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Retinal pigment epithelium (RPE) is an epitheli@l enonolayer located in the retina region
at the back of the eye. RPE has a significant fanah the eyesight as it plays a key role in
the supporting of photoreceptor functions. Disosdeir RPE lead to degenerative eye dis-
eases — such as macular degeneration and repigtizentosa — that are the leading causes
of blindnessin the future, these blinding retinal disordersldaquotentially be cured by uti-
lizing regenerative medicine. Degenerated RPE cbeldeplaced by tissue graft derived
from human pluripotent stem cells (hPSC).

Currently, the differentiation of hPSCs to RPE €@l inefficient and results in low yields of
functional cells. The yield of differentiated cetisuld be improved for example by chemical
induction of the cells. The objective of the thesigs to further optimize a directed RPE
differentiation method. In the future, more effeetiways to produce hPSC-RPE could be
used to develop tissue grafts that can be utilizedgenerative medicine

The aim of the study was to compare adherent aruyend body (EB)-like culture meth-
ods for directed differentiation of hPSCs into RFRe comparison was done by evaluating
the formation of melanin pigmentation between défe culture methods and by analyzing
the quality of the produced cells. The hPSCs uselis thesis were human embryonic stem
cells (hESC) and induced pluripotent stem cellSQP. Differentiation was directed by a
use of growth factor and small molecule induction.

Cells produced in this study were analyzed by maligdy, transepithelial resistance (TER)
and immunocytochemical stainings focusing on RPEera. The characterization methods
provided information about the differentiation s&atof the cells, including morphology,

tightness of the cell junctions, protein expressiad polarization of the cell monolayer.

The results suggest that for this protocol of deddifferentiation of hPSCs into RPE, the
adherent culture method gives significantly bettedd than the EB-like culture method.
The induction seemed to work with both hESCs ar&lC#, but the yield tended to differ
between the stem cell types, favoring the diffaegiain of hESC-RPE cells. The cell cul-
tures on porous Polyethylene Terephthalate (PEThbngne did not form a confluent cell
monolayer, and further research is needed on #sons behind this behavior. However, the
immunostainings suggested that the quality of hIRR®E was desirable despite the relative-
ly young age of the differentiated cells.

Key words: human pluripotent stem cell, adheretitotdture, embryoid body, RPE,
differentiation
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Verkkokalvon pigmenttiepiteeli (RPE) on retinasgaitseva yksikerroksinen solukerros,
jolla on useita tehtavid verkkokalvon valoaistingeh yllapidossa. Monet sokeuteen
johtavat sairaudet, kuten verkkokalvon ikarappeujaa pigmenttidegeneraatio, ovat
seurausta RPE-solujen vaurioitumisesta. Kantasoluypdyntamista kudosteknologisissa
sovelluksissa pidetaan lupaavana tulevaisuudenok®itona verkkokalvon vaurioiden

hoidossa. Laboratorio-olosuhteissa voidaan tuottkaikkikykyisistda kantasoluista

kasvatettuja siirteitd, joilla on mahdollista koaaaurioituneita alueita.

Nykyisin yleisesti kaytetyt RPE-solujen erilaistummetelmét ovat suhteellisen tehottomia,
silla erilaistuksella tuotettujen solujen saanneatopienia. Opinnaytetyon tavoitteena oli

selvittdd adherentin ja suspensioviljelymenetelmiemoavaisuuksia erilaistettaessa
kaikkikykyisista kantasoluista RPE-soluja. Erilasmmenetelmien kehittyessa kantasoluista
voidaan tuottaa RPE-soluja, joita on mahdollistadodytaa kudosteknologisissa

sovelluksissa.

Opinnaytetyon tarkoituksena oli vertailla adhernani suspensioviljelymenetelmaa ihmisen
kaikkikykyisten kantasolujen suunnatussa erilaiségisa. Tyon tutkittavina kaikkikykyisiné
eli pluripotentteina kantasoluina kaytettiin ihmmsalkion kantasoluja seka indusoituja
pluripotentteja kantasoluja. RPE-tyyppisten solugaistumista seurattiin visuaalisesti
solujen tuottaman melaniinipigmentin  avulla. Estasmenetelmida vertailtiin

tarkastelemalla tuotettujen RPE-solujen maaréda gatul. Soluja karakterisoitiin

transepiteelisen resistanssin  ja immunosytokersiali varjayksien perusteella.
Karakterisointimenetelmat maarittivat epiteelin ugeh konfluenssia, solujen valisten
litosten tiiviyttd sekad solujen morfologiaa, potaitumista ja erilaistumisastetta.

Erilaistusmenetelmista adherentti soluviljelymetrate tuotti huomattavasti parempia
tuloksia. Suunnattu erilaistus tuotti pigmentoititdesoluja seka alkion kantasoluilla etta
indusoiduilla pluripotenteilla kantasoluilla, muttain alkion kantasoluista saatiin tuotettua
tarpeeksi soluja jatkotutkimuksiin. Erilaistetut o eivat muodostaneet kaikilla
viljelyalustoilla RPE-soluille tyypillistd yksikeoksista epiteelisolukerrosta, ja syitd taman
kaytoksen taustalla tulisikin tutkia tarkemmin. @oblivat kuitenkin immunovarjaysten
perusteella erilaistuksen kestoon n&dhden melkoi&yRBE-tyyppisia soluja.

Asiasanat: ihmisen kaikkikykyiset kantasolut, agiméti soluviljelma, embryoid body,
RPE, erilaistus
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1 INTRODUCTION

Retinal pigment epithelium (RPE) is an epitheli@l enonolayer located in the retina region
at the back of the eye. The RPE has many vitaltfomg in the eye, including transepithelial
transport and regulation of biomolecules, taking pathe visual cycle and phagocytosis of
the photoreceptors shed outer segments. Becauskisotritical role of the RPE, the
degeneration of RPE leads to eye diseases suclyeaselated macular degeneration or
retinis pigmentosa. Damages caused by retinal @eggon are currently the leading causes

of permanent blindness (Strauss 2005).

Currently, there are no effective widely acceptegatinents to these drastic blinding
diseases. It has been suggested that in the fuagenerative medicine could be the answer
through RPE-cell tissue graft replacements. Thetfanal RPE cells for these grafts can be
differentiated from human pluripotent stem cellBYC).RPE-like cells can be derived from
pluripotent stem cells spontaneously, but the yiebdild be improved through directed

differentiation.

This bachelor’s thesis was carried out in the Oglntlology research group in the Institute
of Biomedical Technology at the University of TamgeThe group is led by Academy of
Finland Research Fellow Heli Skottman, PhD, ansd thésis was supervised by PhD Tanja
llImarinen. The main research aim for the groupdsdevelop stem cell based tissue
engineering applications for the retinal and cokmepair through cell transplantation and

ophthalmicin vitro tissue models.

This thesis took part in one of research group'goamy projects to develop more effective
ways to differentiate RPE cells from hPSCs. The@®8sed in this study were embryonic
pluripotent stem cells (ESC) and induced plurippotgiem cells (iPSC). Objective was to
derive hPSC-RPE cells with different differentiaticonditions and to compare the
differentiation efficiency and the quality of theroguced cells. To enhance the
differentiation efficiency, differentiation to RPlike cells was directed by an induction

method developed within the research group.



2 LITERATURE REVIEW

2.1 Stem cells

Stem cells are unspecialized cells capable of remethemselves through cell division and
they have potential to develop into many differeelt types in the body. When a stem cell
divides, each new cell can either remain as a stelinor under certain physiologic or
experimental conditions, they can be induced toivec another type of tissue- or organ-
specific cell with special functions (Kolios & Moley 2013). Stem cells are classified into
different categories depending on the differemdraticapacity; totipotent, pluripotent,

multipotent, oligopotent or unipotent stem cells.

Totipotent stem cells have the ability to diffeiaté to any type of cell in an organism.
Zygotes or 2-3 days old embryos (morulas) are demed as totipotent cells. Pluripotent
stem cells (PSC) have the ability to differentiaeny type of cell of the three germ layers,
but cannot form even in favorable conditions a whmigan or individual since they lack the
ability to form extraembryonic tissue. The embryosiem cells (ESC) can be obtained from
4-7 day old embryos (blastocystsj they can be induced from somatic cells (induced

pluripotent stem cells, iIPSC). (Kolios & Moodley13))

Multipotent stem cells, or progenitor cells, arpeyof stem cells that are more differentiated
and therefore less plastic. They can form diffeal types within certain tissue type, and
for example multipotent hematocyte can differeetitt platelets (thrombocytes) or red or
white blood cells (erythrocytes and leukocytes,peesively.) Oligopotent cells are
considered tissue-resident progenitor cells with plotency to form a limited number of
terminally differentiated cells, and are similaranway to unipotent stem cells, such as germ

cells, that are capable to form only one type df @&lios & Moodley 2013).

Given their unique regenerative abilities, stentscedfer new potentials for treating diseases

which are caused by failure of certain tissue tyueh as retinal degeneration, diabetes and
heart diseases. Much work remains still to be donenderstand how to use these cells for

cell-based therapies to treat diseases.
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2.1.1 Adult stem cells

Many tissues contain reservoirs of stem cells dadl@ult stem cells. Compared with ESCs,
adult stem cells cannot differentiate into multipleages. As multipotent stem cells, adult
stem cells are usually capable of differentiatimfyanto lineage-specific cells. Adult stem

cells residing in specific tissues and organs alled tissue specific stem cells.

Bone marrow, for example, represents a unique veseasf tissue specific stem cells. Bone
marrow contains at least two other populationstefmscells; bone marrow stromal cells
(BMSCs) and a heterogenous population of multipotetult progenitor cells (MAPCS)
such as mesenchymal stem cells, which appear te berad developmental capabilities.
MAPCs have the potential to differentiate to lineagf mesenchymal tissues, including
bone, cartilage, fat, tendon, muscle, and marroenst. (Ross & Pawlina 2011.)

When injected into an early blastocystvitro, single MAPCs contribute to most, if not all,
somatic cell types. On transplantation, MAPCs eftgrrad differentiate to the hematopoietic
lineage, in addition to the epithelium of liver,nly and gut. As MAPCs proliferate
extensively without obvious senescence or lossiftérdntiation potential, they could be
one ideal cell source for therapy of inherited egeherative diseases (Kolios & Moodley
2013))

2.1.2 Human embryonic stem cells

Embryonic stem cells are undifferentiated pluripbteells derived fronthe blastocyst stage
embryos. Method to derive embryonic stem cells was firstaeished with mouse
embryonic stem cells (Evans & Kaufman, 1981) betbeederivation of human embryonic
stem cell (hESC) lineThomson et al. 1998). Embryonic stem cdédsm an ESC-line
when they have beerultured undein vitro conditions and have been capable of dividing
without differentiating for a prolonged period, aiy months containing tens of passages
(Kolios & Moodley 2013.)

In Finland, the hESC lines are derived from surgobryos fromin vitro fertilization (IVF)
clinics by the permission from the donors with meahcial compensation made for the

donation. (Skottman, 2010Cells of the embryo’s inner cell masse separated from the
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outer cell mass and are placed on a layer of rodlyi inactivated fibroblasts, commonly
referred to as a feeder cell layer, or on a mathich supports the pluripotency of the cells.
The resulting cell population is expandedvitro by subculturing the undifferentiated cells
as colonies (Hoffman & Carpenter 200&lios & Moodley 2013.)

2.1.3 Induced pluripotent stem cells

Induced pluripotent stem cells are stem cells Haate been reprogrammed to pluripotent
state from somatic cells. Currently, iPSCs can beegated with two notable methods;
nuclear transfer from differentiated somatic celbbcyte (i.e. egg cell) or by introducing a

set of defined factors into somatic cells

Nuclear transfer — or somatic cell nuclear trang®CNT) — to oocytes is used in both

reproductive and therapeutic cloning, resultingadohe embryo. The first successful nuclear
transfer was used when the first cloned mammalyDiblé Sheep was created. However,
SCNT is considered as inefficient method, sincesthess placed on both the oocyte and the

introduced nucleus are exceptional (Lomax & De®(1 3).

Shinya Yamanaka and his research group introdut&007 a method to induce somatic
cells to their pluripotent state by the introduntiof four key transcription factors, OCT3/4,
SOX2, KIf4, and c-Myc, which have since been refdras the Yamanaka factors. The first
reprogramming of somatic cells was done with filmsbfrom mouse (Takahashi 2006) and
followed by generating iPSCs from human adult fibasts (Takahashi 2007). This research
was remarkable in the field of stem cells, and Yaaka and his fellow stem cell researcher
John Gurdon were awarded the Nobel Prize for Plogyoor Medicine in 2012 (The Nobel
Assembly at Karolinska Institutet 2012.)

Other combinations of transcription factors haveodbeen employed in different studies,
including the use of 1-4 factors in most casesdi&tkl & Hochedlinger 2010.) Some viral
vectors used in introduction of the transcriptiactérs, such as retroviruses and plasmids,
may cause a genomic alteration to the host cetiduRately, nonintegrative reprogramming
alternatives, such as Sendai virus, directed mRMKA protein transduction, have been
discovered (Carr et al. 2013).
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2.1.4 Stem cells in regenerative medicine

Regenerative medicine and treatments based oncghisnseem to hold many promises for
numerous applications in the future. The treatmangscarried out with cells differentiated

from the stem cells. Use of adult stem cells dasscause immune reaction when patients
own autogeneic stem cells are used. However, sida# stem cells are already somewhat
differentiated cells, they do not have the samteihtiation potential as hPSCs. In the use
of hPSCs, ethical issues are raised consideringuskeof hESCs, as derivation of hESC-
lines results in destruction of living blastocydtising the iPSCs in regenerative medicine
can possibly overcome the ethical controversy dd@& Treatments done with allogeneic
iPSC could potentially also be conducted withoutnmmogenecity issues (Takahashi et al.
2007; Yamanaka 2007).

However, in 2011 a research by Zhao et al. claitimed cells differentiated from ESCs
derived from inbred mice line could efficiently forteratomas within the same line
individuals without any evident immune rejection.té&atoma is a type of tumor that may
contain several tissue derivatives from more thae germ layer. When used allogeneic
ESCs in the differentiation, teratomas did not @ppkie to rapid rejection of the cells by
recipients. The same study also suggested that wisemy iPSCs derived with both
retroviral and novel episomal approach, not didrttiee only form teratomas but they also
triggered an immune response, a body’s immunologaction to an antigen, despite being
derived from autonomous somatic cells. The resaited concerns about the safety of the

future regenerative medicine treatments (Zhao. &Cdl1).

The results provided by Zhao et al. (2011) haveeslyeen put on question, since it has been
shown that in mouse (Araki et al. 2012,) rats (Kane et al. 2014) and monkey studies
(Kamao et al. 2014) that cells differentiated frd@sCs were unlikely to cause tumors or
immunogenicity. Since then, studies that utilizehbBSC (Schwartz et al. 2014) and iPSC
(Cyranoski 2014a) have advanced to clinical trikls. adult stem cells, currently only one
widely used stem cell therapy treatment has bebleshed. The treatment is provided with
hematopoietic stem cells that are used mainly mebmarrow transplants for cancer patients
(Burt et al. 2008).
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2.2 Stem cell culture and differentiation

2.2.1 Pluripotent stem cell culture

Native stem cells grow in complex environment dmastthey tend to also have demanding
in vitro culturing conditions. To keep the stem cell linesundifferentiated state, some
necessities have to be taken care of. Other typeeld, called feeder cells, can be co-
cultured with stem cell colonies in the same cuiirwell or a petri dish (Stacey et al.,
2006). The role of feeder cells is to secrete warigrowth factors and extracellular matrix
(ECM) proteinsthat are beneficial by yet unclear ways for thenghoand pluripotency of
the stem cells (Hongisto et al. 2011.)

In order to keep the conditions free from animainaa materials which could be harmful
in clinical applications, use dfuman fibroblasts, like commercially available nai@h
human foreskin fibroblasts (hFF), is to be con®dgiSkottman 2010; Vaajasaari 2011). As
in any other cell cultures, aseptic work, stemistiuments and right conditions are important

for stem cell culturing.

2.2.2 Differentiation in suspension culture

Methods for stem cell differentiation are diveraad several protocols can be used for the
differentiation of same target cells. When hPSQserges are dissected and transferred to a
suspension culture with medium with low basic flidest growth factor (bFGF)
concentrations, the cells tend to form three-dinmerad cell aggregates, called embryoid
bodies (EB). EB formation resembles embryonic dgwelent (Carr et al. 2013.) Cell
aggregates are formed from multiple cells and EBigng is not to be confused with single

cell suspension culturing.

EB-culturing makes the cells epithelioid tissuenifar to epithelium but they lack basement
membrane where to adhere (Ross & Pawlina 201Xpmtrast to adherent cell cultures, EB
cultures enable larger yields of cells, since fileating aggregates can distribute to the
surrounding medium. Over time, the hPSCs cell agges start to spontaneously
differentiate into cell types of all three germéay (Klimanskaya 2006.)
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2.2.3 Differentiation in adherent cell culture

In adherent cell culture the cells attach to aaefand adhere to it, and depending from cell
type, can form a confluent layer of cells. Becaate¢his, the maturity and differentiation
stage of the cells is easier to evaluate in adhesdhcultures than in suspension culture.

Usually for cells to adhere, the surface has totrbated somehow, since in the native
conditions cells adhere to extracellular matrix MEContent differs from the origin of tissue,
but constitutes mostly from specific proteins obteoglycans, polysaccharides or fibers,
such as collagen or laminin in basal lamina caBedch’s membrane (Ross & Pawlina
2011.)

2.3 Structure of the eye

The eye is a complex sphere-shaped sensory orgaimdk a lens system reminiscent of a
camera. The act of seeing starts when the lertseodye focuses light reflected from objects
onto a light-sensitive membrane at the back ofetyes called the retina, where almost 70%
of body’s sense cells are located. These sense saild the information to the brain along
the optic nerve and the brain processes the infiloméhat is contained in the visible light
(Haug et al. 1999.)

The wall of human eye consists of three separaterda called sclera, choroid and retina,
that all have different errands in the general fiomality of the eye, presented in figure 1.
The outer layer, sclera, serves as the eye’s giotenuter coat. Sclera is attached to the eye
socket by six small muscles that enable the movemieryeball. Sclera transforms from
white, opaque tissue to transparent cornea inrtd part of the eyeAll the light that
enters in the eye goes through refracting corneh thos cornea’s condition is highly
important for maintaining a good vision. After pagsthrough the cornea, light travels
through ring-shaped pupil that manipulates the arhad light that enters in the retina.
Pupil is attached to iris that is a colored, ciacwtructure. Iris is responsible for controlling
the diameter and size of the pupil depending ofritensity of the entering light. Behind the
iris is located the lens that focuses the entdrgig in the retina by changing its shape (Ross
& Pawlina 2011.)
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The middle layer of the eye located next to therscis known as choroid@he choroid is a
layer of blood vessels that is responsible forrb&ient transportation to retina. Between
the iris and the choroid lays the ciliary body.i&y body contains smooth muscle fibers
that change the shape of the lens and producesatigparent liquid (aqueous humor) that
fills the front of the eye. Retina, the inner laygdrthe eye, consist of two main layers, the
neural layer and retinal pigment epithelium (RP&)er. The space between the lens and the
retina is filled with gel called vitreous humor (0& Pawlina 2011.) Retina region is
illustrated with the layers of the eye in the figur.

inner limiting membrane
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FIGURE 1. Gross anatomy of the eye and retina (fisatlirom Ross & Pawlina, 2011)
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2.3.1 Neural retina

Despite its location, the neural portion of the éyeactually part of the central nervous
system. The retina, light sensitive layer of tisshas a complex neural circuitry that
converts the photoreceptors’ electrical activitipiaction potentials that travel to the brain
by axons in the optic nerve. (Purves et al. 200i¢ Tetina consists of two main layers;
neural retina and RPE. The RPE layer is descrilepdrately in more detail in following

chapters.

Neural retina is the most inner part of retarad is formed of seven layers of different cells

as seen in figure 1. There are five types of neurorthe retina: photoreceptors, horizontal
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cells, bipolar cells, amacrine cells and gangliellscTwo main types of light-sensitive pho-
photoreceptors in the retina are called rods ameg£oRods provide black-and-white vision
and function mainly in dim light, while cones fuiwet best in relatively bright light and are
responsible for color vision (Purves et al. 200dgrizontal cells’ function is to help
integrate and regulate the input from multiple pheteptor cells. Bipolar cells transmit the
signals from either one type of photoreceptor arzomtal cells on to the ganglion cells
directly or indirectly by amacrine cells and retirganglion cells collectively transmit
signals onwards to several regions in the braimduaral retina, there are located glial cells
called Mduller cells. Muller cells form architectlirsupport structures that stretch radially
across the thickness of the retina. The neural lagtaches to the RPE layer, which is the

outermost layer of retina (Ross & Pawlina 2005).

2.3.2 Retinal pigment epithelium

Retinal pigment epithelium is an epithelial cellmtayer located in retina between neural
retina and choriocapillariéStrauss 2005). Like other epithelial cells, RPEmsavascular
tissue where cells adhere to one another by mdayseoific cell-to-cell adhesion molecules
that form specialized cell junctions. Epithelialleare polarized so that they are associated
with three distinct morphologic surface domainsical lateral and basal domaiApical
domain can be considered as the surface of the elt is exposed to the environment, as
later domain consists of the sides of the celldl-¢e#l contacts) and basal domain is the
surface epithelial by which the cell is attachedh® extracellular matrix. The properties of
each domain are determined by specific lipids amuinbrane proteins. The basal surface
usually is attached to an underlying basement manahrwhich for RPE is the Bruch’s
membrane. RPE is formed of hexagonal cells that csesely packed with melanin
containing light-absorbing pigment granules calleelanosomes that prevent reflection of

the light and resultant glare (Ross & Pawlina 2p11.

RPE functions as a selective barrier that facdgabr inhibits the passage of specific
substances between the exterior environment andutklerlying tissue compartment. It
secretes growth factors, regulates nutrient, ioth @olecule transport between subretinal
space and bloodstream by forming the blood-retaraidr (BRB) (Curcio & Johnson 2013,
Ross & Pawlina 2011.) RPE has also many other @rdanctions in the retina; it also
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phagocytoses the shed membranous discs from phepice outer segments (POS), regen-
regenerates visual pigment and takes part in thagalicycle by the vitamin A metabolism.
In vitamin A metabolism, regeneration of retinoréguires molecule exchange between the
photoreceptors and the RPE. These functions hawen b#ustrated in figure 2.
Dysfunctional RPE can cause impairment and deatthefphotoreceptor cells, and may

eventually to deterioration or total loss of visiofstrauss 2005, Vaajasaari et al. 2011)

Adjacent RPE cells are connected by a junctionaigtex that forms the inner blood-retina
barrier. On the basal side of the RPE layer lagsdhter limit of retina, basal membrane
known as Bruch’s membrane (Strauss 2005, Ross &ifa®011.) Bruch’s membrane
plays a crucial role together with RPE cells in mi@ning photoreceptor viability as well as
overall retinal healthBruch’s membrane anchors the RPE cells from thesabmembrane
via tight junctions and connects the RPE into theraid. RPE forms in the other, outer
BRB in collaboration with Bruch’s membrane and theriocapillaris (Rizzolo et al. 2014.)
Basement membrane—forming collagens in the Brutk@mbrane include type IV collagen,
which is responsible for the collagen suprastrectarthe basement membrane of epithelial
cells (Ross & Pawlina 2011). The RPE’s basal serfaarticipates in metabolic exchanges
with the blood vessels in the underlying choriottaps (Bonilha 2008).
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FIGURE 2. Major functions of the RPE (Modified frdmmhmann et al. 2014)
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2.3.3 Retinal degeneration

A collection of structural changes occur in agingee Over time, overall thinning is
apparent in the aged retina due to loss of neurons all the neuronal cells and changes in
photoreceptor cellsThe RPE specifically is known to undergo sevenalcttiralalterations
These alterations include changes in density aadtimms with Bruch’s membrane, loss of
melanin granulesand even cell apoptos(8onilha 2008.)Dysfunction or deterioration of
RPE is linked to degenerative retinal diseasesh siscage-related macular degeneration
(AMD) and retinitis pigmentosa (RP) (Strauss 2005).

Age-related macular degeneration is a disease aeairzed by a breakdown of the macula.
Macula is a relatively small area in the centraingethat is responsible for the majority of
useful photopic vision and almost 10 % of the entiisual field (Hageman 2014.) AMD
occurs in two forms: neovascular or exudative (vaeit) atrophic (dry) AMD. The rarer but
more intense form of AMD, wet AMD, is characteriZgglabnormal growth of blood vessel
from the choroid into the Bruch’s membrane and R®REet AMD covers approximately
20% of the AMD conditions. It results ultimately severe, sudden visual loss by forming a
scar in the maculd®ry AMD causes gradual loss of central vision du¢he dysfunction or
death of RPE and subsequent death of photoreceglisr(Bonilha 2008.AMD develops
usually in later decades of life, but has beenrmhagd in patients even in their forties. AMD
causes loss of bilateral vision and is the leadiagse of worldwide blindness in elder
people (Chakravarthy et al. 2010.)

RPE degeneration is the most leading causes adri@ss. Retinitis pigmentosa (RiB)the
most common group of inherited eye disorders thatcaused by damage in the retina.
There are many variations of the disease, but camtoall of them is retinal dystrophy
caused by abnormalities of the photoreceptors @rRRE. This degeneration of retina is
progressive and has no known cure (Jin et al. 200¢her typical retinal dystrophies
include Stargardt’s macular dystrophy, Best vitetin macular dystrophy (BVMD,) also
known as Best's disease, and diabetic retinopafignish Federation of the Visually
Impaired, 2014.) High eye pressure as symptom tkeated glaucoma can cause blindness
by damaging retinas sensor cells. Unlike many atbi@nal degeneration diseases, glaucoma

can be effectively treated with medicine or surgéfsiug et al. 1999).
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Since many diseases that cause retinal dystroghwyar currently treatable in other ways,
cell replacement therapies are considered as #®oko these conditions. Treatment could
be performed replacing damaged cells with healtigsqLund et al. 2006.) In RPE related
diseases, clinical trials that utilize ESC-RPE el treatment of AMD are currently
ongoing (Bharti et al. 2014) and so far the resbhdse been promising (Schwartz et al.
2014). The cell replacement can be done by eithectdinjection of RPE cell suspension
(Schwartz et al. 2012) or as transplant of RPE shiet (Cyranoski 2014a) into the
subretinal space. Cell sheet grafts may be a begéon, since with cell suspension
injections involve many uncontrollable variabl&¥hen injected as suspension, the cells
might fail to form a functional monolayer by nothaing to Bruch’s membrane or by

acquire an incorrect apical-basal orientation (daz@t al. 2007.)

In Japan, permission has been recently grantedst hWIPSC-RPE in clinical trials
(Cyranoski 2014a). The first treatment, executéerddbur days of the permission, was done
by Masayo Takahashi, an ophthalmologist with yefustudy in the field of iPS-cells. Trial
was performed with the use of hiPSC-derived RPE ed a treatment of AMD (Cyranoski
2014b.)

2.4 Differentiation of human pluripotent stem cells into RPE cells

While hPSCs can differentiate to RPE cells, curdifierentiation protocols are inefficient
and not optimal for clinical translation. The cumlg used protocols for RPE cell
differentiation from hPSCs are mostly based on tpwous differentiation that results in
low yields (Klimayanska et al. 2004.) Phenomenoppleas especially while deriving RPE
cells from hiPSC lines (Rowland et al. 2013.) Hifex culture methods and differentiation
protocols are therefore needed and thus inductiogifferentiation can be used to guide

differentiation towards defined cell type.

The differentiation of hPSC-RPE can be carriediowither adherent or EB-like culturing
conditions. EB-like culturing is a widely used @iféntiating method (ldelson et al. 2009;
Klimanskaya 2004; Klimanskaya 2006; Vaajasaarile2@l1). As differentiation towards
RPE cells progresses, pigmented areas start tdopeor the EBs. These areas can then be

selected and used to create monolayer culturetuftdrer RPE enrichment and maturation
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(Klimanskaya 2006.) Adherent differentiation canused for generation of hPSC-RPE as
well. Differentiation in adherent cell culture isually carried out by removing the fibroblast
growth factor (FGF) from the culturing medium, astdm cell colonies are let to overgrow
and form a homogenous cell layer. Adherent celluceal could be suitable for hPSC-RPE
differentiation, since RPE cell are epithelial c#lat tend to grow in native conditions in

monolayer (Vugler et al. 2008.) Adherent differatitn is used in hPSC-RPE culturing

beside the EB-culturing (Carr et al. 2009, Klimaagk 2006, Liao et al. 2010, Rowland et
al. 2013, Vugler et al. 2008).

When subcultured, epithelial cells lose their ol adhesion. These dissociated cells gain
migratory and invasive properties through epithghasenchymal transition (EMT) and
temporary form a fibroblast-like morpholodpefore they revert to their original RPE-like
morphology. (Lee et al. 2010; Vugler et al. 2008MT is a process by which epithelial
cells lose their differentiated phenotypes andduéferentiate into motile mesenchymal-like
cells (Tamiya et al. 2010). Propagated RPE cells also lose their pigmentatisn a
melanocysomes are exocytoced or diluted by celisidn. After RPE cells gain their
polygonal uniformity, confluent cobblestone morgiwl, they start to gain back their
melanin pigmentation (Klimanskaya 2006).

2.4.1 Spontaneous differentiation

Currently, the widely used derivation methods ivelepment of RPE-cells from hPSCs
favor spontaneous differentiation (Carr et al. 206Bnanskaya 2004 & 2006, Liao et al.

2010, Vaajasaari 2011, Vugler et al. 2008). Whemelare no known inductive agents in the
culturing medium, ESCs tend to differentiate tovsaal neural pathway (Smukler et al.
2006). RPE being derivative of the neuroectoderm lma thus produced with this default
differentiation pathway (Fuhrmann 2010).

When differentiating hPSC toward RPE cells, ovaeretithe RPE-like cells can be easily
observed as they form distinguishable grey or blaedanin pigmentation (Ross 2005).

These areas on EB-like cell aggregates or adhexdhires can be then dissociated and
placed in adherent culture to develop more homamemeand mature cell cultures

(Vaajasaari et al. 2011).
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2.4.2 Induction toward RPE-cell differentiation

As the spontaneous differentiation protocols of GHRPE result in low yields, new methods
are needed to produce cells more efficiently fanichl applications (Klimayanska et al.
2006).The spontaneous differentiation tends to favor eectodermal differentiation, but it
has also been shown that ESC-derived ectoderm iganrige to cells of both neural and
epidermal lineage. Spontaneous differentiationltesu heterogeneous cell populations, and
since melanocytes are derivatives of the epidertiné; may be mistaken for RPE cells due
to the fact that they also produce melanin andteeefore pigmented (Watabe & Miyazono
2009.) Effective culture methods and differentiatprotocols are therefore needed and thus

induction of differentiation can be used to guidéedentiation towards defined cell type.

It has been suggested that the extracellular matix affect the cell differentiation, and
therefore changes in ECM composition may improve derivation of RPE-cells from
pluripotent stem cells (PSC). In study publishedRmyland et al. in 2013, several purified
ECM proteins were tested for their ability to supgpd®SC-RPE differentiation and
maintenance. The results showed that iPSCs ditiated on nearly all tested substrates
developed melanin pigmented regions. However, aghoiPSC-RPEs cultured on the
majority of the tested substrates expressed key g#ties, only six substrates supported

development of confluent monolayers with normal Ri&phology (Rowland et al. 2013.)

The differentiation can be directed also in otherysy where one method is a use of a
specific culturing medium composition (Carret et2813; Idelson et al. 2009). One method
developed within the ophthalmology group was o@din used in deriving corneal
epithelial-like cells from hiPSCs (Mikhailova et &014), but preliminary tests have also
been conducted within the group in deriving hPSE&®&Rdata not published). Method
replicates early developmental mechanisms in tlebsgyblocking the transforming growth
factor B (TGF{) and Wnt-signaling pathways with small moleculénilaitors while
activating fibroblast growth factor signaling. Thieduction method is based on a use of
basic fibroblast growth factor and two small molesy SB-505124 and IWP-2. (Mikhailova
et al. 2014.)

Basic fibroblast growth factor belongs to a fanmolypolypeptide fibroblast growth factors

that are involved in multiple functions. In normedsue, basic fibroblast growth factor is
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present in basement membranes and in the subehdbéxtracellular matrix of blood ves-
vessels (Ross & Pawlina, 2011Studies have shown thdte bFGF may have a role for
example in cell proliferation, survival, differeation and motility(Watabe & Miyazono
2009). bFGF may also play a part in inducing of RPE peoltion and in the
transdifferentiation of RPE cells into neural proiger cells (Klimanskaya 2006)In the
culture medium bFGFwill cause EMT processwhile speeding up cell proliferation,

providing in the end a formation of a confluent RiR&nolayerTamiya et al. 2010).

Small molecule SB-505124 (2-(5-benzo[1,3]dioxolig2ytert-butyl-3H-imidazol-4-yl)-6-
methylpyridine hydrochloridef a selective inhibitor of various transforminggth factor-

B type | receptors. SB-505124 also blocks more cemg@ndpoints of TGIB- action, as
evidenced by its ability to abrogate cell deathseauby TGH1 treatment (Byfield et al.
2003.) The TGF superfamily includes transforming growth factoiGH), activins, and
bone morphogenetic proteins (BMPs). They regulatéde range of responses in the cell,
including cell proliferation, differentiation, adéien, migration, and apoptosis (Sporn &
Roberts 1990, Byfield et al. 2003.)

IWP-2 (N-(6-Methyl-2-benzothiazolyl)-2-[(3,4,6, 7ttahydro-4-oxo-3-phenylthieno|[ 3, 2-
d]pyrimidin-2-yl)thio]-acetamide) is small moleculthat acts as inactivator of Porcn
function. IWP-2 also inhibits a signal transductipathway called Wnt production, and
blocks B-catenin accumulation/nt/B-catenin pathway affects the ability of stem cédis

remain pluripotent and affects also the undiffaegat retinal progenitor by inducing the

formation of the laminar structure of the retinalKhailova et al. 2014, Vugler et al. 2008.)

2.5 RPE-cell characterization

There are numerous different types of differentlatells in human, and thus specific
markers for certain cell type are needed to disistgone cell from another. RPE-like cells
can be distinguished by their specific morphologypressed gene and protein markers and

functionality.
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2.5.1 Morphology

Most mammalian cells can be divided into threedeaategories based on their morphology.
These categories are fibroblast-, epithelial- amdphoblast-like cellsEpithelial cells, like
RPE, grow attached to a substrate in discrete patahd their shape is mostly polygonal

with more regular dimensior{kife Technologies 2014.)

RPE-cells are bipolar cells which form a hexagasdl monolayer. RPE is densely packed
with pigment granules called melanocytes, whichultesin distinct brown or black color
from melanin pigment. Hexagonal morphology of RP&sembles cobblestone or
honeycomb type of formation (Maminishkis et al. )0rhe RPE cells form tight, adherent
and gap junctions between cells which create adbtetinal-barrier between the retina and
choriocapillaris (Strauss 2005).

2.5.2 Transepithelial resistance

Transepithelial resistanddER) measures the epithelial layer’'s ability tgisé current or
diffusion of the ions across it. The measuring barperformed with either Ussing chamber
or a voltohmmeter. TER depicts the developmentpithelial barrier properties and tight
junction formation between the cells (Carr et &12) Thus, TER can be used to analyze
the formation of the RPE epithelial cell monolaydransepithelial resistance values
measured from RPE-cells vary in different studigslaown in table 1. TER-values seem to
be affected by the source of the cells, days ofctleuring, measurement conditions and
overall information of how the cells have attachedhe surface and have been able to form
resistant tight junctions. The selection of measuet system has also a great impact on the

results.

Tight junctions, also known as zonula occludens,faund in the most apical component in
the junctional complex between epithelial cellseifunction is to hold the cells tightly in
close connection and also form a barrier that seélshe intracellular space. Zonula
occludens strands correspond to the location ofdhes of transmembrane proteins. Three
major transmembrane groups found in zonula occlidare occludin, claudins are

junctional adhesion molecules (JAM) (Ross & PawR041.)



24

TABLE 1. Transepithelial resistance of RPE cellsit@rature.

Reference Tissue TER-(cnf)
Frambach et al. 1990 Cultured human RPE 330
Quinn & Miller 1992 Human adult RPE 79148
Quinn & Miller 1992 Human fetal RPE 2061151
Maminishkis et al. 2006 Human fetal RPE 501+138
Vaajasaari et al. 2011 putative hESC-RPE d30 6-32
Vaajasaari et al. 2011 putative hESC-RPE d60 145-18
Vaajasaari et al. 2011 putative hESC-RPE d90 311
Vaajasaari et al. 2011 putative hiPSC-RPE d30 6-10
Vaajasaari et al. 2011 putative hiPSC-RPE d60 23-38
Vaajasaari et al. 2011 putative hiPSC-RPE d90 74

Peng et al. 2014 Human fetal RPE 500 - 2000

2.5.3 RPE specific proteins

Immunofluorescence (IF) staining is a method thadlias immunochemistry in a way to
image specific substances. IF utilizes fluorophoa@d antibodies that are labeled with
fluorescent dye (Wilson & Walker 2010.) Antibodies, immunoglobulins, are proteins
produced by plasma cells. They bind specifically p@rticular substances, referred as
antigens (Ross & Pawlina 2011.) Antibodies can $eduo visualize the distribution of a
specific biomolecule with an antibody that recogsizhe examined protein as antigen and
binds to it. Fluorescent antibody complex can bem&x by direct or indirect method
(Wilson & Walker 2010.)

Direct method applies the antibody labeled withofescent dye directly to the antigen.
Indirect method utilizes two different antibodieghere one recognizes the target protein
and another contains the fluorescent label. Inrgatlimethod first the primary antibody that
recognizes the antigen binds to the target bionutdecSecondly, the secondary antibody
with the fluorescent label binds to the primaryilaody, forming this way a fluorescent

complex. The fluorescence can be detected bydhaant microscope after illuminating the
sample with dye-specific excitatory wavelength &t & Walker 2010.)

There are several known molecular markers of thE.RRost distinct markers that RPE-like
cells express are for example cellular retinalderyohding protein (CRALBP), retinal

pigment epithelium-specific 65 kDa protein (RPEG5@strophin and pigment epithelium
derived factor (PEDF) (Klimanskaya 2004.) CultuRBE cells differ in gene expression
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on different time points and hence functionalityeleds on cell passage and degree of epi-
epithelial polarization (Mazzoni et al. 2014.) Fetample, in mature hESC-RPE cells, the
expression of genes that are involved in visualecyhould be-up-regulated (Liao et al.
2010).

Cellular retinaldehyde-binding protein (CRALBP)asprotein that takes part in the visual
cycle by functioning as a substrate carrier protieat modulates interaction of retinoids (11-
cis-retinaldehyde). CRALBP is expressed in RPEsgéllit is present also in Miller cells in
the retina (Saari & Crabb 2005.) Retinal pigmenithegtium-specific 65 kDa protein

(RPEB®Db) is involved in the visual cycle by takirgyfon the conversion of all-trans retinol to
11-cis retinal during photo-transduction. RPE650 alegenerates the visual pigment in

photoreceptor cells. (Cai et al. 2009)

Bestrophin, a product of the Best vitelliform mautystrophy gene, is commonly used
molecule marker in RPE cells (Klimanskaya et aD£0Burke et al. 2008). As one of the
roles of RPE is to transport nutrients and ionswbeh the choriocapillaris and

photoreceptors, the bestrophin, as a type of qal@ativated anion channel, plays important
role specifically in cloride conductance and catsisignalling in the RPE cells (Hartzell et
al. 2008.)

2.5.4 Proteins indicating the polarity of the cells

RPE cells are polarized epithelial cells. Transmemé proteins expressed in RPE cells
include proteins such as sodium-potassium-adenaspi®sphatase (N&K™ -ATPase) and
tight junction proteins zonula occludens 1 (ZO-ibgd aclaudin-19 (Lehmann et al. 2014,
Rizzolo 2014).

Sodium-potassium- adenosine triphosphatasé/KNaATPase) is an ion pumping protein
complex located in cell membrane. This pump is mssefor the maintenance of Nand
K* ion concentrations across the membrane. Energydosepithelial transport is provided
by Na/K* -ATPase on the apical membrane of RPE cells (Leimeh al. 2014.)
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ZO-1 is one of the zonula occludens proteins. Z®-an important link in transduction of
signals from all transmembrane proteins (Ross & liraw2011.) It is a transmembrane

protein that is located on the apical (cytoplasmide of RPE-cell (Rizzolo 2014).

Claudins are transmembrane proteins that form #uklmne of zonula occludens strands.
They form and regulate aqueous channels used acgéular diffusion (Ross & Pawlina
2011.) Claudin-19 is a protein that is an essenbaiponent of human RPE tight junctions
since patients with genetic defect of claudin 1®esyprofound ocular deficits (Konrad et al.
2006.) It has been shown that claudin-19 is themidant claudin expressed in cultured
RPE-cells and it is the only claudin that was id@t as RPE-specific when compared with

photoreceptors and choroid (Peng et al. 2011).

2.5.5 Other characterization methods

Along with other vital functions in the retina, @uweytic activity is a core trait of RPE cells
in vivo and in culture. Continuous renewal of the lighssgve outer segment portions of
photoreceptors is critical for vision and thus thieagocytosis by RPE cells is highly
regulated and specific for spent outer segmennfeags. Phagocytic processes consists of
three distinct phases; recognition/binding, intémasion, and digestion(Mazzoni et al.
2014.) RPE cells are the most actively phagocyitsan the human body. One RPE cell
supports 30-50 photoreceptors, which shed daily eb%eir outer segment mass (Bonilha
2008). In situ analysis of RPE phagosomes has identified estgmbiéeins of the RPE
phagocytic machinery. These phagosomes in the RRE e identified by different
microscopy techniques based on their sizes andidocia the RPE (Mazzoni et al. 2014.)

Immunolabeling any outer segment protein may aidlentification of RPE phagosomes,
but rhodopsin is the most ideal to immunolabelgsiit is the most abundant protein in rod
outer segments. The RPE cells do not express risodtipemselves and rhodopsin content
of the RPE therefore will correlate directly witblative phagocytic load. (Mazzoni et al.
2014.) POS phagocytosis can be also tested wittifgpassays and quantification method

that utilize for example latex beads (Klimanska0ae).
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3 AIMS OF THE STUDY

The objective of this Bachelor’s thesis was toHartoptimize a directed RPE differentiation
method developed in the Skottman Ophthalmology mroy providing knowledge on the
differences between the efficiency of the adheagrt EB-like culturing methods in the dif-
ferentiation of RPE-like cells from human pluripatestem cells. When more efficient ways
to produce RPE-cells are discovered, these metbodls be utilized in tissue engineering
applications. In the future, disorders caused kpakdegeneration could be cured by apply-
ing regenerative medicine, where the damaged RPHdwme replaced by tissue graft de-
rived from hPSCs.

The aim of the study was to compare adherent andikeRlifferentiation methods in di-

rected differentiation of hPSCs into RPE. The nm@omts of interest were to evaluate the
formation of melanin pigment producing cells betwdbe differentiation methods and to
analyze of the quality of the produced cells. Tle# knes chosen for this study were a
hESC-line that is commonly used in differentiatafrhESC-RPE within the research group,

and one human iPSC-line for comparison.
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The experiment consisted of two separate phasesinttal differentiation phase consisted

of chemical differentiation induction in EB cultgréollowed by comparison of the EB ver-

sus adherent culturing methods by the rate of melgigmented cells produced. In the fol-

lowing phase, the produced pigmented cells weecsal for subculturing and characterized

by TER and immunofluorescence stainings to detegntineir barrier junction properties,

differentiation state, polarity and expression é&fHRtypical proteins. Course of the experi-

ments are described in table 2. Experiments watfenpeed following good laboratory prac-

tice (GLP) whenever possible.

TABLE 2. The course of the study

Method

Number

of days

Introduction of the method

Induction of differentiation

do

Stem cells colonigere mechanically cut and the pieg
were placed in low attachment 6-well plate for eliéin-
tiation in induction medium. The colonies form aetd

dimensional aggregate, called EB (figure 3.)

es

d4

EBs are divided into two groups of equal st2ee group
continues to differentiate as EBs in suspensiotul
the other group is transferred to collagen IV cdatd-
herent culturing 6-well plate. The induction mediisn

replaced with basic cell culturing medium.

Subculture

~d40

The differentiated, RPE-like pigtee areas of culturg
are mechanically selected and dissociated to sioglle
suspension. The cells are counted with hemocytan

and seeded to collagen IV coated 24-well platespame

inserts.

TER measurements

d40 + 5-TER is measured from PET-membrane cultures.

weeks
Immunostainings d 40 + 5{/The PET-membrane cultures are stained with R
weeks spesific antibodies and imaged with confocal micopy.

meable Polyethylene Terephthalatd®ET-membrane

nete

v}

PE-
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4.1 Cell culture

4.1.1 Human pluripotent stem cells

Cell lines used in this study were hESC line Re@@®17 previously derived in research
group’s laboratory (Skottman 2010) and hiPSC liféAl04511.WTs. Two different batches
of both cell lines were used to evaluate the pigatéon rate. The pluripotent cell lines were
handled in sterile conditions and cultured in hufred incubators (Thermo Electron Corp.,
Waltham, MA, USA) at +37 °C in 5% CO2 on mitotigaihactivated (by mitomycin C)
hFF (36,500 cells/cm2; CRL-2429; American Type GutCollection, ATCC, Manassas,
VA) in serum-free conditions (Vaajasaari 2010) qrassaged with single cell enzymatic
dissociation (SCED) —method.

Research group gets the embryos for derivation&8@ lines as a donation from couples
that have gone through fertility treatments anghed an informed consent forifhe sur-
plus embryos are unfit to be used in the treatmamtéswould have otherwise been disposed
of. Group leader Heli Skottman has the approvahefNational Authority for Mediolegal
Affairs Finland to study human embryos (Dnro142638P/05) and has the support of the
Ethical Committee of the Pirkanmaa Hospital Di$t(iR05116) to derive, culture and dif-
ferentiate hESC lines from surplus embryos (Skatt2@10.)

Human iPSC line used in this study is a wildtype linducted with Sendai-virus method.
Line is mainly used in BioMediTech research groeg by Katriina Aalto-Setala. Aalto-

Setéald’s group does research in the field of calhd tissue technology, focusing on heart
cells. The hiPSC-line is used as a control cedt Imthe studies and it is formed within Uni-

versity of Tampere from patient skin biopsy (Hapo2014.)

Basic hPSC culture medium consisted of KnockoutbBeto’'s Modified Eagle Medium
(KO-DMEM) containing 20% KnockOut Serum Replacem@a®-SR), 2 mM glutamine
mixture (GlutaMax), 0.1 mM-mercaptoethanol, 1% Minimum Essential Medium nenes
sential amino acids, (all from Invitrogen, Carlsh&R) 50 U/ml penicillin/streptomycin
(Cambrex Bio Science, Walkersville, MD), and 8 nghuman basic fibroblast growth fac-
tor (bFGF; R&D Systems Inc., Minneapolis, MN) (Vasgari 2010).
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4.1.2 Differentiation and culture media

The basic differentiation culture medium (called PNs used normally in spontaneous dif-
ferentiation within the research group (Vaajasatal. 2010). DM- consists of basic growth
medium KO-DMEM that is supplemented with 15% KO-SBO U/ml penicil-

lin/streptomycin, 1% non-essential aminoacids, 1t@blax and3-mercaptoethanol.

The differentiation of the cells was induced byiaddasic fibroblast growth factor (human
FGF-basic 50 ug, PeproTech) and small moleculetbeteinhibitors SB505124 and IWP-2
(both from Sigma-Aldrich, Sigma Life Sciences) tdMbmedium, that was thus being called
as DM+ medium. The induction method is based onkeddge provided previously in the
research group (Mikhailova et al. 2014; unpublisbdath.) DM+ medium used in induction
was changed 2-4 times during the first four dayditiérentiation. After the induction, cells

were transferred to the DM- medium. DM- medium wianged three times a week.

4.1.3 RPE differentiation

The human pluripotent stem cells were grown withpsutive feeder cell layer of human
foreskin fibroblasts. For differentiation, the stexll colonies were mechanically cut and
undifferentiated areas selected from the cultumed]s and passaged to 6-well plate (Costar
multiwell plate, 6-well Ultra-Low attachment surigaCorning Incorporated) with differen-
tiation medium DM+. The passaged colonies formedtihg cell aggregates spontaneously

as they were placed on the medium. The methodh®dstrated in figure 3.

Directed differentiation by small molecule inductitook place for four first days of the
differentiation. On d4 the medium was changed tsidoaulturing medium DM- and the
formed EB-like cell aggregates were either keghamEB suspension culture or transformed
to adherent culture conditions. Adherent cultuiogk place on 6-well plate (Costar multi-
well plate, 6-well Corning CellBind Surface, Corgiimcorporated.) The wells were coated
with Collagen IV (Sigma-Aldrich) 5 ng/cmEB-like cell aggregates attached to the coated

bottom of the well and started to form an adhecsitiure.
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FIGURE 3.Overview ofmechanical selection of stem cell colonies. (A)nstll colonies viewed
by phase contrast microscope, picture taken thraegiars. 1x magnification (B) Undifferentiated
stem cell colonies on top of feeder cells. (C) & Qutting was done by scalpel and colonies were
unfastened from bottom of the well. (E) Coloniexflng free in the medium (d0) (F) Colonies form
EB-like cell aggregates within a day from the setec(d1) Pictures B-F magnification 4x, scale bar
200 pm.

The differentiation potentials of the adherent &i#like culturing methods with hESC and
hiPSC lines were analyzed by the appearance ofirftepigmented cells emerging from
each cell line. Observations were done five timegeak with phase contrast light micro-
scope (Nicon eclipse TE2000-5.) Pictures were taketifferent time points to document
the development of melanin pigmentation with camatached to the microscope (Nikon
Digital Sight DS-L5)

After 42 days of differentiation, pigmented areasr@vcut mechanically and passaged with
SCED to Collagen IV coated 24-well plates and PE&miranes on culturing well inserts.
The meaning of subculture was to gain more homaggeepithelial like RPE-cultures.
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4.1.4 Subculture

For enrichment and maturation of the RPE-like pediduced, the areas with pigmented cells
were chosen manually with a scalpel in sterile doyts and subsequently dissociated and
passaged to a different well plaRBassaging was performed within d41-d42 of theatidn

of differentiation. Usually longer differentiatiatevelops better yield of pigmented cells, but
in the limited timescale for the project, this stegd to be performed with modest amounts

of pigmented cell material.

After mechanical separation, cells were washed twees with Dulbecco’s phosphate-
buffered saline (DPBS.) A proteolytic enzyme wittaid name TrypleSelect was used to
dissociate the cells for 10-15 min at +37 C°. Th#scwere carefully triturated and put in
DM- medium through 4.0 um nylon cell strainer tonga single cell suspension. Cell sus-
pension was then centrifuged at 1500 rpm for 5 Miiedium containing TrypleSelect was
removed and cells were resuspended to 1 ml of Did-c@unted with hemocytometer. Rea-

gents were manufactured by Invitrogen, Life Tecbgws.

The cells were plated either on collagen IV (5 pg{cSigma-Aldrich)-coated 24 well plates
(42 000 — 56 000 cells/dnCostar multiwell plate, 24-well Corning CellBinBurface,
Corning Incorporated) for pigmentation and morphgléollow-up, or on permeable Colla-
gen IV—coated PET-membrane inserts (100 000 — BOCc8lIs/cni; Millicel 24-well hang-
ing cell culture insert, 1,0 um PET transparent|iptire) for immunofluorescent stainings.

4.2 Reference material

To analyze the cells produced in this study, tw&GERPE cell cultures were taken to the
characterizations as reference material. The nedereells were produced within the group
from the same hESC-line as the cells used in tidysAdherently differentiated hESC-RPE
cells were compared to control cell cultures. Paepof the reference material was to use
them as control samples to see if there was ardifte in the quality of the cells produced
with induction and spontaneous differentiation neh The controls were named based on

their differentiation mediums DM- and DM+/DM- as Mnd M+/M-, respectively.
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The control cell M- cultures was produced with dpoeous differentiation process (method
used previously in Mikhailova, 2011 and Vaajasa&aral., 2011) and the another control
M+/M- represented a type of parallel sample by gelarived with same directed differenti-

ation method as the adherently differentiated hIERRE sample.

The comparison of the control cells and the adhbreifferentiated hESC-RPE cell sample
is presented on table 3. The passage number isetbfrom each subculture of the original-
ly differentiated RPE-like cells. Control M- ceNgere spontaneously differentiated in EB-
form in DM- medium (passage +1), without small ncolle or growth factor induction. Af-
ter 58 days of differentiation, pigmented areasenit mechanically (passage +2), and plat-
ed to collagen IV coated 24-well plates without &CiEeatment as cell clusters. After RPE-
like cells had gained confluence for 68 days orsags +2, they were passaged to collagen
IV coated PET-membrane on culturing well insertssgage +3).

The control cells called M+/M- were differentiatedth same method as study inserts, first
four days on DM+ and then DM- medium. Only diffecenis on that these cells were plated
to inserts on their passage +3 after they had fdrooefluent RPE-like colonies on 24-well

plate in passage +2. Differentiation in first pagséook 47 days, and maturation on second

passage 36 days.

TABLE 3. Comparison of the sample cells and the controscell

Type (name) Diff. method Medium Diff. culturingassage
condition on insert
Control | M- spontaneous DM- EB +3
Control | M+/M- directed DM+/DM- | adherent +3
Sample | hESC adherent directed DM+/DM-  adherent +2
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4.3 Transepithelial resistance

Transepithelial resistance was measured from timpleaand control culture inserts. Meas-
urement devise used in the study was Millicell Eleal resistance system 2 voltohmmeter.
The measurement electrodes were disinfected byirkgepem ~15 minutes (min) in 70%

ethanol. Electrodes were let to dry in the roomgerature (RT) before they were used in
the measurements. For stabilization, the electreg®s rinsed in two different falcon tubes
that contained PBS before every measurement. TheniEmbranes were in the DM- medi-

um during the measurements. Measuring was perforZa@dimes to each sample and a
blank control. The resistance measurements wenagee and the value of the blank was

subtracted from the sample-well resistance.

4.4 Immunofluorescence staining

Immunofluoresce stainings were performed to detgpiression of commonly used RPE-
spesific marker proteins by the cells. Imaging witinfocal microscope enabled the anal-
yses of the polarization of the marker proteins.

The cells were washed three times with PBS andifix¢h 4% paraformaldehyde (pH 7.4;
Sigma-Aldrich) for 10 min at RT following repeatedhshings with PBS. The cells were
made permeable by incubating in 0.1% Triton X-10®BS (Sigma-Aldrich) at RT for 10
min. The unspecific binding sites were then blockgdreating cells with 3% BSA (BSA;
Sigma—Aldrich) at RT for 1 hour (h) and the PET-nheames were cut to three or four piec-
es. Samples were incubated overnight at +4 °C pimary antibodies shown in table 4.
Dilutions were prepared in 0.5% BSA in DPBS. Celisre washed three times with PBS
and labeled with secondary antibodies shown ireté&blSecondary antibodies were diluted
in 0.5% BSA-PBS and incubated 1.5 h at RT follomiegeated PBS washings. The nuclei
were stained with 46 diamidino-2-phenylidole (DAPI) included in the nming media
(Vector Laboratories Inc.)



TABLE 4. Primary antibodies
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Primary antibodies Manufacturer / Product code Dilution
mouse anti-NdK" -ATPase | Abcam/ab7671 1:200
rabbit anti-bestrophin Abcam / ab14928 1:200
mouse anti-RPE-65 Millipore / MAB5428 1:200
rabbit anti-ZO-1 Life technologies / Novex 61-7300 1:200
mouse anti-CRALBP Abcam / ab15051 1:500
mouse anti-claudin-19 Millipore / MAB6970 1:100
TABLE 5. Secondary antibodies

Secondary antibodies Manufacturer / Product code Dilution
donkey anti-mouse IgG A488| Life Technologies / Adx{uor A-21202 1:800
goat anti-rabbit IgG A568 Life Technologies / Aleixlior A-11011 1:800

The control cell cultures M- and M+/M- on PET-meiates were stained using all of the

primary antibodies listed in table 4. Due to th@mpoutcome, the hESC-RPE cell cultures

produced in this study were stained using only-NaliK® ATPase, anti-BEST, anti-
CRALBP and antiZO-1 leaving out the RPEG65, and dtieer tight junction protein, anti
claudin-19, which show usually only in well matuRBE-like cells.

At time of the immostainings, the cell cultures tohDM-, control DM-/DM+ and hESC-

RPE sample had been on the culturing inserts férdeys, 91 days and 40 to 49 days, re-

spectively. Images were taken with an LSM 700 coaf microscope (Carl Zeiss, Jena,

Germany) using a 63xoil immersion objective.
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5 RESULTS

The actual time points for each step of the expeminare shown up in the figure 4 and are
discussed in detail in the following chapters.

mentation : Subculture
L d41-d42

TER-measurements ; [F stainings

i d(42+36) 1 d(42 + 40-49)
hESC 1 EB i d18-d2y ——> * | i
1 2 1 1 1 1
(08/017) ' EB ! ! ! :
: \adherent: d17-d19 : : :
hiPSC ' _> EB ' d26-d28 ! ! !
(04511.WTs) | EB | : : |
' adherent; d17-d19 7 > % ' '

FIGURE 4 Course of the practical work. *Some of the cellgeveassaged only on 24-well plates,
but they did not manage to form a subculture.

5.1 Appearance of pigmentated cells

Appearance of pigmented cells was followed daikgleding weekends. The formation of
the pigmentation is presented in figure 5. The nla®ns for each cell lines and culturing
conditions are shown on table 6. The comparisocetifdifferentiation in different culture
conditions can be seen in the images in figureadb7a Figures 6 and 7 represents the dif-
ferentiation of hESC line and hiPSC line on th& 8ay of differentiation, respectively. The
differentiation potentials of the culturing methazn be compared by the amount pigment-

ed cells emerging from each cell line.
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FIGURE 5. Melanin pigmentation development (A) Srspon culture, no pigmentation on EBs on
(hESC, d11) (B) First sign of pigmentation on EE$C, d21) (C) Developed pigmentation on EB,
(hESC, d35) (D) Adherent culture, no pigmentatibERC, d6) (E) First signs of pigmentation on
adherent culture (hESC, d21) (F) Well pigmentedeagitt culture (hESC, d35.) Magnification 4x,

scale bar 200 um.

TABLE 6. Summary of the pigmentation formation

Cell line / conditions Pigmentation first shown
hESC adherent d17-d21

hESC EB d18-d22

hiPSC adherent d17-d19

hiPSC EB d26-d28
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FIGURE 6hESC line, day 39 of differentiation (A) adherenttaring conditions, overview. (B)
adherent culturing conditions, close-up. (C) EReligulturing conditions, overview(D) EB-like
culturing conditions, close-up. Some of the pigredrdreas are marked with arrows.

FIGURE 7 hiPSC line, day 39-40 of culturing. (A) adhereulturing conditions, overview. (B)
adherent culturing conditions, close-up. (C) d40li&B culturing conditions, overview, (D) d40 EB-

like culturing conditions, close-up. Some of thgrpented areas are marked with arrows.
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5.2 Characterization

5.2.1 Morphology

Only hESC-RPEs that were differentiated with adherailturing gave enough yield to be
passaged successfully to 24-well plate and hangjiitgre inserts. EB-like cultured hESCs
and adherent cultured hiPSCs were also plated-twe4plate, but the passaged cell did not
proliferate (data not shown.) After plating, theS€E subculture went through epithelial-
mesenchymal transition (EMT) before reforming iRBE-like pigmentated cells of cobble-
stone morphology (figure 8.)

FIGURE 8.Plated adherent cultured hESC-RPE cells in diffetiame points. (A) On d1 cells were
attaching to the surface (B) on d6 cells were gtimgugh the EMT, fibroblast-like morphology (C)
on d12 cells had proliferated and started to reactiluency (D) Cells started to form a cobblestone-
like morphology during d18 but were not yet fullgnéluent (E) on d23 the cells had gained conflu-
ent morphology (F) d37 RPE-like cells had gainedkbtheir original appearance. Magnification
10x, scale bar 50 pum.
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5.2.2 Transepithelial electric resistance of the PET-memtanes
Transepitheliel electric resistance was measurae the PET-membrane inserts shown in

figure 9 to analyze the barrier properties of th# monolayer. Control insert without cells
was used to reduce the background produced by Hienfembrane. The measured TER

was converted to unit area resistance with the manels surface area. Results are shown in
table 7.

FIGURE 9. PET-membrane cultures before TER measemesn(A) M- control (d92 on insert) (B)
M+/M- control (d78 on insert) (C) hESC adherentuation insert (d36 on insert.) Pictures taken
through phase contrast microscopes oculars, magtidn 2,5x. No scale bar provided.

TABLE 7 Results of the TER measurements

Cell sample Culturing days on insert TER cnf)
M- control ad92 420

M+/M- control d78 115

hESC adherent d36 2
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5.2.3 Immunofluorescence staining

The immunofluorescence stainings were performednwtiee adherently differentiated
hESCRPEcells had been 40 to 49 days on the permeable Pdiibmrane inserts. Despite
poor condition of the formed epithelial monolaydrere were nevertheless decent areas to
analyze with immunofluorescense stainingsaclei stainings with DAPI were observed with
microscope, but the observations did not show engittures since the dark melanin pig-
mentation concealed the DAPI in the cells. The imostaining for CRALBP, ZO-1, Na
K*-ATPase and bestrophimere positive for the hESC-RPEs developed in thisys The
stainings for the control samples were not esdeiatighis thesis and are not therefore dis-

cussed in detail in the results.

Figure 10 shows images taken from cells stainett @IRALBP (A488, cyan green) and
Z0O-1 (A568, reddish orange) antibodies. Nucleirstej DAPI (cyan) cannot be recognized,
due to the concealment by dense melanin pigmentafibe phenomena is relatively com-
mon with highly pigmented RPE-like cells. Blue doating in the images is from back-
ground fluorescence from the PET-membrane. It shbalnoted that the images taken from
the sample cover only a small area. The overviethefsample illustrated relatively high

variation on different parts of the sample.
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FIGURE 10. Images taken with confocal microscopyagnification 63x (oil immersion) of
CRALBP and ZO-1 immunostained hESC samples. Blaighénta color is mainly from the fluo-
rescent PET-membrane, nuclei staining DAPI is @mowith cyan (A) Parts of the sample that
demonstrated a beautiful cobblestone morphology.O0@monstration from the distressed parts of
the sample. (C) Variable cell morphology. (D) Guo#l stack image that shows part of the sample

where ZO-1 can be seen well on cell junctions aRAKPB in the cytoplasm.

Images in the figure 11 are from samples that viem@unostained for N#aK*-ATPase

(A488, cyan green) and bestrophin (A568, reddisimge.) Images are formed with confocal
image; image in the middle is the most describimgraew of the sample, and the slides on
top and left are cross-sections formed from stdaknages taken from the different depths
of the sample. The DAPI-stained nuclei can be ssetyan colored with some cells on the

area on the left image 11B.
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g ,DAP| | =
FIGURE 11. Confocal stack images from immunostaihC-RPE samples, magnifiction 63X
(oil immersion.) N&¥K*-ATPase can be seen as cyan green (A488) and jpleistras reddish orange
(A568.) DAPI stained the cell nuclei as cyan biNel/K" is polarized on the apical cell membrane.
A) Stratified part of the sample, image taken fiatch of the hESCs, (7 weeks on inserts) B) Cells
formed RPE-like monolayer, part found on the sedeaitdh of hESCs patches (5 weeks on inserts.)

The immunocytochemical analyses of the control danyd showed that the cells were
stressed probably duo to cellular senescence wdfielm occurs in prolonged cell culture.
Beside these results, other comparable immunofbgerece stainings from cells with same
differentiation method can be found in the researcWaajasaari et al. 2011. Some of the
data collected from control M+/M- can be seen m @ippendix 1Condition of the observed
areas indicated that the cells had possibly betatlded during the stainings. The results of
the stainings were in conformity with the outconfetlee sample hESC-RPE. The control
M+/M- had two additional stainings with antibodifess RPE65 and claudin-19. These are
included in appendix 1. Since RPE65 was almost xistent, the staining was concluded as
negative. Immunostaining for claudin-19 was positiwith higher intensity on proximity of

certain individual cells.
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6 DISCUSSION

The objective of the thesis was to further optimazairected RPE differentiation method by
comparing adherent and EB-like culturing method#feientiation of hPSCs into RPE-like

cells was first determined by observation of melgpigmentation development. In hESC
line the pigmentation was detected a day aparbth bdherent and EB-like cultures, but in
the end, only adherent culture developed enougmgmged cells for subculture. With dif-

ferentiating hiPSCs, the EB-like cultures had dethjormation of pigmentation compared
to adherent cultures. Differentiation in EB-likespension cultures did not show improve-

ment even when cultured further from the first fooimt of around d40 (data not shown.)

The adherent hESC-RPE cultures were selected asshged successfully forward to 24-

well plates and PET-membrane inserts, and aftér ta 49-day maturation period, analyzed
by means of immunofluorescent stainings. Basedhemrésults provided in this study, ad-

herent differentiation conditions may turn out ®rhore preferable for hPSC-RPE when the
differentiation has been directed with inductions@ in the native environment epithelial

RPE monolayer grows adherently attached to Bruci@mbrane.

Induction of differentiation did not seem work wédr EB-like aggregates, as can be ap-
proximated from figures 6 and 7. The first pigméiota of cells in adherent hESC cultures
(d17-d22) seemed to appear just slightly fastem thahe spontaneous EB-like cultures de-
veloped for another studies in the same laboratbsse spontaneously differentiated hESC
of the same particular cell line started to devgdggmentation on average on day 23 (the

mean results with five different hESC passages dat shown.)

One of the two hiPSC batches yielded notably saralbunt of differentiated, melanin pig-
mented cells (data not shown.) The better succébstie second batch indicated that the
problem was more likely with the quantity of thdlgehan the quality, since in the begin-
ning of differentiation the first hiPSC batch hagnsfically less stem cell colonies to even
begin to differentiate. However, with these parfacucell lines the hiPSCs gave poorer yield
of RPE-like cells than the hESCs. The hiPSC-RPE ckdl not live through of the subcul-

turing and therefore, there are no follow-up restdt the cell line.
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The differentiated melanin pigmented cells wererati@rized to identify if they resembled
RPE-like cells. Since in the time limits of the dguonly the adherent differentiation for
hESC provided sufficient yields, the quality of thBSC-RPE cells was thus determined
only for these cell samples. The cell seedingshenpbrous PET-insert did not form an epi-
thelial-like monolayer, but instead a network-lifgmation of stratified cells. This is not
expected behavior with RPE-like cells, but the mmeenon has been noted also in another
study (Rowland et al. 2013.) Despite these probleéhesimmunostainings turned out to be

successful and gave informative results.

TER interprets the confluence and barrier propeiea cell monolayer. Some of the refer-
ence values for RPE monolayer presented in litezatean be found on table 1 on page 24.
The TER measurements for control sample M- showedformation of a proper monolay-
er, while the values were slightly lower for thentol M+/M-. As for the hESC-RPE sam-
ple, it can be seen from measured TER values aed fom figure 9 on page 40, that the
cells produced in this study did not form a monelajat could have had any kind of barrier
properties. However, regarding the immunofluoreseestainings, the quality of the hESC-
RPE cells was still relatively good.

The immunofluorescence staining provided infornraabout how the cell expressed known
markers for RPE-like cells. The existence and locabf the RPE markers depicted the ma-
turity and development of the RPE-like cells. Thenple cells that were differentiated with
induction method were rather matured, despite stgort differentiation and culturing peri-

od (Carr et al. 2014.) Early maturation could hbeen resulted with the induction used in

the beginning of the differentiation process.

RPE marker protein CRALBP was found in the cytopiaand in close proximate of cell

membrane (10D, confocal image.) The faintly showjungction protein ZO-1 was found

mainly in the nucleus of the cells. In some paftthe sample, ZO-1 could be also seen in
the cell-cell junctions suggesting formation ohtigunctions. ZO-1 was positive on all over
the sample, but higher intensity of fluorescenceldtde observed between some certain
cells shown outside of the area in figure 10. Géks show a cobblestone-like morphology.
Some stretching of the cells can be seen on ima@Bsand 10C. Most of the images were

taken from the prominent parts of the sample thiahéd epithelial-like monolayer.
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In confocal stacks on figure 11A and 11B,"Ma-ATPase was located on the apical side of
the cells membrane. Normally bestrophin shouldded on the basal membrane on ma-
tured RPE-cells. However, as seen more properithenimage 11B, bestrophin can also be
found elsewhere, in nucleus and cytoplasm, whencétis are still relatively unmatured.
Morphology of the cells is relatively good, but tinedesirable formation of stratification can

be seen especially on figure 11A.

The cell monolayer was relatively well formed iretbontrol culture M+/M-, but after the
immunostainings, microscope-examination revealed the monolayer was destroyed on
some areas and cells were detached from mostgfaiis membrane. This suggests that the
cell were not attached properly to the basal men#during the culturing period. The same
phenomena could have appeared in the hESC-RPE samible formation of the stratified,
network-like growth.

Reasons for the problematic development of the roelholayer could be caused by many
different variables. One difference between the ®I RFE sample and M+/M- control was
that the sample cells were plated straight fromdifierentiation stage. Thus, the sample
hESC-RPE cells did not have opportunity to formulacsilture of homogenous colonies,
which could have yielded purer RPE-like populatifviaajasaari et al. 2011.) More likely,
the problems could be with the insert culturinggodRET-membrane, since the seeding to 24-

well plate turned out fine as can be seen on figuva page 39.

The control culture M- with spontaneous inducti@veloped the finest monolayer of the
characterized cells, which proposes influence efdkecuted induction. It should also be
noted that in the time of the study, collagen NAtoags gave varied development of mono-
layer in other cell cultures developed in the |@bory (data not shown.) It has been shown
that the coating substance has an impact in thedion of the confluent monolayer (Row-

land et al. 2013.)

In conclusion, the results found in this study sgtgd that TER is not by itself a reliable

measurement of the development state of the RREcBKs. Immunostainings revealed that
the cells were polarized resembling RPE cells by exgingsthe specific molecular markers.

The marker proteins were not in all cases yet &xtathere they are normally expressed in
mature native RPE-cells.
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The results provided in this study suggest thasfmcific type of directed differentiation of
hPSCs into RPE, the adherent culture method gigedgfisantly better yield than the EB-
like culture method. The induction seems to worthvidoth hESCs and iPSCs, but the yield
tends to differ. It has been shown in other swithat iPSCs and hESCs show variability in
their propensity to generate viable RPE cells (Buoth et al. 2009; Rowland et al. 2013;

Vaajasaari et al. 2011).

To determine if this culturing method combined wdihected differentiation could be prom-
ising way to derive hPSC-RPE cells, further resde@meeded on the subject with different
cell lines and bigger cell amounts to compare netosely on the yields and efficiency with
the spontaneous culturing method. Results fromntimeunostainings suggest that the differ-
entiation method used in this provided RPE-likdsct#lat were yet completely mature in the
given time, but promisingly well developed. Funoadity of the RPE-like cells could be

shown with for example by testing the cell’s alilif phagocytosis of POS.

The problems with monolayer development on insend thus effects in the TER values
suggest a problem in the attachment of the cellshensurface. The main causes of this
could possibly be the coating of the surfaces bkagen 1V, the quality of PET-membranes
or the passage of the differentiated cells. lt@sassary to determinate the main source of
problematic formation of monolayer for the devel@mnhof cell cultures in the future. It
should be kept in mind that hPSCs and their diffeation are very delicate biological pro-
cesses, and even minor variables, such as sulategeh in culturing media or basal mem-

brane, could possibly affect in drastic measurement

Research aims were achieved to the extent that twere found notable difference in the
yield between the cell culturing methods. Basedtlan immunostaining results, adherent
culturing method with directed differentiation prmed RPE-like cells in relatively short
time period and could be a promising new methodeteelop RPE-cells for future applica-

tions.
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APPENDICES

Appendix 1. M+/M- control cell culture immunostaigis

FIGURE 12Control cell culture M+/M- immunostaining®) Na+/K+-ATPase A488, B) RPEGS5
A488 (negative), ZO-1 A568 C) CRALBP A488 D) Claud9 A488. Confocal microscope, 63x oil

immersion.



