Col-IV alone for the coating. Even 

though ARPE-19 is a widely used cell model to study RPE cells, the comparison 

between ARPE-19 and iPSC-RPE may be difficult, for example, because ARPE-19 

cells do not form a pigmented and hexagonal cell monolayer (Abu Khamidakh et al., 

2013; Markert et al., 2022). In addition, ARPE-19 cells have other RPE gene 

expressions at lower levels compared to the iPSC-RPE cells (Markert et al., 2022). 

As a comparison to Col-IV in Study I, the hESC-RPE cultured on LN521 showed 

improved attachment and barrier formation compared to cells on Col-IV, although 

a significant decrease in the TER values at 9 weeks of culturing was observed with 

cells cultured on LN521. It has been previously reported that freshly differentiated 

iPSC-RPE cells on mouse LN coating did not show any decrease in TER values 

during 10 weeks of culturing (Hazim et al., 2017). However, LN is known to have a 

high affinity with ECM proteins and growth factors (Ishihara et al., 2018), which are 

present in the serum-containing culture media they used. Thus, the maintained TER 

values in Hazim et al. could be explained by the presence of serum as compared to 

the more defined serum replacement used here in Study I. 

In this thesis work, a decrease in TER was not observed after the addition of 

more complexity to the protein coatings with the combination of Col-IV and LN521 

and finally with the addition of Nid-1. TER values increased during 9 weeks of 

maturation, especially with the combination of Col-IV + LN521 + Nid-1. Functional 

analyses (more details in the following chapters) were conducted that all showed 

improved results with the more complex protein coating. Nid-1 is a glycoprotein 

that cross-links Col-IV and LN521 together to enhance the stability of BM 

(Yurchenco, 2011). To study the effects of the presence of Nid-1 in the coating, the 

morphological properties were first analysed. No morphological differences of the 

hESC-RPE cells between the different protein coatings were observed except in the 

cells cultured on Col-IV alone, where the RPE cells were not able to form the 

cobblestone cell shape. All the results obtained from Study I indicate the 

unfavourable coatings of Col-IV and LN521 used alone on the maturation and 

functionality of the hESC-RPE cells. In addition, the presence of Nid-1 in the 

protein coating produced cells with the least heterogeneity.  
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6.1.2 Culture conditions affecting pigmentation 

In addition to the coating, other culture condition parameters may significantly 

influence the hESC-RPE cells. In Study I, the hESC cells were cultured in the 

presence of feeder cells, whereas in Study II, the feeder-free cultures for hESCs 

were used before RPE differentiation. In comparison, the pigmentation level 

appeared to be higher in the hPSCs cultured with the feeder cells, but also multiple 

other aspects could affect the pigmentation, such as the cell line used, the different 

chemical components used during the differentiation, and even hESC line-to-line 

variability. Leach et al. reported variability between different cell lines as they 

compared three iPSC-RPE cell lines differentiated with both spontaneous and 

directed methods. All their cell lines produced pigmented monolayer and the RPE-

related proteins were localized similarly between the cell lines when spontaneous 

differentiation method was used. However, one cell line differentiated with directed 

differentiated method showed a reduced pigmentation and different localization of 

MITF, OTX2 and ZO-1 compared to the other cell lines. (Leach et al., 2016) In 

Study II, only one hESC-RPE cell line was used. However, to minimize the batch-

to-batch variability, three different batches were used in all the experiments. 

In Study II, the pigmentation was measured after 3 and 12 weeks of culturing, 

compared to Study I, which featured 8 weeks of culturing. The pigmentation level 

in Study II was clearly lower even at the later time point. Notably, it was not possible 

to measure the pigmentation (the brightness of the image) of the cells in Study II 

since the pigmentation was too light and therefore the pores from the culture insert 

were visible, especially at 3 weeks of culturing. Pigmentation is one of the hallmarks 

of RPE cells. In the eye, RPE cells appear as a black/dark brown layer of cells. 

Pigmentation has also been taken as one of the maturity marks of cultured RPE cells 

(Al-Ani et al., 2020; Bennis et al., 2017; Da Cruz et al., 2018). However, Sorkio et al. 

revealed that higher pigmentation does not indicate a more mature monolayer, since 

they observed that TER values were low simultaneously with high pigmentation (A. 

Sorkio et al., 2014). In addition, RPE cells with higher pigmentation have shown 

reduced expression of the visual cycle and oxidative stress-related pathways (Bennis 

et al., 2017). However, it is known that the pigmentation during lifetime decreases 

and can eventually be a part of the degeneration of RPE cells and the retina (Shu et 

al., 2017). To conclude, based on the pigmentation results from Studies I and II, 

pigmentation alone should not be considered as a maturity mark for cultured hESC-

RPE cells, especially when comparing the pigmentation levels of different cell lines. 
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6.1.3 Protein expression and shifting localization during hESC-RPE cell 
maturation 

A common method to study the maturation of cultured RPE cells is to immunolabel 

proteins related to RPE functions, such as Na+/K+-ATPase, CRALBP, ZO-1, and 

CL-19. It is known that the expression and localization of proteins changes during 

RPE maturation (Burke, 2008). Studies I and II both showed the tight junctional 

protein ZO-1 localizing in the cell borders indicating the formation of tight junctions 

and thereby the formation of a tight barrier. Combining the immunostaining of ZO-

1 and CL-19 and the measurement of TER, barrier formation and functionality can 

be studied and evaluated. The junctional association of ZO-1 was observed already 

at the 3-week time point (Study II), but the TER was still relatively low (>160 

Ω·cm2). Therefore, ZO-1 can be considered as an early marker of the maturation of 

tight junctions and does not alone indicate a functional barrier. Neither the 

localization nor the expression of ZO-1 changed during the maturation.  

CL-19 is closely associated with tight junctions, as it is a transmembrane protein 

of four transmembrane regions with a high affinity to bind ZO-1 in the cytoplasmic 

site. Both cytoplasmic domains of CL-19 are bound to ZO-1 in neighbouring cells, 

thus connecting the cells to each other via tight junctions (O’Leary & Campbell, 

2021). In Study I, the expression of CL-19 was visible at 8 weeks of culturing with 

all the protein coatings used, but the highest expression level when examining 

immunofluorescence stainings was in cells cultured in the presence of Nid-1. In 

Study II, the expression of proteins was observed to be initiated with an earlier 

culture time point compared to Study I (an 8-week time point in Study I compared 

to the 3-week time point in Study II). In Study II, junctional expression of CL-19 

was mostly lacking after 3 weeks of culturing, whereas the expression was correctly 

junctional after 12 weeks of culturing. This was in agreement with our previous 

experience, where we have observed the expression of CL-19 to initiate rather late 

during maturation (data not shown). As ZO-1 can be considered as an early marker 

of the formation of the barrier, CL-19 on the other hand can be considered as a 

marker of a functional or at least nearly functional barrier, since the TER values were 

high simultaneously with the proper localization of CL-19. In ARPE-19, junctional 

proteins ZO-1 and occludin are expressed, but detectable claudin expression is 

mostly missing (Peng et al., 2016). The TER of ARPE-19 is low, ~50-100 Ω·cm2, 

reflecting leaky junctions (Dunn et al., 1996). Based on these earlier studies, our 

results of late CL-19 expression together with the concurrently achieved high TER 

values indicate the importance of CL-19 in barrier formation.  
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Besides the tight junctions, RPE cells are coupled to neighbouring cells via gap 

junctions that are composed of connexins, with Cx43 being the dominant in the RPE 

(Fadjukov et al., 2022; Kojima et al., 2008). Cx43 is expressed in the apical and 

intercellular membranes in mouse RPE and ARPE-19 cells (Akanuma et al., 2018) 

and also in the hESC-RPE (Fadjukov et al., 2022). Here in Study II, the expression 

and proper localization of Cx43 were observed already at 3 weeks of culturing, but 

they were slightly enhanced when 12 weeks of culturing was reached.  

Na+/K+-ATPase (Studies I and II) was observed distinctly apically already after 

3 weeks of culturing (Study II), and it did not significantly change during the 

maturation. Based on the obtained data, proteins with no significant alterations in 

the expression or localization during RPE maturation should not be considered as 

ideal maturity markers. Instead, they can be used as an initial step in the evaluation 

of the quality and functionality of the cells. 

The expression of ATP-mediated Ca2+ signalling receptor P2Y2 was enhanced 

during RPE maturation (Study II). Under normal conditions, the localization of the 

P2Y2 is highly apical, since the function of the receptor is to bind extracellular ATP 

and therefore to act as a first step in Ca2+ signalling events (Mitchell & Reigada, 

2008). During maturation, the localization was shifted from the cytoplasmic to the 

apical (Study II) which resembles the native localization of the receptor. Thus, to 

evaluate RPE maturity, P2Y2 can be considered as one maturity marker. 

RPE cells gain pigmentation during maturation, as described earlier. 

Pigmentation can hinder the visualization of fluorescent staining with microscopy. 

Since RPE cells are cultured on a substrate, the substrate together with pigmentation 

cause challenges when observing the immunolabelled proteins even with a 

transparent substrate. Basolateral and cytoplasmic proteins in particular could be 

difficult to observe with microscopy since the pigment granules are located in the 

apical regions of the RPE cell and the microscopy light has to pass the granules to 

reach the proteins underneath them (Bermond et al., 2020). Paraffin-embedded 

sections or cryosections could have been used to avoid this challenge. 

6.1.4 Improvement of the functionality of hESC-RPE cells during 
maturation 

As previously described, immunolabelling most of the individual proteins alone 

cannot be used to evaluate functionality. Thus, in Studies I and II, TER, 
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phagocytosis, and Ca2+ signalling were evaluated to study the functionality of the 

hESC-RPE cells along with the maturation process.  

TER 

Even though the pigmentation was low in the hESC-RPE cells in Study II, the TER 

values were at the same level regardless of the differentiation method used. Studies 

I and II both revealed cells with barrier maturation since the TER values increased 

from ~200 Ω·cm2 at 3 weeks to ~800 Ω·cm2 at the later time point (8 weeks in 

Study I and 12 weeks in Study II). Based on these characteristics, hESC-RPE cells 

cultured for a longer period (8 weeks and 12 weeks in this thesis) can be considered 

as more mature compared to the shorter cultured cells (3 weeks). Also, in the native 

environment, the barrier matures as the BRB and tight junctions are formed during 

the development of the retina (Rahner et al., 2004). The increasing TER values are 

consistent with other studies conducted with hESC-RPE cells, such as that 

conducted by Plaza Reyes et al., which showed the barrier formation of hESC-RPE 

cells although the final time point for the measurement was only 31 days compared 

to 8 and 12 weeks in this thesis (Plaza Reyes et al., 2016).  

Phagocytosis 

Since phagocytosis is an essential function of the RPE for the welfare of the retina, 

the transplanted RPE cells must be able to phagocytose as well. Phagocytosis 

efficiency was measured in Studies I and II by calculating the internalized POS 

particles. All protein coatings produced RPE cells with functional phagocytotic 

machinery, although by adding Nid-1 to the coating, the number of internalized POS 

particles was increased when compared to other coatings. In addition, RPE cells 

cultured on Col-IV + LN521 + Nid-1 showed the lowest variation of internalized 

POS particles, indicating improved homogeneity compared to cells on other 

coatings. Study II revealed phagocytosis relatively early since the efficacy of the 

phagocytosis was not altered at least significantly by the maturation. The number of 

internalized POS particles was on average 4-5 per cell at 3 and 12 weeks of culturing.  

The set-up for the phagocytosis experiment is relatively short; 2h incubation with 

POS. Since the phagocytosis can be divided into three phases - binding, 

internalization, and degradation - the analysis in Studies I and II measures only the 

internalized particles after the binding; but the degradation of the POS is beyond 
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this measurement. However, the binding and internalization of POS is already an 

indication of phagocytosis. In native tissue, RPE cells phagocytose POS daily. In 

culture conditions without constantly added POS, the proteins involved in the 

phagocytosis are expressed even though they are not actively needed. Thus, POS 

challenges indicate the expression and correct localization of the phagocytosis-

related proteins in general. Based on the results obtained from Study II, hESC-RPE 

cells at 3 weeks are mature enough for active phagocytosis. 

Ca2+ signalling  

Intact Ca2+ signalling is highly important for cells since Ca2+ ions are known to 

participate and regulate a multitude of cellular functions due to their high affinity to 

proteins (Peterson et al., 1997; Strauß, 2013). Therefore, analysing ATP-induced 

Ca2+ signalling has been considered important when evaluating the quality of hPSC-

RPE cells for transplantation purposes (Miyagishima et al., 2016). ATP is a well-

known signalling molecule in the subretinal space, and it induces signalling pathways 

including ATP-mediated Ca2+ signalling in RPE cells. In native tissue, ATP can act 

as an autocrine or paracrine messenger to activate Ca2+ signalling cascades in the 

RPE (Mitchell & Reigada, 2008; Peterson et al., 1997). Fast response kinetics is 

mandatory for the cells, and delayed response could lead to impaired cell function 

and eventually, for example, to compromised fluid regulation of the subretinal space 

(Mitchell & Reigada, 2008; Peterson et al., 1997). ATP-mediated Ca2+ signalling can 

be measured in vitro by bathing RPE cells in an ATP-containing solution after the 

cells have loaded with Ca2+-sensitive fluorescent dye. The stimulation of RPE with 

ATP results in releases of Ca2+ from the intracellular stores, and these [Ca2+]i 

transients can be monitored with microscopy and observed as intensity changes. 

(Sorvari et al., 2019; Stalmans & Himpens, 1997) In Studies I and II, information 

about the population-level Ca2+ signalling was obtained without missing events from 

single cells as described in (Sorvari et al., 2019). Ca2+ imaging is a sensitive method 

to evaluate the quality and functionality of hESC-RPE cells. During maturation of 

the hESC-RPE cells, the Ca2+ response amplitudes increased, as observed in Study 

I. Cells cultured on LN521 showed altered Ca2+ response kinetics, especially at 13 

weeks of culturing compared to cells cultured on other coatings. In Study II, the 

RPE cells were able to respond to the ATP stimulus relatively early (at 3 weeks). 

Surprisingly, at the later time point (12 weeks), the maximum intensity values were 

lower. This is in contradiction with the results obtained from Study I, where the 

maximum amplitudes increased during maturation from 9 weeks to 13 weeks. 
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Pigmentation of the hESC-RPE cells increased during maturation in Study II, which 

at least partly explains the decrease of the maximum amplitudes between the time 

points. Higher pigmentation influences the imaging, as the fluorescence peaks are 

more difficult to observe since the majority of the pigment granules are located in 

the apical region of the RPE cells and presumably at least most of the free Ca2+ in 

the cytoplasm is under them (Bermond et al., 2020). No increase in the pigmentation 

was observed from 9 weeks to 13 weeks in Study I, which makes the results more 

comparable regarding the maximum intensity values than in Study II. In addition, 

the expression of P2Y2, which is involved in the Ca2+ signalling, was enhanced and 

localization was more visible in the apical membrane after 12 weeks of culturing 

(Study II). This indicates that the lower maximum amplitude values were not due 

to a decreased expression of the P2Y2 in Study II. Ca2+ signalling during hESC-RPE 

maturation was studied also by Abu Khamidakh et al., and they demonstrated that 

spontaneous Ca2+ release from the intracellular stores increased during RPE 

maturation (Abu Khamidakh et al., 2016). However, the culture ages of hESC-RPE 

cells in the study by Abu Khamidakh et al. (Abu Khamidakh et al., 2016) were 9 days 

and 28 days, which are relatively early time points compared to the time points used 

in this thesis. Nevertheless, these data support our results, which demonstrated that 

hESC-RPE cells are capable of releasing Ca2+ from the intracellular stores already at 

3 weeks.  

Variation of the maximum relative amplitude values were observed at all the time 

points in both Studies I and II. The large distribution may be due to uneven 

maturation between the cells, but RPE cells are also naturally heterogeneous, as 

demonstrated by Korkka et al. (Korkka et al., 2022) regarding K+ channel 

heterogeneity and Ortolan et al. (Ortolan et al., 2022) regarding heterogeneity related 

to cell morphology and disease sensitivity. 

To conclude, using protein mixes that resemble more the native BM protein 

composition supports the functionality of hESC-RPE cells including TER and Ca2+ 

signalling. In addition, simultaneously with the increased culture time of hESC-RPE, 

the TER values increased and the localization of proteins including CL-19, Cx43, 

and P2Y2 shifted to resemble their native localization. Interestingly, the functional 

studies revealed that phagocytosis was not improved during maturation. However, 

with Ca2+ signalling experiments, a more homogenous cell monolayer was observed 

even though the cells were able to produce responses after ATP stimulus already at 

3 weeks.  
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6.2 Tolerance of cellular stress 

RPE cells face a set of different stressors during transplantation, starting from the 

transportation of the cells to the clinic in the case of live-cell shipment. The already 

diseased microenvironment with inflammatory factors in the retina enhances the 

difficulties of the cells in surviving and functioning properly. Inflammation may have 

begun in the retina and therefore inflammatory factors may be present. (W. Tan et 

al., 2020) Thus, the transplanted RPE cells must be able to tolerate cellular stress 

caused by multiple sources, and the transplanted cells are required to function rapidly 

after the transplantation to replace the functions of the damaged RPE cells in the 

retina. 

In Study II, two culture time points were chosen to represent cells with two 

different maturation statuses, early and late. Cells were exposed to oxidative stress 

with H2O2 and the function of proteases were inhibited with MG132. The chemicals 

were used separately and with sublethal concentrations. Functional assessments were 

conducted after the treatments both of the treated cells and the untreated control 

cells. H2O2 is a common chemical causing oxidative stress (Ransy et al., 2020), and 

it has been shown to induce cell death in the nonpolarized RPE monolayer (Hsiung 

et al., 2015). However, the nonpolarized cells were seeded only a day before the 

experiments compared to the 3-4 weeks of culturing used to obtain polarized cells 

(Hsiung et al., 2015). The role of the proteases in cells is to break down damaged or 

redundant proteins. If the function of proteases is inhibited, the accumulation of 

proteins is initiated in the cytoplasm. In addition, oxidative stress is known to 

inactivate proteases. (Blasiak et al., 2019) 

Since the aim of Study II was not to measure or observe cell death, sublethal 

concentrations of H2O2 and MG132 were ensured by measuring MMP, which 

should decrease in the case of cell death (C. Wang & Youle, 2019). The decrease of 

the MMP enhances the leakage of ROS into the cytoplasm, which promotes cell 

death even further. The treatments were conducted for 24h, which is a relatively 

short period of time compared to the progression of AMD, which could take years 

with the accumulation of different factors. Mitochondria are known to react rapidly 

to stimuli (C. Wang & Youle, 2019), and therefore the 24h exposure to the stressors 

should be adequate to produce changes in the mitochondrial membrane potential. 

In our study, no decrease in MMP was observed at least at the population level. 

Surprisingly, the membrane potential increased after the treatments. As a possible 

explanation, defence mechanisms may have been activated in the mitochondria due 
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to oxygen damage (Ransy et al., 2020). This requires energy and could explain the 

increase in the membrane potential. 

6.2.1 Barriers and junctions were altered by the treatments more 
pronouncedly at 3 weeks  

Chemical treatments clearly affected the barriers of RPE cells, as TER values were 

decreased especially in the cells with an early maturation status (3 weeks). The 

localization of key barrier proteins CL-19 and ZO-1 was examined. The localization 

of CL-19 was altered at both time points after both chemical treatments, whereas 

ZO-1 localization was not altered and remained junctional. Although CL-19 was not 

localized at the cell borders at 3 weeks in the control cells either, the treatments 

shifted the localization more clearly to the cytoplasm. Since ZO-1 was still junctional 

after the treatments but CL-19 was mislocalized, this indicates that the decrease in 

TER was due to the shift of CL-19 localization. CL-19 is known to participate in the 

determination of junctional properties such as permeability (F. Liu et al., 2021). 

Therefore, it was not surprising that since the localization of CL-19 was altered, the 

TER values were decreased. The same observation was made by F. Liu et al. (F. Liu 

et al., 2021), where they showed that the knockdown of CL-19 reduced TER while 

the ZO-1 remained unaltered. However, in Study II the barriers could be at least 

partly functional due to the junctional localization of ZO-1. Altogether, the findings 

of reduced TER, CL-19 mislocalization and unaltered localization of ZO-1 are in 

agreement with previous studies. Based on our results in Study II, a longer culture 

time (12 weeks) supports the maintenance of the barrier and junctions after the 

chemical treatments. Thus, regarding RPE transplantation in general, disruption of 

the barriers would enable the uncontrollable leakage of molecules and nutrients, 

which would be non-beneficial. In addition, the deletion of ZO-1 is shown to be 

lethal in mouse embryogenesis (Phua et al., 2014), which could explain why the cells 

try to maintain the expression of tight junction proteins as long as possible to avoid 

cell death. Therefore, this could explain why in Study II ZO-1 is still expressed even 

though other tight junctional proteins are mislocalized or the expression is already 

disrupted. Based on earlier studies, a dramatic decrease in the TER values indicate 

dramatic consequences for the cell, as Hsiung et al. (Hsiung et al., 2015) have 

demonstrated. They observed a decrease in the TER when cell death occurred. 

However, in Study II cell death was not observed even though the TER decreased, 

at least within the 24h time window.  
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Connexins, especially Cx43 in RPE cells, form gap junctions in intercellular 

membranes and hemichannels in apical membranes (Fadjukov et al., 2022). Both 

treatments in Study II altered the localization of Cx43 at both time points, but more 

visibly at 3 weeks. The localization was shifted more to the cytoplasm, which could 

be due to the inhibited function of proteasomes. The same observation has been 

seen in other studies as well (Kimura & Nishida, 2010; Laing et al., 1997; Laing & 

Beyer, 1995). In addition, Cx43 has been revealed to shift more to the cytoplasm as 

oxidative stress occurs (Giardina et al., 2007; Hutnik et al., 2008) which could explain 

the shifting localization in Study II, especially after H2O2 treatment. However, to 

study in more detail the expression level of proteins, quantitative methods such as 

western blot should be used.  

Autophagy is a way for the cells to degrade proteins, and it is upregulated if the 

proteasomes are inhibited (Zhan et al., 2016). The autophagic machinery could try 

to compensate for the functions of proteasomes and take a more dominant role in 

the degradation of proteins. However, it is not known how autophagy matures in 

RPE cells and when it becomes functional for degradation. 

Altogether, hESC-RPE cells at 3 weeks are more susceptible to losing their barrier 

function and the junctional localization of CL-19 and Cx43 after the chemical 

treatments compared to cells cultured for 12 weeks.  

6.2.2 Pigmentation has antioxidative role in RPE 

RPE cells are highly pigmented cells and melanin, which is one of the components 

of pigment granules, is participating in the antioxidant defence of RPE cells by 

demolishing free radicals (Z. Wang et al., 2006). In Study II, the pigmentation of 

control cells or chemically treated cells was not particularly high at 3 weeks of 

culturing. However, the pigment was clearly visible although it was not measurable, 

at least with the analysis method used in the Study I (as discussed in Chapter 6.1.2). 

Wang et al showed that melanin is capable to inhibit the formation of A2E (a major 

chromophore in lipofuscin) photo-oxidation products (Z. Wang et al., 2006). 

However, during RPE differentiation, the amount of melanin is known to increase 

which could have a significant impact on its protecting properties (Buchholz et al., 

2009; Vaajasaari et al., 2011). In Study II, the pigmentation increased between the 

time points (3 weeks and 12 weeks) (Study II, Figure 2b) which could explain at 

least partly why the cells cultured for 12 weeks were not as susceptible to cellular 

stress as the cells cultured for 3 weeks, especially after the H2O2 treatment.  
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6.2.3 Phagocytosis and Ca2+ signalling after the treatments 

Phagocytosis is needed rapidly after the transplantation, and it has been proposed 

that malfunctions in the phagocytic machinery could contribute to AMD 

pathophysiology due to the accumulation of undegraded POS material and 

lipofuscin, resulting in increased ROS in the RPE (Boulton et al., 2004; Juuti-

Uusitalo et al., 2015; F. Liu et al., 2021). In our studies, phagocytosis efficacy was 

reduced only at the early time point (3 weeks) and only after the MG132 treatment. 

Since the analysis measures only the internalized particles and the number of 

internalized POS was lower in treated cells compared to the control cells, this could 

be due to the unsuccessful binding of POS and/or unsuccessful internalization 

and/or enhanced degradation. Interestingly, the knockdown of CL-19 has been 

shown to reduce the degradation of phagocytosis in human induced pluripotent stem 

cell-derived RPE (hiPSC-RPE) (F. Liu et al., 2021). In addition, CL-19 knockdown 

activates AMPK (F. Liu et al., 2021), which is known to take part in the reassembly 

of the tight junctions. AMPK has also been shown to inhibit phagocytosis in ARPE-

19 cells (Qin, 2016). This could at least partly explain the reduced number of POS 

particles in the cells as CL-19 expression was altered at 3 weeks and therefore the 

reassembly of the tight junctions could have been initiated by AMPK. MG132 is 

known to activate AMPK (Jiang et al., 2015). However, the activation of AMPK 

using MG132 does not alone explain the reduced phagocytosis, since the efficacy of 

phagocytosis was reduced only at the 3-week time point. 

Ca2+ signalling was highly altered by the treatments, especially at the earlier time 

point where the ability to respond was either weaker or completely lost compared to 

the control cells. The expression of ATP-mediated Ca2+ signalling receptor P2Y2 was 

altered after the treatments at 3 weeks, which could explain the compromised results 

of Ca2+ responses as the ATP-binding receptor was missing at least in the majority 

of the cells after the MG132 treatment. Ca2+ signals are spread via gap junctions to 

neighbouring cells. Since the gap junction protein Cx43 localization was shifted, the 

spreading of the Ca2+ signals may also be reduced. Treated cells at 12 weeks were 

able to produce ATP-induced Ca2+ responses (31% of MG132 treated cells and 99% 

of H2O2 treated cells), which could reflect the involvement of P2Y2 since it was 

better-preserved after the treatments compared to the earlier time point.  

To conclude, hESC-RPE cells cultured for 3 weeks reduced their phagocytosis 

efficiency after the MG132 treatment. In addition, after both treatments, Ca2+ 

signalling was altered especially at 3 weeks, making the hESC-RPE at 3 weeks more 
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prone to cellular stress and thereby reduced in functionality when compared to cells 

cultured for 12 weeks. 

6.2.4 Cytokine secretion, especially IL-6 and IL-8, were upregulated by the 
treatments 

Since the eye has its own immunoregulatory system, RPE cells are known to secrete 

immunomodulatory cytokines (Holtkamp et al., 2001). The cytokine secretion by 

RPE is highly upregulated via pathogens and in diseases such as AMD (Shi et al., 

2008). After the treatments in Study II, the secretion of interleukins (IL6 and IL8) 

was upregulated compared to the control cells where the secretion of interleukin was 

absent. This result is consistent with previous studies where the H2O2 and MG132 

upregulated the secretion of IL6 and IL8 (Detrick & Hooks, 2020; Wu et al., 2010). 

Although cytokine secretion is advantageous in the retina, harmful side effects could 

occur regarding transplantation. Secretion of certain cytokines like IL8 could 

enhance the rejection of the transplanted graft (Z. Liu et al., 2016). Since RPE cells 

possess a vital role in inflammatory responses in normal and pathological conditions, 

ATP-mediated signalling could be involved in the modulation of inflammation. The 

ATP in the subretinal space could arise from the RPE cells themselves, especially 

from the damaged RPE cells indicating a communication pathway between nearby 

cells to alert the other cells of the damage. (Peterson et al., 1997) RPE cells must 

then respond quickly to the ATP stimulus to initiate inflammatory responses. Since 

RPE cells are metabolically active, they possess a high number of mitochondria to 

generate enough ATP to ensure the normal functions of the cells (Bellezza, 2018), 

and since mitochondria are known to react rapidly (C. Wang & Youle, 2019), the 

production and release of the ATP could occur rapidly in the case of cell damage.  

6.3 Functional CaV1.3 channels in hESC-RPE cells 

The expression, localization, and functionality of the Ca2+ channel CaV1.3, which is 

highly relevant for the RPE physiology, was followed during RPE maturation in 

Study III. Previously, the presence of CaV1.3 had not been shown in cultured hESC-

RPE cells. In Study III, the localization of CaV1.3 in the cells with early maturation 

status (day 1 post-confluence) was significantly different compared to the cells with 

late maturation status (day 84 post-confluence). CaV1.3 was localized homogenously 
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in the apical and basolateral membranes in cells with late maturation status, while in 

cells with early maturation status, the localization was cytoplasmic. Thus, the 

maturation status of the RPE cells influenced the localization of CaV1.3. Apically 

localized CaV1.3 was a new observation in our study, as only basolateral localization 

had been reported before in murine and porcine RPE (Reichhart et al., 2010, 2015). 

Intriguingly, CaV1.3 channels on the apical membrane could provide a route for Ca2+ 

between the subretinal space and RPE. Since phagocytosis takes place on the apical 

side of the RPE (Lakkaraju et al., 2020; Mazzoni et al., 2014) and VEGF is secreted 

both apically and basolaterally (Becerra et al., 2004; Blaauwgeers et al., 1999; Klettner 

et al., 2015), the regulatory role of CaV1.3 in these processes could be supported with 

the apical and basolateral localizations as observed in Study III. Interestingly, apical 

CaV1.3 also colocalized with the base of the primary cilia, PCNT, which is a 

centrosome component. PCNT takes part in cell functions like the assembly of the 

primary cilia by recruiting proteins. May-Simera et al. (May-Simera et al., 2018) 

showed PCNT localization at the centre of mature RPE cells. In addition, PCNT is 

involved in Ca2+ signalling, which could explain the colocalization of the CaV1.3 

channel and PCNT (Jurczyk et al., 2004). Several different Ca2+ channels including 

subtype CaV1.2 have been shown to localize and function in the primary cilium 

(Muntean et al., 2014; Pablo et al., 2017). The expression level of CaV1.2 is regulated 

by Wnt signalling, which is known to be involved in the RPE development 

(Westenskow et al., 2009) and maturation (May-Simera et al., 2018). Since primary 

cilia are signalling organelles, their function is often dependent on the presence of 

Ca2+. Therefore, the CaV1.3 channels could be involved in the regulation of Ca2+ 

trafficking between the cytoplasm and primary cilia and eventually take part in the 

regulation of primary cilia functions (Saternos et al., 2020). Mouse RPE has a strong 

apical membrane localization of CaV1.3, but single punctum localization was not 

observed. This could be due to the strong apical staining that could hinder or cover 

the single puncta of CaV1.3. Alternatively, since the mouse RPE used in Study III 

was mature RPE and primary cilium is disassembled in some cell types upon 

maturation (Blitzer et al., 2011), the localization of CaV1.3 in the PCNT could have 

already been disassembled. To study this in more detail, multiple paraffin-embedded 

sections of mouse RPE should be used. However, detecting a single punctum from 

the sections could be difficult or even impossible.  

To study channel functionality and to assess the influence of CaV1.3 channels in 

hESC-RPE physiology, phagocytosis, VEGF secretion, and whole-cell patch-clamp 

recordings were conducted. Slowly inactivating Ca2+ currents from patch-clamp 

recordings were considered as L-type Ca2+ currents based on comparisons to earlier 



 

81 

studies in native RPE as well as the use of channel modulators (-)BayK8644 

(Rosenthal et al., 2007; Wimmers et al., 2008) and nifedipine (Rosenthal et al., 2007). 

VEGF secretion and phagocytosis were both altered after the modification of CaV1.3 

with either an inhibitor or activator. After the activation of L-type Ca2+ channels, 

VEGF secretion increased and the inhibition of L-type Ca2+ channels, VEGF 

secretion decreased, respectively. L-type Ca2+ channels have been shown to be 

involved in the VEGF secretion (Mamaeva et al., 2021; Rosenthal et al., 2007) in 

hiPSC-RPE (Mamaeva et al., 2021), which supports the results obtained in Study 

III indicating the regulatory role of CaV1.3 in VEGF secretion in hESC-RPE as well. 

In addition, the regulatory role of L-type Ca2+ channels in phagocytosis has been 

established also by other studies (Karl et al., 2008; Mamaeva et al., 2021; Müller et 

al., 2014). In Study III, the phagocytosis capacity was reduced after the inhibition 

of L-type Ca2+ channels. Ion channels are known to cooperate with each other and 

abnormal lysosome morphology or defective vesicle trafficking occurs if the channel 

cooperation is in imbalance (Xiong & Zhu, 2016). For example, Bestrophin-1 (a Ca2+ 

activated Cl- channel) is suggested to control the phagocytosis by altering the activity 

of L-type Ca2+ channels (Müller et al., 2014). This could explain the reduced 

phagocytosis capacity when the Ca2+ channels were inhibited and thus, the normal 

cooperation between the ion channels was blocked. These functional studies indeed 

indicate the presence of functional L-type Ca2+ channels in hESC-RPE cells, and 

since CaV1.3 is the major L-type Ca2+ channel subtype in the RPE, the 

immunostaining results together with functional studies verified the presence of 

CaV1.3 channels in hESC-RPE cells. 

The correct localization of specific proteins can indicate proper maturation, but 

the functionality of the cells cannot be fully evaluated based on the 

immunofluorescence staining. When evaluating the maturity and functionality of the 

hESC-RPE cells, pigmentation, gene expression, functionality, and barrier properties 

should all be taken into consideration. 

6.4 Limitations and future perspectives 

hPSC-RPE research aiming for cell therapy applications to cure retinal degenerative 

diseases such as dry AMD must meet various criteria, as discussed in this thesis, for 

the therapy to be successful. RPE has a vital role in the well-being of photoreceptors 

and the whole neural retina. Therefore, the transplanted hPSC-RPE must resemble 

their native counterparts in many ways. (Sharma et al., 2020) In many studies, the 
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functional aspects of the hESC-RPE are poorly characterized. In clinical trials 

utilizing hPSC-RPE transplants, different culture times and quality criteria of hPSC-

RPE are used. Although the current clinical trials mainly aim to secure the safety of 

the treatments, the overall maturity of the cells aimed for transplantation should be 

evaluated and well-defined criteria for functionality/maturation status set. This thesis 

provides a new insight of the in vitro maturation of the hESC-RPE cells and 

particularly, how the maturation status of the hESC-RPE cells affects the functions 

and characteristics of the hESC-RPE cells. 

Native human RPE provides the best tissue to compare the quality and functions 

of the hESC-RPE cells in the research aiming for cell therapy. However, the access 

of native human tissue is limited which sets challenges when comparing RPE 

characteristics between native human RPE and hESC-derived RPE cells. Mouse 

tissue is commonly used cell model in RPE research due to its easy access, and freshly 

isolated mouse RPE was used in this thesis. However, it is worth noting that human 

and mouse RPE tissues do not fully match each other (Bennis et al., 2015). 

In vitro maturation status of differentiated hPSC-RPE cells could play a crucial 

role in the stem cell therapies and currently, most studies evaluate the maturity of 

the hPSC-RPE cells based on their protein expression and phenotype such as 

pigmentation. In this thesis, the evaluation of protein expression by 

immunocytochemistry was also used as a routine assay. Culturing hESC-RPE cells 

is time-consuming and cell line-to-line and even batch-to-batch variation is common 

(Leach et al., 2016), making assessment of e.g. optimal culture times to gain various 

characteristics challenging. RPE-related protein expressions emerge in cultures 

gradually. For example, tight junction-associated protein ZO-1 is expressed relatively 

early whereas the other junctional proteins such as CL-19 is usually expressed later 

during the culture, coinciding with maturation/selective properties of RPE tight 

junctions. To gain a better overall view of the protein expressions, methods such as 

western blot or proteomics should be used to measure the quantity of the proteins. 

Another method to evaluate barrier property of RPE is TER measurement which is 

a quite simple, fast, and economical method. However, judging barrier properties by 

TER values alone is difficult due to the lack of reliable control cultures for 

comparison. E.g. human fetal RPE which is considered as the gold standard for 

cultured RPE, has TER values reported ranging from 500 to 2000 Ω·cm2 (Peng et 

al., 2011) depending on the culture conditions used and it is not known which cell 

model resembles the native RPE the most. 

Functional ion channels in hESC-RPE cells are important since the compromised 

functioning of the channels has been linked to various RPE malfunctions. Ca2+ 
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signalling is a versatile cell characteristic due to the high affinity of Ca2+ to bind 

cellular proteins and thus, modify the proteins. In this thesis, we showed that the 

prolonged culture time of the hESC-RPE affects the Ca2+ signalling properties 

advantageously. Ca2+ signalling is typically analysed from a few single cells. Here, 

analysis was performed from hundreds of cells on a single cell level revealing 

significant cell-cell heterogeneity within RPE populations. Another potential 

approach to measure the heterogeneity of the RPE population could be the use of 

single-cell transcriptomics (Parikh et al., 2023). The prospective implications of this 

heterogeneity to RPE functionality on population level or to cell therapy remain to 

be further studied.  

As data presented in this thesis suggests, the level of in vitro maturation of the 

RPE cells at the time of transplantation may affect treatment efficacy via the ability 

of the cells to function post-transplantation. Nevertheless, more studies including in 

vivo transplantation experiments are needed to provide more in-depth knowledge on 

this aspect. To this date, hESC-RPE-related research has progressed significantly all 

the way to clinical trials even though the research still meets its challenges. The 

current status of the research holds great promise of the suitability of stem cells to 

be the cell source for future cell therapies.  
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7 CONCLUSIONS 

The aim of this thesis was to understand the maturation of hESC-RPE cells in vitro 

by focusing on the achievement of functional characteristics similar to the native 

RPE and evaluating how maturation affects the ability of cells to tolerate cellular 

stress. Cultured hESC-RPE cells tend to be lacking fully mature status in vitro, which 

could cause unsuccessful outcomes in cell replacement therapies when attempting 

to cure retinal degenerative diseases such as AMD. Based on Studies I-III, the 

following main conclusions can be drawn: 

 

1. Culture surface protein coatings affect the maturation and especially the 

homogeneity of the cryopreserved RPE cells (Study I).  

 

• A culture surface coated with Col-IV alone did not produce RPE 

cells with a proper morphology, and an intact epithelium was not 

formed. 

 

• By adding complexity to the protein coating used with the addition 

of linker protein Nidogen-1 to the combination of Col-IV and 

laminin 521, the hESC-RPE cells gained improved functionality 

regarding ATP-induced Ca2+ signalling. 

 

• The hESC-RPE cells matured with improved homogeneity when 

cultured with the combination of Col-IV + LN521 + Nid-1. 

 

2. The maturation status of hESC-RPE cells affects their tolerance of cellular 

stress (Study II). 

 

• The hESC-RPE cells cultured for 3 weeks are more susceptible to 

cellular stress than longer cultured cells (12 weeks) since the hESC-

RPE cells cultured for 3 weeks were not able to fully maintain their 
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functions, including ATP-mediated Ca2+ signalling and phagocytosis 

after the chemical treatments. 

 

• Barrier properties, such as TER and the localization of CL-19, were 

altered especially at 3 weeks after the chemical treatments. 

 

3. The maturation of hESC-RPE cells influences the L-type Ca2+ channels 

CaV1.3 that are essential for RPE physiology (Study III). 

 

• Localization of CaV1.3 shifted during RPE maturation from the 

cytoplasmic to the apical and basal membranes, resembling its 

localization in vivo. 

 

• Co-localization of CaV1.3 with the base of the primary cilium, 

pericentrin, was observed during RPE maturation. 
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Culture surface protein coatings 
affect the barrier properties 
and calcium signalling of hESC‑RPE
Taina Viheriälä1,4, Juhana Sorvari1,4, Teemu O. Ihalainen1, Anni Mörö1, Pyry Grönroos1, 
Sabrina Schlie‑Wolter2, Boris Chichkov3, Heli Skottman1, Soile Nymark1,4 & 
Tanja Ilmarinen1,4*

Human pluripotent stem cell-derived retinal pigment epithelium (RPE) transplantation is currently 
under evaluation as treatment for macular degeneration. For therapeutic applications, cryostorage 
during cell production is typically needed with potential consequences to cell functionality. We 
have previously shown that the culture substrate affects human embryonic stem cell-derived RPE 
(hESC-RPE) properties in fresh cultures. Here, we aimed to further identify the role of RPE basement 
membrane proteins type IV collagen (Col-IV), laminin (LN), and nidogen-1 in the maturation and 
functionality of hESC-RPE after cryopreservation. In addition to cell attachment and morphology, 
transepithelial electrical resistance, expression of key RPE proteins, phagocytosis capacity and Ca2+ 
signalling were analysed. After cryostorage, attachment of hESC-RPE on culture surfaces coated with 
Col-IV alone was poor. Combining Col-IV and LN with or without nidogen-1 significantly improved cell 
attachment and barrier properties of the epithelium. Furthermore, functional homogeneity of the 
hESC-RPE monolayer was enhanced in the presence of nidogen-1. Our results suggest that the choice 
of coating proteins for the cell culture may have implications to the functional properties of these cells 
after cryostorage cell banking.

Retinal pigment epithelium (RPE) cells form a highly polarised pigmented monolayer between the neural retina 
and the choriocapillaris at the back of the eye. RPE plays a central role in the maintenance of a healthy retina. 
Photoreceptor function and survival is supported by RPE via multiple processes responsible for the transport 
of nutrients, waste products, ions and fluid between the choroidal blood supply and the subretinal space as well 
as photoreceptor outer segment (POS) phagocytosis and visual pigment regeneration1. Dysfunction of RPE 
cells leads to the death of photoreceptors, resulting in progressive retinal degenerative diseases, such as age-
related macular degeneration (AMD), a major cause of blindness among the elderly in the developed countries2. 
Treatment options for these diseases are currently limited and mostly only delay disease progression. However, 
replacement of the damaged RPE with human pluripotent stem cell (hPSC)-derived healthy RPE (hPSC-RPE) 
has been considered as a promising treatment strategy3.

For clinical applications, the hPSC-RPE cells need to be well-characterized, functionally competent and 
consistent in quality4,5. Cryopreservation of cells is an important part of clinical production process, enabling 
increased shelf-life and storage of large, quality-controlled, batches of cells4,5. However, cryopreservation may 
affect cellular properties such as adhesion to extracellular matrix (ECM) and following downstream signalling, 
which is vitally important for appropriate cell physiology and functionality. For example, it has been shown that 
cryopreservation decreases the expression of certain adhesion molecules on CD34 + hematopoietic progenitor 
cells6. Human umbilical vein endothelial cells have also been shown to be vulnerable to cryopreservation which 
can lead to lowered angiogenic functionality7. In the eye, RPE sits on an ECM called Bruch’s membrane which 
provides structural support and cues affecting e.g. cell differentiation, morphology, and function. The upper 
part of the Bruch’s membrane forms the RPE basement membrane, which is rich in collagen type IV (Col-IV), 
laminin (LN, types LN111, LN332, LN511, and LN521), nidogen-1 (Nid-1), fibronectin, hyaluronic acid, heparan 
sulfate, and chondroitin/dermatan sulfate8–10. RPE cells express various integrin subunits (i.e. α1-6, and β1), and 
proteoglycans (i.e. perlacan), forming receptors for ECM proteins such as laminins, collagens, and Nid-110–14. 
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RPE cells can be differentiated and grown in vitro to form confluent monolayers on a variety of ECM mimicking 
culture surface coatings, such as mixed ECM substrates including Matrigel, purified/recombinant ECM proteins 
like Col-IV and LN, or synthetic substrates such as Synthemax II-SC15–19. Nevertheless, we and others have pre-
viously shown that the choice of protein composition for coating cell culture surfaces has major effects on RPE 
differentiation efficiency, as well as RPE structure, basal lamina production and barrier properties of hPSC-RPE 
in fresh cultures16,20. However, comparative studies on the functional consequences of different protein coatings 
after cryopreservation are lacking.

RPE is part of the outer blood-retinal barrier which regulates the composition of the subretinal space enabling 
proper photoreceptor function. Tight junctions are an important component of tissue barriers and their perme-
ability and selectivity is regulated by claudins, especially claudin-19 in human RPE21. The barrier properties of 
RPE have been extensively studied, and it has been shown that endothelial cell secreted factors regulate RPE 
basement membrane assembly, launching integrin-mediated Rho GTPase signalling that modulate RPE tight 
junctions and enhance RPE barrier function22,23. However, the effects of the cell culture surface protein com-
position on the maturation of hPSC-RPE tight junctions during differentiation have not been reported before. 
Another essential aspect for RPE physiology is calcium (Ca2+) signalling, as several critical RPE functions rely 
on Ca2+-dependent regulatory mechanisms24. Light-induced increase of adenosine triphosphate (ATP) in the 
subretinal space is an important activator of Ca2+ signalling in RPE, affecting e.g. RPE transport processes that 
are involved in the regulation of subretinal space hydration and chemical composition, and influence retinal 
adhesion25,26. Consequently, faults in Ca2+ signalling in the transplanted hPSC-RPE cells could contribute to 
unsuccessful cell therapy. Yet, only a few studies on Ca2+ signalling of hPSC-RPE exist5,27–29. We have previously 
shown, that functional voltage-gated Ca2+ channels are present in human embryonic stem cell (hESC) –derived 
RPE30. However, the effects of different ECM protein coatings on hPSC-RPE Ca2+ signalling have not been 
previously studied.

To address the potential importance of ECM coatings in the orchestration of cellular functions and responses 
of hESC-RPE, we investigated the role of the key RPE basement membrane proteins Col-IV, LN, and Nid-1, to 
the in vitro maturation and functionality of the hESC-RPE after cryopreservation, focusing on barrier properties, 
phagocytosis and Ca2+ signalling. Here, we show that the composition of protein coating affects cell attachment 
after cryostorage and can lead to profound functional changes during hESC-RPE maturation. Our results also 
highlight the importance of examining the Ca2+ signalling properties, as previously suggested by others5, when 
evaluating the quality of hPSC-RPE.

Results
Col‑IV alone does not support the formation of an intact hESC‑RPE monolayer on culture 
inserts after cryopreservation.  For successful cell culture, an environment allowing appropriate cellular 
responses is critical. In addition to chemical signals, interactions at the cell-material interface affect cellular 
signalling through cell-ECM adhesions31. Thus, we examined the adhesion and morphology of cryopreserved 
hESC-RPE (Table 1) 24 h after thawing and seeding on coverslips dip-coated with Col-IV, LN, Col-IV + LN, or 
Col-IV + LN + Nid-1. Cell flattening/spreading, formation of actin stress fibres providing force for cell adhesion 
and focal adhesion maturation on different coatings was studied by labelling the hESC-RPE for filamentous 
actin and important focal adhesion linker protein vinculin. On all other coatings except on Col-IV, hESC-RPE 
were well-spread, formed organised actin stress fibres, and showed recruitment of vinculin to focal adhesions 
and adherens junctions (Fig. 1a,b). On Col-IV, punctate vinculin staining was observed, but the cells exhibited 
rare cell–cell contacts, poor stress fibre formation and weak cell spreading (Fig. 1a,b). The strength of cell adhe-
sion was examined using centrifugation force. Despite the low cell density and poor spreading on Col-IV, no 
differences in adhesion force between coatings were observed (Fig. 1c). Over the following 10-week culture time, 
an intact hESC-RPE monolayer on Col-IV alone was never reached and the cells had a fusiform morphology, 
unlike on all other coatings where hESC-RPE formed an intact pigmented epithelium with cobblestone cell 
morphology (Fig. 1d). The results indicate that in our culture conditions, LN either alone or in combination with 
Col-IV + /-Nid-1 is superior to Col-IV alone in supporting hESC-RPE cell attachment and formation of an intact 
epithelium. LN coating condition also produced the highest level of pigmentation in hESC-RPE, although the 
differences between LN alone or in combination with Col-IV + /-Nid-1 were modest (Fig. 1e).

Culture substrate coating affects the barrier formation of hESC‑RPE in culture.  We have previ-
ously shown that hESC-RPE express important RPE marker proteins post-cryopreservation when seeded on 
Col-IV + LN32. Before performing more detailed analyses on different coatings after cryopreservation, we com-
pared the RPE characteristics of the cells on Col-IV + LN by the expression of cellular retinaldehyde-binding 
protein (CRALBP, involved in visual cycle) and Na+/K+-ATPase (important for transepithelial ion transport) 
and transepithelial electrical resistance (TER) before and after cryopreservation and found no major differences 
(Supplementary Fig. S1). In order to examine the development of barrier properties and integrity of the hESC-
RPE monolayer on different coatings, TER was measured during the culture (Fig. 2a, Table 1). In concordance 
with the morphology of the epithelium, culturing cells on Col-IV alone resulted in low TER reaching a maxi-
mum (mean ± SEM) of 56 ± 7 Ωcm2 at 9 weeks. Surprisingly, compared to hESC-RPE seeded on Col-IV + LN and 
Col-IV + LN + Nid-1, TER remained lower on LN alone, reaching a maximum of 488 ± 27 Ωcm2 at 7 weeks after 
which TER values began to decline. Combining Col-IV and LN yielded epithelia with TER reaching 617 ± 18 
Ωcm2 by week 7 after which TER plateaued. The highest TER values (731 ± 19 Ωcm2 at 9 weeks) were observed 
with hESC-RPE seeded on Col-IV + LN + Nid-1 coating.

Because Col-IV coating alone constantly failed to support formation of an intact hESC-RPE monolayer with 
proper morphology, this coating condition was excluded from the subsequent analyses. The level of hESC-RPE 
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maturation on different coatings (Table 1) was further evaluated by expression and subcellular localisation of 
marker proteins important for RPE functionality. Due to the positive effect of the ECM linker protein Nid-133 
for barrier formation observed with TER measurements, the subsequent experiments were performed with an 
additional 10-times higher concentration of Nid-1 (Col-IV + LN + 10xNid-1) to examine if Nid-1 concentration 
affected RPE maturation and functionality. After 8 weeks in culture, CRALBP, Na+/K+-ATPase and tight junc-
tion proteins claudin-3, claudin-19 (Fig. 2b), as well as tight junction associated protein zonula occludens-1 
(ZO-1, Supplementary Fig. S2), were expressed on all coatings. Interestingly, the junctional localisation of clau-
din-19 was consistently less frequent on LN alone compared to other coatings and improved by the addition of 
Nid-1 (both 1x  and 10x ), being in line with the TER measurements. Overall, based on TER measurements and 
immunostainings, adding complexity to the protein coating enhanced or at least accelerated the maturation of 
hESC-RPE barrier properties.

Functionality of the hESC‑RPE is affected by the culture substrate coating.  Daily renewal of 
POS and the subsequent removal of the shed POS by RPE via phagocytosis is essential for vision, phagocytosis 
thus being one of the key indicators for functional RPE. The phagocytic capacity of the hESC-RPE (Table 1) 
on different coatings was studied with isolated porcine POS that were incubated with the cells for 2 h. This 
was followed by labelling the POS with anti-opsin (Fig. 3a) and counting the number of internalised particles 
(Fig. 3b-d). POS phagocytosis was observed in hESC-RPE on all culture substrate coatings with slight differences 
between the coatings. The mean number of internalised particles was lowest on Col-IV + LN and highest on Col-
IV + LN + Nid-1 (both 1x and 10x) while the variation was highest on LN and lowest on Col-IV + LN + Nid-1 
(both 1x  and 10x).

Ca2+ acts as an important second messenger in diverse signalling pathways and the control of intracellular 
free Ca2+ concentration ([Ca2+]i) is involved in regulation of the majority of cellular reactions, including many 

Table 1.   Number of replicates for all experiments. [m] measurements, [c] cells, [s] stainings, [i] images, Col—
collagen IV, LN—laminin, Nid—nidogen-1.

Cell lines Coating Biological n

Replicates/coating (n)

Technical replicates (total)

24 h Wk 3 Wk 4 Wk 6 Wk 7–8 Wk 9–10 Wk 13

Cell adhesion 
force hESC-08/017

Col 3 6–9 [m]

LN 3 6–9 [m]

Col + LN 3 6–9 [m]

Col + LN + 1xNid 3 6–9 [m]

Cell area hESC-08/017

Col 1 80 [c]

LN 1 168 [c]

Col + LN 1 241 [c]

Col + LN + 1xNid 1 266 [c]

Morphology hESC-08/017, hESC-
11/013, hESC-13/012 All coatings n/a n/a n/a

TER hESC-08/017, hESC-
11/013, hESC-13/012

Col 6 12 [m] 32 [m] 34 [m] 46 [m] 56 [m]

LN 3 12 [m] 18 [m] 20 [m] 12 [m] 28 [m]

Col + LN 6 24 [m] 44 [m] 44 [m] 46 [m] 52 [m]

Col + LN + 1xNid 4 24 [m] 38 [m] 36 [m] 48 [m] 36 [m]

IF hESC-08/017, hESC-
11/013

LN 2 2 [s]

Col + LN 2 2 [s]

Col + LN + 1xNid 2 2 [s]

Phagocytosis 
assay hESC-08/017

LN 1 5 [i]
519 [c]

Col + LN 1 5 [i]
540 [c]

Col + LN + 1xNid 1 5 [i]
528 [c]

Col + LN + 10xNid 1 5 [i]
510 [c]

Ca-imaging hESC-08/017
hESC-11/013

LN 2 465 [c] 555 [c]

Col + LN 2 473 [c] 545 [c]

Col + LN + 1xNid 2 591 [c] 643 [c]

Col + LN + 10xNid 2 551 [c] 531 [c]

Pigmentation 
assay hESC-08/017

LN 1 5 [i]

Col + LN 1 5 [i]

Col + LN + 1xNid 1 5 [i]

Col + LN + 10xNid 1 5 [i]
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RPE functions vital for the maintenance of healthy retina34,35. In our study, the RPE cells were loaded with the cell 
permeable Fluo-4 AM Ca2+ indicator dye, and with fluorescence time-lapse microscopy, we were able to monitor 
relative changes in [Ca2+]i to analyse hESC-RPE Ca2+ dynamics on different protein coatings (Fig. 4a). We have 
previously developed tools to analyse Ca2+ imaging data from large populations of individual cells in intact RPE 

Figure 1.   Adhesion of hESC-RPE on different protein coatings (all data shown for hESC-08/017). (a) Confocal 
single plane images showing the subcellular distribution of vinculin and filamentous actin 24 h after seeding. 
In the overlay, vinculin is shown in green, actin filaments are stained by phalloidin (red) and nucleus by DAPI 
(blue). Scale bar 50 µm. (b) Quantification of the cell area 24 h after seeding was done by outlining the periphery 
of cells based on F-Actin staining using ImageJ software. The analysed cell numbers were 80 (Col), 241 (LN), 
168 (Col + LN) and 265 (Col + LN + Nid) and the results are given as mean ± SD. (c) Adhesion force (Fad) 
correlates with the force (g) needed to detach half of the adherent cells after centrifugation, values are given as 
mean ± SD. Measurements were done 24 h after seeding from 3 biological and 2–3 technical replicates for each 
coating. (d) Phase contrast micrographs of RPE cell morphology on different coatings 3 and 10 weeks after 
seeding. *p < 0.05, ***p < 0.001, ****p < 0.0001. (e) Pigmentation analysis of hESC-RPE after 8 weeks of seeding. 
Each image and bar represent the average intensity of five differential interference contrast (DIC) images 
(LSM800, Carl Zeiss, air immersion objective 20x). Brightness from each image was calculated using ImageJ and 
represents as mean ± SD. Difference in brightness was statistically significant between LN and all other coatings; 
LN + Col (p = 0.0079), LN + Col + 1xNid (p = 0.0079) and LN + Col + 10xNid (p = 0.0079). In addition, difference 
in brightness of LN + Col was statistically significant compared to LN + Col + 1xNid (p = 0.0079). Scale bar 
20 µm. All statistics were performed with Mann–Whitney U. Col—collagen IV, LN—laminin, Nid—nidogen-1.
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Figure 2.   Barrier properties of hESC-RPE on different coatings. (a) TER of hESC-RPE on different coatings 
was measured over time. Data represents means ± SEM at 5 time points of 3 hESC-RPE lines from 3–6 biological 
and 6–28 technical replicates (Table 1). The differences in TER on LN compared to Col + LN are statistically 
significant at all time points (4 weeks p = 0.001, 6 weeks p = 0.035, 7 weeks p = 0.001, 9 weeks p < 0.0001). At 
9-week time point the difference in TER between hESC-RPE on Col + LN + Nid and on Col + LN was statistically 
significant (p = 0.014). Statistical analysis was performed with Mann–Whitney U. (b) Representative (shown for 
hESC-08/017, Table 1) laser scanning confocal microscopy z-maximum intensity projections (z-MIP) and yz 
cross-sections (MIP from 10 sections) showing expression and subcellular localisation of functionally relevant 
proteins in hESC-RPE on different coatings after 8 weeks of culture. Scale bar 20 μm. Col—collagen IV, LN—
laminin, Nid—nidogen-1.
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monolayers (Fig. 4b)29. These tools were applied here to identify population level events and potential differences 
between the culture conditions. We focused on ATP-induced purinergic signalling pathway that reflects both 
Ca2+ release from intracellular stores and its influx from the extracellular solution36. The hESC-RPE cells (Table 1) 
were exposed to 100 µM ATP for 2 min and several aspects of the recorded Ca2+ response were analysed including 
the amplitude as well as the rise and decay kinetics. Overall, on all surface coatings, an exposure to extracellular 
ATP induced Ca2+ responses that showed a wide cell-to-cell variation (Fig. 4c). Typical to RPE cells, most of the 
responses were biphasic with fast initial rise resulting from the release of Ca2+ from the intracellular stores fol-
lowed by a slower secondary phase where extracellular Ca2+ influx plays a role. As the hESC-RPE cells matured 
in culture, the mean amplitude of the responses was observed to increase on all surfaces (Fig. 5a). However, on 
LN, the duration of the response was delayed compared to other surfaces, especially after long-term (13 weeks) 
culture (Figs. 4c, 5b). Further analysis of the response kinetics showed that purinergic Ca2+ signalling is altered 
on LN: although the majority of the hESC-RPE cells on this coating produced a fast initial [Ca2+]i rise during 
early phases of maturation, after long-term culture, only few fast responding hESC-RPE cells with intact response 
characteristics were detected (Fig. 5c). In addition, a longer culture time was accompanied by the lengthening 
of the decay phase in the majority of cells cultured on LN (Fig. 5d) as well as by the more heterogenous response 
properties visible in the scatter graphs as more spread-out distribution (Fig. 5c, 5d). Addition of Col-IV to the 
coating together with LN supported the preservation of the fast initial response component better than LN 
alone during maturation. Although the number of cells with fast initial [Ca2+]i rise on Col-IV + LN during early 
maturation (week 9) was reduced compared to LN alone, in the majority of cells at 13 weeks of culture, the fast 
response component was observed, unlike on LN alone (Fig. 5c). The response decay time on the Col-IV + LN 
surface coating was also shorter than on LN alone in both time points (Fig. 5b,d). Adding yet more complexity 
to the protein coating with Nid-1 (1x and 10x) increased the number of cells with the fast initial [Ca2+]i rise and 
cell population homogeneity compared to Col-IV + LN (Fig. 5c). The higher Nid-1 concentration was beneficial 
for production of fast Ca2+ responses especially during the earlier phases (week 9) of RPE maturation (Figs. 4c, 
5c), and this culture coating was superior in supporting cells with fast decay after long-term culture (week 13). 

Figure 3.   POS phagocytosis assay performed on hESC-RPE 13 weeks post-seeding with purified porcine 
POS (hESC-08/017, Table 1). (a) Representative laser scanning confocal microscopy z-maximum intensity y 
projections (z-MIP) and xz cross-sections (MIP from 20 sections) after 2-h phagocytic challenge showing the 
overall number, distribution and internalisation of the POS particles. The POS particles were labelled with anti-
opsin (green) and filamentous actin with phalloidin (red). Scale bar 20 μm. Quantification of internalised POS 
particles (b) per cell and (c) per field. Each field contains cs. 100 cells. Internalised POS particles were manually 
calculated from each xz-MIP image (from five z-MIP images/coating). Both data represent means ± SD. The 
number of POS particles per cell between LN + Col and LN + Col + 1xNid (p = 0.0079) and LN + Col + 10xNid 
(p = 0.0079) was statistically significant. Similarly, POS number per field on Col + LN was statistically significant 
compared to LN + Col + 1xNid (p = 0.0079) and LN + Col + 10xNid (p = 0.0159). Statistical analysis was 
performed with Mann–Whitney U test. (d) A schematic image to demonstrate which POS particles (green) were 
calculated as internalised POS particles (white arrows). Col—collagen IV, LN—laminin, Nid—nidogen-1.
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Taken together, in addition to the barrier properties and phagocytosis, adding complexity to the protein coat-
ing also increased functional maintenance and cell–cell homogeneity of hESC-RPE in terms of Ca2+ signalling. 

Discussion
Although several clinical trials exploring the safety and surgical methods of hPSC-RPE transplantation have 
not revealed any major complications, the efficacy of RPE cell therapy remains to be evaluated37. For successful 
outcome, the transplanted cells need to be able to perform key RPE functions. Currently, several protocols for 
differentiation and culture of hPSC-RPE exist, utilising a variety of culture substrates and surface protein coat-
ings, but lacking any comparative studies on how these culture conditions affect the functionality of hPSC-RPE. 
In this study, we examined the functional consequences of different cell culture surface protein coatings in the 
course of hESC-RPE culture and maturation, concentrating on the development of barrier properties, phago-
cytosis and ATP-induced Ca2+ response characteristics. In the Ca2+ signalling analysis, emphasis was put on 
analysing Ca2+ imaging data obtained from a large number of individual cells to obtain population level data. As 
cell banking with cryopreservation is an essential step in the production of cells for therapeutic applications, the 
study was conducted with cryopreserved cells. Previously, cryopreserved hESC- and human induced pluripotent 
stem cell (hiPSC)-derived RPE cells cultured on coatings like Matrigel and CellStart or more defined coatings 
like vitronectin or Col-IV + LN have been reported to maintain key RPE characteristics such as expression of 
functionally important proteins, phagocytosis and to some extent growth factor secretion32,38–40. However, to 
the best of our knowledge, there are no comparative studies on the functional consequences of different protein 
coatings after cryopreservation.

Since cell adhesion initiates a myriad of signalling cascades determining cell functions such as survival, 
growth or differentiation, we first compared the attachment of hESC-RPE on different basement membrane 
components. Cell attachment is mediated by multifunctional, heterodimeric transmembrane receptors, inte-
grins. Previous studies of integrin expression in human RPE have identified several subunits which are highly 
expressed and bind to ECM proteins in Bruch’s membrane10,11,16,41. For this current study, we included Col-IV, LN 
and Nid-1. LN type LN521 was chosen because it is one of the main isoforms in Bruch’s membrane and has been 
previously shown to support differentiation and maturation of hESC-RPE10,42. When Col-IV coating alone was 

Figure 4.   Ca2+-imaging response characterization and grouping. (a) Pseudocolored image time series of 
ATP-induced Ca2+ response in hESC-RPE with Fluo-4 Ca2+-indicator from the LN + Col + 10xNid surface. The 
pseudocolored intensities are linearly scaled from 0 to 255. Scale bar 10 µm. (b) Schematic curve representing 
the parameters calculated from a single cell Ca2+-response: maximum relative intensity (Amax), first (T50) 
and second (T100) half of intensity rise time, intensity decay time from maximum to 50% (Tdec) and response 
duration at 50% intensity (Tdur). (c) The largest response groups with relative intensity as a function of time for 
each surface at 9 and 13 weeks. The parameters from (b) were used as inputs in the grouping algorithm. From 
each group, the strongest (magenta) and weakest (blue) responses are highlighted, in addition to the calculated 
median curve of the population (black). Col—collagen IV, LN—laminin, Nid—nidogen-1.
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Figure 5.   Visualization of the Ca2+ response parameters. Boxplots of maximum relative amplitude (a) and 
response duration at 50% intensity (b) at weeks 9 and 13. The red line represents the median value and the box 
extends to 25th and 75th percentiles. The red crosses mark values considered as outliers, outside approximately 
99% of the population. (c) Upper left: Scatter graph between the first half (horizontal axis) and the second half 
(vertical axis) of the response rise time at weeks 9 (left) and 13 (right). The scatter fields are divided into four 
segments by taking the average value of each axis (black lines). Upper right: The number of responses in each 
segment per total number of responses is represented as a stacked bar graph for each culture surface coating at 
weeks 9 and 13 (right). Lower left: Examples of responses characterizing each segment. The response segment 
for the horizontal axis parameter is highlighted with a magenta bar and for the vertical axis parameter with a 
cyan bar. (d) Similar scatter and stacked bar graphs with example responses as in (c) for the second half of the 
response rise time (horizontal axis) and the intensity decay time from maximum to 50% intensity (vertical axis). 
***p < 0.001, ****p < 0.0001 (Mann–Whitney U). Col—collagen IV, LN—laminin, Nid—nidogen-1.
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used, cell density post-thawing was low and spreading poor, unlike on other coatings. Despite similar adhesion 
strength among coatings, formation of an intact epithelium was hindered on Col-IV alone. This was somewhat 
surprising, since previously, the culture of freshly differentiated hESC-RPE on Col-IV has been successful20 
and cultured RPE cells typically express several integrins binding both to collagens (α2β1) and laminins (α3β1, 
α6β1)10,11. LN on the other hand supported cell attachment and formation of an intact epithelium. Preference 
for binding LN instead of Col-IV has also been reported for a RPE cell line ARPE-19 by Aisenbrey et al10. The 
dominant role of LN in epithelial cell adhesion and formation of a functional basement membrane43,44, may 
partly explain why LN as the coating matrix improves cell attachment dramatically. The hESC-RPE cells on 
LN were also more pigmented than on other coatings. The melanin pigment is an important factor in the RPE 
cells, minimizing light scatter and protecting the cells from cytotoxicity caused by light and inflammation45. 
In general, pigmentation has been considered as a differentiation marker for hPSC-RPE. However, the level of 
pigmentation in the in vitro hPSC-RPE cultures varies and the functional consequences of this remain elusive. 
It has been shown that increase in hESC-RPE pigmentation over time does not lead to significant changes in 
gene expression, suggesting that pigmentation does not reflect the maturation state of the cells46, at least not at 
transcriptome level. Interestingly, among the few genes that were significantly differentially expressed between 
lightly and highly pigmented cells were genes involved in Ca2+ signaling and adherens junction remodeling46.

Development of mature tight junctions is a crucial property of the RPE cells and required for maintenance 
of the outer blood-retinal barrier. Thus, the formation of barrier properties during maturation of hESC-RPE 
seeded on different culture surface coatings was followed. During development, the composition and functional 
properties of RPE tight junctions mature as the neural retina and choroid differentiate47. A gradual maturation of 
the tight junctions indicated by increase in TER over time can also be seen in the hESC-RPE cells in our culture 
system. Morphologically, on all other coatings except Col-IV alone, hESC-RPE formed an intact pigmented 
monolayer of cuboidal cells. However, TER of hESC-RPE seeded on LN alone was consistently lower compared 
to cells cultured on a combination of Col-IV and LN. In our previous study comparing the effects of ECM coat-
ings using freshly differentiated cells cultured for 6 weeks, the lowest TER values were also obtained from cells 
seeded on human LN compared to other coatings, including Col-IV20. In the present study, the TER values on 
LN alone were not only lower than on other coatings but also started to decline after 7 weeks in culture. This 
phenomenon was not observed in the study by Hazim et al.48 with freshly differentiated hiPSC-RPE and mouse 
LN during 10-week culture. However, in their study, the hiPSC-RPE were cultured in the presence of serum. 
As serum contains ECM proteins and growth factors which LN is known to bind with high affinity49, this could 
explain why the TER values were maintained in serum culture but not in the more defined serum replacement 
based culture system used in our study. The TER values on LN521 used in our study during the first 4 weeks 
of culture were in line with a previous study by Plaza Reyes et al., also using serum-free culture conditions and 
LN521 for culture of hESC-RPE. However, in their work, the TER values were not reported after 4 weeks time 
point42. In contrast to Col-IV or LN alone, bringing more complexity and/or potentially increasing the amount of 
adsorpted protein in the coating by combining Col-IV and LN, led to higher TER that was maintained through-
out the follow-up time of 9 weeks. In addition to TER, the barrier properties were evaluated by comparing the 
expression of the major human RPE claudins, claudin-3 and -1921, by hESC-RPE seeded on different coatings. 
Claudins are a family of transmembrane proteins that bring specificity to tight junctions in a highly sophisti-
cated manner. Claudins are tissue- and developmental stage-specific with only a subset of the so far identified 
27 mammalian claudins being expressed by RPE. Based on their microenvironment or differing extracellular 
regions, claudins can form several types of paracellular barriers and channels, making the junctions for example 
cation- or anion-selective50,51. In our culture system, the expression of claudins typically appears after 7–8-weeks 
maturation time, initially in patches of claudin-immunopositive cells and as the cells mature, spreading across 
the whole epithelium and localising to the tight junctions. In this present study, after 8-week maturation time, 
claudins were expressed by cells on all coatings but especially claudin-19 was localised at this time point to tight 
junctions more in cells seeded in the presence of Nid-1.

Further functional analysis by phagocytosis assay suggested improved functionality in cells cultured on more 
complex protein coatings containing 1x or 10x Nid-1 in terms of the number of internalised POS particles and 
increased cell population homogeneity. In addition to phagocytosis, functionality of especially the ATP-mediated 
purinergic pathway has been considered an important criterion when assessing the quality of hiPSC-RPE for 
clinical applications due to the important role of ATP in the regulation of RPE physiology 5,26,52. More generally, 
Ca2+ signalling is an important regulator of numerous cell functions, controlled by the temporal and spatial dis-
tribution of [Ca2+]i

53. Yet, no comparisons have been reported of how different culture conditions such as culture 
surface coating affect hPSC-RPE Ca2+ signalling. We have previously reported marked cell–cell heterogeneity in 
ATP-induced Ca2+ responses regarding magnitude and response kinetics29. With the analysis tools developed29, 
we could parametrise the response heterogeneity which allowed us to further group the cells according to their 
response characteristics and to assess population data on a single cell level from the RPE monolayer. When fol-
lowing the hESC-RPE cultures in time, maturation of the cultures was accompanied by increased Ca2+ response 
amplitudes on all coatings. Interestingly, although the functional analyses by phagocytosis assay did not indicate 
major defects in phagocytosis by cells on LN, further Ca2+ signalling analysis revealed differences in the [Ca2+]i 
increase and decay characteristics. Initially, despite poor barrier properties at the 8–9 week time point, majority of 
cells on LN alone produced fast initial [Ca2+]i rise reflecting intact ATP-induced release of Ca2+ from the intracel-
lular stores. However, further maturation on LN was followed by deceleration of the responses. This was evident 
both in the rise and decay phase of the responses, yet the decay was affected already in the early maturation stage 
(week 9) cultures. The ATP-induced Ca2+ response in RPE is a result of complex molecular cascade where ATP 
first binds to P2Y2 receptors resulting in IP3 increase, release of Ca2+ from the ER and subsequent activation of 
several transporters and ion channels. Delayed or altered kinetics of the response indicate impaired downstream 
signalling following the ATP binding, and in the eye, it would result e.g. in compromised fluid regulation of the 
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subretinal space25,26. Ca2+ imaging also suggested increased cell population homogeneity with more complex 
protein coatings compared to LN alone in the cultures matured for 13 weeks. The TER and immunostaining 
studies on barrier properties suggested that adding Nid-1 to the coating both accelerated hESC-RPE maturation 
and supported the maintenance of the epithelium the best. These observations were further supported by the 
improved phagocytosis on Nid-1 and Ca2+ imaging data showing that compared to other coatings, on Nid-1, 
especially with the higher tested concentration, a larger number of cells produced fast responses during the earlier 
phases (week 9) of RPE maturation and also had a fast decay after long-term culture (week 13). Furthermore, 
our results indicate that analysing the population measurements on a single cell level is advisable as population-
averaged measurements can mask cell–cell heterogeneity.

Acquisition of mature tight junctions and appropriate ATP-activated Ca2+ signalling in RPE are key for the 
correct formation of gradients that drive directional fluid transport between the neural retina and the choroid, 
which together with phagocytosis are essential for the maintenance of photoreceptors. Considering the central 
role of ECM and basement membrane interactions in cellular differentiation and signal transduction, it is not 
surprising that a more complex and thus native-like culture surface (Col-IV + LN + Nid-1) was beneficial for the 
development and maintenance of these characteristics by hESC-RPE in vitro.

Methods
For all experiments, the used cell lines and number of replicates have been indicated in Table 1.

Human ESC‑RPE differentiation and culture.  Derivation and characterization54 as well as cul-
ture, subsequent differentiation55,56 into hESC-RPE and cryopreservation32 of cell lines Regea08/017 (46,XX), 
Regea11/013 (46,XY), and Regea13/012 (46,XY), was carried out as previously described. For experiments, 
hESC-RPE were conventionally thawed and seeded as described under each analysis. Culture of hESC-RPE was 
performed in serum-free medium (KO-DMEM) consisting of KnockOut Dulbecco’s modified Eagle’s medium 
(DMEM) supplemented with 15% KnockOut serum replacement, 2 mM GlutaMAX, 0.1 mM 2-mercaptoetha-
nol, 1% MEM non-essential amino acids, and 50 U/ml penicillin–streptomycin (all from Gibco, Thermo Fisher 
Scientific).

Cell adhesion—adhesion force studies.  For cell adhesion force tests, hESC-RPE (hESC-08/017, 
Table 1) were seeded at 150 000 cells/cm2 on Thermanox plastic coverslips (Thermo Fisher Scientific) dip-coated 
at + 4 °C overnight with Col-IV (Sigma Aldrich C5533, 10 µg/cm2) or LN521 (Biolamina, 0.75 µg/cm2) alone 
or in combination, with and without nidogen-1 (R&D Systems, 2570-ND, 2.5 µg/cm2). Cells were cultured in 
the KO-DMEM medium described above and analysis was performed 24 h after seeding. Justification of the 
method and formulas for calculating the cell adhesion force are described in57. Adhesion force was measured 
using a centrifugation system (Hettich Universal 320) as described before57 with centrifugation force 750 g for 
5 min. Cell number of adhered cells before and after centrifugation was evaluated with LDH assay according to 
the online protocol of OPS diagnostics. The absorbance was detected at 492 nm wavelength using a microplate 
reader (Tecan Infinite M200Pro and Tecan i-control software). LDH activity was measured at three different 
time points: after 5 min, 10 min and 15 min of incubation. The measured LDH activity was correlated with the 
cell number from a cell standard curve prepared under the same conditions.

Cell adhesion—immunolabeling.  For immunolabeling vinculin and F-actin, hESC-RPE (hESC-08/017, 
Table 1) were seeded at 30 000 cells/cm2 on dip coated Thermanox plastic coverslips and cultured in the KO-
DMEM medium as described above. Immunolabeling of cells was performed 24 h after seeding as previously 
described58 with the exception of not mounting the samples. Instead, the imaging was performed in PBS imme-
diately after labelling. Antibody information and dilutions can be found in Table 2. Samples were incubated 
with primary antibodies at + 4 °C overnight, and with secondary antibodies for 1 h at RT. Nuclear label (Hoechst 
33,342, 1:1000) and Phalloidin were stained simultaneously with the secondary antibody incubation. Images 
were captured with a confocal microscope (NikonEclipse TE2000-E, Nikon; 60 × oil immersion objective).

RPE functionality studies—hESC‑RPE seeding and culture.  For studying hESC-RPE functional 
properties, cells (Table 1) were seeded 200 000 cells/cm2 on 1 μm Millicell polyethylene terephthalate (PET) 
culture inserts (Millipore) dip-coated at + 4 °C overnight with Col-IV (5 µg/cm2) or LN521 (1.8 µg/cm2) alone or 
in combination, with and without Nid-1 (2.5 µg/cm2). For phagocytosis and Ca2+ imaging studies an additional 
coating with Col-IV (5 µg/cm2) + LN521 (1.8 µg/cm2) + Nid-1 (25 µg/cm2) was used. The cells were matured in 
KO-DMEM culture medium described above for 8–13 weeks before end-point analyses. Medium was changed 
3 times a week.

RPE functionality studies—TER.  The barrier function of hESC-RPE (hESC-08/017, hESC-11/013, hESC-
13/012, Table 1) on PET was assessed by TER measurements with a Millicell electrical resistance volt-ohm meter 
(Merck Millipore). Each hESC-RPE sheet was measured at least twice and the average TER values (Ωcm2) were 
calculated by subtracting the background TER (PET without cells) and multiplying the result by the surface area 
of the substrate. Data was measured at five time points (Table 1).

RPE functionality studies—immunolabeling.  Immunolabeling of hESC-RPE (hESC-08/017, hESC-
11/013, Table 1) was performed as previously described58. Antibody information and dilutions can be found in 
Table 2. Samples were incubated with primary antibodies at + 4 °C overnight, and with secondary antibodies for 
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1 h at RT. Z-stack images were captured with a confocal microscope (LSM 800, Carl Zeiss; 63 × oil immersion 
objective).

RPE functionality studies—phagocytosis assay.  The porcine POS particles were isolated and puri-
fied as previously described32. The POS particles were fed to the hESC-RPE cells (hESC-08/017, Table 1) in the 
KO-DMEM medium supplemented with 10% foetal bovine serum and incubated for 2 h at + 37 °C in 5% CO2. 
Labelling with anti-opsin antibody (no POS primary antibody control in Supplementary Fig. S3) and Phalloidin 
(Table  2) was performed as preciously described32. Z-stack images were acquired with confocal microscope 
(LSM 800, Carl Zeiss, 63 × oil immersion objective) to visualise POS. For quantification of the internalised POS 
particles, z-stack images (5/coating) were resliced to 512 xz-slices. Maximum intensity projections (MIP) were 
sequentially generated in 20 xz-slice intervals using ImageJ. Internalised POS particles (illustrated in Fig. 3d) 
were manually calculated from each resliced xz-MIP. In addition, the cells were calculated from each z-stack 
image in order to obtain the average number of POS particles per cell.

RPE functionality studies—Ca2+ imaging and data analyses.  Human ESC-RPE cell (hESC-08/017, 
hESC-11/013, Table  1) Ca2+ dynamics was assessed with the Ca2+-sensitive dye fluo-4-acetoxymethyl ester 
(fluo-4 AM; Molecular Probes, Thermo Fischer Scientific) as previously described29. Briefly, the samples were 
washed with Elliot solution (pH 7.4, 330 mOsm) followed by incubation in 1 mM fluo-4 AM in Elliott buffer for 
45 min at RT protected from light. During imaging, hESC-RPE cells were perfused with Elliot solution alone or 
Elliot containing 100 µM ATP (Sigma-Aldrich) using a gravity-fed solution exchange system (AutoMate Scien-
tific). Imaging was performed at RT with Nikon Eclipse FN1 upright fluorescence microscope using a 25 × water 
immersion objective (NA = 1,10). The images were acquired every 500 ms with binning of 2 × 2 with Nikon Nis 
Elements Imaging Software (version 5,02). Excitation and emission wavelength of 494/506 nm for Fluo-4 was 
used with exposure time of 80 ms. 2 min of baseline imaging was performed before the cells were exposed to 
ATP for 2 min followed by imaging for additional 6 min in Elliot.

For data analysis, three 200 × 200 pixel (104 × 104 µm) regions of interest (ROIs) were cropped from each 
Ca2+ image stack in ImageJ and 70–120 individual cells were outlined from each ROI. The average intensity val-
ues of each cell as a function of time were extracted, and the intensity data was analysed using a self-developed 
MATLAB script package29 (MATLAB R2017b, The MathWorks Inc.). For each cell response, a set of quantities 
to describe the intensity amplitude and dynamics was calculated: maximum relative amplitude, first (0% to 50% 
intensity) and second half (50% to 100%) of the intensity rise time, time to maximum amplitude (0% to 100%), 
decay time (100% to 50%) and response duration at 50% intensity (Fig. 4b). After the single-cell analysis, the 
intensity responses were sorted with a clustering algorithm, using the calculated intensity parameters of all cells 
from the three ROIs as input. As a result, the algorithm provided two to four groups of intensity responses hav-
ing a unique set of response characteristics. The largest group of each measurement was chosen to represent the 
behaviour of each cell population (Fig. 4c).

Image processing.  Images were processed with ImageJ59,60 using only linear brightness and contrast 
adjustments for the pixel intensities. Final figures were generated using GraphPad Prism version 8 for Windows 
(GraphPad Software, La Jolla, CA, USA) and CorelDRAW Graphics Suite 2019 (Corel corporation, Ottawa, 
Canada).

Statistical analysis.  Normality was tested with Shapiro–Wilk test and following statistical analysis between 
two groups was performed with the unpaired Mann–Whitney U test using GraphPad Prism. A p value of < 0.05 
was considered statistically significant.

Table 2.   Antibodies used in the study.

Antibody/dye name Manufacturer Host/clonality Cat# Primary/secondary Dilution/ab amount

Vinculin Sigma Aldrich Rabbit polyclonal V4139 Primary 1:400

CRALBP Abcam Mouse monoclonal ab15051 Primary 1:500

Na + /K + -ATPase Abcam Mouse monoclonal ab7671 Primary 1:200

Claudin-3 Invitrogen, Thermo Fisher 
Scientific Rabbit polyclonal 34-1700 Primary 1:100

Claudin-19 R&D Systems Mouse monoclonal MAB6970 Primary 1:100

ZO-1 Invitrogen, Thermo Fisher 
Scientific Rabbit polyclonal 61-7300 Primary 1:200

Opsin Sigma Aldrich Mouse monoclonal O4886 Primary 1:200

Phalloidin-Atto 550 Sigma Aldrich – 19083 Primary 1:100

Anti-mouse IgG Alexa 
Fluor 488-conjugated

Molecular Probes, Thermo 
Fisher Scientific Donkey polyclonal A-21202 Secondary 1:400

Anti-rabbit IgG Alexa 
Fluor 488-conjugated

Molecular Probes, Thermo 
Fisher Scientific Goat polyclonal A-11034 Secondary 1:400

Anti-rabbit IgG Alexa 
Fluor 568-conjugated

Molecular Probes, Thermo 
Fisher Scientific Goat polyclonal A-11011 Secondary 1:400
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ive statements of the Ethical Committee of the Pirkanmaa Hospital District to derive, culture, and differentiate 
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Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding 
author on request.
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Cell maturation influences the ability 
of hESC‑RPE to tolerate cellular stress
Taina Viheriälä1, Heidi Hongisto1,2, Juhana Sorvari1, Heli Skottman1†, Soile Nymark1† and Tanja Ilmarinen1,3*   

Abstract 

Background:  Transplantation of human pluripotent stem cell-derived retinal pigment epithelium (RPE) is an urgently 
needed treatment for the cure of degenerative diseases of the retina. The transplanted cells must tolerate cellular 
stress caused by various sources such as retinal inflammation and regain their functions rapidly after the transplan-
tation. We have previously shown the maturation level of the cultured human embryonic stem cell-derived RPE 
(hESC-RPE) cells to influence for example their calcium (Ca2+) signaling properties. Yet, no comparison of the ability of 
hESC-RPE at different maturity levels to tolerate cellular stress has been reported.

Methods:  Here, we analyzed the ability of the hESC-RPE populations with early (3 weeks) and late (12 weeks) 
maturation status to tolerate cellular stress caused by chemical cell stressors protease inhibitor (MG132) or hydro-
gen peroxide (H2O2). After the treatments, the functionality of the RPE cells was studied by transepithelial resistance, 
immunostainings of key RPE proteins, phagocytosis, mitochondrial membrane potential, Ca2+ signaling, and cytokine 
secretion.

Results:  The hESC-RPE population with late maturation status consistently showed improved tolerance to cellular 
stress in comparison to the population with early maturity. After the treatments, the early maturation status of hESC-
RPE monolayer showed impaired barrier properties. The hESC-RPE with early maturity status also exhibited reduced 
phagocytic and Ca2+ signaling properties, especially after MG132 treatment.

Conclusions:  Our results suggest that due to better tolerance to cellular stress, the late maturation status of hESC-
RPE population is superior compared to monolayers with early maturation status in the transplantation therapy 
settings.

Keywords:  Human pluripotent stem cells, Retinal pigment epithelial cells, Oxidative stress, Cell therapy
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Background
Retinal pigment epithelium (RPE) is a tight polarized 
monolayer of cells located under retinal photoreceptors 
at the back of the eye. RPE has many roles that altogether 
ensure proper visual function. The adjacent neural ret-
ina is exposed to highly oxidative environment, and due 
to this, one key function of RPE is to protect both itself 

and the retina against photo-oxidation [1, 2]. Exposure to 
chronic oxidative stress in the retina can lead to malfunc-
tion or death of RPE cells and retinal neurons and even-
tually contribute to the development of severe retinal 
degenerative diseases such as age-related macular degen-
eration (AMD) [3]. Unfortunately, current therapies 
mainly slow down the progression of the disease. Human 
pluripotent stem cell-based RPE (hPSC-RPE) transplan-
tation is a promising approach for the treatment with 
safety and feasibility already under clinical investigation 
using either hPSC-RPE cell suspension or an intact cell 
sheet [4–8]. The hPSC-RPE used for cell therapy must 
endure high level of cellular stress caused by long time 
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periods in cell culture, cryopreservation for cell bank-
ing, potential live-cell shipment to clinical centers, and 
finally transplantation-related stress including immuno-
suppressive drugs, inflammation, and oxidative stress in 
the diseased eye. Human PSC-RPE cells cultured in vitro 
require time to mature and to gain functions character-
istic to RPE, including upregulation of genes related to 
antioxidant functions as the culture ages [2, 9]. Previ-
ously, the developmental stage of non-polarized cadav-
eric adult human RPE stem cells has been shown to affect 
transplantation efficacy when suspension transplanta-
tion was used, with intermediate differentiation times 
(4 weeks) producing the most consistent vision rescue in 
a rat model [10]. Polarized human embryonic stem cell 
(hESC)-derived RPE cells cultured for 4  weeks, on the 
other hand, have been shown to decrease their sensitiv-
ity to oxidative stress compared to non-polarized cells, 
suggesting potential advantages of sheet transplantation 
over the suspension approach [11]. The reported culture 
times for hESC-RPE sheet transplantation in clinical tri-
als vary between 3 and 20 weeks [6]. Yet, despite poten-
tially highly impacting therapy efficacy, the development 
of tolerance to cellular stress during further in vitro mat-
uration of hESC-RPE has not been examined. Although 
early polarized RPE cultures may be more plastic to envi-
ronmental changes than cells cultured for longer time 
periods, they could also be functionally more immature 
and not possess intact signaling pathways for critical 
cellular functions. Among essential RPE functions are 
its barrier properties that ensure the proper movement 
of components between the blood supply and retina 
[12]. With phagocytosis, RPE disposes photoreceptor 
outer segments (POS) that photoreceptors renew daily 
[13]. In addition to barrier properties and phagocytosis, 
intact Ca2+ signaling is a critical indicator of proper RPE 
functionality. Ca2+ acts as a second messenger in RPE 
taking part in many processes all the way from cell dif-
ferentiation to cell maturation [14, 15]. Importantly, Ca2+ 
signaling is linked to purinergic signaling in RPE: extra-
cellular adenosine triphosphate (ATP) induces elevations 
in intracellular Ca2+ concentration regulating the chemi-
cal composition and the amount of water in the subreti-
nal space and ensuring proper communication between 
RPE and the retina [16, 17]. We have previously shown 
that culture time of hESC-RPE improves the intercellular 
homogeneity of Ca2+ response properties in cell popula-
tion [12]. In the current study, we evaluated the impact 
of culture time on the ability of the hESC-RPE to endure 
treatments with chemical stressors.

The present work demonstrates how maturation level 
of the cultured hESC-RPE cells affects their ability to 
tolerate cellular stress. Under normal circumstances, 
one of the functions of RPE cells is to demolish the 

accumulation of ROS. Addition of H2O2 increases the 
concentration of ROS mimicking the oxidative stress 
environment in the cells. ROS cause oxidative damage to 
cellular components such as proteins which need to be 
removed by proteasomes. Addition of MG132 prevents 
the normal behavior of proteasomes leading to the accu-
mulation of toxic protein waste. Therefore, acute oxida-
tive stress was induced with H2O2, and as oxidative stress 
is also known to inactivate the proteasome in RPE [18], 
normal function of proteases was prevented with a pro-
tease inhibitor MG132, mimicking the effects of chronic 
ROS exposure. These chemical stressors were used sepa-
rately. The emphasis was placed on using physiologically 
relevant functional assays including phagocytosis and 
calcium imaging to assess the properties of intact RPE 
monolayers maturated on porous carrier substrate for 3 
or 12 weeks. Time points were chosen to represent early 
and late maturation status based on our previous experi-
ence and earlier study following the development of bar-
rier function of in  vitro cultured hESC-RPE over time 
[12]. Our results indicate that the late maturity status of 
hESC-RPE cells can tolerate cellular stress more effec-
tively than the population with early maturation status, 
with potential implications to hPSC-RPE cell therapy.

Methods
Cell culture, differentiation, and treatments of hESC‑RPE
Human ESC Regea08/017 (46, XX) cell line was derived, 
characterized, differentiated with spontaneous differ-
entiation protocol, and cultured as previously described 
[19]. The cells were cultured in xeno-free (XF) condi-
tions throughout the differentiation of hESC to RPE and 
the further maturation of differentiated RPE cells. XF 
medium, which contains KnockOut™ Dulbecco’s modi-
fied Eagle’s medium (KO-DMEM, Gibco, Thermo Fisher 
Scientific) supplemented with 15% xeno-free KnockOut™ 
serum replacement (Gibco, Thermo Fisher Scientific), 
2  mM GlutaMAX™ (Gibco, Thermo Fisher Scientific), 
0.1  mM 2-mercaptoethanol (Gibco, Thermo Fisher Sci-
entific), 1% MEM non-essential amino acids (Gibco, 
Thermo Fisher Scientific), and 50 U/ml penicillin–strep-
tomycin (Gibco, Thermo Fisher Scientific), were changed 
three times a week. Cells were cultured in 37 °C with 5% 
CO2.

For maturation, the hESC-RPE cells were thawed and 
seeded with a density of 2.5 × 105 cells/cm2 on a porous 
polyethylene terephthalate (PET) hanging cell culture 
inserts (0.3 cm2, pore size 1.0 um, Millipore or Sarstedt) 
or with a density of 2.1 × 105 cells/cm2 on a 48 well plate, 
depending on the experiment. The surfaces were coated 
with a combination of Collagen IV (10ug/cm2, Sigma 
Aldrich) and laminin 521 (1.8  ug/cm2, Biolamina) in 
phosphate saline buffer (PBS, Gibco) containing Ca2+ 
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and Mg2+. Cells were cultured for 3 or 12 weeks. Before 
each experiment, the cells were exposed to 1 µm MG132 
(Calbiochem) protease inhibitor or 600  µm H2O2 solu-
tion (Sigma Aldrich) diluted in medium for 24  h. Con-
trol cells obtained fresh medium without the chemical 
stressors.

Mitochondrial Membrane Potential
For mitochondrial membrane potential measurements, 
a TMRE-Mitochondrial Membrane Potential Assay Kit 
(abcam, ab113852) was used according to manufacturer’s 
instruction. Briefly, hESC-RPE cells were thawed on a 48 
well plate and cultured for 3 and 12 weeks, respectively. 
600 nM tetramethylrhodamine ethyl ester (TMRE) solu-
tion diluted in culture media was used, and 20 µM car-
bonyl cyanide 4-(trifluoromethoxy) phenylhydrazone 
(FCCP) served as a negative control compound. All steps 
were carried under light protection. Diluted TMRE was 
added to the cells and incubated for 20  min at + 37  °C, 
and a microplate reader was used to detect the fluores-
cence from the TMRE. Excitation and emission wave-
lengths of 549/575 nm were used. Negative controls were 
measured for both treated and non-treated cells. Results 
from the microplate reader were given as intensity values 
and the values are presented as boxplots. Control values 
were set to 100% and values from the treated cells were 
compared to the control cells as relative change in the 
fluorescence intensity. Higher fluorescence intensity cor-
responds to a higher value of mitochondrial membrane 
potential. 13–16 replicate wells from 3 maturation exper-
iments were measured at both time points.

Transepithelial electrical resistance
Barrier development of hESC-RPE was measured from 
RPE cells cultured on PET hanging inserts. Transepi-
thelial electrical resistance (TER) was measured using 
Millicell electrical resistance volt-ohm meter (Merck 
Millipore). Before each measurement, the cells were 
equilibrated for 10 min at room temperature (RT). Each 
hESC-RPE monolayer was measured twice, and the aver-
age TER values were calculated. PET insert without cells 
was used as a background and was subtracted from each 
TER value. Measurements were obtained at time points 
of 3 weeks and 12 weeks. In each insert, relative change 
was obtained by subtracting the value before the treat-
ment from the value after the treatment and dividing this 
difference by the value before the treatment. Measure-
ments were obtained from the control cells similarly and 
changes in these values were subtracted from the values 
of treated cells to obtain the final relative change caused 
by the treatments and compared to the controls. 6–14 
replicate inserts from 2 to 3 maturation experiments 
were measured at both time points.

Immunofluorescence stainings
The hESC-RPE monolayers cultured on inserts were fixed 
for immunostainings at time points of 3 and 12  weeks. 
All steps were conducted at RT unless otherwise stated. 
The fixation was performed with 4% paraformalde-
hyde (Sigma Aldrich) in PBS for 15  min after which 
the cells were permeabilized with 0.1% Triton X-100 
(Sigma Aldrich) in PBS for 15 min. This was followed by 
blocking with 3% bovine serum albumin (BSA, Sigma 
Aldrich) in PBS for 1  h. Primary antibodies for Zonula 
occludens (ZO-1, 1:200, 61-7300, Invitrogen), Na+/K+-
ATPase (1:200, ab7671, Abcam), Connexin 43 (Cx43, 
1:200, ab11370, Abcam), P2Y2 (1:200, PA1-46150, Inv-
itrogen) and claudin-19 (CL19, 1:200, MAB6970, R&D) 
were diluted in 3% BSA in PBS and incubated overnight 
at + 4  °C. The samples were washed several times with 
PBS followed by 1 h incubation with secondary antibod-
ies donkey anti-mouse Alexa Fluor 488 (1:200, A21202, 
Life Technologies) and donkey anti-rabbit Alexa Fluor 
568 (1:200, A10042, Life Technologies). F-actin was 
stained with Phalloidin (1:800, P1951, Sigma Aldrich). 
After incubation, the samples were washed with PBS and 
mounted with ProLong™ Gold Antifade Mountant with 
DAPI (Invitrogen, Thermo Fisher Scientific).

Z-stack images from the immunofluorescence-stained 
samples were captured with laser scanning confocal 
microscopes Zeiss LSM700, LSM780, or LSM800 with 
63x/1.4 oil immersion objective. Images were converted 
to maximum intensity projections (MIP) with ImageJ [20, 
21]. 2–5 replicate inserts from 2 to 3 biological replicates 
were immunostained and imaged at both time points.

Phagocytosis assay
POS fragments were isolated and purified from porcine 
eyes as described in [19]. The fragments were suspended 
in RPE medium containing 10% fetal bovine serum (FBS, 
Gibco). The POS-media were then added to the apical 
side of the cells cultured on inserts and incubated for 2 h 
at 37  °C with 5% CO2. After this, the cells were washed 
with PBS, fixed, and immunostained as described above. 
POS particles were immunolabelled with primary anti-
body anti-opsin (1:1000, O4886, Sigma Aldrich) and 
actin filaments were stained with Phalloidin (1:800). 2–3 
replicate inserts from 2–3 maturation experiments were 
used at both time points.

Z-stack images were acquired with laser scanning 
confocal microscope Zeiss LSM800 with 63x/1.4 oil 
immersion objective with interval of 100 nm. From each 
sample, five Z-stack images were captured from ran-
domly selected areas. These images were resliced with 
ImageJ to 512 xz-slices which were converted to MIPs 
of 20 consecutive xz-slices, from which the internalized 
POS particles were then manually calculated. In addition, 
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the overall number of cells was calculated to obtain the 
average number of POS particles per cell.

Ca2+ imaging
For Ca2+ imaging, hESC-RPE cells were cultured on 
hanging inserts. Ca2+ imaging of the hESC-RPE mon-
olayers was performed as previously described [12, 22] 
at time points of 3 weeks and 12 weeks. Briefly, the cells 
were loaded with Ca2+ sensitive dye fluo-4-acetoxyme-
thyl ester (1 mM, fluo-4 AM; Molecular Probes, Thermo 
Fischer Scientific) for 45  min. Elliot buffer solution (pH 
7.4, 330  mOsm) was used for washing the cells. During 
the imaging, the cells were perfused with Elliot alone or 
Elliot containing 100 µM ATP (Sigma Aldrich) with grav-
ity-fed solution exchange system (AutoMate Scientific). 
All steps were performed at RT protected from light. 
Nikon Eclipse FN1 upright fluorescence microscope with 
a 25 × water immersion objective (NA = 1,10) was used 
for imaging. The cells were imaged for total of 10  min 
which included 2 min of baseline, 2 min of ATP stimulus, 
and 6 min of additional imaging. Data analysis wascon-
ducted from three randomly selected regions of interest 
(ROIs). Each ROI was 200 × 200 pixels (104 × 140  µm) 
and from each ROI (approx. 200 cells/ROI) cells were 
outlined in ImageJ [20, 21]. The intensity data as a func-
tion of time was converted to a MATLAB (R2018b) form 
and analyzed using a script package as in [22]. Each 
cell was categorized in one of the two groups: cells that 
respond by Ca2+ elevation to the ATP stimulus and cells 
that do not respond to it. Responding cells were then fur-
ther analyzed to determine the relative maximum ampli-
tude of the Ca2+ response. 2–5 replicate inserts from 2 
to 3 maturation experiments were measured at both time 
points. In each experiment day, both control inserts and 
inserts after the treatments were measured to overcome 
the possible effect of slight differences in the flow rate 
between experiment days visible in the data as a latency 
difference (see Fig. 5).

Cytokine array kit
Cells were cultured on hanging inserts, and at both time 
point, apical culture media were collected and frozen 
at –  80  °C. Secretion of multiple cytokines was meas-
ured from the collected media with Cytokine array kit 
(ARY005B, R&D Systems). 350 µl of media were used per 
sample and the assay was performed following manufac-
turer’s protocol. Membranes were imaged with Bio-Rad 
X ChemiDoc XRS + with exposure time of 5–11  min 
(exposure time in which the control spots had reached 
maximal grey value were chosen). Intensities of the spots 
within each experiment were compared by using ImageJ 
and the results are presented as bar graphs. 2–4 repli-
cate media samples from 2 biological experiments were 

measured at both time points. Only cytokines whose 
change compared to the control were congruent between 
2 replicates were included.

Statistical analysis
All statistics were performed with Mann–Whitney U 
with GraphPad Prism (version 5.02) test to compare sta-
tistical significances. A p-value of < 0.05 was considered 
statistically significant.

Results
Mitochondria remained active after treatments 
with MG132 and H2O2
To assess functional consequences of the stressors rather 
than cell death, hESC-RPE cells cultured for 3  weeks 
(early maturation status, TER > 160 ohmcm2) or 12 weeks 
(late maturation status, TER > 840 ohm cm2) were treated 
with sublethal concentrations of MG132 or H2O2, as 
previously determined for mature hESC-RPE [23, 24]. 
Mitochondria are important organelles for the cell’s nor-
mal behavior and highly susceptible to oxidative dam-
age. It is known that mitochondrial membrane potential 
decreases  in apoptosis [25]. To evaluate cell viability 
and to analyze the mitochondrial activity, mitochon-
drial membrane potentials were measured. TMRE accu-
mulates to active mitochondria and can be visualized as 
increased fluorescence intensity. The measured intensi-
ties between the control and cells treated with MG132 or 
H2O2 differed significantly at both time points (MG132 
at 3  weeks p = 0.0186 and 12  weeks p < 0.0001, H2O2 
3 weeks p = 0.0039 and 12 weeks p = 0.0210). Cells after 
both treatments and at both time points revealed active 
mitochondria, on average with increased membrane 
potential compared to the control, indicating sublethal 
treatment range for both 3- and 12-week cultures (Fig. 1). 
Interestingly, there was larger variation in the values in 
the treated cells than in the control cells.

hESC‑RPE with early maturation status is more susceptible 
to stress‑induced changes in cellular barriers
The effects of MG132 and H2O2 on hESC-RPE’s bar-
rier properties were assessed by TER measurement and 
immunostainings with anti-ZO-1 and anti-CL19 anti-
bodies. The stressed cells showed lower TER values 
compared to control cells at both time points (Fig.  2). 
However, the impact of the treatments on the tight junc-
tions was larger with the cells of early maturation sta-
tus. The MG132 treated cells had 45% ± 9 lower TER 
values than control cells (p = 0.0001) at the time point 
of 3  weeks. At 12  weeks the MG132 treated cells had 
only 22% ± 5 lower TER values than the control cells 
(p = 0.0002). Similarly, the treatment with H2O2 showed 
significantly lower TER values compared to the control 
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cells at 3  weeks (22% ± 8 decrease, p = 0.0056) but at 
12  weeks the decrease was not statistically significant 
(12% ± 14, p = 0.0825).

Of the tight junction proteins, ZO-1 is associated with 
the junctions from the early maturation process on, and 
its cellular localization was not affected by either of the 
treatments. Claudins, on the other hand, especially CL19 
in RPE cells, are involved in the determination of the 
junctional properties, such as permeability and selectivity 

[26]. In early maturation status of hESC-RPE cells, CL19 
is located on the apical surface whereas in polarized cells 
the localization is shifted to the tight junctions (as seen 
in control cells in Fig.  3). Consistent with the TER val-
ues, hESC-RPE cells treated with both MG132 and H2O2 
showed a shift in the localization of CL19 from the junc-
tions to the cytoplasm with the highest impact seen at 
3 weeks.

Among interepithelial junctions are gap junctions 
that regulate cell–cell communication. Cx43 is a major 
gap junction protein expressed by RPE, and it has been 
reported that protection of RPE cells from oxidative 
stress-induced death is dependent on functional Cx43 
channels [27]. In late maturation status, polarized RPE, 
Cx43 can be visualized as punctuate structures at the 
cell borders. MG132 treatment shifted the localization 
of Cx43 from the junctions to the cell membranes at 
3 weeks, whereas at 12 weeks, the localization remained 
punctuate in junctions, yet, being not detectable in some 
cells. After the H2O2 treatment, the Cx43 localization 
was quite heterogenous, especially at the time point of 
3 weeks. In some cells, Cx43 could not be detected indi-
cating loss of expression, and in some cells the localiza-
tion was shifted to apical membrane or the cytoplasm. At 
12 weeks, Cx43 was accumulated in the apical surface.

In addition to the maintenance of transepithelial gra-
dient, Na+/K+-ATPase has been shown to play a role 
in the function of tight junctions in mammalian cells, 
including RPE [28–30]. Similarly to native RPE, Na+/
K+-ATPase is normally apically polarized in hESC-RPE. 

Fig. 1  Relative intensity of mitochondrial membrane potential 
values at time points of 3 weeks and 12 weeks. MG132 and H2O2 
treated cells were compared to the control cells. FCCP represents a 
negative control compound. Mean of the control was set as 100%. 
Data represents means ± SD values from 13 to 16 replicates. *p < 0.05, 
**p < 0.01 and ***p < 0.001

Fig. 2  a Relative change in TER values induced by the treatment with the stressors for early (3 weeks) and late (12 weeks) maturation status of 
hESC-RPE. Data shows the relative change in TER values before and after the treatments with MG132 and H2O2. Data represents means ± SD 
values from 6 to 14 replicates. Values that differ statistically are shown in the image with asterisks. **p < 0.01 and ***p < 0.001. b Phase contrast 
images of MG132 and H2O2 treatments and untreated hESC-RPE monolayers at time points of 3 weeks and 12 weeks. Images were taken from live 
cultures in inserts immediately after the treatments. At 3-weeks, the pores from the culture inserts are visible since the pigmentation of hESC-RPE 
cells is relatively low. At 12-weeks, hESC-RPE cells have gained pigmentation and therefore the pores are not visible. In addition, the cobblestone 
morphology of the hESC-RPE cells is clearer at 12-weeks compared to 3-weeks. Scale bar is 100 µm
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Fig. 3  Immunofluorescence images of localization of RPE proteins in control, MG132 and H2O2 treated hESC-RPE cells at time points of 3 weeks and 
12 weeks. Each image consists of a laser scanning confocal microscopy z-maximum intensity projection (z-MIP) and yz cross-sections (MIP from 10 
sections). Scale bar is 20 µm
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Na+/K+-ATPase localization after MG132 treatment 
shifted more visibly to the apical membrane at both time 
points. Though, 3-week time point revealed also basolat-
eral localization. H2O2 treatment did not have a major 
impact on the expression nor on the localization of Na+/
K+-ATPase. Despite the changes in the TER, especially 
after MG132 treatment, and expression and localization 
of specific proteins, notable changes in the morphology 
and pigmentation were not observed (Fig. 2b). Morpho-
logical changes were further confirmed with confocal 
imaging (Fig. 3).

hESC‑RPE with early maturation status are susceptible 
to MG132 but not H2O2‑mediated reduction 
in phagocytosis activity
Previously, sublethal oxidative stress has been reported 
to reduce phagocytosis in an immortal RPE cell line 
ARPE19 [31]. Yet, the effect of oxidative stress to phago-
cytosis of hPSC-RPE cells is unknown. The susceptibility 
of hESC-RPE phagocytosis efficiency to cellular stress 
at different maturation stages was examined by expos-
ing the cells to isolated porcine POS for 2 h immediately 
after 24-h MG132 or H2O2 treatments. The number of 
internalized POS particles identified by anti-opsin was 
counted from xz confocal images. Compared to control 
cells, only the MG132 treatment affected the POS intake 
efficiency and only in the 3-week cultured cells, indicative 
of a rather robust nature of the hESC-RPE phagocytic 
machinery, especially at the more advanced maturation 
stage (Fig. 4).

Ca2+ signaling was reduced especially in early maturation 
status after MG132 treatment
We and others have previously shown that examining 
Ca2+ signaling properties is a sensitive method for evalu-
ating the quality and functionality of hPSC-RPE [12, 32]. 
In this study, Ca2+ signaling was analyzed by counting 
the number of cells responding to ATP stimulus by intra-
cellular Ca2+ transients (Additional file  1: Fig.S1a and 
S1b) and calculating the relative amount of the respond-
ing cells (Fig.  5a). In addition, maximum response 
amplitudes as intensities relative to the baseline were 
analyzed. In control cells, ATP-induced Ca2+-responses 
were extensively detected at both time points (3  weeks: 
97% ± 3, 12  weeks: 98% ± 3), although a large variation 
in the maximum amplitudes was  observed at the ear-
lier time point (Fig. 5b) indicating heterogeneity of cells 
in the monolayer. At 12 weeks’ time point, control cells 
were more homogenous regarding the maximum ampli-
tudes (Fig. 5c). At 3 weeks, merely a few percent of cells 
treated with MG132 responded to the ATP stimulus by 
Ca2+ transients (3% ± 3) while at 12 weeks, this number 

was tenfold higher (31% ± 43). Cells treated with H2O2 
showed overall more intracellular Ca2+-activity com-
pared to the MG132 treated cells: At 3 weeks, 43% ± 33 
responded to the ATP stimulus and at 12 weeks, practi-
cally all cells (99% ± 0) responded to the ATP stimulus. 
Representative response curves from both time points 
are illustrated in Fig. 5d, e.

In addition to changes in the percentage of respond-
ing cells, the treatments induced changes in the response 
amplitude as well. At 3 weeks (Fig. 5b), both MG132 and 
H2O2 resulted in significantly lower maximum ampli-
tudes compared to the control cells (p < 0.0001). At 
12 weeks (Fig. 5c), MG132 treated cells remained in sig-
nificantly lower levels in their Ca2+ response amplitudes 
compared to the control cells (p < 0.0001), but the cells 
treated with H2O2 showed no significant difference to the 
controls.

Addition of ATP to the apical side of RPE induces an 
intracellular Ca2+ transient primarily via apical P2Y2 
receptors [16]. In control cells, P2Y2 was detected at the 
apical and lateral membrane at both timepoints (Fig. 5f ). 
Interestingly, both treatments influenced the cellular 
localization of these receptors. At 3 weeks, the treatments 
shifted the localization of P2Y2 away from the apical 
membrane towards the cytoplasm and the cell–cell junc-
tions, especially with the MG132 treatment. At 12 weeks, 
the transition from the apical localization to the cytoplas-
mic was even further enhanced. In addition, the staining 
appeared homogenous around the monolayer in the con-
trol hESC-RPE, whereas the treated cells, especially with 
H2O2, showed heterogenous staining pattern containing 
cells in the monolayer with no P2Y2 protein expression.

Cytokine expression during hESC‑RPE maturation 
and stress induction
Paracrine signaling is an important way for the cells 
to communicate in different situations like inflamma-
tion. Especially in the cases where the ocular immune 
privilege has been disrupted either due to disease or 
surgical intervention, the expression of inflammatory 
cytokines or chemokines by the transplanted cells could 
increase the possibility of graft rejection. In our study, the 
untreated cells secreted a variety of different cytokines at 
both time points (Fig. 6a, b, Additional file 2: Fig. S2a and 
S2b, Additional file 3: Fig. S3a and S3b). Majority of the 
cytokines expressed at 3  weeks were downregulated at 
12 weeks compared to the 3-week time point. Cell popu-
lation with late maturation status revealed downregu-
lated secretion of macrophage migration factor (MIF), 
plasminogen activator inhibitor-1 (Serpin E1/PAI-1) and 
monocyte chemoattractant protein-1 (CCL2/MCP-1) 
compared to cells with early maturation status. Stromal 
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cell-derived factor 1 (CXCL12/SDF-1) was secreted 
only at the time point of 3 weeks. Intracellular adhesion 
molecule 1 (ICAM/CD54) was slightly upregulated at 
12 weeks compared to the 3-week time point.

At the same time, the secretion levels of these 
cytokines were modestly altered after the treatment 
with MG132 or H2O2 (Fig.  6c–f, Additional file  2: 
Fig.  S2c–f ). Notably, expression of IL6 and IL8 were 

revealed only after the treatments. IL6 expression was 
observed repeatedly at the 12-week time point after 
H2O2 treatment (Fig. 6f, Additional file 2: Fig. S2f ) and 
IL8 at the 3-week time point after MG132 treatment.

Fig. 4  Phagocytosis assay of hESC-RPE at time points of 3 weeks and 12 weeks. a Each image consists of a laser scanning confocal microscopy 
z-maximum intensity projection (z-MIP) and xz cross-sections (MIP from 20 sections) with POS particles (opsin staining) shown in green and F-actin 
(phalloidin staining) shown in red. Scale bar is 20 µm. POS particles inside the cells were calculated from xz cross-sections and are shown as b 
number of internalized POS particles per field (total field number 10–15 from 2 to 3 experiments) and c number of internalized POS particles per 
cell. Each field contains ca. 100 cells. Internalized POS particles were calculated as in [12]. Data represent means ± SD. **p < 0.01
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Fig. 5  Ca2+ signaling of control, MG132 and H2O2 treated hESC-RPE cells at time points of 3 and 12 weeks. Images represent a relative number of 
cells that respond to ATP stimulus at both timepoints, and relative maximum amplitudes at timepoints of b 3 weeks and c 12 weeks. Representative 
response curves at the timepoints of d 3 weeks and e 12 weeks. All results are conducted from 2 to 5 measurements. All data represents 
means ± SD. *p < 0.05 and ***p < 0.001. f Representative laser scanning confocal microscopy z-maximum intensity projections (z-MIP) and yz cross 
sections (MIP from 10 sections) of expression and localization of P2Y2 receptor. Scale bar is 20 µm
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Discussion
Transplantation of RPE cells is a potential treatment 
strategy for retinal diseases such as AMD. The ability to 
differentiate RPE from hPSCs has offered a renewable cell 
source for therapeutical applications. For effective treat-
ment, hPSC-RPE must exhibit the physiological charac-
teristics of native human RPE. For therapeutic efficacy, it 
is important that the hPSC-RPE cells remain viable and 
are functional rapidly after transplantation in the chal-
lenging subretinal environment and in the presence of 
several additional stressors e.g. from the transplantation 
procedure itself and the environment of the diseased 
retina. Previously, hESC-RPE cell maturation level has 

been shown to affect their sensitivity to oxidative stress-
induced cell death, however, the maturation status was 
evaluated only based on TER [11]. In addition, matura-
tion level has been shown to affect transplant efficacy, but 
this has been evaluated only using the suspension trans-
plantation approach [10]. In this study, most of the analy-
ses were conducted with PET carriers which allow RPE 
maturation in monolayer format with physiologically 
relevant nutrient flow from the basolateral side and has 
also been used in transplantation setting [33]. We aimed 
to analyze the consequences of sublethal cellular stress 
induced by H2O2 and proteasome inhibitor MG132 to 
hESC-RPE with early versus late maturation status. Based 

Fig. 6  Cytokine secretion of hESC-RPE cells. Intensity levels of secreted cytokines of control cells at a 3 weeks and b 12 weeks. Control values are 
values from membranes within each experiment (n = 2 for 3 weeks and n = 1 for 12 weeks). Intensity levels after MG132 treatment at c 3 weeks and 
d 12 weeks and after H2O2 treatment at e 3 weeks and f 12 weeks. g–i Cytokine array membranes illustrating spot intensities. Replicate experiment 
is shown in Additional file 2: Fig. S2
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on our previous experience with hESC-RPE, expres-
sion and junctional localization of CL19 along with TER 
measurements are good indicators of functional matura-
tion of the cells in culture, proper barrier function being 
a crucial property of RPE. Thus, in the current study, the 
maturation level was chosen mainly using these criteria 
and in accordance with our previous observations, junc-
tional localization of CL19 was observed only after the 
12-week culture time. Exposure to H2O2 is a widely used 
method to cause oxidative stress in cellular models and 
in RPE cells [34]. The ubiquitin-proteasome system on 
the other hand is responsible for degradation of damaged 
or redundant proteins which would otherwise accumu-
late as cellular debris and can be inactivated by oxidative 
stress [35].

Mitochondrial damage is adequate to initiate the 
degeneration of RPE leading to diseases such as AMD 
[36]. Mitochondria react rapidly and reversibly to many 
triggers from inside and outside the cell and have a key 
role for example in the activation of cell death [25]. 
Hence, we initiated this work by measuring the mito-
chondrial membrane potential after the treatment with 
MG132 or H2O2 to evaluate the fatality of the treat-
ments, since mitochondrial membrane potential should 
decrease or cease in cell death [25]. Neither treatment 
showed signs of membrane potential decrease indicating 
that the treatments were not fatal to the cells. However, 
mitochondria protect themselves and other cellular com-
ponents from oxygen damage [34] by activating defense 
mechanisms in response to cellular stressors. The sub-
sequent increase in the need for energy could explain 
the increase in the mitochondrial membrane potential 
observed after the treatments. However, as cell popula-
tions are heterogenous in their responses, variation in the 
treated cells was large and included cells with remarkably 
lower membrane potentials compared to control.

RPE acts as a barrier between the choroid and subreti-
nal space which is needed for proper neural homeostasis 
[37]. Tight junctional complexes between neighboring 
RPE cells ensure the proper functioning of this barrier. 
Tight junctions form in the apical periphery of contact-
ing cells mediating the diffusion from the choroid to the 
subretinal space and vice versa. ZO1 and especially CL19 
are responsible for the formation of the tight junction 
barrier in RPE and thereby take part in the modulation 
of transepithelial diffusion [38]. Disruption of this barrier 
enables an uncontrollable leakage of molecules and nutri-
ents [37]. Transepithelial barrier can be measured with 
TER that we have previously shown to slowly increase 
during maturation as the tight junctions mature [12]. In 
addition, induction of oxidative stress has been shown 
to reduce TER which is usually a result of cell death [11, 
24, 39]. In this study, as the TER reduced dramatically 

at 3  weeks after MG132 treatment, but the mitochon-
drial activity did not indicate cell death, tight junctions 
were analyzed in more detail. CL19 subcellular localiza-
tion was altered at both time points with both chemical 
treatments, especially at 3 weeks after MG132 treatment. 
While CL19 localization was altered, the localization 
of ZO1 remained intact. Previously, Liu et  al. [26] have 
demonstrated that CL19 knockdown has a similar effect 
with reduced TER and ZO1 remaining associated to api-
cal junctional complex. Knockdown of CL19 has also 
been shown to affect phagocytosis [26], and similarly, 
in our study, the most pronounced reductions in CL19 
junctional localization and in phagocytosis activity were 
correlated. Knockdown of CL19 reduced the rate of deg-
radation but not binding or ingestion of POS in hiPSC-
RPE [26]. However, in our study, the phagocytosis rate 
was analyzed after a short, 2-h incubation with POS, 
suggesting that the detected reduction in phagocytosis 
is more likely to reflect earlier events such as POS bind-
ing and/or internalization than degradation. Malfunc-
tions in phagocytosis can lead to accumulation of POS 
particles and lipofuscin which together generate an enor-
mous amount of reactive oxygen species (ROS) [26, 40]. 
One cause for the initiation of AMD is suggested to be 
the inability of RPE cells to demolish ROS [24]. Interest-
ingly, in the study by Liu et al. [26], knockdown of CL19 
activated AMPK, a protein kinase known to be activated 
by oxidative stress and linked to MER tyrosine kinase 
(MERTK) inactivation and inhibition of the internaliza-
tion of POS in ARPE19 cells [41]. In the current study, 
phagocytosis was only reduced at 3-week time point 
and only with the MG132 treated cells. MG132 has been 
shown to activate AMPK in several cell types which were 
diminished by antioxidants [42], potentially suggesting a 
more developed antioxidant defense system in the more 
mature hESC-RPE at the 12-week time point.

In addition to tight and adherent junctions, cell–cell 
contacts in RPE consist of gap junctions. The gap junc-
tions are formed by hemichannels, the basic components 
of which are connexins, Cx43 being the most widely 
expressed [27]. In the control hESC-RPE, Cx43 was local-
ized in a similar manner on the apical and intercellular 
membrane than previously reported for mouse RPE and 
ARPE19 cells [43]. Cx43 has been suggested to have a 
protective role against oxidative stress, also in RPE cells 
where Cx43 knockdown increased the susceptibility of 
ARPE19 cells to oxidative stress-induced cell death [27, 
44]. Oxidative stress was reported to alter the expression 
and subcellular localization of Cx43 in RPE by increas-
ing its cytoplasmic aggregation, as was also seen in our 
study, especially in the cells with early maturation status 
followed by MG132 treatment and cells with late matu-
ration status after H2O2 treatment. Connexins have a 
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half-life of only a few hours and depending on their stage 
of assembly, connexins can be degraded through different 
pathways [45]. In many cell types, treatment with protea-
somal inhibitors leads to an increase in Cx43 immuno-
reactivity aggregates suggesting a role for proteasomes 
in the degradation of gap junctions. Gap junctions are 
also degraded via autophagy, an important homeostatic 
mechanism shown to be functional in hESC-RPE [23]. 
In many cell types, including RPE, proteasome inhibi-
tion seems to upregulate autophagy [46]. Although the 
maturation rate of the autophagic machinery in hESC-
RPE during differentiation is not yet known, immature 
autophagy at the 3-week time point could at least partly 
explain the accumulation of Cx43 in the cells with early 
maturation status after MG132 treatment compared to 
the more mature hESC-RPE.

Na+/K+-ATPase maintains the transepithelial gradi-
ent [28]. In this study, the expression and apical localiza-
tion of Na+/K+-ATPase were increased after the MG132 
treatment. Proteins localized to plasma membranes are 
degraded via endocytosis but proteasomal inhibitors are 
known to inhibit endocytosis as well as degradation of 
proteins [47, 48]. The halftime of plasma membrane Na+/
K+-ATPase in alveolar epithelium is 4 h [47]. Assuming 
that the regulation of Na+/K+-ATPase life cycle in RPE 
is similar, accumulation of Na+/K+-ATPase in the api-
cal membrane within the timeframe of 24-h MG132 
incubation can be perceived due to the malfunctions in 
endocytosis.

Purinergic signaling is important for the integrative 
functions of the retina and RPE. Intact ATP signaling 
can be considered as one key indicator of the hPSC-
RPE authenticity, a prerequisite for the successful out-
come of RPE transplantation therapy [32]. With our 
previously developed analysis tools for Ca2+ imaging 
[22], control cells demonstrated the ability to respond 
to the ATP stimulus already at the earlier time point. 
Further analysis revealed that the Ca2+ responses of the 
hESC-RPE with late maturation status cells were less 
exposed to the treatments compared to the population 
with early maturation status. The treatments affected 
the hESC-RPE cells so that the ability to respond was 
lost or the response was weaker compared to the con-
trol cells. We have previously shown that the higher 
maturation level increases the response amplitudes 
[12], although in this study, the maximum amplitudes 
were lower at 12  weeks compared to the cells with 
early maturation status. The comparison of the differ-
ent maturation levels in Viheriälä et  al. [12] was only 
4  weeks, and in this study, the comparison is 9  weeks 
with completely different maturation levels. We also 
want to highlight that the increased pigmentation at 
12  weeks can hinder the detection of the fluorescence 

signal, thus influencing the observed maximum ampli-
tudes. In addition, the expression of the P2Y2 receptor 
was increased during maturation suggesting that the 
low maximum amplitudes in control cells at 12  weeks 
were not due to compromised expression levels of the 
P2Y2. However, the receptor was preserved better after 
the treatments at the 12 weeks, which could explain the 
better responses after the treatments at this time point. 
Differences in Ca2+ responses between MG132 and 
H2O2 treated cells could be, at least partly, explained by 
the P2Y2 localization (Fig. 5f ) which shifts from apical 
to more cytoplasmic, especially after the MG132 treat-
ment at both time points.

RPE cells are known to be involved in immune 
responses and thereby secrete several immunomodu-
latory cytokines under normal conditions of the ret-
ina [49]. Their production is tightly regulated and 
can be modulated via various stimuli such as patho-
gens or other cytokines [50]. In addition, in some dis-
eases like AMD, secretion of cytokines is dramatically 
upregulated [50]. RPE transplantation also has a risk 
of intraocular complications associated with inflam-
mation and elevated levels of cytokines such as IFN-γ 
which is known to lead to upregulation of HLA-II 
expression in hPSC-RPE cells and immune reactions in 
HLA mismatched recipients [51–53]. Of the cytokines 
studied here, the untreated cells secreted CXCL-12/
SDF-1, MIF, Serpin-1/PAI-1, CCL2/MCP-1, and ICAM/
CD54, from which the CXCL-12/SDF-1 were secreted 
only at 3 weeks. In addition, IL6 and IL8 were secreted 
only after the treatments. Production of some of these 
cytokines by either primary or hPSC-RPE has been 
reported also previously by others [53, 54]. Being pro-
inflammatory, these cytokines serve as important ini-
tiative signals for protective inflammation against 
pathogens. However, in the context of cell therapy, their 
secretion may increase the risk of graft rejection by 
e.g. chemoattraction of immune cells (CXCL12/SDF-1 
[55], CCL2/MCP-1 [56], IL8 [56]) or influence angio-
genesis (Serpin-1/PAI-1 [57], CCL2/MCP-1 [56]). The 
expression of CCL2/MCP-1 was downregulated after 
the MG132 treatment at both time points as has been 
shown previously for RPE by Liu et  al. [58]. Secretion 
of MIF has been connected to proliferative vitreoretin-
opathy [39] and it has been shown to enhance migra-
tion and proliferation of RPE cells [59]. Interestingly, 
in two AMD patients treated with hESC-RPE, spread-
ing of the pigmented area outward of the graft was 
noticed, potentially indicating migration of the hESC-
RPE off the patch [6]. Of note, in our study, secretion 
of IL6, a mediator both in acute and chronic inflamma-
tory responses, was expressed only after the treatment 
with H2O2 at both time points. In addition, IL8 was 
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expressed only after the MG132 treatment at 3-week 
time point. These findings are consistent with the ear-
lier studies where have been shown the expression of 
IL6 and IL8 to be upregulated after the stimulation of 
H2O2 or MG132 [58, 60]. Despite the reported immu-
nosuppressive properties of RPE cells, the production 
and induction of several proinflammatory molecules by 
hESC-RPE suggests that the use of immunosuppression 
in their transplantation is still essential [51].

RPE cells have robust defense mechanisms against 
oxidative stress, including pigmentation and efficient 
antioxidant and degradation systems [3], protecting e.g. 
tight junctions and therefore preventing the loss of criti-
cal RPE functions such as barrier integrity. The findings 
in the current study suggest that the development or 
maturation of these protective measures appears to cor-
relate with the maturation of tight junctions and takes 
several weeks in hESC-RPE, rendering hESC-RPE with 
early maturation status vulnerable to even sublethal 
cell stress, potentially impairing critical RPE functions 
post-transplantation.

Conclusions
Based on the analyses conducted in this study, the hESC-
RPE cells showed improved tolerance to cellular stress 
at the culture age of 12 weeks in comparison to 3 weeks. 
Toleration to cellular stress was studied with treatments 
of chemical stressors MG132 or H2O2. Treatments 
affected various hESC-RPE functional properties such as 
cellular barrier, rate of phagocytosis, Ca2+ signaling, and 
cytokine secretion. From these analyses, TER, phagocy-
tosis, and Ca2+ signaling properties were reduced, and 
CL19 localization was shifted from apical to cytoplasmic 
at 3-week time point compared to 12  weeks, especially 
after MG132 treatment. Our results suggest the superior-
ity of the more mature hESC-RPE population for success-
ful cell therapy.
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ABSTRACT

Retinal pigment epithelium (RPE) performs important functions for the maintenance of photorecep-
tors and vision. Malfunctions within the RPE are implicated in several retinal diseases for which
transplantations of stem cell-derived RPE are promising treatment options. Their success, however, is
largely dependent on the functionality of the transplanted cells. This requires correct cellular physiol-
ogy, which is highly influenced by the various ion channels of RPE, including voltage-gated Ca2+ (CaV)
channels. This study investigated the localization and functionality of CaV channels in human embry-
onic stem cell (hESC)-derived RPE. Whole-cell patch-clamp recordings from these cells revealed slowly
inactivating L-type currents comparable to freshly isolated mouse RPE. Some hESC-RPE cells also car-
ried fast transient T-type resembling currents. These findings were confirmed by immunostainings
from both hESC- and mouse RPE that showed the presence of the L-type Ca2+ channels CaV1.2 and
CaV1.3 as well as the T-type Ca2+ channels CaV3.1 and CaV3.2. The localization of the major subtype,
CaV1.3, changed during hESC-RPE maturation co-localizing with pericentrin to the base of the primary
cilium before reaching more homogeneous membrane localization comparable to mouse RPE. Based
on functional assessment, the L-type Ca2+ channels participated in the regulation of vascular endo-
thelial growth factor secretion as well as in the phagocytosis of photoreceptor outer segments in
hESC-RPE. Overall, this study demonstrates that a functional machinery of voltage-gated Ca2+ chan-
nels is present in mature hESC-RPE, which is promising for the success of transplantation therapies.
STEM CELLS TRANSLATIONAL MEDICINE 2019;8:179–193

SIGNIFICANCE STATEMENT

Human stem cells provide a promising cell source for the replacement of diseased retinal pigment
epithelium (RPE) in the eye, and several clinical trials with cell transplantations are ongoing. The
success of these therapies is largely dependent on the correct functionality of the transplanted
cells. Still, cellular ion channels, vital for the proper RPE physiology, are inadequately character-
ized in stem cell-derived RPE. The results of this study demonstrate the presence and functional-
ity of voltage-gated Ca2+ channels in mature human embryonic stem cell-derived RPE similar to
native RPE, and provide insight into their physiological relevance. This work is a significant contri-
bution toward a more detailed functionality confirmation of stem cell-derived RPE.

INTRODUCTION

Retinal pigment epithelium (RPE) is a mono-
layer of polarized cells located in the back of
the eye between the photoreceptors and the
choroid, and forms a part of the blood-retinal-
barrier [1]. As a barrier, RPE regulates the
transport of nutrients and ions between the
bloodstream and the subretinal space. In addi-
tion, RPE performs essential functions for
vision such as phagocytosis, secretion, visual
cycle, and light absorption (reviewed in [2]).

RPE also plays a critical role in the pathogene-
sis of several degenerative eye diseases such
as age-related macular degeneration (AMD) [3]
that is the leading cause of vision loss and
blindness among the elderly worldwide [4].
Stem cells provide potential for the develop-
ment of transplantation therapies producing a
limitless source of RPE cells for the treatment
of AMD and other RPE-originated retinal dys-
trophies [5]. Remarkably, such therapies are
already being subjected to clinical trials for
AMD and Stargardt’s macular dystrophy [6–21]
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as well as to several preclinical trials [5, 22–28]. Stem cell-
derived RPE has been demonstrated to resemble native tissue
in many respects: it has been shown to have a proteome closely
similar to the native counterpart [29], phagocytose photorecep-
tor outer segment (POS) fragments [27, 28, 30–32], secrete vas-
cular endothelial growth factor (VEGF) [32–34], and participate
in the functional visual cycle [35, 36]. However, much is still not
understood about the genetic characteristics of stem cell-derived
RPE [37] or its behavior after transplantation [38]. Furthermore,
there is only limited information about the functionality of ion
channels [33] and Ca2+ signaling [31, 39, 40] in stem cell-derived
RPE. In particular, studies about the voltage-gated Ca2+ (CaV)
channels in these cells are lacking.

The correct operation of CaV channels is required in order
for the stem cell-derived RPE to perform its critical functions
in therapeutic use, since many of the important RPE functions
are related to changes in intracellular Ca2+ concentration [2].
L-type Ca2+ channels have been identified in cultured and
native RPE [41–55], where they participate in the transport of
ions and water [42] as well as the regulation of POS phagocy-
tosis [41], VEGF secretion [43], and RPE differentiation [2]. On
the other hand, the malfunctioning of L-type Ca2+ channels in
RPE has been linked to the pathogenesis of certain degenera-
tive eye diseases [45, 56]. Of the L-type Ca2+ channels, RPE
has been shown to express the subtypes CaV1.1–1.3 [46] with
several studies suggesting that subtype CaV1.3 is the primary
contributor to RPE physiology [41, 43, 46, 50–55]. Of the T-
type Ca2+ channels, RPE has been reported to express the sub-
types CaV3.1 and CaV3.3, and it has been speculated that these
channels participate in the regulation of VEGF secretion [46].
To date, α subtypes of the third subfamily CaV2.x have not
been detected in RPE [46]. It is, however, unclear whether this
impressive machinery of Ca2+ channels is present in stem cell-
derived RPE, and raises a question about the resemblance of
human embryonic stem cell (hESC)-derived RPE to native RPE.

To address this issue, we investigated the functionality and
localization profile of CaV channels in hESC-RPE. Here, we pre-
sent our patch-clamp recordings that reveal slowly inactivating
L-type currents in hESC-RPE that are similar to native RPE.
In some hESC-RPE cells, fast transient currents that resemble
T-type currents were also recorded. When compared with
mouse tissue, there were similarities, as well as certain differ-
ences, in the localization of CaV channels in hESC-RPE. With
regard to physiology, we show that L-type Ca2+ channels par-
ticipate in POS phagocytosis and the regulation of VEGF secre-
tion in hESC-RPE. Overall, our results suggest that a functional
machinery of voltage-gated Ca2+ channels is present in hESC-
RPE, and thus strengthen the potential of stem cell-derived
RPE in transplantation therapies.

MATERIALS AND METHODS

Culture of hESC-RPE

In this study, we used the previously derived hESC lines
Regea08/023, Regea08/017, and Regea11/013 [57]. The
undifferentiated hESCs were maintained, cultured, and sponta-
neously differentiated as described before [58]. After approxi-
mately 72–124 days of differentiation in the suspension culture,
the pigmented areas of the floating aggregates were manually
separated. The pigmented cell clusters were dissociated with

TrypLE Select (Invitrogen, UK) and seeded onto Collagen IV
(5 μg/cm2, Sigma-Aldrich, St. Louis, MO) coated 24-well cell cul-
ture plates (Corning CellBIND; Corning, Inc., Corning, NY) with a
density of 5.5 × 105 cells/cm2. The cells were cultured for
approximately 22–73 days, and cells from several independent
differentiation batches were used for the study.

The cells were passaged with a density of 2.5 × 105

cells/cm2 onto polyethylene terephthalate coated hanging cul-
ture inserts (pore size 1 μm, Merck Millipore) treated with Col-
lagen IV (10 μg/cm2, Sigma-Aldrich) or with Collagen IV and
laminin (1.8 μg/cm2, LN521, Biolamina, Sweden). The cultures
became confluent in 5 days on inserts, after which they were
further cultured until mature monolayers were obtained (days
post-confluence presented in each figure legend). For single
cell patch-clamp experiments, the cells were detached from
the inserts with TrypLE Select and let to adhere on cover slips
treated with poly-L-lysine (Sigma-Aldrich).

Isolation of Mouse RPE

We used C57BL/6 mice at the age of 8–12 weeks where the
development and maturation of RPE had been completed [59].
The mice were euthanized by CO2 inhalation and cervical dislo-
cation. The eyes were then enucleated and bisected along the
equator. The eyecups were sectioned in Ames’ solution
(Sigma-Aldrich) with 10 mM HEPES and pH adjusted to 7.4,
and the retina was gently removed leaving the RPE firmly
attached to the eyecup. To isolate the RPE cells for patch-
clamp recordings, the eyecup was incubated at 37�C in 5%
CO2 either in TrypLE Select for 15 minutes or in a solution con-
taining (in mM) 135 TeaCl, 5 KCl, 10 HEPES, 3 EDTA-KOH,
10 glucose, and 25 U/ml activated papain (Sigma-Aldrich) for
30 minutes. After this, the eyecups were washed in the HEPES
buffered Ames’ solution supplemented with 1% bovine serum
albumin (BSA; Sigma-Aldrich). The RPE was collected by gentle
trituration, stored at 37�C in 5% CO2 in the RPE culture
medium and measured within 6 hours.

Ethical Issues

Approval for research with human embryos was given by the
National Authority for Medicolegal Affairs, Finland (Dnro
1426/32/300/05). A supportive statement was received from
the Local Ethics Committee of the Pirkanmaa Hospital District,
Finland to derive and expand hESC lines from surplus embryos,
and to use these cell lines for research purposes (R05116). No
new cell lines were derived in this study. The procedures car-
ried out with C57BL/6 mice were in accordance with the ARVO
Statement for the Use of Animals in Ophthalmic and Vision
Research and the Finnish Animal Welfare Act 1986.

Patch-Clamp Recordings

Patch-clamp recordings were performed at room temperature
(RT) on single hESC-RPE and mouse RPE cells. Ionic currents
were recorded using the standard patch-clamp technique in
whole-cell configuration. To minimize potassium currents, patch
pipettes (resistance 4–8 MΩ) were filled with a cesium based
internal solution containing (in mM) 83 CsCH3SO3, 25 CsCl, 5.5
EGTA, 0.5 CaCl2, 4 ATP-Mg, 0.1 GTP-Na, 10 HEPES, and 5 NaCl;
pH was adjusted to ~7.2 with CsOH and osmolarity was adjusted
to ~290 mOsm with sucrose. The internal solution contained
2 mM lidocaine N-ethyl chloride (Sigma-Aldrich) to exclude the
possibility of the measured fast transient currents being carried
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by sodium [60]. The tissue was perfused with a control exter-
nal solution containing (in mM): 120 NaCl, 5 TeaCl, 1.1 CaCl2,
1.2 MgCl2, 10 HEPES, 5 glucose, and 10 BaCl2. pH was adjusted
to 7.4 with NaOH and the osmolarity was set to ~305 mOsm
with sucrose. In some experiments, the BaCl2 concentration
was decreased to 1 mM, and this was compensated by increasing
the NaCl concentration to 130 mM. In the experiments that used
Ca2+ channel modulators, the control bath solution contained
L-type Ca2+ channel activator 10 μM (-)BayK8644 (Sigma-Aldrich)
or L-type Ca2+ channel inhibitor 10 μM nifedipine (Sigma-Aldrich).
The recordings were made in voltage-clamp mode using the
Axopatch200B patch-clamp amplifier connected to an acquisi-
tion computer via AD/DA Digidata1440 (Molecular Devices,
CA). Potentials were corrected for a 10 mV liquid junction
potential during data analysis. Access resistance was <25 MΩ
and membrane resistance was >300 MΩ. The membrane
capacitance was 33 � 5 pF (mean � SEM, n = 9) for hESC-RPE
cells and 23 � 3 pF (mean � SEM, n = 3) for mouse RPE cells.
The depletion of the currents in hESC-RPE cells in whole-cell
configuration was −11 � 3% during 19 � 5 minutes (mean �
SEM, n = 3) measured using a 50 ms voltage step from −100
to 10 mV. The measurements lasted for a shorter time than
that of depletion. Current–voltage (IV)-curves were obtained
from the peak value of the current at given voltages. Conduc-
tance (G) was calculated as G = I/(V–VR), where VR is the
reversal potential.

Indirect Immunofluorescence Staining

For immunofluorescence staining, hESC-RPE monolayers and
mouse RPE eyecups were fixed for 15 minutes with 4% parafor-
maldehyde. The hESC-RPE monolayers and mouse RPE eyecup
whole mount preparations were permeabilized by 15 minutes
incubation in 0.1% Triton X-100 (Sigma-Aldrich) at RT. This was
followed by incubation with 3% BSA in phosphate-buffered
saline (PBS) (Sigma-Aldrich) at RT for 1 hour. Primary antibodies
for CaV1.1, CaV1.2, CaV1.3, CaV3.1, CaV3.2, CaV3.3 (1:100; Alo-
mone Labs, Jerusalem, Israel), cellular retinaldehyde-binding
protein (CRALBP; 1:500; Abcam, UK), zonula occludens (ZO-1;
1:50; Life Technologies), claudin-3 (1:80; Thermo Fisher Scien-
tific), ezrin (1:100; Abcam, UK), acetylated α-tubulin (1:1,000;
Sigma-Aldrich), and pericentrin (PCNT; 1:200; Abcam, UK) were
diluted in 3% BSA-PBS and incubated for 1 hour at RT. The sam-
ples were then washed four times with PBS, followed by 1 hour
incubation at RT with the secondary antibodies donkey anti-
rabbit or anti-mouse Alexa Fluor 488 and donkey anti-rabbit or
anti-mouse Alexa Fluor 568 (1:200; Life Technologies) as well as
goat anti-rabbit or anti-mouse Alexa Fluor 488 and goat anti-
mouse Alexa Fluor 568 (1:200; Thermo Fisher Scientific) diluted
in 3% BSA-PBS. Phalloidin was visualized using Phalloidin-Atto
633 (1:100; Sigma-Aldrich), an Alexa Fluor 568 conjugate (1:400;
Sigma-Aldrich) or an Alexa Fluor 647 conjugate (1:50; Life Tech-
nologies). The washes with PBS were repeated and the nuclei
were stained with the 40,6-diamidino-2-phenylidole included in
the mounting medium (Life Technologies).

For paraffin embedded vertical sections, the hESC-RPE
monolayers and mouse eyecups with retina attached were
infused in paraffin blocks and cut into 7 μm vertical sections
with a Leica SM2000 R or Leica SM2010 R sliding microtome
(Leica Biosystems). The sections were then attached on glass
coverslides by 1 hour incubation at 60�C. The samples were
deparaffinized and hydrolyzed using xylene and ethanol series.

Antigen retrieval was carried out by microwaving the samples
in 10 mM sodium citrate in 0.05% Tween20 (Sigma Aldrich).
The samples were blocked using 10% donkey serum and 5%
BSA in tris-buffered saline (TBS) for 1 hour at 37�C. After this,
they were washed twice in 0.02% Tween20-TBS. The CaV pri-
mary antibodies listed above, as well as Na+/K+-ATPase (1:200;
Abcam) and Bestrophin-1 (1:500; Lagen laboratories) were
diluted in 1% BSA-TBS and incubated overnight at 4�C. The
samples were then washed twice with 0.02% Tween20-TBS.
The secondary antibodies introduced above were diluted with
1% BSA-TBS and incubated for 1 hour at RT, followed by two
washes and mounting as described above.

Confocal Microscopy and Image Processing

Confocal microscopy was performed with a Zeiss LSM780 or
LSM700 laser scanning confocal microscope (LSCM) on an
inverted Zeiss Cell Observer microscope (Zeiss, Jena, Germany)
and Plan-Apochromat ×63/1.4 oil immersion objective. Voxel
size was set to x = y = 66 nm and z = 100–200 nm and image
size to 512 × 512 or 1,024 × 1,024 pixels. Reflection imaging
was conducted by collecting light from the 488 nm laser line by
using 20/80 dichroic beam splitter and 480–492 nm emission
window at the photomultiplier tube detector. The images were
saved in czi-format and processed with ImageJ [61], adjusting
only brightness and contrast, and panels were assembled using
Adobe Photoshop CS6 (Adobe Systems, San Jose).

Pulse-Chase Phagocytosis Assay

Mature hESC-RPE monolayers on culture inserts were pre-
incubated for 24 hours at 37�C in the control medium or in the
presence of the L-type CaV modulators 10 μM (-)BayK8644, or
10 μM nifedipine, or T-type CaV inhibitor 5 μM ML218 (Sigma-
Aldrich). For phagocytosis assay, POS fragments were isolated
and purified from fresh porcine eyes obtained from a local
slaughterhouse as described before [58, 62]. The POS particles
were suspended to 10% fetal bovine serum (FBS) containing
medium in control or in one of the drug containing conditions.
In the pulse stage, equal amounts of POS containing media were
added on the apical sides of the hESC-RPE inserts and incubated
for 30 minutes at 37�C. For the chase stage, the media were
changed back to 10% FBS medium with or without the drugs,
and the hESC-RPE inserts were further incubated for 2 hours at
37�C. After this, the samples were fixed and stained as described
above using the primary antibodies opsin (1:200; Sigma Aldrich)
and ZO-1. The samples were imaged using the Zeiss LSM780
LSCM as described above but by imaging large random fields.
The number of bound and internalized POS particles that were
larger than 1 μm in diameter, were counted from maximum
intensity projection images after performing Gaussian blur using
ImageJ. The assay was performed with three inserts in each con-
dition and data from 5 to 6 images from each of the three
inserts was pooled together resulting in n = 15–16.

Enzyme-Linked Immunosorbent Assay for VEGF
Secretion

Secretion of VEGF by mature hESC-RPE was assessed with a
commercially available human VEGF Quantikine enzyme-linked
immunosorbent assay (ELISA) kit (R&D Systems, MN) according
to the manufacturer’s instructions. Briefly, the polarized VEGF
secretion in control conditions was studied by collecting medium
samples separately from the apical and basolateral sides of the
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insert after 24 hours incubation with three replicates. To test
the effect of CaV channel modulators on VEGF secretion, we
measured the total VEGF concentration secreted through both
apical and basolateral cell membranes. The inserts were incu-
bated 24 hours in different pharmacological conditions: in 1%
FBS medium in control conditions, or in this medium together
with 10 μM (-)BayK8644, 10 μM nifedipine or 5 μM ML218
with eight to nine replicates. The VEGF concentration from the
collected medium samples was normalized to the number of
cells based on cell counting under the Zeiss LSM780 LSCM
using ×20 or ×63 objective.

Statistical Analysis

The data is stated as mean � SEM (n, p), where n refers to the
number of samples used to generate the data set and p refers
to statistical significance. The data was tested for normality using
the Shapiro–Wilk normality test. Some of the data sets did not
meet the normality criteria. Thus, a pair-wise comparison of the
test conditions to control condition was conducted using non-
parametric Mann-Whitney U test to confirm the possible statisti-
cal significance between the experimental conditions.

RESULTS

Currents Through Voltage-Gated Ca2+ Channels in
hESC-RPE

In control conditions with 10 mM extracellular Ba2+, whole-cell
voltage clamp recordings revealed voltage-gated currents in
single hESC-RPE cells (Fig. 1A) dissociated from a mature RPE
monolayer (Fig. 1B). In response to a 50 ms voltage pulse from
−80 to 60 mV in 10 mV steps, nine cells showed slowly or non-
inactivating currents (Fig. 1C). Based on the normalized and
averaged IV-curve (n = 9), the current activated at low poten-
tials reaching maximum at 10 mV (Fig. 1D). The normalized and
averaged GV-curve showed half maximum conductance at
−7 � 3 mV (n = 9) (Fig. 1E). Typical to L-type Ca2+ channels
[47, 48], diminishing the Ba2+ content from 10 to 1 mM
decreased the maximum current density from 2.4 � 0.5
pA�pF−1 (n = 9) to 1.3 � 0.3 pA�pF−1 (n = 7) (Fig. 1F). In addi-
tion, three cells showed fast transient currents (Fig. 1G) with
inactivation time constant 6 � 1 ms (n = 3). The current pattern
indicated that hESC-RPE is likely to express both slowly inacti-
vating L-type currents and fast inactivating T-type resembling
currents. However, a detailed characterization of the fast inacti-
vating currents was not possible as will be discussed later.

The Effects of L-Type Ca2+ Channel Activator and
Inhibitor

The effects of (-)BayK8644 and nifedipine, well-characterized
activator and inhibitor of the L-type Ca2+ channels, were tested
for the slowly inactivating currents. These currents were
increased by 10 μM (-)BayK8644 (Fig. 2A, 2C) and decreased
by 10 μM nifedipine (Fig. 2B, 2D). Comparison with the control
current at maximum amplitude revealed that the slowly inacti-
vating current increased after (-)BayK8644 application by
80 � 9% (n = 3, p < .05) (Fig. 2E) and decreased after nifedi-
pine application by 56 � 5% (n = 4, p < .05) (Fig. 2F). Both
effects were statistically significant. These recordings confirm
that the slowly inactivating currents were carried by the L-type
Ca2+ channels.

Localization of Voltage-Gated Ca2+ Channels in
hESC-RPE

To evaluate the localization of the CaV channels detected in the
patch-clamp measurements in hESC-RPE, we performed anti-
body labeling against the L-type Ca2+ channels CaV1.1-CaV1.3
and the T-type Ca2+ channels CaV3.1-CaV3.3, together with
markers for actin cytoskeleton, RPE maturity, and polarization.
The hESC-RPE showed a typical expression of CRALBP (Fig. 3A)
and Na+/K+-ATPase (Fig. 3F) on the apical side of the monolayer,
as well as Bestrophin-1 primarily on the basolateral side (Fig. 3F).
Zonula occludens (ZO-1) (Fig. 3B) and claudin-3 (Fig. 3C) co-
localized on the cell–cell junctions with the circumferential
bands of actin (phalloidin), characteristic to mature RPE [63].
This data, together with the TER value of over 200 Ω cm2,
strong pigmentation and cobblestone morphology (see Fig. 1B),
indicate the maturity and polarization of our hESC-RPE.

The most prominent staining in hESC-RPE monolayers was
detected for the subtypes CaV1.3 and CaV3.1, both localizing
strongly at the apical membrane (Fig. 3D, 3E). Staining of these
subtypes together with RPE microvilli marker ezrin revealed the
localization of CaV1.3 right below the microvilli (Supporting
Information Fig. S1A) and CaV3.1 at the microvilli (Supporting
Information Fig. S1B). Since pigmentation hinders the visualiza-
tion of the basolateral side (see yz confocal sections in Fig. 3),
we performed immunostainings on paraffin embedded vertical
sections of the hESC-RPE. This confirmed the apical localization
of the subtypes CaV1.3 (Fig. 3H) and CaV3.1 (Fig. 3I) and
revealed a pronounced basolateral localization of CaV1.3
(Fig. 3H). Furthermore, in hESC-RPE, we observed basolateral
localization of CaV1.2 (Fig. 3G), and basolateral and junctional
localization of CaV3.2 (Fig. 3J). The CaV1.1 and CaV3.3 subtypes
were not detected (data not shown).

Voltage-Gated Ca2+ Channels in Mouse RPE

To compare the currents through voltage-gated Ca2+ channels in
hESC-RPE with native tissue, patch-clamp recordings were per-
formed from the cells of freshly isolated mouse RPE (Fig. 4).
An investigation of currents in whole-cell configuration as a
response to series of depolarizing voltage steps from −80 to
+60 mV revealed slowly inactivating currents in the recordings
(Fig. 4A). The currents activated at low potentials reaching the
maximum at 20 mV in the normalized and averaged IV-curve
(n = 4) (Fig. 4B). The half maximum conductance was reached at
−6 � 3 mV (n = 4) based on the normalized and averaged GV-
curve (Fig. 4C). The maximum current density of the slowly inacti-
vating current was 2.3 � 0.6 pA�pF−1 (n = 4). Thus, the current
characteristics of the voltage-gated Ca2+ channels in mouse RPE
were comparable to those we identified in hESC-RPE.

Antibody labeling, similar to hESC-RPE, was performed on
mouse RPE-eyecup whole mount preparations (Fig. 4D, 4E,
Supporting Information Fig. S1C, S1D) and vertical sections of
paraffin embedded eyecups (Fig. 4F–4I). The channel localiza-
tion in mouse RPE followed similar characteristics as in hESC-
RPE with the exception that the apically localized CaV3.1 was
also detected at the basolateral side in mouse RPE (Fig. 4H).
Furthermore, it is worth pointing out, that the uniform apical
staining profile of CaV1.3 observed in hESC-RPE (Fig. 3D, 3H,
Supporting Information Fig. S1A) was especially strongly
detected in mouse RPE (Fig. 4D, 4G, Supporting Information
Fig. S1C).
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VEGF Secretion in hESC-RPE

In hESC-RPE, characteristic to RPE physiology, VEGF secretion
was polarized. Consistent with this, we found that the amount
of VEGF secreted after a 24 hour incubation in control conditions

was 588 � 37 pg/105 cells to the apical side and 1,290 �
38 pg/105 cells to the basolateral side (n = 3). Since the L-type
Ca2+ channels have been reported to play an important role in
VEGF secretion [43], we investigated the effect of their

Figure 1. Voltage-gated currents in hESC-RPE. Examples of bright-field microscopy images of (A) a single hESC-RPE cell showing pigmen-
ted apical and non-pigmented basal sides and (B) a mature hESC-RPE monolayer with representative RPE morphology, scale bars 10 μm.
Whole-cell voltage clamp recordings were carried out from single hESC-RPE cells. (C): A typical example of the slowly inactivating current
elicited by 50 ms voltage steps from −80 to +60 mV in 10 mV increments. Normalized and averaged (D) IV-curve and (E) GV-curve of the
slowly inactivating current (mean � SEM, n = 9, cell lines 08/017 and 08/023, days post-confluence 73–128). (F): Averaged maximum cur-
rent densities (obtained at 10 mV) of the slowly inactivating current in 10 mM Ba2+ (n = 9) and in 1 mM Ba2+ (n = 7, cell lines 08/017 and
08/023, days post-confluence 109–127). The difference in the current densities was statistically significant. (G): A typical example of the
fast inactivating current elicited by 50 ms voltage steps from −80 to +10 mV in 10 mV increments (cell line 08/023, days post-confluence
109). *Statistically significant difference with p < .05.
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pharmacological modulation on the total amount of secreted
VEGF in hESC-RPE. We followed the apical and basal secretion
concurrently (Fig. 5) thus addressing the role of both apically
and basally localized Ca2+ channels in the overall secretion. In
control conditions, the total VEGF concentration in the
medium after the 24 hour incubation was 1,950 � 70 pg/105

cells (n = 9). Manipulation of the L-type Ca2+ channel activity
directly affected the VEGF secretion as the activator (-)
BayK8644 increased the secretion by 24 � 9% (n = 9, p < .05)
and the inhibitor nifedipine decreased the secretion by
19 � 9% (n = 8, p < .05). Both effects were statistically signifi-
cant. However, inhibition of the T-type channels by ML218
had little effect on the VEGF secretion (8 � 14% increase,
n = 8, p > .05).

Voltage-Gated Ca2+ Channels Regulate POS
Phagocytosis in hESC-RPE

Previous studies indicate that L-type Ca2+ channels participate
in the regulation of phagocytosis in RPE [41, 64]. Thus, we
investigated the role of CaV channels in POS phagocytosis in

hESC-RPE by pharmacologically modulating these channels
during our phagocytosis assay. These experiments and subse-
quent labeling with opsin and ZO-1 showed a reduction in the
total number of bound and internalized POS particles in the
presence of either L-type channel activator or inhibitor, but an
increase in the particle number in the presence of T-type
channel inhibitor (Fig. 6). More specifically, the median value
of POS particles in a randomly taken confocal image field
decreased from the control conditions (n = 16, Fig. 6A, 6E) by
30% when the L-type channels were activated by (-)BayK8644
(n = 16, p < .001, Fig. 6B, 6E). A higher decrease of 62%
occurred when the L-type Ca2+ channels were inhibited by
nifedipine (n = 15, p < .001, Fig. 6C, 6E). Interestingly, we
found that T-type Ca2+ channel inhibitor ML218 (Fig. 6D, 6E)
increased the number of POS particles by 32% (n = 16,
p < .05). All the effects were statistically significant.

Localization of CaV1.3 During hESC-RPE Maturation

It is well established that protein expression and localization
change during RPE maturation [65]. We addressed this considering

Figure 2. Responses of the currents to Ca2+ channel modulators. Whole-cell measurements of currents as responses to voltage pulses
from −80 to +60 mV in 10 mV increments for 50 ms duration were performed before and after the application of the specific drugs.
Examples of the effects of (A) L-type Ca2+ channel activator 10 μM (-)BayK8644 and (B) L-type Ca2+ channel inhibitor 10 μM nifedipine on
Ba2+ currents in hESC-RPE and (C, D) the corresponding IV-curves, respectively. Changes in maximum current amplitudes presented as
percentages from control conditions (mean � SEM) show that both (E) activation with (-)BayK8644 (n = 3, cell line 08/017, days post-
confluence 73–74) and (F) inhibition with nifedipine (n = 4, cell line 08/017, days post-confluence 73–99) resulted in statistically significant
changes in the recorded currents. *Statistically significant difference with p < .05.
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the localization of the primary CaV channel subtype, CaV1.3,
during hESC-RPE maturation. We immunolabeled CaV1.3
together with pericentrin (PCNT), a protein localized in the
centrosomes at the base of the primary cilia, that have been
recently shown to be important for RPE maturation [66, 67].
Figure 7 shows how the localization of these proteins changed
remarkably during maturation. Fusiform hESC-RPE cells on the
first day post-confluence (Supporting Information Fig. S2A)
expressed CaV1.3 throughout the cell (Fig. 7A), and PCNT

appeared as distinct puncta on the apical side. After 6 days
post-confluence, the cells gained more epithelioid morphology
(Supporting Information Fig. S2B) and CaV1.3 started to local-
ize also to the apical and basal RPE cell membranes with
brighter puncta forming on the apical side (Fig. 7B). Interest-
ingly, these puncta showed co-localization with PCNT. The
hESC-RPE cells obtained cobblestone morphology around
31 days post-confluence (Supporting Information Fig. S2C), and
from this time point onwards, CaV1.3 was present more

Figure 3. Localization of CaV channels in hESC-RPE. Immunostainings of RPE monolayers with xy-maximum intensity projections and yz-
confocal sections (apical side upwards, localization of the section highlighted with a white bar). Actin cytoskeleton (phalloidin, red)
labeled together with (A) RPE marker CRALBP (green, cell line 08/017, days post-confluence 91), (B) tight junction markers ZO-1, (green,
cell line 08/017, days post-confluence 74) and (C) claudin-3 (green, cell line 08/017, days post-confluence 91), (D) L-type Ca2+ channel
CaV1.3 (green, cell line 08/017, days post-confluence 109), and (E) T-type Ca2+ channel CaV3.1 (green, cell line 08/023, days post-
confluence 66). Immunostainings of paraffin embedded hESC-RPE vertical sections with xy-maximum intensity projections (apical side
upwards). (F): Cell polarization markers Na+/K+-ATPase (red) and Bestrophin-1 (green, cell line 08/023, days post-confluence 91). Cell
nuclei (DAPI, blue) together with L-type Ca2+ channels (G) CaV1.2 (green, cell line 08/017, days post-confluence 84) and (H) CaV1.3 (green,
cell line 08/023, days post-confluence 91), and T-type Ca2+ channels (I) CaV3.1 (green, cell line 08/017, days post-confluence 84) and (J)
CaV3.2 (green, cell line 08/017, days post-confluence 84). Scale bars 10 μm. Abbreviations: CaV, voltage-gated Ca2+ channel; CRALBP, cellu-
lar retinaldehyde-binding protein; ZO-1, Zonula occludens; DAPI, 40,6-diamidino-2-phenylidole; hESC, human embryonic stem cell; RPE, ret-
inal pigment epithelium.
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strongly on the apical and basolateral cell membranes (Fig. 7C).
The apical side puncta were pronounced and appeared as one
distinct cluster per cell co-localizing strongly with PCNT (Fig. 7C).
Immunolabeling CaV1.3 with acetylated α-tubulin (Fig. 7E)
showed the localization of CaV1.3 near the base of the primary
cilia. With increasing maturation, the apical staining of CaV1.3
became more prominent and more homogeneous, while basolat-
eral staining started to be difficult to detect due to increased pig-
mentation. At 84 days post-confluence (Fig. 7D), fairly uniform
apical localization of CaV1.3 was present in hESC-RPE, although
the puncta, co-localizing with PCNT, could still be distinguished.
At this time point, PCNT localized near the apical centers of the
cobblestone hESC-RPE cells (Fig. 7D, Supporting Information
Fig. S2D), characteristic to mature RPE [67]. This data suggest
that with increasing maturation, hESC-RPE started to gain the
homogeneous apical localization of CaV1.3 detected in mouse
RPE (Fig. 4D).

DISCUSSION

Stem cell-derived RPE provides great potential for novel cell
transplantation therapies and research has already proceeded
to clinical trials [6–21]. Essential for the success of these thera-
pies, stem cell-derived RPE has been shown to perform several
key RPE functions [27–36]. However, the functionality of the
ion channels and specifically the voltage-gated Ca2+ channels
in these cells remain poorly known, even though many of the
critical RPE functions are related to Ca2+ activity. This raises
the question whether the stem cell-derived RPE destined for
clinical purposes sufficiently resembles its native counterpart,
and can thus replace the functions of lost cells. The present
study addressed this issue by investigating the CaV channels in
hESC-RPE. Using patch-clamp recordings and immunostainings,

we showed the presence of functional L-type Ca2+ channels in
hESC-RPE that are comparable to native mouse RPE.

In our study, two current types were detected, the slowly
inactivating current and the fast inactivating current. We con-
firmed that the main current type, the slowly inactivating cur-
rent, results from the activity of L-type Ca2+ channels since the
current responses and IV-curves in this study resembled the
previous recordings of L-type currents from various types of
native RPE [43, 46–48]. Moreover, the sensitivity of the current
to the L-type Ca2+ channel activator (-)BayK8644 [45–50, 53]
and the inhibitor nifedipine [43, 44, 47, 48, 51] further indi-
cated the presence of L-type currents in our measurements.
The recorded current is likely to be carried primarily through
CaV1.3 channels. This conclusion is based on the voltage-
dependent activation of the currents at rather negative poten-
tials [68], shape of the IV-curve characteristic to the CaV1.3
subtype [43, 46, 55], and slow inactivation of the current. It is
still likely that CaV1.2 channels contribute to the recorded cur-
rent as well, since our immunostainings confirmed the pres-
ence of both of the L-type Ca2+ channels, CaV1.2 and CaV1.3,
in hESC-RPE. To date, CaV1.3 subtype has been reported to
only localize basolaterally in murine [54] and porcine [55] RPE.
Our data showed that both hESC- and mouse RPE express the
CaV1.3 subtype also on the apical cell membrane, in addition
to the basolateral membrane.

It is worth noting that patch-clamp recordings from pri-
mary RPE cultures show differences in L-type current charac-
teristics when compared with our recordings from hESC-RPE
[43, 45, 49, 50, 53], especially regarding the more negative
activation threshold and the weaker slope of activation pre-
sent in our study. The reason for this remains to be investi-
gated, but it may be related to differences in phosphorylation,
splicing variants, or the composition of the accessory sub-
units [69, 70]. Yet, the contribution of other Ca2+ conducting
channels on the currents recorded in this study for hESC-RPE
and native mouse RPE cannot be excluded. Several Ca2+-
conducting channels, such as store-operated Orai channels [71]
and transient receptor potential (TRP) channels [41, 72–74],
have important roles in the physiology of RPE. Relevant for this
study, TRP channels are involved in the phagocytosis [41] and
VEGF secretion [73]. In addition to these other Ca2+-conductivi-
ties, the effect of cell dissociation to patch-clamp recordings
needs to be taken into account. Cell–cell junctions break down
in cell dissociation causing epithelial cells to lose their polarity,
which compromises their normal ability to express and recycle
proteins. This has a strong influence on the endocytotic pro-
cesses that are important for the internalization of ion channels,
regulating their numbers in the cell membrane [75]. Therefore,
after cell dissociation, ion channels can be re-distributed to the
intracellular compartments and those currents will thus be
absent from the patch-clamp recordings.

In addition to L-type currents, our patch-clamp recordings
revealed the presence of fast transient currents in hESC-RPE.
The kinetics of these currents were comparable to those previ-
ously reported for the T-type Ca2+ channels in cultured human
RPE [46], although faster than typically reported for other cell
types (reviewed in [76]). Similar to the findings of the previous
study [46], the fast transient currents were almost exclusively
recorded in combination with the slowly inactivating current,
which hindered their further analysis. In addition, TTX-sensitive
currents can also contribute to the fast transient conductance

Figure 3. (Continued)
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[60, 77] and make this current component extremely difficult
to investigate. In immunostainings, we observed CaV3.1 and
CaV3.2 in both hESC- and mouse RPE. CaV3.1 was localized api-
cally at the microvilli in the both studied RPE cell types, while
it was found also at the basolateral cell membrane in mouse RPE.

VEGF has a role in angiogenesis and vascular permeability,
and therefore anti-VEGF agents are commonly used in the
treatment of AMD [78]. In healthy RPE, VEGF secretion occurs
in a polarized manner with significantly more pronounced
secretion from the basal side [79, 80], as we showed here for

hESC-RPE. This secretion is regulated by several factors includ-
ing hyperosmolarity [81], hyperthermia [82], oxidative stress
[83], and heat-sensitive TRPV channels [73]. Particularly rele-
vant for this study, modulating the L-type Ca2+ channel activity
has been shown to directly correlate with the VEGF secretion
level [43]. Our ELISA results indicated similar behavior as the
activator (-)BayK8644 increased the VEGF secretion and the
inhibitor nifedipine decreased the VEGF secretion. This demon-
strates that the L-type Ca2+ channels participate in the regula-
tion of VEGF secretion in hESC-RPE. However, it is worth

Figure 4. CaV channels in mouse RPE. (A): An example of the slowly inactivating L-type current measured in whole-cell configuration
and elicited by 50 ms voltage steps from −80 to +60 mV in 10 mV increments. (B): Normalized and averaged IV-curve of the L-type cur-
rent (mean � SEM, n = 4). (C): Normalized and averaged GV-curve of the L-type current (mean � SEM, n = 4). Localization of the CaV
channels assessed by immunostainings of mouse RPE-eyecup whole mount preparations. Confocal images show the xy-maximum intensity
projections and yz-confocal sections of the samples (apical side upwards, localization of the section highlighted with a white bar). Actin
cytoskeleton (phalloidin, red) together with (D) L-type Ca2+ channel CaV1.3 (green), and (E) T-type Ca2+ channel CaV3.1 (green). Immunos-
tainings of paraffin embedded vertical sections of mouse eyecups shown as xy-maximum intensity projections (apical side upwards). BF
images together with L-type Ca2+ channels (F) CaV1.2 (green) and (G) CaV1.3 (green), and T-type Ca2+ channels (H) CaV3.1 (green) and (I)
CaV3.2 (green). Scale bars 10 μm. Abbreviations: CaV, voltage-gated Ca2+ channel; BF, bright-field; RPE, retinal pigment epithelium.
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noting that the cell culture insert membrane with randomly
spaced 1 μm holes may hinder both the diffusion of the drug
to the basolateral cell membrane and the secretion of VEGF to
the medium. Since the VEGF secretion is more pronounced
in the basolateral side of the RPE, the structural constraints
from the insert may lower the effect of pharmacological Ca2+

channel modulation on VEGF secretion.
Photoreceptor renewal is a critical task for RPE to maintain

vision [2], and insufficient phagocytosis often leads to retinal
diseases [84, 85]. Several ion channels, including the L-type
Ca2+ channels, are known to have regulatory roles in phagocy-
tosis in RPE [41, 64]. We found that in hESC-RPE, in line with
the previous studies [64], inhibition of the L-type Ca2+ chan-
nels by nifedipine decreased the phagocytosis remarkably. On
the other hand, activation of these channels by (-)BayK8644
also decreased the number of phagocytosed POS particles,
although to a lesser extent. Interestingly, it was reported that
in primary porcine RPE, the activation of L-type Ca2+ channels
had no effect on phagocytosis, and this was suggested to be a
consequence of the regulatory effect of bestrophin-1 setting a
limit to L-type Ca2+ channel activity [41]. When comparing
these results to our data, we want to point out that we used a
pulse-chase POS phagocytosis assay, while Müller et al. [41]
used an assay with continuous POS supply to the RPE cells
that may lead to distinct outcomes. Moreover, it is possible
that bestrophin-1 expression levels are much lower in hESC-
RPE compared to primary porcine RPE [41] thus diminishing
the regulatory effect of bestrophin-1 on L-type Ca2+ channels
in our cells. Besides, the influence of Ca2+ in phagocytosis can
also be inhibitory: increase in intracellular Ca2+ and subse-
quent activation of protein kinase C has been shown to reduce
POS ingestion [86]. These observations indicate that the role
for the L-type Ca2+ channels in the regulation of POS phagocy-
tosis is a complex process (see also [41, 64]) and may include
negative feedback mechanisms, especially after prolonged
channel activation. Furthermore, it is known that these chan-
nels participate in the regulation of phagocytosis in concert

with other ion channels including Ca2+-dependent K+ channels,
bestrophin-1, TRPV [41], and most likely also the T-type Ca2+

channels. Our observation about the increased number of
bound or ingested POS particles following T-type Ca2+ channel
inhibition is similar to the effect of bestrophin-1 inhibition
[41]. Analogous to bestrophin-1 [87], T-type Ca2+ channels are
indicated to interact with the β subunits of the L-type Ca2+

channels [88]. This implies a possible role for the T-type chan-
nels to inhibit L-type channels through their interaction with β
subunits. Taken together, these data demonstrate a need for
further studies in elucidating the concerted functioning of Ca2+

conducting channels in the regulation of phagocytosis.
Regardless of the close resemblance between stem cell-

derived and native RPE demonstrated for their proteome [29],
capability of phagocytosis [27, 28, 30–32], VEGF secretion
[32–34], and visual cycle [35, 36], many important differences
have also been reported. These include a lower efficiency in
the phagocytosis of POSs [89] as well as differences in growth
factor secretion [90] and expression of adhesion junction and
membrane transport genes [37]. We used mouse RPE as the
native counterpart for hESC-RPE in our studies due to unavail-
ability of live human RPE tissue. Previous work on gene and
protein expression profiles of human and mouse RPE show
high similarity regarding general biological functions, canonical
pathways, and molecular networks [91, 92]. However, there
are important species-specific differences between human and
mouse RPE. These include immune regulation genes and genes
related to the development of AMD and Usher syndrome [92]
as well as the well-known anatomical differences such as the
absence of macula in the mouse and differences in rod and
cone types and distributions.

We studied the functionality of CaV channels in mature
hESC-RPE where the localization of the primary CaV channel
subtype, CaV1.3, started to resemble native RPE. During
maturation, we observed significant changes in CaV1.3 localiza-
tion in hESC-RPE implying that ion channels can be highly
sensitive to the level of tissue maturity. This has been previ-
ously suggested at least for Bestrophin-1 in RPE [32, 93]. We

Figure 4. (Continued)

Figure 5. VEGF secretion from hESC-RPE. Total concentrations of
VEGF secreted by the hESC-RPE after 24-hour incubation in control
medium alone (n = 9) as well as in control medium with L-type
Ca2+ channel activator 10 μM (-)BayK8644 (n = 9), L-type Ca2+

channel inhibitor 10 μM nifedipine (n = 8), or T-type channel
inhibitor 5 μM ML218 (n = 8) (mean � SEM, cell lines 08/023 and
11/013, days post-confluence 66–147). *Statistically significant dif-
ference with p < .05. Abbreviation: VEGF, vascular endothelial
growth factor.
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showed that in mature hESC-RPE, CaV1.3 localized quite homo-
geneously on the apical and basolateral cell membranes.
Intriguingly, in maturing hESC-RPE, CaV1.3 appeared as distinct

foci that co-localized with PCNT to the base of the primary
cilia. A similar punctuated appearance has been previously
shown for TRP channel TRPM3 in human fetal RPE [94]. PCNT is

Figure 6. The effect of CaV channel modulators on POS phagocytosis in hESC-RPE. Mature hESC-RPE monolayers were incubated with
purified porcine POSs in the pulse-chase phagocytosis assay. Xy-maximun intensity projections of the confocal images show both bound
and internalized POS particles that were stained with opsin (green) together with the tight junction protein ZO-1 (gray) in (A) control con-
ditions, and in the presence of CaV channel modulators (B) (-)BayK8644, (C) nifedipine, or (D) ML218. Scale bars 50 μm. (E): Quantification
of POS particles in control conditions yielded the median value of 485 POS particles/field (n = 16). When modulating the CaV channels
pharmacologically, the value changed in the presence of (-)BayK8644 to 339 POS particles/field (n = 15), nifedipine to 186 POS particles/
field (n = 15), and ML218 to 639 POS particles/field (n = 16). The box limits 25%–75% of the gray data points; the whiskers include
10%–90% of the data; the center line shows the median value; the black square describes the mean; the black triangles present the mini-
mum and the maximum values. Cell line 11/013, days post-confluence 147. Statistically significant differences with *p < .05 or **p < .001.
Abbreviations: POS, photoreceptor outer segment; ZO-1, Zonula occludens.
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critical for the cilia formation, and relevant for our observations,
PCNT is suggested to recruit protein complexes involved in cilia
assembly and calcium signaling to the base of the primary cilia
[66]. On the other hand, primary cilia has been shown to regu-
late L-type Ca2+ channel expression in mouse renal epithelial
cells [95]. This occurs through Wnt signaling [95], and interest-
ingly, recent work shows the importance of the regulation of
Wnt signaling not only for RPE development [96] but also for
RPE maturation [67]. Based on our data and taking into account
these observations in the literature, it is possible, that CaV1.3
participates in ciliogenesis during RPE maturation or that its
expression is coupled to the functioning of primary cilia in RPE

maturation. This would not be surprising since primary cilia are
important Ca2+ signaling organelles [97] with the expression of
several different types of Ca2+ channels [98].

CONCLUSION

In this article, we demonstrate the presence of a functional
machinery of voltage-gated Ca2+ channels in hESC-RPE, with
L-type Ca2+ channel characteristics highly resembling the
native RPE. We show a regulatory role for L-type Ca2+ chan-
nels in VEGF secretion and phagocytosis important for the

Figure 7. Localization of CaV1.3 during hESC-RPE maturation. Immunolabeling of CaV1.3 (green) together with centrosome protein PCNT
(red) from post-confluence day 1 to post-confluence day 84 at four time points: (A) day 1, (B) day 6, (C) day 31, and (D) day 84 (cell line
08/017). (E): Labeling acetylated α-tubulin (red) together with CaV1.3 (green) shows the localization of CaV1.3 at the base of the primary cilia
during maturation (cell line 08/017, days post-confluence 40). The confocal images are shown as xy-maximum intensity projections and yz-
confocal sections (apical side upwards, localization of the section highlighted with a white bar). Scale bars 10 μm. Abbreviations: CaV, volt-
age-gated Ca2+ channel; hESC, human embryonic stem cell; RPE, retinal pigment epithelium; PCNT, pericentrin.
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hESC-RPE functionality. We also provide novel information
regarding the apical localization of CaV1.3 in RPE as well as
its co-localization near the base of the primary cilia during
hESC-RPE maturation. Our study represents an initial but sig-
nificant progress toward a better understanding of CaV chan-
nels in stem cell-derived RPE, however, further studies are
needed to elucidate the specific roles for T-type Ca2+ channels
in RPE physiology. Overall, the results of the study are promising
for the success of stem cell-based RPE transplantation therapies,
but highlight the need for sufficient RPE maturation as a prereq-
uisite for its fully functional Ca2+ machinery.
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