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Oh, the places youOll go!
There is fun to be done!
There are points to be scored.
There are games to be won.

- Dr Seuss



Introduction

The retinal pigment epithelium, its role in disease and potenéal remed







VISION

The processing of visual information starts iretfee Thérst step is light perception:
Light"rst passes the cornea, enters the pupil and iséathy the lens onto the retina.
The retina lines the inner part of the eye and stssf two kinds of photorecep
tors (PR), rods and cones. The PR are a spedigeeaf neurons, and part of the
visual system, that are capable of converting tleenning light into electric and
neurochemical signals to the brain. This informadtaised to build a representation of
the surrounding environment. The PR are supportatidyetinal pigment epithelium
(RPE). The RPE is a monolayer of pigmented atllie thnderneath the PR. It forms
an important part of the blood-retina barrier aadefs the BruchOs membrane, which is
located between the RPE and the fenestrated chakoabpillaries of the eye. Seeirre

1. Despite distinct functions of the RPE and PRstae their origin; they are both
formed from neural crest derived epithelium.

Lens Macula

Retina

Macula

Retina

Photoreceptors

Retinal Pigment
Epithelium

BruchOs
Membrane

Figure 1. Schematic overview of the normal macular anatomy.

EMBRYOLOGY OF THE RPE

The development of the RPE and the photorecepsaan interconnected process that
reveals the strong relationship between the two. &'tial stages of neural tube for
mation, the optic vesicles evaginate from the nepithelium of the ventral forebrain.
Subsequently, the optic vesicles invaginate, leatdirige formation of the bilayered
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optic cup. From the two neuroepithelial cell layers the neural retina (inner layer), con-
taining the photoreceptors, and the RPE (outer layer) deveatnpd 2.

Optic cup development occurs in a complex environtmemd is #ected by many
neighboring tissues. During early development thagpnitor cells of the optic vesicle
exhibit bi-potential competence and are able to jpideither the neural retina or RPE
fate. The spett combination of key transcription factors, incigddTX2, MITF, CRBP,
CRABP, IRBP and RPEG65, determine the RPE fate

The RPE cells distinguish themselves morpholggfoaith the remainder of the optic
cup with the appearance of pigment granules and tbiemation of tight junctions
between the cells. Stimulated by interaction with the neural retina, the RPE slowly stabi-
lizes into an epithelial monolayer with apical-bpe&arity and regulates transepithelial
transport of substances from the subretinal sptee pace between the PR and the
RPE) to the choroid and vice v&r3ae PR start to extend their outer segments and
in response the RPE elongate its apical miciotdlthe subretinal space. In this last
maturation phase the RPE and PR interact to become a functional unit.

The coordinated dierentiation and maturation of the RPE and PR sabhseRPE
cells to adjust to the functional properties of fABR. Due to the higher number of
photoreceptors per RPE cell in the macula, thece®REN the macula are smaller and
have a higher density. Additionally, the RPE rdhg imacula have a higher melanin
content for better light absorption and adapt taethigher turnover rate of the shed
photoreceptor outer segment$

Besides the essential role in development of thiapp, the RPE is also crucial for the
proper functioning of adult photoreceptors.

o\
Telencephalol ‘\“

e
-~
&
{ Optic vesicle (OV)
Mesencephalo |

Diencephalo

Surface ectoderm
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Metencephalo: Y Mesenc RetingPhotoreceptors
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Neuroepithelium
J L RPE
Myelencephalo ens
[ Optic nerve
— — —»
Spinal cor

ov Invagination of the OV  Bilayered optic cup  RPE and retina are established

Figure 2. Schematic overview of the embryological development of the eye.
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RPE FUNCTIONS

Below, IOIl bBiediscuss the various functionalities of the Rig&ré¢ 3.

First of all, the RPE has several mechanisms ttemirthe high amount of photo-
oxidative activity and subsequently oxidative daendhe light that is concentrated
on the retina by the lens causes this, espeamathei macular area. The pigmentation
of the RPE is essential, since it absorbs exglgsthiough the abundant presence
of melanosomes that contain melanin. Melanin ig#eactive absorber of light and
has a broad absorption spectrum. Another defensénag oxidative stress is the high
amount of enzymatic antioxidants such as superogidmutase and catalase, and
carotenoids (lutein and zeaxanthin) as non-enzymatic antioxidants

Light absorption  Epithelial transport  Spatial bd ering  Visual Cycle POS phagocytosis Secretion

Figure 3. Schematic overview of various important functions of the RPE. It depicts the adjacent
layers of the photoreceptors (PR), retinal pigment epithelium (RPE), BruchOs membrane (BM) and the
choroid (CH). Figure adopted from Strauss et al {2005)

Secondly, the RPE is part of the blood-retinaebdretween the PR and the choroid.
Therefore active trans-epithelial transport byRIRE is needed to supply the PR with
nutrients such as glucose and vitamin A from tledlto the PR. Furthermore; the
RPE eliminates metabolic end products from thendRaecumulated water from the
subretinal space

Thirdly, photoreceptor activity causes rapid o@egrchanges in ion composition in
the subretinal space. The RPE is able to balandetheostasis by spatial #ering
function’.

Fourthly, the PR convert light into an electrigaldithat the brain can process as visual
information, which is called the visual phototrargitbn cascade. The visual pigment
in the PR absorbs the photon when it is hit bytlighis 11-cis retinal is isomerized to
all-trans retinal, and is no longer able to abgtiditons. In the RPE it is reisomerized
back to the functional form 11-cis-retinal befaris itransported to the PR. The RPE
maintains the visual cycle through this circulanyway?.

Fifthly, the PR are exposed to intense levelghf Which causes oxidative stress and
accumulation of photo damaged proteins and liplde tips of the PR, directed towards

13



the RPE, contain the highest concentration of tlwesgative modied biomolecules.
These photoreceptor outer segments are continuorestgwed and shed from the PR
to maintain excitability of the PR. The POS amophtized by the RPE, digested and
some parts are recycled and transported back to the PR

To conclude, the RPE produces and secretes gravtthsand factors that are essential
for the maintenance of the structural integrityhaf tetina and the choriocapilldfis

AGE RELATED MACULAR DEGENERATION

The variety of functions for the RPE, as desabimet, also illustrates the importance

of the RPE for retinal health. Functional defe¢teiRPE may lead to physiological de-
fects in the entire homeostatic unit of the retamal are the hallmark of retinal disease
such as age-related macular degeneration (AMD). i&AMDOate onset, degenerative

and progressive disorder of the macula with a multifactorial etiology. It is the lead
ing cause of severe visual impairment in the eldarthe western world. Since the
proportion of people over 60 years is expandingefaban any other age group this is

a growing problent.

Early AMD is characterized by the manifestatiopigmfientary irregularities of the
retina, basal laminar deposits (BLD) and presédndeigen in between the RPE and

the BruchOs Membrah@&LD and drusen are deposits of extracellular material that as
semble below the RPE and are correlated with AMD). This stage of AMD is clinically
asymptomatic: There is little visual defect yet,the presence of these deposits is

a strong risk factor for further development of AMBID is rarely diagnosed in the
absence of drusen. Late AMD can manifest itseiifiorms; the neovascular (OwetO)
form (nvAMD) or the geographic atrophy (OdryO)GérANIDY (Figure 3.

nvAMD is depicted by newly immature blood vesselsdhow towards the retina from

the underlying choroid, and can ledikd and blood. As a consequence, the macula is
rapidly and severely damaged. In GA AMD, the megalent form, there is a slow but
progressive breakdown of the PR as a consequerteteriorated RPE. The causes of
degeneration are largely unknown.

GA AMD is currently untreatable. There is limited treatment available for nvAMD; the most
common therapy is to inject anti angiogenic-drugs in the eye to block the growth of new
vessels. For angiogenesis to occur signaling molecules that promote blood vessel growth
must bind to the receptors on the surface of endothelial cells. When these promoting
factors bind to the receptors on endothelial cells, it initiates growth and survival of new
blood vessels. The anti-angiogenic-drugs interfere in this process in various ways. In ad-
dition, photodynamic therapy and laser surgery are also aimed at stopping the growth of
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abnormal vessels, but are almost never used. Even though there is treatment for nvAMD,
the condition may progress. Also, the injections are invasive and costly.

The primary site of AMD pathogenesis is unclegrifaueasingly, data suggest that it
involves oxidative damage $mmmatory changes and gradual accumulation of indi-
gestible material within and underneath the RPE'telsombination of these factors

can lead to AMD and it can clinically presentfilsedeveral ways. But always, in every
case, the RPE is at the core of the developmehe afisease.

AMD is a complex disease and both genetic and environmental aspects determine the
development and progression. Environmental risk factors include age, smoking, gender,
race, color of the iris, hypertension and diet. In addition, there are many genes that may
be associated with the development of AMD. Lambert et al (2016) clustered these in
functional related groups Retinal spete function, immune system related function,
neovascularization, lipo-protein related function, and a group of the uncategorized genes.
A complex interplay of genetic and environmental risk faci@n lead to the develop-

ment of AMD. This wide variety of involved factakas it dfocult to" nd a treatment

that tackles the disease.

Drusen \

Displaced
Photoreceptors Fluid accumulation
within retinal layer

"~~~ Disorganized leaky
blood vessels

Drusen

Retinal Pigment
Epithelium {
BruchOs Membrar@
Choroid

Figure 4. The manifestation of late AMD. The presence of drusen disturb the functional layers in the
retina and can lead to leakage and subsequently damage to the retina and vision.
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CELL REPLACEMENT THERAPY

The etiology of AMD is still largely unclear. Ahothe disease manifests itself in
various ways, the performance of the RPE is he#ré of the disease. Contrary to the
palliative pharmacological treatments, such asathteé angiogenic therapy discussed
above, replacement of the RPE has curative potéotiAMD. Several cell sources are
considered for this purpose.

Donor RPE and autologous RPE

Replacement of the degenerated tissue with donotemial, or even the translocation
of autologous RPE sheets from the periphery to the macula, have had limited suc
cess®! The drawback of these cell sources is thatukeiis technically challenging,
as it is dibcult to collect enough tissue, donor tissue may @adtransplant rejection,
plus the harvested cells are the same age as tlsetloey are meant to replace.

When human donor RPE cells are taken into culture, they onejgithelial to mesen-
chymal transition (EMT). The cells loose lose sbtheiioepithelial characteristics, like
tight junction formation, polarized shape and gaiesenchymal featur&s Also RPE
cells from aged donors do not simply attach welthie BM and modtcation to the

BM and the addition of extracellular matrix pratenust be considered for proper cell
attachment and cell survivalRecently, the adult RPE was reconsidered asrmtipbt
source for cell replacement therapy. A multipowurtipopulation of RPE cells can be
activated and expandeih vitroto form a stable RPE monoldy&r When they are
cultured on a polyester séald, meant as a BM substitute, and transplantedraia

bit model, they survived for over a month and maintained their polarized stficture
Further investigations, using the primary RPE esltior the development of cell
transplantation are ongoifgy

Pluripotent stem cells

Despite this renewed interest in primary RPE, nidsteaesearch in thiseld is fo

cused on other cell sources, such as human emhrgdain cells (hESC) and induced
pluripotent stem cells (iPSC). Pluripotent steta dékr from all other cell types in the
body, because of a few properties: they are abselferenew and proliferate for long
periods of time; they are in an ufglientiated state; they candgirentiate into any cell

type of the body.

To understand these unique characteristics of the stem cells | will shortly disauss the
vivodevelopment of the cells. In a very early stage ahthigodevelopment (3-4 days

post fertilization), the human embryo forms the morula. These cells arise only through
cleavage of the zygote and all are found inside the pellucid zone, which cannot expand,
thus no growth is seen. These cells are totipotent, meaning that the cells are able to divide
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and produce all of the #erentiated cell types in the human body. Around'tfie day

post fertilization, the embryo liberates itself from the pellucid zone (layer surrounding the
oocyte), and bulges out to form the blastocyst. At this stagérsh@i#erentiation has
already taken place and the structure consists of extra embryonic tissue and the inner
cell mass. The inner cell mass contains pluripotent stem cells: cells thatoamtidie

into any of the three germ layers (endo-, ecto-, mesoderm). These cells are commonly
referred to as embryonic stem cells. From here the inner cell mass further proliferates and
di#erentiates. The more the ceftelientiates, the more they become specialized and less
OpotentO. They go from pluri- to multipotent, to oligopotent, a progenitor stage where
they have the ability to #érentiate into just a few cell types.

Besides the embryonic stem cells that come from the blastocyst, the iPSC are a type of
pluripotent stem cells. iPSC are made from somatic cells (€.9rsklasts), by the intro-
duction of a set of reprogramming factors that can induce (re)expression of pluripotency-
associated genes in the é&llhe advantage of using iPSC is that they are patieritespeci
thus decrease chances of tissue rejection after transplantation. Plus there is no need for
the use of embryos for the derivation of pluripotent stem cells (Figure 5).

Morula "9000.,Q cell mass

@ -
Oocyte Sper

Develops into a fetus in viv

The inner cell mass contains the pluripotent
embryonic stem cells.

/oL

Embryonic Stem Ce

The pluripotent stem cells
are able to di erentitate
into all cell types of the

three germ layers

Ectoderm Mesoderm Endoderm

Figure 5. Embryonic stem cells originate from the inner cell mass within the blastocyst. These cells
are pluripotent and able to#rentiate into any tissue in the body.
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RPE dierentiation protocols

Clearly, pluripotent stem cells have great potéiiaegenerative medicine, as they
can develop into any cell type that is needed.Bsiai challenge to successfully control
and regulate dterentiation processes into the desired cell typeréllare currently
various protocols for the vitroRPE derentiation. They can be cldssl as follows:
spontaneous, directed and three-dimensional retirréntiatiori**>

Thespontaneous di erentiation protocolsallow the pluripotent stem cells to freely
di#erentiate. This is done as a continuous adheretireubr following an embryoid
body method where the cells are cultured as eating aggregates. According to the
adherent method, cells overgrow until pigmentedifstart to appear. These cells are
manually dissected out of the culture dish for enrichRi&iitin the suspension culture,
cells aré'rst cultured as embryoid bodies for a few weekk stibsequent adherent
culturing®®?! Usually it takes about 5 to 8 weeks before pig@aeioci become visible

in these dierentiations. Although both methods result in R8I, cthey are lengthy
and inéxcient.

Manydirected RPE Herentiation protocolshave focused on steering RPEedintia
tion by the addition of small molecules and growth factors in order to mimiic teo
development more closely. Directedtelientiation protocols are quite diverse, using
many di#erent factors to speed up the process of RPE daveln®?®* The directed
di#erentiation protocols can also be divided into adherent culture methods and sus
pension methods. There is substantial diversityngntloe protocols and their results.
The protocols use between one and nine growth feect8ome protocols produce RPE
cells after 14 days of#drentiation, others after only 8-9 weeks, withoobelation
between the amount of growth factors and the time that is needed for trezaditia
tion.

To even further recapitulate the optic patterningres in vitrg three-dimensional
culture methodswere developeld*® Cells start their#rentiation three-dimensional
and are transitioned at some point to adherenturels. The emergence of RPE cells
starts after about 4 weeks iftelientiation. But, also here there is a clear iariat
the &ciency of the dierentiation, ranging from 25% to 95% of the cultoeeng
designated as RPE cells.

Transdil erentiated cells

Apart from the donor RPE cells and pluripotent stelis, a third cell source that holds
potential for regenerative medicine are mature stieneells that are transformed into
RPE cells. Trangghientiation, or lineage reprogramming, is the pssc@ which one
somatic cell transforms into another mature somagtls without undergoing an
intermediate pluripotent state or progenitor cglpé. The advantage of this method
over the other two is that they are patient spe@nd do not have an intermittent plu
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ripotent state. This could reduce the risk of tugemricity after transplantation. Also,
direct d#erentiation without a reprogramming step may shortenitheitrostage of

the therapy. Arst study describes the conversion of hurharoblasts to Bestrophinl
expressing colonies with morphological and molecular features of RPEfineatyes
study," broblasts were transduced with eight transcription factors to initiate the trans-
di#erentiation process. This could be the start of a new therapeutic strategy for AMD.

ﬂ,
Patient RPE degenerative disease

”h‘\

ESCs or iPSCs

Primary Cell‘

Transplantation

\'\ Directed di erentiation
Transdi erentiatio .

RPE cells

Figure 6. Ditterent strategies for regenerative therapy for AMD. Both pluripotent stem cells and pri-
mary somatic cells can be derived from the patient and be useieiedtiate towards RPE cells.

CONCLUSIONS

All together, we know that RPE cells are impoftantision because they support the

PR in maintaining their health and structural iritggThe development of a therapy

for AMD would have great societal impact and thee many researchers focused

on cell replacement therapy. Several cell sources are considered with each their (dis-)
advantages. Currently there is no consensus onhwisithe best. Even though there

are pre-clinical studies in which cells are traméptl into the eyes of patients, some
hurdles need to be surmounted before afeetive therapy can be developed.
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AIM AND OUTLINE OF THIS THESIS

In this thesis | describe several studies thatedated to the development of cell
replacement therapy in RPE degenerative disoifieesocal point is extensive investi-
gation of the molecular properties of the human RPE.

In these studies we used a microarray strategy for gene expressilmgpi@ measure
thousands of genes at once to give a global picture of cellular function. To understand
the complex mechanisms underlying the gene expression data we used the knowledge
database, IngenuityOs IPA. Here we derive biological meaning from the data. IPA describes
biological processes, components or structures in which individual genes and proteins
are known to be involved. It idérgs genes that function in the same pathway. Identify-
ing active pathways that#kr can have more explanatory power than simply a list of
genes. Using this high throughput screening allowed us to study a informed snapshot of
the transcriptome by identifying co-regulated genes, pathways and systems.

9

Q

Patient RPE degenerative disease

N

ESCs or iPSCs

A
Transplantation .

\Z

Transdi erentiation .

RPE cells

\ l

Primary Cell‘

Directed di erentiation

Figure 7. Schematic overview of the studies | describe in this thesis that are related to the develop-
ment of cell replacement therapy in RPE degenerative disorders.

In chapter 2, we compared the human RPE with the mouse RPEetfenthed the
RPE signature genes for both species, plus thespetsies RPE signature genes. Also,
we analyzed dierences and similarities between their cellulactfans based on
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gene expression ptées. Irchapter 3, we conducted an in depth analysis of the gene
expression prdes of than vivolE and RPE to determine the potential of IE@sgees
for cell therapy in RPE degenerative disorderepiet pathways that are active in the
IE that could allow the initial transition towaRRE and transplantation of the cells.
We hypothesize that within certain limitations, tBehas good potential for RPE cell
replacement. lchapter 4,1 describe our study on the gene expressiofilpsoof stem
cell derived RPE cells. We compared SC-RPEatdli®tearly in development to late
in development. Here we used the amount of pigm#&aoteas a maturation marker. We
also compare the SC-RPE toitheivoRPE and determined thetdiences between
the cell typesChapter 5discusses the challenges and complexities thaairefor the
use of cell replacement therapy in RPE degenerative disorders.
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You will come to a place where the streets are ravked.
Some windows are lighted. But mostly theyOre darked.

A place you could sprain both your elbow and chin!
Do you dare to stay out? Do you dare to go in?

How much can you lose? How much can you win?

- Dr Seuss
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ABSTRACT

In age-related macular degeneration (AMD) the rgpiiganent epithelium (RPE) dete
riorates, leading to photoreceptor decay and sevisien loss. New therapeutic strate
gies aim at RPE replacement by transplantatiofudpptent stem cell (PSC)-derived
RPE. Several protocols to generate RPE have beslopdel where appearance of
pigmentation is commonly used as indicator of RE& ehtiation and maturation. It is,
however, unclear how #trent pigmentation stages $ect developmental stages and
functionality of PSC-derived RPE cells.

We generated human embryonic stem cell-derived REEC-RPE) cells and investi-
gated their gene expression pies at early pigmentation (EP) and late pigmentatio
(LP) stages. In addition, we compared the hES€aRBEs with human endogenous
RPE. We used a common reference design microarray (44K).

Our analysis showed that maturing hESC-RPE, uguoiniag pigmentation, expresses
markers spetc for human RPE. Interestingly, our analysis edvdat EP and LP
hESC-RPE do no#ei much in gene expression. Our data further showed that pig
mented hESC-RPE has a $@arit lower expression than human endogenous RPE in
the visual cycle and oxidative stress pathwaysanitnast, we observed a sifjoantly
higher expression of pathways related to the proeebgsion-to-polarity model that

is typical of developing epithelial cells.

We conclude thatn vitrothe"rst appearance of pigmentation hallmark&déentiated
RPE. However, further increase in pigmentationmateesult in much sightant gene
expression changes and does not add important ®RfEdnalities. Consequently, our
results suggest that the time span for obtainingeteéntiated hESC-RPE cells, that are
suitable for transplantation, may be greatly reduced.
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INTRODUCTION

Regenerative medicine holds great promise for ptisvith degenerative diseases
that are clinically characterized by tissue lggs-rédlated macular degeneration (AMD) 2
is a progressive degenerative disease and it itettting cause of blindness in the
elderly in the Western world. In people of 60 yebagje or older, 4 percent igeated

by a late severe stage of AMBMD is classically characterized by the dysfumatid
degeneration of the retinal pigment epithelium (RPEthe macula, the part of the
retina responsible for central vision. The RPEamalayer of cells in the back of the
eye that plays an important role in the maintenaame health of the photoreceptdrs
AMD presents itself in two forms: wet and dry.rfibee severe wet form accounts
for 10-15% of the cadesand is characterized by neovascularization.fdims can

be treated by monthly intra-ocular injections ofi-@mgiogenic drugs. Even though
frequently éective, this is a patient unfriendly, invasive astlyctreatment. Dry AMD

is more prevalent and is characterized by a slaldupuof yellowish deposits beneath
the RPE, called drusen, which progresses to gdugrkgss of RPE and subsequently
photoreceptor atrophy. There are several treatmptibos for dry AMD, including RPE
transplantation, laser photocoagulation, photodyimatherapy, submacular surgery,
transpupillary thermotherapy, and pharmacothergpidowever, these approaches are
not very éective, and thus there is much interest in the dgymkent of new therapies.
AMD is a genetically complex disorder, and, at lledke classical view, the primary
pathology is limited to a single cell type (the )RRPE transplantation may be the
only AMD treatment that can restore the functioralbéady degenerated cells, if this
is performed in an early stage of AMD in order to prevent photoreceptor loss. How
ever, replacement of degenerated tissue with danaterial, or the translocation of
autologous RPE sheets from the periphery to thailmabave had limited success so
fa®. This can partly be ascribed to the technicallehgés involving the collection
of sWacient tissue, transplant rejection, and th#dlilties in controlling harvest and
direct use of age- and genetically-matched cells.

The use of pluripotent stem cell derived-RPE @8€-RPE) may circumvent some
of these problems, as we have more and more confrgenerating spett neural
subtypes, such as RPE, using HLA-matched PSGssanuatcgcaling cell products to
sueciently high numbers.

Several groups recently optimized PSfréintiation protocols to generate RPE. Early
protocols were based on so-called spontaneodgréntiation by letting PSC freely
di#erentiate using the adherent culture $ating embryoid body methods into pig
mented RPE celf§'? Although these protocols reliably produce pigneenheells, they
are time-consuming and if&cient. Later protocols, so called the directeétdintia

tion methods, showed improved/&iency. Directed #erentiation methods use the
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addition of growth factors to induce RPEedéntiation, and either involve adherent,
suspension or 3D cultures to resembleitheivodevelopment more closely (reviewed
by Leach et al 201%.

Although we are able to generate RPE (-like)inelisrg our knowledge about the
most suitable dierentiation state and corresponding function before and upon {rans
plantation is limited. So far the emergence andeise of pigmentation is used as
important hallmark for gerentiation and further maturation of PSC-RPEhdwever
unclear how the PSC-RPE changes during this iadrepggmentation, how PSC-RPE
with little pigmentation compares to PSC-RPE witbhrpigmentation, and to what
extent they represent stages in maturation towards the human endogenous RPE.
We adapted an established directefladtentiation protocol to produce human embry
onic stem cells derived-RPE cells (hESE:-RRBsequently, we compared the gene
expression pries of hESC-RPE samples that start to show pigimenséad that of
samples that are almost fully pigmented. Finakbyc@mpared the hESC-RPE samples
to endogenous human RPE.

MATERIALS AND METHODS

Maintenance of hESC cells and RPE drentiation

hESC line H1 (WAO1, WiCell Research Instituteoiaéit\) was cultured in Essen-
tial 8 medium (Thermo Fischer, Waltham, USA) darexsEDEV-Free hESC-(edali
Reduced Growth Factor Basement Membrane Matrixnioheischer, Waltham, USA)
coated 6-well plates. The cells were passageduagsglevery 3 to 4 days using 0.5
mM UltraPure EDTA (Thermo Fischer, Waltham, §&Ayetl in DPBS without Calcium
and Magnesium (Thermo Fischer, Waltham, USA). Morphologically distinguishable dif
ferentiated cells were mechanically removed at gmdsage. To improve cell survival
during passaging, the Rho kinase inhibitor, Y-2{&&82ckChem, Houston, USA), was
added in the culture medium during thest 24 hours after plating.

To produce hESC-RPE cells #emelntiated cell colonies were partially lifted byA&nd
scraped & with a cell scraper. The cell aggregates (150#25flameter) from one well

of a six-well plate that was densely packed witbnies, were embedded in 150-250ul
Matrigel (Corning, Corning, USA). The Matrigelinorgdhe cells was plated 150ul per
well on a six wells plate. They were plated assdobMatrigel without touching the
sidewalls of the wells. After gelling at 37{C @ominutes, neural induction medium
N2B27 was added, prepared as described (Pollaxchd® and Lowell 208%. After
three days of derentiation, the cells were taken out of the Matrigsing Cell Recov-
ery Solution (Corning, Corning, USA). To make siltderom the three-dimensional
spheroids we treated it with TrypLE Express (ThEiscber, Waltham, USA), followed
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by gentle trituration. The cells were resuspended2B27 medium, containing 10 uM

Rho kinase inhibitor to promote cell survival eaetled onto growth factor reduced
Matrigel (Corning, Corning, USA) coated 6.5mm Te#insgerts with 0.4uM pore poly-

ester membrane (Corning, Corning, USA), at a dengix1Bcells/insert. At day 4 the 2
cells were washed with RPE medium (see Zhu et al 2013 forYletaidsvere kept in

culture with RPE medium that contained human Activin A (100ng/ml) (Agrenvec, Ma
drid, Spain). RPE medium consists of DMEM/Fdlafammine supplemented with 20%
KnockOut Serum Replacement; MEM Non-Essential Awit® Solution; GlutaMAX
Supplement; 100U/ml Penicillin-Streptomycin andM 2-Mercaptoethanol (All from
Thermo Fischer, Waltham, USA). Medium was changed28 days.

RNA isolation and (sq)RT-PCR

Total RNA was isolated using the RNeasy MicQi&de(, Hilden, Germany). Subse-
quent reverse transcription to cDNA was performed with Superscript Il reverse tran
scriptase (Life Technologies, Waltham, USA). ithesiyed cDNA was ami@d with
transcript speéi, intron-spanning primers (See Table S1 for tineeprsequences).
PCR was carried out with HOT FIREPol DNA Polyfsaiesd@iodyne, Tartu, Estonia)
with an annealing temperature of 60;C and 33 cyElesthe sqRT-PCROs, we calculated
the relative abundance of transcript expressiogumntifying the gene expression in
ImageJ and normalizing it to the housekeeping g&metin ACTB).

Immunocytochemistry

Cells weré xed with 2% paraformaldehyde for 20 minutes at reemmperature, fol-
lowed by blocking with 0.1% BSA, 0.3% Triton X6%®6prmal goat serum, in 1x PBS.
Incubation with the primary antibodies was perfodne blocking b#er and done
overnight at 4;C. The working solutions were aswsilrabbit anti-RLBP1 1:200 (PA5-
29759, Thermo Fisher, Waltham, USA), rabbit aitidMA00 (PA5-38294, Thermo Fisher,
Waltham, USA), rabbit anti-ZO1 1:100 (61-7300nd ikésher, Waltham, USA), rabbit
anti-BEST1 1:100 (ab14928, Abcam, Cambridge, dJi§)nitimoreactivity of the anti-
bodies was cotrmed by immunostainings on human retinal cryosettiand ARPE19
cells as positive control (Figure S1). As a segoadtibody we used the Alexa Fluor
594 goat-anti-rabbit 1:1000 (A-111012, ThermorfFstadtham, USA). Cell nuclei were
counterstained with DAPI (Thermo Fisher, Walth&#).\Cells were imaged using a
Leica TCS SP8 X confocal microscope.

Microarray sample collection and preparation

We selected two microarray sample groups basedein pigmentation state during
the hESC-RPE#dientiation protocol. For six independentatientiation experiments
we harvested cells, when the cells in the instttesl to show pigmentation (timepoint
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OEarly PigmentationO, EP) and when they weréamB8% pigmented (timepointOLate
PigmentationO, LP), measured in ImageJ. The adayage culture for the EP samples
is 32¢=8.6), and for the LP samples 6252.1). We used global (manual) thresholding
to determine the percentage of pigmented area. Photograbltise inserts were made
with an 8-megapixel phone camera. These were loadedmageJ and converted to
8-bit images in order to be able to segment thegma he membrane of the insert was
selected to include the whole culture surface.Bgsholding the area that contains
pigmented cells was included in the percentageaBse of variation in lighting of the
original photos, we determined the threshold independently for every sample.

RNA isolation, amptiation and labelling procedures were carried ogensally as
described elsewhet® Quality of the total RNA was checked with a Bigzgraassay
(RNA 6000 Pico Kit, Agilent Technologies, AmstelVbee Netherlands). The average
RIN value for the total RNA of both the EP and the LP samples was 9.7, indicating excel
lent quality. In our microarray study we used ammomreference design. As a common
reference we used RNA from human RPE/choroid that sealsim previous and on-
going gene expression analyses in out®ldbln short, the common reference sample
consists of RNA from a pool of RPE/choroid isofeded 10 donor eyes (mean age
60 years). It was prepared using the same methgdale our experimental samples,
and labelled with Cy3 (Cy3 mono-reactive dye gakkHealthcare UK, Little Chalfont,
Buckinghamshire, UK). See Janssen et al’f2012) more detailed description RNA
processing and microarray procedures.

In addition, to make sure we compared hESC-RPEnveefisrformed a RT-PCR experi
ment (Figure S2). We studied the expressi®Aof, VSX2, MITF, TYR, TRPM3, TJP1, RLBP1,
RPEG65, MERTEP and LP samples. The resultsroed the RPE character of the cells.

Microarray data analysis

The microarray data were extracted using AgilentuFedxtraction Software (Agi
lent Technologies, version 9.5.3.1). Raw dataimpogted into R (version 2.14.0 for
Windows, R Development Core Team, 2009) usingdbenBuctor package LIMMA.
Background correction was performed using the Qnq@® method with ar#eet of
10 to adjust the foreground signal without introthgs negative values. The resulting
log-ratios were transformed using intensity-depertdeess normalization. We further
normalized the average intensities across arrayg tisee Aquantile method.

The microarray data is available in the Gene Expne®mnibus database with the
accession number GSE85907.

Genes that are #érentially expressed between the EP and LP hESGfRieBveen
the hESC-RPE (EP and LP) and human endogenous RPE, were adetite normal
ized log-ratios using a linear model. The datahforhuman endogenous RPE were
derived from a previous study that used the exaohes microarray strategy and
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analysis (submitted). This dataset consists oflép@mdent donor eyes that were
enucleated and snap-frozen within 24 hours posttemr The eyes were stored at
-80jC until use. Donors were aged 49 to 73 at tiirtaeath. Donors were selected
for not having any ophthalmic disorder and visuspp@ction examination showed no
retinal pathology. To collect the RPE, a macutgmért of 16mni with the fovea in
its center was cut from the retina.12uM Sectiam the macular area were used to
isolate the RPE céllsThe sections were dehydrated with ethanol andrééd before
micro dissection. To minimize cellular cross-coimation in our procedure, we used
the meticulous laser dissection microscope to leetRPE monolayer spaglly (PALM
Carl Zeiss, Microlmaging GmbH, Munich, Germany).

Signf'cant d#erences were determined using Bayes moderated ¢distatistics
(package LIMMA in R). Resulting p-values werectaatror multiple testing using
Benjamini-Hochberg False Discovery Rate adjustiendentify spett di#erences
between the EP hESC-RPE and the LP hESC-RPH cut#salues of a fold change
(FC) >2.5 and a p-value<0.05. We found 246 ggmé'caintly higher expressed in the
EP hESC-RPE and 65 genes'satly higher expressed in the LP hESC-RPE.
Subsequently, we statistically tested th#edénces between the hESC-RPE (EP and
LP) and human endogenous RPE. We used the stringerit calues of FC>5 and-ad
justed p value of p<0.001 because we were inteddstéhe most sigticantly specic
diterences between the two groups. This resulted ih génhes sigticantly higher
expressed in the hESC-RPE (EP and LP) and 1028igiroantly higher expressed in
the human endogenous RPE.

To investigate the degree of equality between gexression prbles of the various
groups, we plotted the samples on a multidimensi@ealing plot (two dimensions) in
the LIMMA package in R. The purpose of this plotpgovide a visual representation
of the pattern of proximities (i.e. similaritiedistances) among a set of objects. Those
objects that are perceived to be very similar whezther are placed near each other
on the map, and the objects that are perceivedeay diterent are placed far away
from each other.

Functional annotation was done in IPA, Ingenuigefiuity Systems, version 24718999,
assessed at May *312016). To present the results as comprehensipesaible we
highlighted only the Ingenuity canonical pathway<édese these depict the most
simple and straightforward representation of our data and functionalities.

Con" rmation of microarray results

We corirmed our microarray data with sqRT-PCR (FigusgB3)}PCR was carried out
using intron-spanning primers on cDNA from EP &ndding 6 biological replicates. To
minimize éfects of RNA degradation artefacts, we generatetepsinear the 30end of
the gene. We quarited the gene expression in ImageJ.
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RESULTS

Characterization of hESC-RPE!drentiation

We diterentiated hESC into RPE cells according to an adapted protocol previously
described by Zhu et al 201 @Figure 1A). We reduced the incubation time of the three-
dimensional spheroids in the Matrigel from 5 to 3 days as in our hands the spheroids
were already fully grown within 3 days. To"conRPE development, we performed
RT-PCR atidirent time points during hESC-RPE cell generation (Figure 1B). We measured
gene expression of well-known RPE markers in our hESC-RPE cells at several time points
(Figure CY. Before pigmentation (time point 1 and 2), hESC-RPE expressed the early eye
development markerBAXGand OTX2which stay present till late#drentiation stages

(Figure 1C). By early onset of pigmentation (time point 2 and 3), most RREgspesi

are turned onNIITF, TYR, BEST1, TRPM3, RLBP1, MERTK, RPBEGIackiEieRrb-

tion protocol, the early eye markRAXs only clearly expressed at time points 3 and 4,

but that does not seem to hinder the expression of other important RPE developmental
genes (see previous sentence). RT-PCR analysis ‘alseddhe generation of the RPE

by almost complete absence 66X2a marker for retinal progenitor cells. We see some
VSX2 expression at time points 3 and 5, which disappears at later stages. This transient
expression level of VSX2 may indicate the switching point between the development of
photoreceptors or RPEIn addition, as many PSC-derived protocols are challenged by
high variability, we measured 50 independent samples, derived from 16 independent
di#erentiation procedures, for a (semi-) quaation of the data after normalization of

the expression to the housekeeping gexe€TEFigure S4). We found a high amount of
variation. Generation of RPE-like cells was further shown by light microscopy analysis,
identifying typical epithelial cobblestone RPE-like appearance and the presence of pig-
ment granules (Figure 1D), and by immunocytochemical analysis of RP&Erspdairs

Z0O-1, MITF, RLBP1 and BEST1 (Figure 2). Additionally, hESC-RPE showed photoreceptor
outer segment phagocytosis using a previously published protocol (Figtfé S5)

Gene expression prd le analysis of early and late-stage pigmentation of
hESC-RPE

To investigate RPE maturity and functional progedieEP and LP hESC-RPE in more
depth, we performed six independent experiments (Materials and Methods for
details). These samples were used for a microarray study.

After feature extraction, we performed a pairedton the gene expression data of the
two groups (EP and LP hESC-RPE) and made a iselstigpa Benjamini-Hochberg
(B-H) corrected p value < 0.05 and fold changé>\e found a total of 311 genes
di#erentially expressed (Table S2). Even thoughth@eagroups were determined by
their pigmentation levels, there are no genes in this list that are well-known for-the me
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Figure 1. (A) Overview of the hESC-RR#rdntiation protocol adapted from Zhu et‘a(B)

Scheme shows the#rent time points for collection of samples for validation of hESC-RPE gen-
eration (1=3 days, 2=10-12 days, 3=20-25 days, 4=30-35 days, 5=40-45 days, 6=50-55 days, 7=60-
63 days, 8= 70 days), by RT-PCR analysis. We also collected RNA when the cells started to show
pigmentation (EP) and when more than 80% of the&gent culture was pigmented (LP). (C) RT-

PCR analysis at time points 1-8 showed absence and expression of characteristic RPE genes. (D)
The hESC-RPE cells started to S$hstpigmentation phenotypes and typical epithelial hexagonal
morphology at timepoint 4.

lanogenesis in the RBE The expression levels of these melanogenesis geAXs (
OTX2, TYR, TYRP1, DCT, MITF, pardtéiNparable between EP and LP samples (for
details see the normalized expression levels ofrilceoarray at the Gene Expression
Omnibus database, accession number GSE85907).

Subsequently, we used the IPA knowledge database to attribute a selection of over-
represented pathways to the#dirences between EP and LP hESC-RPE cells. These
functions are depicted fhgure 3
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Figure 2. RPE generation was ¢amed by immunocytochemistry for the tight junction protein
Z0-1, transcription factor MITF, visual cycle related protein RLBP1 and the chloride channel BEST1
(scalebar = 10uM).
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Figure 3. Canonical pathways idethéid by IPA for the genes that are Sigantly diterentially

expressed genes between EP and LP samples. The left y-axis displays the Blog of the Benjamini-Ho-
chberg corrected Pvalue. The right axis displays the ratio of the number of genes derived from our
dataset, divided by the total number of genes in the pathway. The bar graph represents the Plog
(B-H) p-value. The orange line indicates the threshold at a B-H corrected p-value < 0.05.

Because only a relatively small number of geneseshestatistically sightant d#er-
ences (311 out of 19596 unique genes on arrayglseeanalyzed the (dis)similarities of
the overallexpression of the individual samples. We plottedhbrmalized expression
data (this includes the expression of all the enttihat are measured on the array:
43376 entries per sample) in a multidimensiondingcalot to visualize the level of
(dis)similarityRjgure 4. This plot showed no clear segregation betweeng&R and LP
hESC-RPE groups.

Comparison of hESC-RPE and human endogenous RPE expression j@®

Next, we studied how similar the vitrocultured hESC-RPE cells are to human en
dogenous RPE. EP and LP hESC-RPE did not shalifeteaces and we combined

the data into one hESC-RPE group. We comparedrthat with human endogenous

RPE gene expression data, previously generated from laser-dissected RPE from hu
man donor eyes, using the same microarray platloxchcommon reference design
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43376 entries per sample.

'
N

N
(o8

’.1
)
®
O

Dimension2
10
()
®)

'
o
N

a1 5 1
Dimension 11
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ent hESC-RPE cells (blue dots) and human endogenous RPE (green dots) ghilsodsee
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(submitted). To begin, we analyzed the (dis) similarities of/¢hallexpression of the
individual sample using multidimensional scalifigyre 5.

The multidimensional scaling plot shows that therall expression pttes are very
di#terent between hESC-RPE and the human endogenousdRiite groups. This 2
analysis also shows that there is more variatitrinihe hESC-RPE sample group than
within the human endogenous RPE samples group.

To further compare the hESC-RPE and human endog&Ritiswe performed an-un
paired t test. Here we considered genes Sagamitly diferentially expressed with a B-H
adjusted p value < 0.001 and fold change > 5. Weecthese stringent cutovalues

in order to focus on the most prominen#drences. We found 737 genes sigantly
higher expressed in the hESC-RPE (EP and LP) cells compared to the human endog
enous RPE and 1022 genes Siganitly higher expressed in the human endogenous
RPE compared to the hESC-RPE (Table S3). We esbradfiatctional annotation in
IPA for the dierentially expressed genes between the hESC-RREJAHEP) samples
and the human endogenous R (re §. This yielded 12 canonical pathways higher
expressed in the hESC-RPE (EP and LP) cellghoéigii pathways are related to
the so called adhesion-to-polarity model: Epithdlg¢herens Junction Signaling, Ac-
tin Cytoskeleton Signaling, ILK Signaling, RhaGiAli8g, Remodeling of Epithelial
Adherens Junctions, Tec Kinase Signaling, Regudditidetin-Based Motility by Rho,
Signaling by Rho Family GTPases. The analyAisaauled in 14 canonical pathways
that are higher expressed in the human endogend®E.Rviost prominent was the
appearance of pathways related to the visual sydototransduction Pathway and
The Visual Cycle. Other pathways were relevantdative stress handling: Protein
Kinase A Signaling, cAMP-mediated Signaling, G@tEaBng in Neurons, Melatonin
Signaling. And also maintenance of the blood-reliaaier: Endothelin-1 Signaling
and Thrombin Signaling.
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Figure 6. Canonical pathways idetid by IPA for the genes that are Sigantly diterentially

expressed between the hESC-RPE cells and the human endogenous RPE. The left graph (blue) de-
picts the canonical pathways that relate to the genes "spalyi expressed in the hESC-RPE (this
study). The right graph (green) depicts the canonical pathways that relate to the gerieslpeci
expressed in the human endogenous RPE (submitted). In the graphs, the left y-axis displays the
blog of the Benjamini-Hochberg corrected Bvalue. The right axis displays the ratio of the number
of genes derived from our dataset, divided by the total number of genes in the pathway. The bars
show the Plog (B-H) p-value. The orange line indicates the threshold at a B-H corrected p-value <
0.05.

DISCUSSION

In this study we expanded our knowledge on the dgwment of hESC-RPE cells
and generated expression fftes of EP and LP hESC-RPE samples, to investgate th
suitability of pigmentation as a maturation marker in hESC-RfP&ntation. In adédi

tion, we compared the gene expression"pes of the hESC-RPE cells and the human
endogenous RPE that it is supposed to replace.

We generated functional hESC-RPE cells using astedllished directed #éeren
tiation protocol. As many human stem cell-derivelluces are challenged by high
amounts of variation, hESC-RPE cultures do notsamature with the same speed.
Consequently, virtually all RPEeBntiation studies use pigmentation as a matumatio
marker for the culture instead of time. This seimalreliable benchmark and easy to
use because it is clearly visible.
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In attempt to answer the question whether increaspigmentation indicates dif
ferentiation into more mature hESC-RPE cells, vferped a microarray study with
the EP and LP hESC-RPE samples. In the comparifmamdvonly a small amount of
statistically sightant d#erences. This implies that EP and LP hESC-RREs saaypbe
less dierent than generally accepted. Even though pigmeomaseems to be a good
biomarker for RPE development, the level of pigmentation does$ect the matura
tion state of hESC-RPE. In terms of gene expr@ssidta and functional annotation,
cells seem to be at a similar developmental stagd”aand LP. Both the EP and LP cells
show the expression of well-known RPE markers wharhimportant prerequisite for
the transplantation of PSC-RPE ¢éi8° This could mean that there is no need to wait
for the cells to be fully pigmented because it dnesmake a substantial4dirence.

To be able to say more about how the hESC-RPEamalsre to human endogenous
RPE, we subsequently compared the gene expressibiep of the hESC-RPE (EP and
LP) samples and the gene expressiofilpsoof human endogenous RPE samples.

In our analysis we found 12 canonical pathwaysyhghpressed in the hESC-RPE (EP
and LP) as compared to the human endogenous RBEstiiking that eight of these
are involved in the adhesion-to-polarity model tisatypical for developing epithelial
cells. The human endogenous RPE is a highly pdlagil type with distinct apical and
basolateral plasma membrane domains. Cell poiaiiitjtiated through a combination

of spatial cues that depend on cell-cell interaction arees#lacellular matrix interac-
tion. Adherens junctions (AJs) and tight junctidils) mediate the cell-cell contact
of epithelial cells. Both types form extracellatdresive contacts between cells and
intracellular links to the actin cytoskeleton aigthaling pathways, and they do this
through diterent transmembrane proteifisThe ILK Signaling (integrin linked kinase)
pathway may point to cell-extracellular matrix iatéion that takes place during
development of cell polarity. Since integrins doedibit intrinsic enzymatic activity,
binding of integrins to the extracellular matrix proteins, results in recruitment-of mul
tiple intracellular proteins that activate signgliascades and provide links to the actin
cytoskeleton, including IBKILK has been described to be an important modulat
cell-ECM interactions and the formation of AJs arftl B@wveral Rho signaling path
ways have been connected to the hESC-RPE (EP)ape:tie dataset. Rho signaling
has been implicated in the control of AJ integrity and the maintenance of tle AJs
These pathways, together with Actin CytoskeletonaBignand Tec Kinase Signaling
(involved in actin cytoskeleton signaling), indi¢htd the hESC-RPE (EP and LP) cells
are in the process of cellular remodeling to become a stable layer of epithelial cells.
Bear in mind that these pathways are highly expdessehESC-RPE (EP and LP)
compared to human endogenous RPE. Thus, the hBES(ERRNd LP) cells are in the
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process of epithelial development, while the typagithelial polarity is already well
established in the collected human endogenous RPE.

The most noticeable pathways that are higher express the human endogenous
RPE compared to the hESC-RPE are Phototransdeatimvay and The Visual Cycle.
In vivo the phototransduction pathway is induced by photordiated activation
and subsequent destabilization of rhodopsin inghetoreceptors. The adjacent RPE
is essential for recycling opsin/all-transretiraitkbinto 11-cis retinal in the coupled
(visual) retinol cycle and thus the photoreceptelg on the RPE for continuing visual
phototransduction. It is likely that timevivdaser-dissected RPE samples were contami
nated with photoreceptor outer segments, as we obsd and discussed extensively
elsewheré' causing the overexpression of phototransduction genes.

To activate the retinol cycle in the hESC-RPEcahipseraction with the photorecep-
tor cells is critical. Thus, low expression oktlpashways in the hESC-RPE (EP and
LP) samples could be caused by the absence ofntieisictive microenvironment.
However, this needs to be tested in future studies.

The human endogenous RPE shows expression of géth@s Protein Kinase A (PKA)
Signaling, cAMP-mediated Signaling and CREB &ggimaNeurons as shown by IPA.
These pathways are intertwined, as CREB is ardeflokxription factor that can be
activated by cAMP signaling through PKA. Furtherntbe cAMP-PKA-dependent
phosphorylation of CRERe&ts the expression of Klotho (KL), a gene invalved
aging, in RPE physiology and retinal health. Kimipastant functions in protecting
against oxidative stress, in promoting POS phagsisyby upregulating MERTK gene
expression, and in regulating melanogenesis through the gdiEsand TYR. Inter
estingly, melatonin levels are reduced in AMD petiend administration of melatonin
has been shown to have a protectiviéeet on RPE cells against oxidative Stfégs
Accordingly, the gene expression of Melatonin Siggahay also indicate oxidative
stres&’. So, the human endogenous RPE shows increasessixpr of genes involved

in defense mechanisms against oxidative stressmagared to the hESC-RPE cells. This
might re$ect the age-related enhanced oxidative stress laveisd”.

In summary, we show that tle vitronESC-RPE cells are indeed RPE since they show
RPE spéedi morphology and molecular characteristics. Wendid" nd substantial
di#erences in gene expression ples between EP and LP hESC-RPE, but we did
"nd a clear dierence between the hESC-RPE cells and the humagemous RPE.
While they lack the human endogenous RPE expressdeted to photoreceptor cell
presence and defense against oxidative stres§EB€-RPE cells show expression of
pathways that enable the cells to stabilize theitheial morphology.
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CONCLUSIONS

In our study we tried to elucidate to what exterdreased pigmentation in hESC-RPE
cells relates to #erentiation and maturation towards human endogen®RBE. Our 2
data suggest that even though pigmentation seem®&oa good biomarker for RPE
development, the level of pigmentation does ndkaet the maturation state of hRESC-
RPE. In addition, the data suggest that the hEE@RFRthe human endogenous RPE
are substantially #érent.

Future studies should show whether hESC-RPE ampisthdse functions after trans
plantation or after growing them on a supporting#uld that mimics the BruchOs
membrane. Importantly, hESC-RPE cells at earlyni@ioe stages already show an
expression prde representative of #iérentiated RPE. This suggests that hESC-RPE dif
ferentiation procedures for RPE replacement thesagan be shortened sigoantly
which has important implications for the developrneh new therapeutic strategies

in AMD.
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And IF you go in, should you turn left or right...
or right-and-three-quarters? Or, maybe, not quite?
Or go around back and sneak in from behind?

Simple itOs not, IOm afraid yotndill
for a mind-maker-upper to make up his mind.

- Dr Seuss
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ABSTRACT

Background

The retinal pigment epithelium (RPE) is a neurablager lining the back of the eye.
Degeneration of the RPE leads to severe visioim|assfar incurable, diseases such as
age-related macular degeneration and some formstwfitis pigmentosa. A promising
future replacement therapy may be autologous ipghelial cell transéerentiation

into RPN vitroand, subsequently, transplantation. In this siuelgompared the gene
expression prdes of the iris epithelium (IE) and the RPE.

Methods

We collected both primary RPE- and IE cells frivesily frozen human donor eyes,
using respectively laser dissection microscopy and excision. We performed whole-
genome expression ptting using 44k Agilent human microarrays. We irgagst

the gene expression ptes on both gene and functional network level, ggthand

the knowledge database Ingenuity.

Results

The major molecular pathways related to the RPEEawere quite similar and yielded
basic neuro-epithelial cell functions. Nonetheless, we also found majorcsgiéci
ferences: For example, genes and molecular pathvedged to the visual cycle and
retinol biosynthesis are sigoantly higher expressed in the RPE than in thedEedt
ingly, Wnt and aryl hydrocarbon receptor (AhR-abign pathways are much higher
expressed in the IE than in the RPE, suggestspgctevely, a possible pluripotent and
high detoxi cation state of the IE.

Conclusions

This study provides a valuation of the similartiesd#erences between the expres
sion prdles of the RPE and IE. Our data combined witlothla¢ literature, represent
a most comprehensive perspective on transcriptioaiation, which may support
future research in the development of therapeutic transplantation of IE.
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INTRODUCTION

In the vertebrate eye, the RPE is a monolayer oélrmest derived cells located
between the photoreceptors and the choroid. Dysfioral RPE is involved in many
retinal degenerative diseases such as age-relatedlanategeneration (AMD), Star
gardtOs disease, BestOs disease and retinitigqsignfesr these disorders there is no
(eftective) treatment. One of the most promising futiinerapy options for RPE related 3
disorders is cell replacement of the dysfunctional RPE.

Autologous intra-ocular RPE transplantation wasiqusly carried out with limited
succes$’, since surgical variability and complications neetahigh. Therefore, many
studies in the last decade focused on the develagraad use of induced pluripotent
stem cells (iPSC) as a source for autologouspatement therapy. These iPSC can be
di#terentiatedn vitrotowards RPE cells and used for experimental transplangtuib

ies in animal modelS. Recently, clinical stem cell/RPE replacemelst imigatients

with macula degeneration and patients with StargardtOs disease weré’started
Alternative strategies for retinal cell replacement are currently also being e€xplored
One of them involveansdi erentiation also calledlirect conversipthe process of
transforming an adult somatic cell into anotherladomatic cell. With the acquired
knowledge on dterentiation of pluripotent stem cells towards RRE'eld of transdif
ferentiation has gained renewed interest. Humans hdimited capacity to trangeir-
entiate cell$n vivoor spontaneously regenerate and restore their tissuesrgad™
However, several studies demonstrated thatitroprocedures could convert one cell
into another cell type and thereby skipping therfgatent state, using overexpression

of cell-lineage speti genes'™®? Recent studies also presented new strategiesy usi
criteria such as common cellular origin and deweleqtal plasticity, to identify Othe
best possibleO cell for tra#sdéntiatiort®*’

In the literature, iris epithelium (IE) cells haenlronsidered as potential starting
source for transéerentiation into the RPE and cell replacement therapy for several rea
song®1#®20First of all, both RPE and IE are neuro-epithelia with a common embryologi
cal origin (neuroectoderm of the developing optipk Next, IE cells can be obtained
relatively easily through iridectomy in patienteréfore, IE cells are a potentially au-
tologous cell source, reducing the chance of traargplejection. Finally, the IE seems
suitable becausin vitrocultured IE cells display a number of functio& Ratures,
such as the presence of tight junctions and thegoltgtosis of photoreceptor outer
segment§'?

To improve our understanding of molecular and fiora! similarities and#krences
between the human IE and RPE, we conducted a new, in depth microarray study, com
paring gene expression pries and the functional annotations of these two tissues
Vivo.
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RESULTS

Similarities between the IE and the RPE transcriptomes

Following our previously published analyses stras£§f; we selected those genes
with expression in the highest @ercentile for the RPE and the |IE, assuming these
genes to have the highest biological relevance.dJsiese" les, the knowledge data-
base Ingenuity attributed similar statisticallyisicant biological functions, canonical
pathways, and molecular networks to the RPE anlEthe

The canonical pathways attributed to the highestepetile of the IE and RPE are quite
similar (82.6% of these canonical pathways oveNgply pathways underlie normal
cellular physiology, which are similarly expregséath cell types. Both the RPE and
the IE show epithelial related canonical pathway$ @18 Remodeling of Epithelial
Adherens Junctions, Epithelial Adherens Junctioralign Integrin Signaling and Al-
dosterine Signaling in Epithelial Cells. The topf 2@ese pathways are shownFig 1
Biological functions and molecular networks yielgiedlar functional annotations and
can be found in the supplementaties (S1 Table).

We found considerable overlap between the canompedhways expressed in the IE
and the RPE. However, we observed "signt d#erences as well. Here, we mainly
focus on these derences.

Di! erences between the |IE and the RPE transcriptomes

To focus on the most #rentially expressed genes between the two epihelie
used stringent selection criteria (B-H adjusted.@3Dand FC>5). We report a set of
700 unique genes (3.6%) sigraintly more expressed in the RPE than in thecke. Vi
versa, 488 (2.5%) genes were ‘soggmtly higher expressed in the IE compared to the
RPETables 1 and €how the top 30 of these genes. For the compiste of statistically
di#erentially expressed genes see S2 Table.

Functional annotation of the genes that are enriched in the RPE

Functional annotation of the genes that are enritive the RPE (sigieantly more
expressed in the RPE compared to the IE) yieldedrziical pathway$ig 9. Inter
estingly, at least 4 of these pathways are diregltiyed to the expression of the visual
cascade: Phototransduction Pathway, The Visual Retilepl Biosynthesis, Retinoate
Biosynthesis. Examples of genes that thegeratit pathways have in common are
LRAT, RGR, RBP1, RDH5, RDH8, RDH10, RDH11,. FoHtt® &dmriibte list of the
involved genes see S3 Table.
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Top Canonical pathways in the RPE
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Functional annotation of the genes that are enriched in the IE

Ingenuity assigned several canonical pathways t@émes in the |E spécidataset
(signf' cantly more expressed in the |IE compared to the RRE).(Four of théve

Table 1.Top 30 genes sigrdantly more highly expressed in the RPE compared to the IE. The genes
that are in bold were shown to be enriched in the humarf®RPSterisks mark the genes that
might be present in our dataset by contamination of the mRNA on the photoreceptor-RPE interface
or may be expressed to some extent in both adjacent cell layers (also see Materials and methods).

GeneName SystematicName Adj p value FC

PCAT4 AK056825 1.2E-04 146.1

GNGT1 NM_021955 5.9E-04 136.3

GUCA1B * NM_002098 8.1E-06 116.1

MIR124-2HG AK124256 6.1E-06 106.3

LINC00982 AL833006 INE0S 96.8

NEUROD1 NM_002500 7.8E-06 94.4

BEST1 NM_004183 4.3E-05 92.9

DUSP6 NM_001946 1.3E-04 89.5

NRL * NM_006177 2.4E-05 81.5

RP1 * NM_006269 6.1E-06 76.5

COL8A1 AL359062 2.5E-05 72.9

AIPL1 * NM_014336 2.0E-05 70.5

LOC100507521 BX101632 1.6E-05 67.6

TMEM16B NM_020373 7.5E-06 65.5

SERINC4 ENST00000319327 7.5E-06 60.3

[¢)]
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signi'cant canonical pathways: Basal Cell Carcinoma iSggnelluman Embryonic
Stem Cell Pluripotency, Wnt/B-catenin Signalind),P®P Pathway have large overlap

in participating genes. These include multipl&lTgenes 4, 16, 10A, 2B, 5A, 7A, 7B
FzZD10, NTF3, PDGFD, TGFB3. GLI3, GLIS1, PIDGEBB, H0CX1, CD44, SOX11, SFRP2,

GJAl1

Table 2.Top 30 genes sidrgantly more highly expressed in the |IE compared to the RPE.

GeneName SystematicName Adj p value E@

WNT16 NM_057168 5.8E-10 125.9

PDE1A NM_001003683 5.2E-09 104.4

AGXT2L1 NM_031279 3.4E-07 78.6

CLCA2 NM_006536 6.0E-08 68.8

SRD5A2 NM_000348 9.1E-09 60.5

MYOC NM_000261 5.2E-07 5555

GJA3 NM_021954 3.6E-08 52.4

SFRP2 NM_003013 1.8E-09 49.9

FBP2 NM_003837 4.8E-08 BUls

NPFFR2 NM_053036 3.3E-07 37.4

WNT5A NM_003392 2.1E-08 BGI5

DSC1 NM_004948 3.1E-08 32.8

NTF3 NM_002527 8.5E-07 30.7

CRYBB2P1 BC047380 3.3E-06 29.3

ADAMTS16 NM_139056 2.9E-09 26.9

Q1
w
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Figure 2. Canonical pathways idehéid by Ingenuity for the RPE enriched genes. The left y-axis
displays the Blog of the Benjamini-Hochberg corrected p-value. The right y-axis displays the ratio
of number of genes derived from our dataset, divided by the total number of genes in the path-
way. The bar graph represents the -log (B-H) p-value. The orange line indicates the threshold at a
Benjamini-Hochberg corrected p<0.01.

The"fth pathway, Aryl Hydrocarbon Receptor Signalirgnmre exclusive pathway,

derived from the highly expressd@GFB3, GSTA3, HSPB3, HSPB2, DCT, GSTM1, HSPB7,
ALDH1L2, NR2F1, TYR, FAS, ABBHBXP1B@ienes. For the complete list of the

involved genes see S4 Table.

Genes associated with established RPE functions in the |IE and RPE

To evaluate the expression of genes involved inkmellvn RPE functions in both the

RPE and IE of the individual samples, we compiled a list of most important RPE func
tions. We determined the categories according t@atwke derived from our dataset
described here, and found in the literafir®phagocytosis of photoreceptor outer
segments®*° Ovisual cycfeOsecretion of factors and signaling moleétl@ght ab
sorption and pigmentatioit8®*and Otransepithelial transport and pH reguldtidho
Subsequently, we selected the genes known to belhmedoin these functions and
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Figure 3. Canonical pathways idetwid by In-
genuity for the IE enriched genes. The left y-axis
displays the Blog of the Benjamini-Hochberg cor-
rected p-value. The right y-axis displays the ratio
of number of genes derived from our dataset,
divided by the total number of genes in the path-
way. The bar graph represents the -log (B-H) p-
value. The orange line indicates the threshold at a
Benjamini-Hochberg corrected p<0.01.

Basal cell carcinoma signalin

Aryl hydrocarbon receptor signalin
Whnt/I2-catenin signaling
PCP pathway.

Human embryonic stem cell pluripotenc

Regulation of the epithelial-mesenchymal transition pathw:
Role of Wnt/GSK-3I2-signaling in the pathogenesis dfuenza

investigated the corresponding normalized IE and ¢&PE expression levels in all
samples, resulting in a heat map for these enfrigs(

Interestingly, we found a very clear and consigtistinction in normalized expression
levels across all samples between the RPE and IE. Edpetialgxpression of Ovisual
cycleO and Ophagocytosis photoreceptor outer segbneetound a pronounced-dif
ference. Also the normalized expression of ger@gamsepithelial transportO and Olight
absorption and pigmentationO are undoubtedly tisspecic. Only the Osecretion of
growth factorsO has some heterogeneity, howevisrarthical clustering tree shows
that, overall, there is low intra-epithelial variability.
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Figure 4. Heatmap for the expression of
genes related to RPE specfunctions.
The normalized expression data are con-
verted to heat map color using the mean
and maximum values for each gene. The
intensity scale of the standardized ex-
pression values ranges from dark blue
(low expression) to dark orange (high ex-
pression). We added a hierarchical cluster
tree that shows that the IE samples clus-
ter together and the RPE samples cluster
together.

In addition, we next composed a list of RPE exqutegsnes that were previously
implicated in normal RPE function and/or retinal diséaselsich we provide in the
supplementary les for the interested reader (S1 Fig and S5 Table) .

DISCUSSION

There are a vast number of studies about the (miag)i use of (pluripotent) stem
cell derived RPE cells for transplantation use in degenerative disorders of'the RPE
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However, instead of stem cells, several authors suggested to use IE cells for RPE replace
ment. Thumann et &l and Abe et &f argued that the IE and RPE have a common
neuro-ectodermal origin and that an IE biopsy camdbatively easily obtained from

the patient by iridectomy.

To investigate this idea further, we compared theegexpression pfdes of the human

RPE and the I& vivo We aimed to gain more insight into the (molequiiterences

and similarities between these tissues. 3

Similarities between the |IE and the RPE transcriptomes

The canonical pathways and corresponding statistis@nt cantly enriched functions
for the most highly expressed genes of the IE aadRPE were very similar.

However, there was also a set of statistically' saytly diterentially expressed genes.
Out of 19596 unique genes, 700 (3.6%) were enriohiy@ RPE and 488 (2.5%) were
enriched in the IE (S2 Table). It is importanbte here that the cuté values we
chose in this study are relatively strict to makestudy as comprehensible as possible.
Obviously, more relaxed comparison parameters wygeld more, but less sigoant
di#erences between RPE and IE.

RPE enriched gene expression compared to the IE

Prominent features among the enriched RPE genesssipn are those implicated

in the phototransduction cascade. Obviouslyyivg the expression of these genes

is most likely invoked by the activation of rhodopmnd, subsequently, the entire
phototransduction cascade in the adjacent photoreceptors.

An alternative explanation is the presence of some degree of photoreceptor contami
nation in our RPE samples, which is unavoidable wlkien we use meticulous laser
dissection technology. This may have caused thetement of the phototransduction
cascade in the RPE compared to the IE.

IE enriched gene expression compared to the RPE

Whnt signaling pathway is active in the IE, but not in the RPE

Ingenuity attributed spett canonical pathways to the IE that are relatedhe¢ont
signaling pathway (Wnt SP): Basal Cell Carcinomedii@glg Human Embryonic Stem
Cell Pluripotency, Wnt/B-catenin Signaling andfR@Rvay. In general, the Wnt signal-
ing pathway consists of a group of signal transdagbathways that regulate crucial
aspects of cell fate determination, cell proliferatcell polarization, neural patterning
and organogenesis during embryonic developrm&nt

In general, Wnt SP expression maintains pluripgtand self-renewal in mouse and
human embryonic stem celfé The activation of Wnt SP improves thgiency of
reprogramming of somatic cells, including retinal nesyamto iPSCs, baith vitroand
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in vivd®®*® This role is not only complex, but also time and dose depéhdim Wnt
SP is also crucial for thétatientiation of pluripotent stem cells to RPE dellsthe
impact on diterent stages of RPEfelientiation from human embryonic stem cells is
not yet well understood®?

Nonetheless, the high expression of Wnt SP genéseinE compared to the RPE
suggests that the IE preserves (part of) its notdtipp character during life. Indeed, a
number of previous studies in chicken, rodentss pigd humans also suggested the
presence of multipotent neural progenitor cells in thi&1EThe human IE can be cul
tured in neurosphere formation, displaying retinal stem/progenitor cell properfies
(and own unpublished observation). Finally, trac8dn and expression of only a few
genes CRX, RAMMdNEURO)DNduced a functional photoreceptor like phenotypem
rodents, primates and human iris céllgaken together, the available data suggest that
IE cells retain, at least to some degree, develoginen functional plasticity, which
may proof benkcial for potential therapeutic strategies for RPE replacement.

The aryl hydrocarbon signaling pathway is active in the IE but not in the (aged) RPE
Our Ingenuity analysis showed a high expressiaheofaryl hydrocarbon receptor
(AhR) signaling pathway in the IE compared to tie RBR is a ligand dependent
transcription factor that regulates a cellular deé¢emechanism pathway against toxin
overload in cells. Toxin overload in RPE cell€onay from daily rhythmic phagocy-
tosis of photoreceptor outer segments, oxidativesst and damaging light exposure.
Several functional studies previously showed thatdetoxifying AhR pathway is also
active in human RPE, but that this activity decreases witttatedeed, our samples
are derived from older donors, which might exptaia relatively low expression of
genes involved in AhR signaling in RPE sample®stinigly, Esfandiaryet al found

an association between detbgation genes, including AhR, and AMD. These da&a we
supported by studies on a AhR-/- mice which presg:features of AMD pathogenesis,
including thick focal and #use sub-RPE deposits, regions of retinal hyperhynd
popigmentation as well as RPE degeneratidfi*

Combining our data with those of the literature eoltE cells and relatively young RPE
cells show high AhR related expression and detation functionalities, whereas older
RPE cells do not. It is tempting to speculate thexieolder IE cells maintain speci
detoxi' cation capacities during life, whereas the corredp@nRPE does not.

Well-known RPE functions

For further insight in the presence or absenceotémtial RPE functionalities in the IE
we analyzed a number of well-known RPE $pdanctions.

For a limited number of RPE functions (OvisuaDc@iphagocytosis of photoreceptor
outer segmentsO, Otransepithelial transport@yhhdalidorption and pigmentationO)
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the underlying genes follow a unique and charasterd#terential expression pattern
in the RPE or in the IE across all donor EBigg.(One might thus argue that these
functionalities are not present in the IE cellsraagl (have to) be invoked upon trans-
formation of IE cell to RPE cell. Previous stumltesshown that both human IE and RPE
cells can be maintained and expandadvitr§®®®} and are then able to phagocytize
photoreceptor outer segments when provided in the mediurm addition, cultured
autologous IE cells were previously transplantemhankeys, and they were able to
phagocytize photoreceptor outer segments even 6 months after transplaritafibis
support the$exibility of the IE cells to take on RPE functions, depending on microen
vironmental factors.

For other RPE functions (secretion of growth fadigit absorption and pigmenta
tion) gene expression is more heterogeneous adhes¢E and RPE samples, without
disturbing the normal functions of the tissueshiesi individuals. Thus these functions
may either be not fully spéci or redundant in the IE or RPE.

Our IE-RPE microarray results compared to the literature

To our knowledge, only one other microarray studhénliterature addressed poten-
tial gene expression similarities anfledénces between human IE and RPE: Cai and
coworker§’ concluded that there are majos#drences in gene expression ples of

IE and RPE, including lack of expression in IE of genes known to be critical for RPE func
tion. Also they concluded that the native |IE gexression prole and corresponding
functionalities may be a potential obstacle forcessful subretinal transplantation. In
our current study, we explored IE and RPE genessipn in a much larger dataset
(we measured more than seven times the amount okega&obes), and we included
extensive bioinformatics as well as functional gatiam. For detailed technical and
statistical dierences between the study of Cai et al and ourystsee S2 Fig. Our data
and analysis partly support and extend the conclusions of Cai and coworkers.
Besides large similarities, we dlsd major diterences in gene expression ples
between IE and RPE. We estimate the&gatices to #ect at least 6.1% of the tran
scriptome. This appears not be a largiedince, if we consider thedings of Van
Soest et &f who concluded that the transcriptometdiences between macular and
peripheral RPE were 2-3 %. Nonetheless, sémfedce in transcriptomes and related
functionalities may be an obstacle for direct transplantation.

A number of new ndings and considerations from our study may be of interest:

(1) The IE and RPE show many similarities baskeliiogene expression gries.

(2) The aryl hydrocarbon signaling pathway is attittee IE and young RPE, but not
in the (aged) RPEThis may represent ateience in detoXication capacity between
the two tissues.
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(3) The high activity of Wnt SP maece the multipotent character of IE cells. This
could be of interest to studies that will furtherestigate IEOQs therapeutic potential.

SUMMARY AND CONCLUSIONS

In conclusion, our study provides in depth analysibe gene expression pres of

the IE and the RPE. We analyzed thes¢eprto determine and report the#gdirences

and similarities between the two related tissues.data may be useful in the further
exploration of IE as a potential source for regenerative medicine for RPE degeneration.

MATERIALS & METHODS

Ethics Statement

This study was performed in agreement with the alation of Helsinki on the use of
human material for research. The human donor eyes were obtained from the Nether
lands Brain Bank (NBB) (Amsterdam, The Netherf@hdd)BB obtained permission
(informed consent) from the donors for enucleatirihe eyes and to use the eyes

for scientlc purposes. All procedures of the NBB have beeroegg by the ethics
Committee of VU University Medical Center (Amgterdae Netherlands) under the
reference number 2009/148. All data were analyzedyanously.

Tissue collecting and processing

We selected 5 donor eyes (3 male, 2 female). Doreoesaged 49 to 73 at time of
death. Donors were selected for not having any aghtic disorder or malignancy,
ocular abnormalities on visual or histological inspection, drusen and poor morphol
ogy”. Globes were enucleated and snap-frozen betweemd®2 hours post mortem.
The eyes were stored at -80C until use. For failglsee S6 Table. From each donor eye
we collected both the IE and the RPE in orderdioces genetic variation in our study
design.

To collect the RPE, a macular fragment of Towith the fovea in its center was cut
from the retina.12uM Sections from the macular are@ used to isolate the RPE
cell$®. The sections were dehydrated with ethanol andréd before micro dissec-
tion. To minimize cellular cross-contaminationun mrocedure, we used the meticu-
lous laser dissection microscope to cut the RPBlaer spetically (PALM Carl Zeiss,
Microlmaging GmbH, Munich, Germany). Nonethelessidesing the proximity and
interactivity of the photoreceptors and the RPE,dhance of some contamination
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of adjacent cell layers is very high. This has pesously observed and extensively
discussed elsewheteé?®

To collect the IE, the anterior part of the eyeexatsed at the level of the ora serrata.
This anterior part was snap frozen in isopentatiguid nitrogen and stored at -80C.
We removed the ciliary body from the anterior par¢xpose the iris. While keeping
the eye frozen we scraped and collected the irithefium with forceps, detaching it
from the stroma. 3
When we collected and select our samples, $piygiof the tissue and integrity of the
RNA are most important to ensure valid resultaisafe dierent techniques to collect
the IE and the RPE, which is necessary for théa@peof the tissues.

To ensure that olimdings are a fection of a clear #erence between IE and RPE and
that the variance within sample groups is less tietween, we conducted a principal
component analysis (S3 Fig). Thet component separates the IE samples from the
RPE samples and explains 89% of the total vaimaticedata. In addition we made an
overview of the measured expression levels of pesghotoreceptor contaminating
genes (S7 Table and S4 Fig).

RNA isolation, amptiation and labelling procedures were carried osersally as
described elsewheté High quality RNA is challenging with postmortemlactissues,
compared to isolating RNA from fresh cell culttPestmortem changes of the RNA
can be determined by measuring its integrity. Gihenlengthy procedures of sample
selection, procedure and extensively quality casitmee included a limited number of
the Overy best samplesO in our microarray analysis. To clarify: If RNA integrity was com
promised in either the IE or RPE, no samplessofidhior eye were used. We always
used both IE and RPE from the same eye to minih@zaeriance. Quality of the total
RNA was checked with a Bioanalyzer assay (RNRi60Iit, Agilent Technologies,
Amstelveen, The Netherlands). The RIN valuest®&Nieranged from 5.1 to 9 and the
peak of the fragment length of the aRNA samplesd/detween 700 and 900nt (S5
Fig).

In our microarray study we used a common refererestgd. As a common refer
ence we used RNA from human RPE/choroid that veakingrevious and on-going
gene expression analyses in our1a? The common reference was prepared from
human RPE/choroid RNA that was isolated, aeaplising the same methodology
as our experimental samples, and labelled with(Cy3 mono-reactive dye pack, GE
Healthcare UK, Little Chalfont, Buckinghamshire,3gk)Janssen et‘dor a more
detailed description of the laser dissection procedul4, fRocessing and microarray
procedures.
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Microarray data analysis

The microarray data were extracted using AgileatuFe Extraction Software (Agilent
Technologies, version 9.5.3.1), see S6 Fig. Rawelat imported into R (version
2.14.0 for Windows, R Development Core Team, 2009) using the Bioconduetor pack
age LIMMA. Background correction was performed)usaOnormexpO method with
an a#set of 10 to adjust the foreground signal withmitaducing negative values.
The resulting log-ratios were transformed usingnisitg-dependent loess normaliza
tion. We further normalized the average intensii@®ss arrays using the aquantile
method®. The microarray data is available in the Genesskpn Omnibus database
with the accession number GSE81058. We rankeath®alized intensities in the Cy5
channel corresponding to the experimental sam@e@sed on these ranks we divided
the normalized intensities in bins correspondinghi® highest 10 percentile, the™SD

90" percentile, 16-50" percentile and lowest I®ercentile.

Genes that are #erentially expressed between the RPE and the kEisantl' ed on

the normalized log-ratios using a linear model with patient as blocking factdrf: Signi
cant d#erences were determined using Bayes moderated g&istatistics (package
LIMMA). Resulting p-values were corrected for multiple testing using the Benjamini-
Hochberg False Discovery Rate adjustment. We tréegest statistical analysis and
the paired t test to determine those IE-RRferdnces that overcome the variation
between the individual donors. To identify expligierences between the IE and the
RPE we used cutovalues of a fold change (FC) >5 and a p-valuek0/0® selected
these stringent cuth values because with the initial selection critefieC>2.5 and a
p-value<0.001 we found 1277 genes enriched inEhend 1581 genes in the RPE and
we wanted to analyse the most sitgant d#erences between the IE and RPE, instead
of less sigficant di#erences that are probably based on overlapping gemelve-
ment in multiple functionalities. The genes derifredn this analysis are referred to as
OSighcantly highly expressed in the IEQ and'@sigtly highly expressed in the RPEO.
Functional annotation was done in IPA, Ingenuigefiuity” Systems, version 24718999,
assessed at September"12015). To present the results as comprehensjvesaible

we highlighted the Ingenuity canonical pathways dodégause they depict the most
simple and straightforward representation of our data and functionalities. The associ
ated biological functions and diseases are destiibéhe supplementaryles (S1 and

S2 Table). To visualize the normalized expresaiariat the RPE spécifunctions we
used the GENE-E softwaré/e made use of the hierarchical clustering fongtising

a Pearson correlation metric, to visualize the variation within our sample sets.

Con" rmation of microarray results

We corirmed our microarray data with sqRT-PCRFige®and S7 Fig for the photos
of the gel electrophoresis. For a detailed desoriptf the sQRT-PCR, see Janssen et
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Figure 5. Corl' rmation of microarray results by sqRT-PCR. We used GAPDH as the housekeeping
gene to normalize the gene expression of the IE and RPE samples. We depict the median and stan-
dard deviation for RPE samples in light blue, IE samples in dark blue. We selected genes that were
highly expressed in the RFEGBS8, PXN, IMPDH1, RDH10, RPEGHghIRAT the IEKLF5, ZIC,
PDGFRA, WNT4, WNT16, FZD10, TGFB3, ALDH3#&d MEDB8groupsSOD1, ITGAV, RL.BP1
We"nd 89% (16 of the 18 genes) to be in agreement with the microarray resules deuhygl

RLBPgive a dierent result.

af“. In short, sqRT-PCR was carried out using ip@oniag primers on cDNA from
IE and RPE, using up to 5 biological replicatesinimize ¢ects of RNA degradation
artefacts in the human post mortem samples, we gated primers near the 30end of
the gene. We quairited the gene expression in ImageJ and normalizptessgion by
comparing it to the measured expression of housekeeping gene GAPDH.
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and frequently do
to people as brainy
and footsy as you.
And when things start to happen, donOt worry. DonOt stew.
Just go right along. YouOll start happening too.
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ABSTRACT

The human retinal pigment epithelium (RPE) playsipartant role in the pathogen
esis of age related macular degeneration (AMD). i@ leading cause of blindness
worldwide. There is currently ndeztive treatment available. Preclinical studie®b A
mouse models are essential to develop new therdapgurthis requires further in-depth
knowledge of the similarities andtdrences between mouse and human RPE.

We performed a microarray study to identify ancttionally annotate RPE speci
gene expression in mouse and human RPE. We usetitalous method to determine
C57BL/6J mouse RPE signature genes, correctpasfible RNA contamination from
its adjacent layers: the choroid and the photoreceptors.

We compared the signature genes, gene express@igsrand functional annotations

of the mouse and human RPE. Weéneel sets of mouse (64), human (171) and mouseb
human interspecies (22) RPE signature genes. Wrpectedly, our gene expression
analysis and comparative functional annotation gstgd that, in general, the mouse
and human RPE are very similar. For example, wedmnitarities for general features,
like Oorgan developmentO and Odisorders related to neurological tissueO. However, de
tailed analysis of the molecular pathways and neétsvassociated with RPE functions,
suggested also multiple species-spediliferences, some of which may be relevant
for the development of AMD. For example, CFHRL, likelgtthe main complement
regulator in AMD pathogenesis was highly expresshdman RPE, but almost absent
in mouse RPE. Furthermore, functions assigned teeramd human RPE expression
pro"les indicate (patho-) biologicakdrences related to AMD, such as oxidative stress,
Bruch®s membrane, immune-regulation and outer bb&ivg barrier.

These dierences may be important for the development of rie@rapeutic strategies
and translational studies in age-related macular degeneration.
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INTRODUCTION

Age related macular degeneration (AMD) is the hgackuse of blindness worldwide.

The disease#i@cts 4 % of the population over age 60. With theease of the aging
population, AMD is becoming an even more imporgarilic health issue. The etiology

of AMD remains largely unknown. Th& clinical manifestations of the disease include

the appearance of sub-retinal drusen and pigmentargegenerative changes of the
RPE. Ultimately, the diseagecas the RPE, BruchOs membrane (BM), photoreceptors
(PR) and choriocapillaries (CH). We focused this study on the RPE.

The RPE is a monolayer of pigmented neuro-epithelial cells, which forms part of the outer4
blood-retina barrier. It closely interacts with the PR to maintain visual function. The api-
cal membrane of the RPE faces the photoreceptor outer segments and its basolateral
membrane faces the BM. The BM separates the RPE from CH, which nourishes the RPE
and outer layers of the retinén healthy eyes, BM functions as a structural support that is
permeable tdbuid and small molecules. Additionally it acts as a physical barrier, contain-
ing anti-angiogenic molecules, which protect the retina against neovasculafization

A healthy RPE is essential for visual functiampglies the PR with nutrients, absorbs

the excess light energy focused by the lens onrétima, recycles retinal from the

PR, regulates the ion balance in the sub retirslespand maintains the function and
survival of the PR by phagocytosis of the shed photoreceptor outer seyriraiitge

of any of these functions can lead to degeneratiothe retina, loss of visual function

and, eventually, blindness in retinal diseases such as AMD or retinitis pigmentosa.

In AMD, RPE dysfunction or degeneration leadsiysteophy of the PR and thereby
vision los$ The early stage of AMD is characterized by tiseme of drusen and vi-

sion loss is relatively mild. Later stages of ifemske involve two forms: the dry form
(geographic atrophy) and the wet form (choroidavwescularization). Both forn#eat

about half of the late stage AMD patients. AMD has a multifactorial eti@odyis
caused by a variety of environmental and geneticfastors There is evidence that
positive life style changes (quit smoking; healthy food) and dietary suppleménts (Zn
may postpone the onset or progression of the diseaRatient-unfriendly, repeated
intra-ocular injections with anti-VEGF may tempgrhalt the progression of the wet

form of AMD. However, it does not prevent the atyophRPE and PROnce vision

is lost, a possible (future) cure for AMD may beem@acement therapy. Pre-clinical
experiments indicate that transplantation of stesth derived RPE cells can successfully

be used to rescue PR and vi§tdhHowever, these preclinical studies are predominant
performed in mice. To translate results and staital studies in man further knowl-
edge of the similarities andfgrences between mouse and human RPE is essential.

In this study we compared the gene expressiohlpscand functional annotation of mouse

and human RPE on a single microarray platform to further improve translational studies.
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RESULTS

First, we determined the gene expression' f[@® of the mouse RPE, CH and PR (raw
data available in the Gene Expression Omnibus asgawith the accession number
GSE66916). We ¢omed our microarray methodology by checking theregpion of
(well established) RPE genes using semi-quantitative RT-PCR (sdRJ-ROR)S1
Fig.). Subsequently, we determined mouse and huRREsignature genes, wé led

the functionalities of the gene expression“pes of mouse and man, and we analyzed
the most extreme derences in RPE gene expression between the twdespedso
these results were partly camed using sqRT-PCR (S2 Fig).
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Figure. 1. Cor'rmation of microarray results by sqRT-PCR. BetaBaciina housekeeping gene,

was used to normalize gene expression in mouse CH, RPE and PR. The light blue bars indicate
expression levels in CH, the blue bars expression levels in the RPE and the dark blue bars indicate
expression levels in PR. Similar to the microarray data the expression level is highest in the RPE and
lowest in the PR. The sqRT-PCR resultsiconr” ndings; howevefshrandSic16a8how expres-

sion lower in RPE compared to choroid. Overall, the sqRT-P@Ration rate in this, and in all

our previous studies (combined), using exactly the same methodology and platform to investigate
neuroepithelia from human donor eyes and brains was87%

Mouse, human and inter-species RPE signature genes

In our lab, we previously designed a new strategglect RPE signature gerigg.(3.
RPE spetiity was determined by comparison of the gene esqitn levels between
the RPE and its adjacent layers: the CH dAdifPBhe current study, we applied this
strategy to the mouse retina in order to select mouse RPE signature genes.
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Step 1: Using meticulous laser dissection to collect tissue
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Step 2: Using statistical analysis to correct for any
possible contamination

\Genes RPE>CH (adj p-value < 0.01 and FC>2.5)

» RPE spettc genes

Genes RPE>CH (adj p-value < 0.01 and FC>2.5)

Figure. 2. Strategy to select RPE signature genes. ltrshestep of this strategy we laser dissect
the RPE (and its adjacent layers, the CH and PR) far 8gswee collection. In the second step we
statistically correct for possible contamination by adjacent layers.

We selected the genes that have a Sigant higher expression level in the mouse
RPE compared to their expression in the CH anéRhevith a fold change (FC) higher
than 2.5 and a B-H adjusted p-value<0.01. Thikectsu a list of 64 genes that are
spect cally expressed in the RPE relative to both jaserdt layers; the CH and PR. We
annotated this set the OMouse RPE signature genesO dat@abtgSee

Using the same cut#ocriteria; we determined a set of genes that ésisp for the
mouse CH compared to the RPE and a set of geneseniRi spe'ai when compared

to the RPE (S1 Table).

We next déned a new OHuman RPE signature genesO dataset. We carefully selected two
previously published human RPE spegene expression datasets for a comprehensive
comparison between mouse and human RPE (Fg: 3he" rst study was conducted

in our lab using a similar methodology for determining RPE' spgene expression
resulting in identication of 114 RPE spexilly expressed gertésThe second microar-

ray study included multiple RPE types but the investigators did not correct for possible
contamination of adjacent tissdgsFor the latter dataset, we removed possible CH and
PR RNA contamination (see Methods), and generated a list of 86 human Re&dtl\speci
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Table 1.0ur OMouse RPE signature genesO dataset: 64 mouse RPE genes with an average expression
of at least 2.5 fold higher in the mouse RPE than in both the PR and the CH with an adjusted p-value
smaller than 0.01.

GeneName SystematicName adj.P.val FC RPE-CH adj P value FC RPE-PR

LOC100045988  XM_001475309 6,03E-03 4,6 3,81E-03 3,5

Rdh10 NM_133832 1,46E-03 4.1 9,38E-08 75,1

Ribp1 NM_020599 5,78E-03 3,2 4,29E-07 42,4

Bmp4 NM_007554 3,03E-03 3,2 2,31E-05 47,9

5730469M10Rik  NM_027464 2,28E-03 3,1 1,03E-06 14,0

Manla NM_008548 2,07E-04 3,0 6,11E-08 10,3

Vidir NM_013703 1,35E-03 2,9 1,79E-05 4,6

Ctsd NM_009983 6,72E-03 2,9 6,81E-05 5,7

Cldn2 NM_016675 6,79E-04 29 6,75E-07 7,8

BC048943 NM_001127685 1,48E-03 29 8,23E-05 34

Loxl4 NM_001164311 4,47E-04 2,8 7,52E-07 13,2

Slclal NM_009199 6,31E-03 2,8 1,30E-07 27,2

Carl2 NM_178396 592E-03 28 2,86E-07 34,5

Hist2h2aal NM_013549 2,53E-04 28 2,57E-07 57

Sponl NM_145584 3,68E-04 2,7 2,54E-07 7,4

Tmem27 NM_020626 1,64E-03 2,7 3,15E-05 108,8

Hist2h4 NM_033596 8,85E-03 2,7 5,29E-05 7,0

~
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Table 1.0ur OMouse RPE signature genesO dataset: 64 mouse RPE genes with an average expres-
sion of at least 2.5 fold higher in the mouse RPE than in both the PR and the CH with an adjusted
p-value smaller than 0.01. (continued)

Cbfa2t3 NM_001109873 6,18E-03 2,7 2,75E-06 11,8

Adora2b NM_007413 3,61E-04 2,7 1,30E-07 37,0

Gpam ENSMUSTO00000086868 8,06E-03 2,7 1,09E-03 3,0

AN

Lrp2 NM_001081088 6,73E-03 2,7 3,74E-06 10,7

Nt5dc2 NM_027289 1,30E-03 2,6 9,65E-07 [

Slc16a8 NM_020516 1,87E-03 2,6 2,46E-07 14,9

Mogatl NM_026713 2,79E-03 2,6 5,42E-07 12,9

Tmem56 NM_178936 4,12E-03 2,6 1,71E-08 148,2

Pebp4 NM_028560 4,39E-04 2,6 4,15E-08 i35

Hist1h4i NM_175656 1,08E-03 2,6 4,09E-06 4,7

Bphl NM_026512 8,30E-04 25 2,48E-06 3,1

Tshr NM_011648 4,22E-04 25 1,22E-08 58,3

Adra2c NM_007418 4,16E-03 2,5 4,30E-08 54,8

Sgk3 NM_133220 3,38E-03 25 3,87E-06 7,0

Slcolad NM_030687 3,07E-04 25 6,65E-09 32,7

expressed genes. We subsequently merged the two human RPE gpeei expression
datasets, resulting in 171 human RPE signature genes (S2 Table).

Finally, in order to facilitate comparative resiadlies between mouse and human, we
aimed to develop a list of interspecies RPE signganes. We determined the overlap
between the mouse (64) and the human (171) RPEtsigngene lists, resulting in an
interspecies RPE signature gene list of 22 g@abe(2.
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Figure 3. Strategy to determine Olnterspecies RPE signature genesO. Schematic overview of our
comparison strategy: our OMouse RPE signature genesO dataset and OHuman RPE signature genesO
dataset, which contains (a mbdation of) two human RPE transcriptome data$étsThis re-

sulted in a new dataset, Olnterspecies RPE signature genesO.

Gene expression prd les and functions of the mouse and human RPE

Using our previously published methodolddy,; we analyzed the highest expressed
genes (highest TOpercentile: >90P) of our mouse gene expression dataset (desig-
nated OMouse high RPE gene expressionQ) to determine the most important functional-
ities of the mouse RPE. Subsequently, we compagegbhe expression pathways and
functional annotations of the mouse and human RBE& latter dataset was available
from our previous studies (OHuman high RPE' spgiie expression datasét@e
used the Ingenuity Knowledge Database to determioéogical functions, canonical
pathways and molecular networks specior mouse and human RiREivo

Functional annotation yielded statistically sigantbiological functions that were

the same for mouse and humaraple 3. We also found that many importaanoni-

cal pathways for mouse and human RPE were similar. A summ#érgsal’ ndings is
presented irFig. 4
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Table 2.The 22 signature genes that are speadly expressed in both RPE in mouse and in human.
Derived from a comparison between our OMouse RPE signature genesO dataset (this study) and two
(modi'ed) studies on the human RPE transcripttrtiaVe show the gene symbol, genbank ID for

both species and the GO annotation of each gene.

ADORA2B NM_007413 NM_000676
activity

BMP4 NM_007554 NM_001202

AN

CA14 NM_011797 NM_012113

ion of

CSPG5 NM_001166273 NM_001206942.1

CTSD NM_009983 NM_001909.4

GPAM ENSMUST00000086868

erolipids.
ITGB8 NM_177290 NM_002214.2
ugh

KRT18 NM_010664 NM_000224

t8 is the
er

RDH10 NM_133832 [NM_172037

RGR ENSMUST00000022338 NM_002921

RLBP1 NM_020599 NM_000326
ds. It may

SEMA3C NM_013657 NM_006379.3

esses.

SLC16A8 [MCT3] NM_020516 NM_013356

f the RPE.
SLC39A12 NM_001012305 NM_152725

7

~



Table 2. The 22 signature genes that are speally expressed in both RPE in mouse and in hu-

man. Derived from a comparison between our OMouse RPE signature genesO dataset (this study)
and two (modied) studies on the human RPE transcript&riiewe show the gene symbol,

genbank ID for both species and the GO annotation of each gene. (continued)

Zinc transporter, which is a cofactor for hundreds of enzymes and therefore normal cell function.

SLC6A13 NM_144512 NM_016615
Encodes a sodium- and chloride-dependent GABA transporter [GAT2]
SLC6A20 NM_139142 NM_020208

Encodes an amino acid transmembrane transporter that mediates the transport of small hydrophilic
substances across cell membranes.
SLC7A10 NM_017394 NM_019849

Encodes an amino acid transmembrane transporter that mediates%igty-&ransport of D-serine and
several other neutral amino acids.

SPOCK1 NM_009262 NM_004598

Encodes he protein core of a seminal plasma proteoglycan containing chondroitin- and heparin-sulfate
chains.

SULF1 NM_172294 NM_015170

Enzyme which can modulate the activity if heparan sulfate, thef®niing the regulation of cell growth,
proliferation, dierentiation and migration.

TMEM27 NM_020626 NM_020665
binds to amino acid transporters and regulates their expression on the plasma membrane
TMEM56 NM_178936 NM_152487

function unknown !

TRPM3 NM_001035246 NM_206948

Belongs to the family of transient receptor potential channels. TRP channels are cation-selective channels
important for cellular calcium signaling and homeostasis.

In addition, we studied thenolecular networks that were assigned to both the
OMouseO and OHumanO Ohigh RPE gene expressten®utations annotated to
these datasets on a network level were more ordesgparable (~75% overlap). The
annotated functions included developmental disosjehereditary disorders, small
molecule/drug metabolism and cellular movement amgintenance. For an overview
of the 10 most important networks for the OMougk RPE gene expressionO dataset
and the OHuman high RPE gene expressionO dathszsee which networks overlap,
see S3 Table and S4 Table. For illustrative pumeoseluded an example of such a
network (S3 Fig.). For additional support of'adings in Ingenuity we also included
a functional enrichment pathway analysis (KEGGs#®)ally Webgestalt This gives
approximately the same results (S5 Table).
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Figure 4. Most sigriicant canonical pathways idehgd by Ingenuity for the OMouse High RPE

gene expressionO and OHuman High RPE expression gene expressionO datasets. The left y-axis dis-
plays the Plog of Benjamini-Hochberg corrected p-value. The right y-axis displays the ratio of the
number of genes derived from our dataset, divided by the total number of genes in the pathway.

The blue line indicates the threshold of the BH corrected p-value of 0.1.

Genes highly expressed in mouse RPE but hardly in human RPE

To investigate the largest gene expression and iwmait d#erences between the
mouse and human RPE we subsequently compared tis¢ emtreme gene expression
datasets of the two species, namely the very high (highEsieir@entile, >90P; high
expression) and very low (lowest" Jfercentile <10P; leaky expression) RPE expres
sion datasets (GSE 66916).

Unexpectedly, the OMouse high RPE gene expressionO datasetae®® genes) and
the OHuman very low RPE gene expressionO data8e®, (D770 genes) had 101 genes
in common (S6 Table). Functional annotation of these genes yieldeghB8iical
pathways in Ingenuity, whose activity or metabolic routeyrha diterentially &ected

in mouse and human RPE. An overview is preseniedblie 4

The core analysis of the 10#atentially expressed genes resulted imdlecular
networks. The associated representative functions incleeldpmental disorders,
connective tissue disorders, ophthalmic diseaserolmical disease, drug metabo-
lism and cancer. These networks are presented TalB&. For illustrative purpose we
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Table 3.Overview of the major biological functions found in a functional annotation by Ingenuity

of the OMouse High RPE gene expressionO and OHuman High RPE gene expressionO datasets. The p-
value for these categories are indicated as a range because each category contains sub-functions

that have their own p-value.

Disease and Disorders p-value Disease and Disorders p-value
Neurological Disease 7,31E-51-9,20E-05 Neurological Disease 7,54E-57-2,18E-05
Psychological Disorders 8,09E-44-9,20E-05 Psychological Disorders 2,04E-49-2,26E-07
Skeletal and Muscular Disorders ~ 2,84E-41-2,62E-05 Skeletal and Muscular Disorders ~ 5,84E-47-2,18E-05
Infectious Disease 5,89E-36-9,33E-05 Hereditary Disorder 1,77E-39-2,18E-05
Hereditary Disorder 6,10E-34-4,77E-05 Infectious Disease 2,29E-32-1,08E-05
Molecular and Cellular Functions Molecular and Cellular Functions
Cellular Growth and Proliferation  7,20E-39-8,57E-05 Cell Death and Survival 3,55E-42-2,06E-05
Cell Death and Survival 3,43E-38-5,57E-05 Cellular Growth and Proliferation  6,25E-37-1,64E-05
Cell Morphology 5,70E-25-9,33E-05 Protein Synthesis 1,77E-22-2,14E-05
Protein Synthesis 5,77E-22-9,28E-06 Cell Morphology 9,15E-21-1,66E-05
Cellular Development 3,25E-17-8,57E-05 Gene Expression 2,01E-20-2,15E-05
Physiological System Development & Function Physiological System Development & Function
Organismal Survival 7,97E-23-7,93E-06 Organismal Survival 3,18E-23-3,18E-23
Embryonic Development 9,01E-18-8,15E-05 Organismal Development 2,63E-16-2,01E-05
Organ Development 9,01E-18-8,15E-05 Nervous System Developm@yit7E-16-1,66E-05

and Function
Organ Morphology 9,01E-18-9,33E-05 Embryonic Development 2,01E-14-1,65E-05
Organismal Development 9,01E-18-8,15E-05 Organ Development 3,73E-13-1,45E-05

included an example of one of these networks, ddéd For additional support of our
"ndings in Ingenuity we also included a functiomaicghment pathway analysis (KEGG
analysis) in Webgestalt. This gives approximately the same results (S8 Table).

Genes highly expressed in human RPE but hardly in mouse RPE

In order to identify additional #8rences between mouse and human RPE, we also
compared the OHuman high RPE gene expressionO datd$d?, (2389 genes) and

the OMouse very low RPE gene expressionO datadet33n4 genes). This analysis
yielded 54 genes (S9 Table). We also functionalbyaded this set of genes using the
Ingenuity knowledge database. The sigantcanonical pathways assigned to this
dataset included PXR/RXR activation, nicotine degradation and bupropion degrada
tion. Ingenuity analysis yielded four networks. flinetional annotations of these
networks include drug metabolism, nucleic acid metabolism, small molecule biochem
istry, cardiovascular disease and humoral immuwspmonse. The molecular pathways
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Table 4. Overview of sightant canonical pathways assigned by the Ingenuity knowledge data-
base to the 101 genes that are the result of comparing the OMouse high RPE gene expressionO and
the OHuman very low RPE gene expressionO datasets.




are presented in S10 Table. We also included sinatlue example of such a network,
see S5 Fig.

Among the majobiological functions and disease that came out of this analysis were
hereditary hearing loss and Usher syndrome. Majeratices irmolecular cellular
functions identi'ed by Ingenuity were drug metabolism, nucleic auietabolism,
small molecule biochemistry and lipid metabolism. For additional support ‘aficddur
ings in Ingenuity we included a functional enricmtngathway analysis (KEGG analysis)
in Webgestalt. This gives approximately the same results (see S11 Table).

DISCUSSION

In this study, we aimed tad similarities and #érences between mouse and human
RPE using RPE spedene expression pttes and functional annotation on the same
experimental platform. Our current data may be irtgo@t for translational studies in
age related macular degeneration, for creatingusedof a representative AMD mouse
model. Thus, we discuss here those aspects ohailysas of human and mouse RPE
that are relevant for AMD.

Similarities and dil erences between mouse and human RPE
transcriptomes in relation to AMD

Apart from the obvious similarities, there are mber of well-known dierences
between human and mouse RPE and adjacent tissoese Tnclude the absence of
a macula in the mouse, the#drence in rod and cone number and distribution, and
a thinner BruchOs membrane in the mouse. Mouse snadehvailable for wet and
dry AMD, mimicking several of the pathologicaluiest seen in AMD, but no model
recreates all of the AMD characteri$tié%

We were interested in the potential usefulness wf entire comparative human
and mouse gene expression dataset for the investiyaif AMD (mouse models).
Interestingly we didnd similarities and #iérences in relation to a number of previ
ously published (patho-) biological aspects relatedMD, namely oxidative stress,
zinc homeostasis, presence of proteins of the cemeht system that are found in
drusen, proteins in Bruch«s membrane, involvemenéadwascularization and tight
junctions. These#rences and similarities are important to develop and use represen
tative mouse models for AMD, and they may be pegfigonsible for (the observed)
discrepancies between mouse model and human patients.
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Age related macular degeneration: Oxidative Stress

The RPE sars from chronic oxidative stress due to the expotulight, relatively low
oxygen levels, and daily phagocytosis and digesfiphotoreceptor outer segmerits
The mainstream hypothesis in AMD is that prolongédiadive stress harms the vitality
of the RPE and oxidatively mael drusen-bound fatty acids and proteins. These are
subsequently recognized by the body as non-setf,iamoke a chronic, complement
mediated, immune respon&e?

Oxidative stress in the RPE is, among others, tettBiathe manganese superoxidase
dismutase protein family, consisting of SOD1, 3@®30D3; Respectively, these SODs
exert their antioxidant#ct in the cytosol, mitochondria and extracellular nf&trix
We found similar expression of SOD1 (very highp@iB (moderate) in human and
mouse RPE. In contrast, we found that the SOD2 \gaséeighly expressed in the
mouse RPE but only at low levels in the human RiPe (. Reactive Oxygen spe
cies (ROS)-associated mitochondrial DNA damageresdsusly correlated with the
progression of AMI¥?% But association studies between genetic variarttse SOD2
gene and AMD pathogenesis yielded $icting result§ >

For both SOD1 and SOD2 mouse models were develSped.-/-mice andSod2-/-
mice both show a thickened BruchOs membrane, pleftite atrophy and reduced
electroretinographic respon$eSod2-/mice lacked drusen like deposits but have RPE
atrophy™*2 In theSod1-/-mice, 10% of the older animals showed choroidaVaso
cularization and 86% showed drusen-like deposés ¢bntained several markers of
druser®.

The previous studies on SOD family members anditieeethit expression wénd be-
tween mouse and human, indicate that all three &Dily members may be critically
involved in the local defense against oxidativessiralthough the mitochondrial SOD2
may play a more important role in the mouse RPE than in the human RPE.

In addition to SODs, zinc has also been implidatedediating oxidative stress. The
retina and especially drusen contain high amountsiné“. There is an age related
decrease in systemic and cellular zinc levels imhuRPE cells, that correlates with
several age related pathologies like AMD 1988 thérst clinical trial favoring zinc
supplementation in AMD was publisiédSince that time, multiple studies suggested
that zinc reduces the oxidative burden on the @etfthough the underlying molecular
mechanism(s) is unknow#®*? Zinc ions reach the retina by spedransporters. We
determined which zinc transporters are highly esped in mouse and human RPE.
In the highest 10 percentile of the mouse RPE transcriptome we faexptession

of Slc39a]SIc39a4SIc39aznd Slc39a1an the highest 10 percentile of the human
RPE transcriptome we observed expressi@LGBIAGLC39A12ndSLC39A1Fable

6). Our data are largely in agreement with those of Leung and coviynikéis deter
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mined the expression of a large number of zincsparters in cultured human RPE
cells.

Interestingly, we found th&lc39advas highly expressed in mouse RPE, but not in
the human RPE. Indeed, Dufner-Beattie et al dematedtthe importance of this
transporter in &lc39aknockout mouse, which develops severe abnormabfieise
nervous system, such as anophthalmia, exencephdlinairocephalu. Our'nding

(in older human donor eyes) may be explained bggeirelated #ect, since Leung

et af® found thatSlc39aznd Slc39a4xpression and corresponding zinc uptake are
reduced in RPE from older individuals. We determiree8lit39a4xpression in RPE of
"ve-month-old mice.

Table 5.SOD1, SOD2, SOD3 gene expression in human and mouse RPE. Sod1 and Sod3 are highly
and moderately expressed respectively, in both species. Sod2 gene expression has a low expression
in human RPE. In contrast it has a high expression in mouse RPE.

Isoenzyme  Reporter Percentile Reporter Percentile
SOD1 NM_011434  High NM_000454 High

SOD2 NM_013671  High NM_000636, BM994509, AL050388 Low

SOD3 NM_011435 Intermediate  NM_003102 Intermediate

Table 6.Overview of zinc transporters that are highly expressed in human and mouse RPE.

Zinc transporter reporter Zinc transporter reporter
Slc39al NM_013901 SLC39A8 NM_022154
Slc39a4 NM_028064 SLC39A12 NM_152725
Slc39a7 NM_008202 SLC39A13 NM_152264
Slc39al12 NM_001012305 ! !

Age-related macular degeneration: drusen and complement system

Chronic isammatory and immune mediated events at the level of the BruchGs mem
brane and drusen play critical roles in AMD pathogéhdsisially, complement system
related factors were immune-localized to drusehalémark of AMD. Subsequently,
genetic studies showed an association between polymorphisms of several €comple
ment pathway genes, such @H, CFB, C3, CFkiRsAMB In our dataset we found
high expression of several complement factors in the human and mousEigRPE (
which may be of interest for studies of the compm@atrsystem and AMD pathogenesis

in a mouse model.
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Interestingly, CLQTNF5 is highly expressed in tienbouse and human RPE. Muta-
tions in CLQTNF5 have been associated with late-onset retinal degeneratigmfa
S163RKknock-in mouse model developed by Chavali et aveld many pathological
features of AMD, such as RPE abnormalities, prejitwedoss, retinal vascular leak-
ag€e®. Contrary to this, Shu et al. develop&d gtnf5 Ser163Angock-in mouse model

that lacked any phenotypic abnormalftyThe reason for this discrepancy is currently
not clear.

We observed that the complement factor H relatgeérie (CFHR1) is highly expressed

in human RPE, but not in mouse RPE. Our data e@tebin part, the data of Luo et

al 201) who found absence @fhrlexpression in mouse retina, RPE and cHaroid 4
The regulation of the complement system (in AMDaxisemely complex, multiple
regulators and feedback loops exist and the detaimechanisms underlying the
complement regulation at the RPE interface and macular area is not known. Nonethe-
less, several studies suggested that CFHR1, togeitheCFHR3, plays a central role

in complement regulation of AMD. Several studiggest that the absence of CFHR1
and/or its family member CFHR3 are highly protective against AMD in Aiifians

| Mouse RPE|| Human RPE|

C2, CFH, ITGA
Vitronectir

Figure 5. Overview of highly expressed complement factors in the human and mouse RPE. Com-
plement factors in the overlay of the circles are highly expressed in RPE of both species.

Age-related macular degeneration: BruchOs membrane and
neovascularization

Our data reveal #lerences in mouse and human RPE gene expressaindréb
two other essential aspects of age-related maaldgeneration: The build-up and
turnover of BruchOs membrane and neovascularizBtioohOs membrane is a sheet
of extracellular matrix that lies in between th& RRd the choroid. The extracellular
matrix components that form the BM are made by &RECH. The BM has a major
clinical signiicance because of its critical role in the pathogenesis of. AMD

We found thatTimp2and Col3a genes involved in extracellular matrix formation o
turnover, are highly expressed in the mouse RREjobun human RPE. Vice versa,
COL16A highly expressed in the human RPE, but not in mouse RPE.
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We also found large inter-spbcs gene expression#tirences annotated with the

term OAngiogenesisO. OAngiogenesisO refersrocese whereby new blood vessels

are formed. In the context of our RPE/AMD anatysispidal blood vessels usually
penetrate the BM and from new (leaky) vessels underneath the RPE. Our data speci
cally suggest expression and function#kdences for the angiogenic factéigi23and
Fafrl(highly expressed in mouse RPE), as well as the prostagigniiasePTGES

and HS6ST(ighly expressed in human RPE). In summaresulisrsuggest spéa
di#erences between mouse and man in terms of BM bpitstuturnover, as well as
related to neovascularization.

Age-related macular degeneration: tight junctions of the outer blood-
retina barrier

The RPE constitutes the outer blood-retina bgioRB). The tight junctions between
neighboring RPE cells bind the monolayer and segmthe outer layer of the neural
retina from the choriocapillatisThe RPE maintains the integrity of the oBRBgthrou
the tight junctions, which is important for controfbafd leakage, solute transport and
immune reactions. o0BRB supports the functional lostasis of the retina. Disruptions
of RPE cell junction and barrier integrity are associated wittf ZAMIz compared the
tight junction gene expression of mouse and humBE Ry investigating the distribu-
tion of these genes in four categories: high expressior"(péfentile), moderate
(50-98 percentile), low (10-8(ercentile) and very low (<1@ercentile)Kig. 6.
Overall, wénd limited overlap of tight junction gene expressietween mouse and
human RPE. Our data suggest that the compositigheobuter blood retina barrier
di#ers between mouse and human. More investigatioreéessary to determine the
possible physiological or pathobiologic#ket of these dierences.

CONCLUSIONS

In summary, in this study we determined 64 signature genesoiese RPE, 171 signa-

ture genes for human RPE. We also deduced 22 nhous&a interspecies signature
genes. We next analyzed the general mouse and hiRRdh gene expression 'jes,

and we found that (patho-) biological functions arahonical pathways assigned to

the RPE of both species were highly similar. Nonetheless, more detailed studies, in
cluding analysis of spé&ci molecular networks as well as extreme gene esipres
di#erences between mouse and human (expression oféb8s), suggests substantial
biological diterences.

These similarities and#drences may be important for the development of rikera

peutic strategies and translational studies in age-related macular degeneration.
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Figure. 6. This diagram depicts the tight junction gene expression of mouse and human RPE, di-
vided in four categories: high expression {>®ércentile), moderate (50'9percentile), low (10-

50" percentile) and very low (<1@ercentile). On the x-axis the four categories are displayed and

on the y-axis the amount of genes found in a category is depicted. Light blue circles contain genes
expressed in mouse RPE, Dark blue circles genes expressed in human RPE. Genes inside the overlap-
ping parts of the circles are expressed in the RPE in both species in that category.

METHODS

Strengths and limitations of the study design

The technical and methodological strengths anddéitiuns of this approach have been
extensively discussed elsewHhérg Our lab has more than 10 yearsO experience in cel
lular microarray studies. In short, the strengtlisi® study include the use of selected
healthy and freshly frozen samples with short pasttem times. Sample preparation

is characterized by minimal technical handling (such as mechanical or enzymatic dis
sociation, scraping, heating etc). In this way, the nativiee® gene expression pi@

is preserved. Next, we use laser dissection migpgtDM) of cryosections of the
relevant cell-type. The use of the LDM ensuresyhggieliclc and homogeneous cell-
type collection. After RNA isolation, we check Ri¢grity and the quantity using

the Agilent Bio-analyzer and Nanodrop during thecedure multiple times. Samples
are labeled with Cy3 and Cy5 from the 30-primtanihimize &ects from possible
RNA degradation. RNA/samples that do not meet walitg criteria at any point in the
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procedure are discarded of. We use a common raferdeasign, which also serves as
an internal technical control, and a large-scale 44k microarray.

There are also a number of limitations of our etudbiven the lengthy procedure of
sample selection, procedure and extensive qualityrols, we usually include a limited
number of Othe very best samplesO itirairmicroarray analysis. The consequence
is that we only can detect consistent similaritied d#erences (and not all, strongly
variable or transient ones) in gene expression between samples.

Another limitation is that some degree of cellatamtamination of adjacent cell layers
in samples is unavoidable, even when we use metisubser dissection microscopy
in the nicely structurally stacked retina. To @mecthis problem we included the
gene expression of the adjacent layers in our sisalihe so-called Odouble selection
procedureig. ¥2

There are two limitations which are sfecio this mouse-human study: Thest is
that there may be an oligo desigritdience for the comparative orthologous human
and mouse genes on the Agilent whole Mouse and wittiiman microarray. While,
frequently, multiple dierent oligoOs for a single gene and reference geagsbe
present on the micro-array, this may hamper diceatparison between mouse and
human gene expression data. To overcome this problem, we ranked the gene expres
sion data of each sample/species according to peiles, and divided it into four
expression groups: high, moderate, low and veryelqwessiof" > By comparing the
most extreme datasets, the high expressed gendsthét very low expressed genes,
between the two species; we could identify physimabrelevant dierences between
the mouse and human RPE gene expressions, singe riegor dierences could not
be caused by derent &mities alone. For further ctnmation, we identied the genes
that we described in our paper also by sqRT-PCR.

Finally, the mouse and human tissue used in thidyshad diferent post-mortem
times: The mouse eyes were enucleated and embeidediately after death, while
for the donor eyes the post-mortem delay was betw&é and 22 hours. On the other
hand, it has been shown that this has minin#alcé on the RNA integrity of brain tissue.
Up to 30 hours postmortem delay did néfeat the mRNZA. During our experiments,
we thoroughly checked the RNA integrity using Bady&er, multiple times. In addition,
since we designed labeling primers on the 3 prime end of thegygotential starting
degradation ‘(rst occurring at the 5 prime end) did ndteat our gene expression
results. A full description of the methodologidéd)(advantages is beyond the scope
of this paper. However, our approach enables dstermine highly spetc RPE gene
expression with a very limited amount of contamomtwhich is also corrected for in
the analysis.
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Mouse eyes, tissue processing and cell sampling

The study on mouse material was carried out int ftidcordance with the recom
mendation in the Guide for the Care and Use of laaiy Animals under the Dutch
law, which is in accordance with the internatiatedlaration of Helsinki. The protocol
was approved by the Committee on Ethical of AnExaleriments of the Netherlands
Institute for Neuroscience (NIN), Royal Dutch AcafterBgience (KNAW), the Nether-
lands (DEC protocol NIN 09.45). Mouse choroidn@pBEotoreceptors were obtained
from eyes of healthy 5 months (-/+2 weeks) old G67ice (J strain). We ¢omed

by sqRT-PCR that the mice of this sub strain (E63TBiHsd) did not carry the rd8
mutation in theCrblgene that has been found in C57BL/6N straifier each tissue
we used 3 mouse eyes (and 3-6 selected human deyes). Mice were raised in a
room with a temperature around 210C, on a 12:i®dark cycle, and fed with stan-
dard pellet laboratory chow and water ad libitumthg age of 5 months (-/+2 weeks)
they were anesthetized with @O, and killed by cervical dislocation. The eyes were
enucleated, embedded in OCT and snap frozen irdlitjitrogen. Until further use the
eyes were stored in an -800C freezer. We selectivedut the CH, RPE and PR with a
laser dissection microscope (PALM Carl Zeiss]ivhgiog GmbH, Munich, Germany).
For this the eyes were cut in 20uM cryosectionthéophotoreceptors and 12uM for
the RPE and the choroid. For every sample one velyelavas used. We used Cresyl
Violet staining to identify photoreceptor cellsfoBethe dissection of the choroid the
RPE was removed to prevent as much contaminatipossble. After processing the
tissue and running the microarray, we determines (tow) variability of the samples
using a multidimensional scaling plot (S6 Fig).

RNA isolation and ampli cation

RNA isolation, amptiation and labelling procedures were carried osersally as
described elsewheté Quality of tRNA was checked with a Bioanalyzey €REA 6000
Pico Kit, Agilent Technologies, Amstelveen, ThieeNahds). RNA integrity numbers
of tRNA of mouse CH ranged from 4.9 to 6.9, ohtluse RPE ranged from 4.9 to 7.2
and of mouse PR ranged from 5.5 to 7.6. In ouoaniay study we used a common
reference design. The common reference was predaned mouse RPE/choroid that
was isolated, ampkd using the same methodology as our experimerdates,
and labelled with Cy3 (Cy3 mono-reactive dye gatkiHealthcare UK, Little Chalfont,
Buckinghamshire, UK).

See Janssen et'afor a more detailed description of the laser disse procedures,
RNA processing and microarray procedures.
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Microarray data analysis

The microarrayles were analysed and processed using Agilent feed&xtraction
Software (Agilent Technologies, version 9.5.3el)néMided examples of our strict
quality control assessment of the hybridizationhénsupplementaryle S7 Fig and
S8 Fig. Data were imported into R (version 2ddWihdows, R Development Core
Team, 2009) using LIMMA in the Bioconductor packdgestudied the derences
between the RPE and the photoreceptors makingtesstal comparison using LIMMA
for determining sigticantly changed genes (R package LIMMA, includipgsiBa
statistics). We did the same for RPE and the choroid:

Using a common reference design, in LIMMAsEestimated the dierence between
the sample (either CH / RPE / PR) and the comrferemee (hybridized against each
other on a two channel array). Next, thiéetinces between both RPE and CH or
between RPE and PR were estimated. Subsequently, Lttdd1a linear model to the
expression data for each gene. LIMMA uses emjdegak statistics to moderate the
standard error of the estimated log-fold change&tinesults in more stable inference
and improved power. A fully detailed description of the script thaswsed in LIMMA
is available upon request.

We selected the genes that had a positive fold ghameaning that they are higher
expressed in the RPE than in either the photorecemr the choroid, of more than
2.5. Cut-# value for statistical sijoant d#erence was an adjusted p-value of less
than 0.01 after Benjamini-Hochberg correction faltipie testing. Two data subsets
were created that either contained all genes thatwsa sigriicant higher expression
in the RPE compared to the photoreceptors (RPE>PR), ot easighigher expres
sion in the RPE compared to the choroid (RPE>CH). The\mttarihat visualize the
symmetrical spread of the#girentially expressed genes are included in SNEig.
we compared these two subsets to determine the getiat are present in both lists
using a comparison analysis in IPA (IngenuityrBgst€hese represent RPE Spady
expressed genes. To visualize these"signt d#erences in gene expression levels we
included &' gure depicting the mean and (low) standard deviations (S10 Fig) and we in
cluded a'gure of the mean and (the low) standard deviatmfithe genes mentioned

in the discussions section (S11 Fig).

Data analysis of two microarray studies on the human RPE transcriptome

To detect possible contamination of the choroid &imel photoreceptors in the list of
Strunnikova et al we used the expression dataeohthman choroid and the human
photoreceptors as determined within our grétipWe assumed that the main source of
contamination of RPE sample(s) using this methggatomes primarily from the set
of highest expressed genes in either the PR oC@tsequently, we determined the
highest 18 percentile of the average gene expression for Hutphotoreceptors and
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the choroid in Microsoft Excel. We ran a compaasalysis in IPA (Ingenuity Systems)
to subtract the genes in the highest"ifercentile of photoreceptors and choroid from
the 154 genes determined as RPE $pday Strunnikova et'alWe merged the two
human RPE spécigene expression lists in Ingenuity using a comparison analysis.

Interspecies RPE signature genes

We compared the human RPE signature gene exprditidhat we determined using
the Booij et dist and the correcte8trunnikova et &kt Fig. 3, with our new mouse
RPE signature gene expression. We ran a companiatysis in Ingenuity, which uses
the Entrez Gene idehér, to investigate which genes are found in bothadats and
thus are interspecies spéci

Con' rmation of gene expression data by sqRT-PCR

We corirmed our microarray data with sqRT-PCR. For dededaiscription of the
sqRT-PCR, see Janssen et al’®2013hort, sqRT-PCR was carried out using intron-
spanning primers on cDNA from laser dissectionostopy derived samples, using
three biological replicates. To minimizeets of RNA degradation artefacts, we gener
ated primers near the 30end of the gene. We Yedritie gene expression in ImageJ
and normalized expression by comparing it to the measured expression of housekeep
ing geneBact

Previously, we cdnmed the human gene microarraydn the current study study, we
selected a total of 27 genes to ¢om our mouse microarray data. First, we selected
randomly 11 highly expressed genes from our OMRBEesignature genesO dataset
(Bmp4, RIbpl, Rgr, Krt18, Sgk3, Manla, F3, Sulfl, Thsr, Coj4&ér SLolba8 the

11 OMouse RPE signature genesO we found the higitession levels in the mouse
RPE and the lowest in the CH andMR §. OnlyThsrand Slc16a&howed highest
expression in CH.

We next selected 8 well-established RPE "syadlyi expressed genelsl€rik, Rrh, Tyr,
Rpe65, Rdh5, Lrat, Tjpl and Jirpm37 out of 8 of the well-established RPE"speci
genes, we found highest expression in the mouseaRBHlower in the CH and PR (S1
Fig). Onlyryrshowed highest expression in CH in our RT-PCR.

We also included sqRT-PCR for genes that wereomeahtin the Discussion section
to further technically validate our microarray.3#ected 8 genes, 6 genes that are
highly expressed (found in the highest"Jfercentile of the mouse RPE microarray;
Sod1, Sod2, SIc39a4, Timp2, Col33,abd2lgenes that are low expressed (found in
the lowest 18 percentile of the mouse RPE microa@gns, Hs69tIWe compared
the expression levels of these genes with the expression |BattaFor all genes we
found the expected cdirmatory result (S2 Fig.). Overall, in this stuagow rmed

the expression levels for 24 out of 27 genes (8#%gh is in line with the cumulative
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RT-PCR cbrmation rate (87%) of all previous microarray esu@ising similar tissue
and methodology).
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General Discussion

Challenges and complexities of cell replacement therapies for retin
pigment epithelium degenerative disorders.







A PROMISING CLINICAL LANDSCAPE AND ITS CHALLENGES

The key role of the RPE in maintaining retinaltihmiog, and the involvement in
several retinal degenerative disorders, such as SMBjardt disease and some forms

of retinitis pigmentosa, make it the main focusnahy studies on cell replacement
therapy.

At this time the precise etiology of AMD is unchrad we know that the disease is
both phenotypically and genetically heterogenedusually many risk factors, such as
smoking, diet and variation in several genes, itoié to the onset and progression of

the disease. Given this heterogeneity, i%sdlt to target a single entity that may cure

or postpone the diseasétectively. We are currently not able to tackle these/origin

of the disease but a restorative strategy througlhreplacement has great potential.

In contrast with pharmacological approaches or genreeapy, replacing dysfunctional 5
retinal cells with healthy cells may not only lightee symptoms but also possibly cure

the disease. Despite the lack of fundamental knaydedinical trials have started all
over the world® It is very exciting to have a stem cell therapy already this far in devel
opment. However, there is still a lot to be learaledut the diterent cell sources that

can be used, the methodology for transplantatiod amether combination therapy
provides better results than solely cell transplgon. In this chapter | will discuss
these issues and contemplate what we could do to improve the road towards the clinic.

POSSIBLE CELL SOURCES FOR REPLACEMENT THERAPY

Many d#erent cell sources are currently under investigaf@mnRPE replacement
therapy. A wonderful advantage of using pluripotgein cells is their unique property
of self-renewal and #erentiation into many cell types, including the RRB. types
of pluripotent stem cells, ESC and iPSC, sharepttential to dierentiate into any
cell type derived from the three germ layers. Thagtion as an unlimited source,
compared to the scarcity of useful donor material.

Pluripotent stem cells

The ESC have paved the way for developing stem cell therapies. However, they have two
major disadvantages. First, an ethical dilemma is raised by the use of a human embryo
to derive the cells from. Second, the consideration of the host immune response to the
transplanted cells, which could be a major problem in the clinic. The IPSC provide a
solution to these problems. They appear to have the same properties and potential as
ESC, but their generation is not dependent upon a source of embryos. Also, iPSC can be
derived from autologous tissue, matching the human leukocyte antigens (HLI&) pro
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of the patient thereby preventing a (severe) graft rejection. On the other hand, there are
several concerns for the use of iPSC at this point in time, such as that it is time consum-
ing and costly, the variation between iPSC lines, the lack of a standardized strategy for
reprogramming, the concern whether aged somatic cells have the capacity to rejuvenate
swaciently and their potential for uncontrolled cell proliferation and division.

iPSC banking

It would be ideal to produce autologous iPSC femtinent of each patient, but it is
time-consuming to reprogram the cells, charactettizen and test the cells for safety.
This also makes it very expensive and tigsutii to use in the clinic. As an alternative
an iPSC bank is considered. Here clinical gra@diifeS should be available that are
tested for functionality and safety with a know\lenotype. But the high variability
of HLA genotypes may pose a problem to developing such &bahkrently it there
is no consensus on whether such an iPSC bank would be worth starting.

iPSC: Variation in reprogramming strategies

First, to use iPSC in the clinic we need wehett quality standards. At this time, there

is a lot of variation in generation of iPS&erdnt combinations of reprogramming
factors; vehicles for exogenous genes; and celstyped to generate the iPSC. "Tise
reprogramming factors that were used are calledvidmmanaka factors, a combination

of OCT3/4, SOX2, KadiC-MYE After thig rst amazing discovery several new eom
binations of factors were studied, to improve rgpamming é4ciency or to reduce
tumorigenicity. Factors that were included in these variations are NANOG, LIN28, L-
MYC, GLIZ® Currently, it is still unclear what the best domtion of reprogramming
factors is and how the selection of factofs@nces the dterentiation of the iPSC.

Also, there is a diversity of available gene delivery vehicles used in reprogfdmming
Initially, viral vectors were used to deliver #€peagramming factors to somatic cells.
Indeed, retro- and lenti-viruses yielded a gordiency but their permanent genomic
integration remains a problem for clinical useP&G because this could potentially
invoke genome instability or disrupt functional gemngression. To overcome prob-
lems with genome integration and to improve repiagming é&cciency various other
methods were developed. This includes the use of Sendai virus, episomal virus, pig
gyback transposon, RNA delivery, protein delivery and small mdf&éuigarrently
many studies focus on determining the mo¥iceent method to reprogram cells trying

to avoid genomic integration.

Finally, we currently lack a standard cell sowsed for generating iPSC. Thst iPSC
were made from'broblasts, since then various cell sources have heed. These
include mesenchymal stem cells, peripheral bloods,cekine-derived cells, nasal
epithelial cells, and mdfe The choice of a somatic cell source can havgn#cnt
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impact on the potential of an iPSC-based therapy. Among other reasons, the prolifera
tive capacity of cells seems t&uence the reprogramming%ciency. It appears that
generation of iPSC is easier when actively dividing cells are used.

If we want to take iPSC to the clinic for the tneat of AMD we need guidelines to
select the most appropriate reprogramming strateggl donor source because these
factors can #ect the quality of the iPSC. This should be inastigspecically for

the development of RPE cells because the reprogmghapproach can Buence the
subsequent dierentiation process.

Is age a problem for using iPSC?

Another factor to consider is the age of the dbli$ are used for reprogramming, as
embryonic tissues are known to be more suitablerdprogramming than adult or

aged tissu€s. Cellular senescence, accumulated damage and sleortelomeres are 5
associated with aging and may impair reprogramn@#giency when compared to
younger cells. While many well-characterized iR8&dre derived from young donor
cells, iPSC therapy for age related diseases suskR (must) use somatic cells of
aged patients. This may be a suboptimal starting point but iPSC lines have been gener
ated from aged cells successfully according toiplalistudies (for a nice overview
seeMahmoudi et al, 2042 It is critical that the cells are reprogramnoed youthful

state and that accumulated damage is cleared. Wisarg aged cells, an important
question is whether reprogramming can erase the characteristics associated-with ag
ing, characteristics like reduced telomere lengilgpchondrial dysfunction, oxidative
stress and epigenetic alterations.

Telomere Length

Often used as a hallmark for the aging of a celffeenosomal telomere length. Telo
meres are specialized repetitive DNA sequencé= artd of the linear chromosomes
that serve to maintain the integrity of the chromo®s. Telomerase activity maintains
the telomere length. Without it the length progressively shortens which eventually lim
its the growth of cells and short telomere lengtld &elomerase inactivity corresponds
to aged somatic cells. Several studies reportedrépabgramming somatic cells,-in
cluding both young and aged cells, increases tetase activity and telomere length
to an ESC comparable sfafé There is however, a lot of heterogeneity amormy th
various iPSC cell lines. Interestingly, also tbg &fw variability in telomere length
and it seems that for both pluripotent cell typke telomere length is correlated with
pluripotency and proliferatiorféciency’. At this point it is unclear what underlies this
variation but it does not seem to be the age ofatorells. It might be the#krences in
reprogramming protocols and materials that are usechther the variability between
donors. This supports the need for standardized strategy to generate iPSC.
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Epigenetic Memory

Another concern is the epigenetic memory of theCiPEsach cell type has an individual
epigenome: a certain set and pattern of posttrdizgial histone modications and
DNA methylation, and the presence of spe@mall non-coding RNAs. Epigenetic
modi" cations play an important role in aging and age related pathofgidsere are
studies reporting that reprogramming can leave pigenetic memory of the tissue
of origin that might iuence the subsequent#érentiation towards the wanted cell
type®. Several groups have tested thieet of epigenetic memory on#krentiation
potential of iPSC derived from various donors dmivsthat the variability of the
donors exceeds the variability of tissue #yPeOne study showed thigtect speci-
cally for RPE##rentiation from iPSC lines derived from both fetal aged donor cell
types? Thus, though iPSC retain some traits of theal somatic epigenomes, this is
a negligible factor on their#Brentiation capability. This indicates that theyepetic
memory is probably not a problem for the use o€CiR$ the treatment of age related
diseases such as AMD.

Oxidative Stress

Another component of aging is the role of the mitondria, which are the principle
source of intracellular reactive oxygen specieSYR@normal aging somatic cells have
mitochondrial dysfunction and oxidative stress.

Compared to somatic cells, ESC exhibit low leveRO& and mitochondrial activ
ity. In multiple studies reprogramming changed th&ochondrial state to a state
comparable to the ESE* Interestingly the age of the donor cells doesinfitlence
this change after reprogramming. One study reportede mixed results and found
that the iPSC are not completely identical to E8CGhley do however cluster more
closely to the ESCs than to somatic €el® even though the results are mixed, they
all indicate a rejuvenating process for iPSCréjhigenating process could prove very
bene'cial for AMD, since the mitochondria of the RPEeuerely damaged and the
amount of mitochondria decreased, even more than seen with normafPagimywe
know it is accompanied by enormous oxidative stfé$3he damaged mitochondria
in AMD are hypothesized to play a role in the pathegis and are a potential target
for treatment®.

Tumorigenicity

In addition, an important concern of the use ofCiRSthe risk of uncontrolled cell
growth, related to their praised characteristicsetftrenewal and pluripotent®y This

has been a hurdle for the introduction of iPSCvddrcell therapy in the clinic. The
clinical trials that are currently ongoing therefore focus on the safety of the transplanta
tion of pluripotent stem cells and the results hagen positive. To extensively examine
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the possibility of tumor development before tramsphtion a proper tumorigenicity
test should be madé

Transdi erentiation

One possibility to overcome thi®atiulty of tumorigenicity is the use of lineage repro
gramming of somatic cells. Here the pluripotentesig surpassed and cells are directly
dit#terentiated towards RPE. Thereby they could redweceigk of tumorigenicity after
transplantation that is related to the use of plotént stem cells. Tranggrentiation

is a rapidly progressingld but the molecular mechanisms underlying suchveo-
sion need to be better understood. Interestindlgré already was a study conducted
where human'broblasts were directly converted towaBESEXxpressing cells that
exhibit pigment and a cobblestone morpholdg$? Nonetheless, some major hurdles
remain. The derived RPE seems to be at a progstaipe thus maturation may be
problematic. Also the cells haven not been testedumctionality. Not much is known
about the irffuence of the epigenetic signature of the sourcétyple on the process

of transditerentiation, but currently it is thought that an lenyological origin that is
common to both the source and the desired cell type might facilitate the ttemsdi
entiation. Irchapter 3 we describe the #éierences between the IE and RPE to uncover
the di#erences and similarities. This may contribute to developing an optimal repro
gramming strategy. At the same time it is imporfanttherapeutic purposes to safely
transditerentiate cells and avoid genetic manipulations usé diterent strategies for
the conversion. Even though lineage reprogrammiragusry promisingeld it is still

in its infancy.

Authentication of the RPE

Whatever cell source is selected for cell replanerierapy in RPE degenerative
disorders, whether the RPE cells are derived from pluripotent stem cells or from iris epi
thelium, for a safe and functional treatment thiésageed to be properly authenticated
before transplantation. There is a lot of attenfowrthe production and transplantation
of RPE cells, but, surprisingly, less attentigimes to extensively characterize these
cells.

The characterization usually relies on the presehpimentation, cobblestone mor
phology, a handful of RPE speaharkers anih vitrophagocytosis assays. This charac
terization does not include determining the present other characteristics of the RPE
that are important for proper functioning in the retina. Functions like the spatet bu
ing of K+ and the secretion of (growth) factorg #ra important to provide structural
integrity of the retina. As we discussedhapter 2, markers such as morphology and
pigmentation may not be very#ective to determine the maturity of developing RPE
cells. We derentiated hESC to hESC-RPE cells and validatechtracter based on
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commonly used strategies (presence of pigmentation, the morphology, gene-expres
sion of RPE markers, immunocytochemistry of RPE markers and POS phagecytosis as
say). When we compared the extensive gene expregeitles of hnESC-RPE cells in an

early and late stage of pigmentation we did tod clear d¥erences. However, when

we compared these hESC-RPE to endogenous RPEngefdious derences. This
suggests that even though cells look similar inoirtgnt features of human RPE, they

can still be very #erent. We do not yet know whether thigelience is an obstacle for
transplantation, or what is the optimadelientiation state of the cells.

Replacement of solely RPE or also other cell types?

Within the" eld of (stem) cell-based therapy for retinal desgabe focus usually lies on

the replacement of the RPE, and sometime the PR. But, the retina is a complex multilay
ered structure and secondar#exts of AMD are most likely death of PR, disorganiza
tion of the deeper retinal layers and thinninghef ¢horoid. Rejuvenating or replacing

the RPE is a good place to start but when the skogrgtects have made their entry,
solely RPE cell transplantation is probably notigmoDual cell replacement of RPE
together with PR is most likely the best strataghé advanced cases of AMD. A few
studies describe the development of a layered optic cup struicturerofrom pluripe

tent stem celf¥®* This development may be a potential approach tdwalual cell
replacement therapy for patients with severe lo$3RE and PR.

Another promising development towards dual celllaepment is the possibility to
generate PR from pluripotent stem cells. These are developed primarily for retinal de
generation of the PR in diseases such as ReRigitientosa and are able to integrate

into the retina of a mouse modélHowever, in the future it might be ideal to co-
culture thein vitrodeveloped RPE and PR cells before transplanfBliisnyay the RPE

and PR can be developed in a controlled mannertested for their ability to make
connections with other cells which is important for proper integration in the retina.

HOW DO WE INTRODUCE REGENERATION?

Transplantation of RPE has a long history thas staht the transplantation of autelo
gous and donor RPE® Two main strategies have been developed to deRRE cells
in the subretinal space: Injecting dissociated d@R&E as a bolus and transplanting a
RPE monolayer to the subretinal space.

Single cells or monolayer

Following the"rst strategy, the cells are injected as a boluselinsuspension. The
advantages of delivery in cell suspension areittw@nfers minimal surgical trauma,
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it is a relatively easy surgical procedure andshawn to preserve visual function in
animal model®*! A drawback is that the cells do not form a$oent monolayer, but
they often clump together and can evoke an immuesponse that causes the cells
to die’*>

One clinical trial for AMD with stem cell derivB& Relivered in suspension, reports
that the patients tolerated the transplant and besides postoperative infectious endo
phthalmitis experienced no other negativigeets > Although the visual acuity of the
treated patients did not improve, the results intidhat hESC-RPE derived cells could
serve as potentially safe therapeutic strategKD. This is an importadhist step in
taking stem cells derived RPE cells to the dHoiwever, thé' nal aim is to enhance
vision and therefore the second transplantatioatsgfy may be more appropriate.

In the second approach the cells are transplansed monolayer, possibly supported
by a sc#old. Cells delivered in suspension distribute unigvand form clumps while
the cell on scéold most likely integrate as a @uent monolayer. Further, these
scatolds provide a substrate for the RPE cells whigll &@ necessary since RPE cell
suspensions may fail to survive on damaged BruchOs methtirArstudy comparing
both transplantation strategy reports sigrant improvement of survival of polarized
monolayers of hESC-RPBne more advantage of the monolayer transplantait
related to the immune response after surgery. @Wwarhmunogenicity is considered
a major advantage of transplantation in the eye, et presence of an intact and
healthy RPE maintains the blood retinal barrieseaaths to be critical for this immune
privilegé’. Transplanting the RPE cells on &asdamay not only improve the surviv
ability but may also help maintain blood-retinafrtea integrity and thereby reduce
the immune response after transplantation.

The attachment, integration, viability and functadrthe cells depend on many char-
acteristics of the s#ald. Currently, there is a great amount of variatiothe types

of scétolds ranging from natural to synthetic substrates (for an overviedhaesnd
Bharti, 20£9. Sc#olds made of natural polymers closely mimic théveagxtracellular
matrix that surrounds the RPE in the heailthyivosituation and is biocompatible.
However, they are mostly not xeno-free and theeafot available for use in the clinic.
The synthetic sé@lds are more easily available and can be adjtsteltange certain
properties, like thickness, surface topography, avéchl properties and degradation
characteristic& Many combinations between several sorts afalda and stem cells
derived RPE cells can be made and need to be igatestifor &ocacy and safety. | opt
for developing a standardized strategy to bringjregdlacement therapy into the clinic
and thus we need to investigate which synthetictst@ gives the optimal result.
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Combined therapy

The treatments that are available now for AMD iages that use preservation strategies
to halt or slow down the progression of the diseaise maintain the remaining visual
function (se€lable ). Although these therapies may be of help in sigwiown the
progression of the disease, they do not restora@dyréost visual function.

The expectancy is that replacing the damaged tisgitle rejuvenated cells will be
enough to alleviate the symptoms of the disease.d¥ew it could prove even more
bene' cial to combine cell replacement therapy with amsttherapeutic strategy. Also
for the monogenic cases, such as Stargardt dissaddor AMD patients with a clear
genetic risk factor, additional gene therapy shdiddconsidered as an overlapping
approach. Of coursérst we need to focus on the safety afdcacy of the stem cell
treatment but in the future a patient spéciand combined approach should be the
aim.

Table 1.Overview of therapeutic strategies used to treat AMD.

Nutritional Supplements According to the AREDS (Age-Related Eye Disease Study)cardpkei
of a certain combination of nutrients can reduce the risk of developing
advanced AMD.The AREDS supplementation#easiee in high-risk
patients, reducing the risk of AMD progression“signily.

Anti-if‘ammatory Drugs Chronic isammation is thought to be crucial in AMD pathogenesis
ref. Several anti$ammatory drugs are currently investigated for the
treatment of AMD.

Choroidal blootbw restoration Choroidal circulation plays an important role in the maintainence of a
agents =healthy retina, by removing waste and providing nutrients from and to
the RPE and other retinal layers. Several vasodilators are investigated with
the rationale that the use may improve the bl&ow and thus slow down
the progression of AMD.

Visual cycle médation A prominent feature of AMD is the accumulation of lipofuscin in the
subretinal space due to a reduced uptake and elimination of this waste
product by the RPE. Several visual cycle inhibitors are studied with the aim
to reduce the accumulation of the toxic compounds that are produced
during the visual cycle.

Neuroprotective agents Neuroprotective drugs are aimed at the preservation of visual function by
preventing apoptosis of RPE cells and photoreceptors.

Anti-angiogenic agents Anti-angiogenic agents can be used to prevent abnormal growth of
retinal blood vessels. These vessels may leak and cause visual loss. These
agents can be applied by regular injections in the eye and gene therapy
approaches are being investigated.
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MODEL CONCEPTUALIZATION

Finding a suitable animal model

For the development of a therapy for AMD an aceuaaimal model is very useful.
An ideal animal model is inexpensive, shows thelbgital and functional changes
that are related to the disease, and evolves ipid teme course. Because AMD is a
multifactorial disease, developing a representainimal model for AMD is extremely
challenging. It is important to spécally suit the animal model for the therapy that
needs to be tested, which may mean that multipledeie are needed that represent
di#ferent aspects of the dise&d8eFor (dierent aspects of) AMD models have been
created in mice, rats, rabbits, pigs and non-hunrangtes. The advantage of using
rodents is the relatively low cost, the quick disgarogression and the relative ease
to perform genetic manipulation. But, a disadvantegtheir lack of a macula. Nev
ertheless, the use of mice and rodents will gisggl into the basic physiology and
functioning of the RPE and there are many rodentetsotthat each approach#dirent
aspects of AMD (for an overview see the revieRebyesi et al, 267).2

Although mice and rat models have proven indispblesdo preclinical studies for
AMD treatment, for some studies it may be usefhbie@ bigger eyes. A rabbit model
is very suitable in that case, for example to exlorgical techniqués But also the
rabbit eye does not contain a structure like the macula. In humans the macula is se
verely &ected by AMD, thus for some studies it may be sacgdo have this structure
present in the animal model as well. Pig eyes are very sofilanan eyes in size and
also present a macula-like structarblon-human primatester the best resemblance
to the anatomy and functioning of humans, but afiarin ethical considerations, they
are very costly, #@cult to genetically manipulate, have a long lifensgaslow disease
progression and little#spring.

Overall, the use of rodent models has many advastager other animals because it
enables testing various aspects of the complexadiss@&MD. They are very important
for the development of new therapeutic strategi@sAMD, because they are able to
accurately recreate most histological and pathaclalgieature of the disease and serve
as a great platform to test new therapeutic striegNonetheless, it is important to
pay attention to the dierences and similarities between the species befieveloping

an animal model. An approach is to study the transcriptomes and functional-annota
tions of animal RPE and human RPE, as we discusbegtir 4 for the mouse. We
studied multiple characteristics of the RPE thatirarolved in the pathogenesis of
AMD and this may provide important for the develepitnof translational studies and
mouse models for AMD.
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CONCLUSIONS

In conclusion, even though the use of stem celvddrRPE cells and trarsdentt

ated cells have a unique potential for regeneratnezapy in AMD, there is a lack of
deep knowledge to systematically test their thetdajpepotential. Currently theérst
clinical trials are ongoing. These studies are pioneering work in the move towards clini
cal application. But to ensure reproducibility aodsistency, we need standardized
protocols. Also for optima#ect we need more knowledge of the functionalitiéthe

in vitroproduced RPE cells at variodgdintiation stages.
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A quest for the best retinal pigment epithelium (stem) cell
replacement therapy

In this thesis the focus of study lies on the aépigment epithelium (RPE), a monolayer
of pigmented cells that lie underneath the photaptors (PR). The PR are specialized
type of neurons that are capable of converting tit@ining light into electric and neu-
rochemical signals to the brain. This informasarsed to build a representation of the
surrounding environment. The RPE performs variegadized functions that main-
tain the PR healthy and consequently the RPE istampdor retinal health and vision.
Functional defects of the RPE lead to physiolodefaects in the entire homeostatic
unit of the retina and are the hallmark of retiiatase such as age-related macular
degeneration (AMD) and some forms of retinitis pgigitmsa (RP). AMD is a late onset,
degenerative and progressive disorder of the mawith a multifactorial etiology.
Cell replacement therapy is considered an imporsargtegy in AMD treatment and
stem cells are an interesting cells source toarsthis purpose. We performed studies
that are related to the development of cell reptaeat therapy for RPE degenerative
disorders such as AMD with the focal point on tlodeoular properties of the human
RPE. We used microarray for gene expressiblingrto measure thousands of genes
at once to give a global picture of molecular aptlutar RPE function. We extracted
biological meaning from the data using Ingenuiti@sand used this to compare the
human RPE to stem cell derived RPE, the human iris epithelium and mouse RPE.

Here, | will summarize and discuss"oglings, elaborate on the opportunities for cell
replacement therapy and consider ideas for futurdissu

Chapter 1 gives a brief introduction into the embryologyatomy and function of
the RPE. The RPE and the PR evolve from the saderreal tissue in the optic cup
early in development. The RPE matures into anedjpitimonolayer with apical-basal
polarity that sits in between the layer of photetors and the choroid. From there
it plays a very important role in maintenance oppr functioning of the retina and
thus in vision. When functioning is distorted it tzad to disorders such as AMD and
some forms of RP.

For cell replacement therapy for AMD, severadaaites are considered. These include
donor RPE; pluripotent stem cell derived RPE;ransidiferentiated cells. Currently
there is no consensus on which is the best; eanly their (dis-) advantages. Even
though there are pre clinical studies in whichscelle already transplanted into the
eyes of patients, some hurdles still need to bertddefore we have a ready available
therapy. We aimed to deepen the knowledge of therabter of RPE cells in comparison
to cells that can possibly replace them, which wsedbe in the following chapters.
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In Chapter 2we used a well-established directedeatentiation protocol to develop
RPE cells from human embryonic stem cells (hESCARE&arly visible hallmark of
RPE development is the appearance of pigmentatidrtiais is commonly used as an
indicator of RPE##rentiation and maturation. It is however unclear hateréint pig
mentation stages fect developmental stages and functionality of plotent stem
cell derived RPE cells. W&t studied the gene expression ples of our hESC-RPE cells
at early pigmentation (EP) and late pigmentatid?) @tages. Interestingly we found
that the EP and LP hESC-RPE cells do#eotndiich in gene expression. This implies
that they may be less##irent than generally accepted and both sample tygleswv
the expression of well-known RPE markers. Thid wman that there is no need to
wait for the cells to be fully pigmented to assumaturity, because it does not make a
substantial dierence. The hESC-RPE cells at early pigmentatjes ateeady show an
expression prde representative of #rentiated RPE. This suggests that hESC-RPE dif
ferentiation procedures for RPE replacement thesagan be shortened sigoantly
which has important implications for the developrhef new therapeutic strategies
in AMD.

Chapter 3 describes an alternative cell source for celacephent in AMD, namely
autologous iris epithelium (IE). The interestuoh @n alternative cell source stems
from the potential of direct conversion: the processransforming an adult somatic
cell into another adult somatic cell. With the ampi knowledge on dierentiation

of pluripotent stem cells towards RPE,"tblé of this so callettansdi erentiatiorhas
gained renewed interest. Humans have a limited capacity to thensdiiate cellsn
vivoor spontaneously regenerate and restore theingsand organs. However, several
studies demonstrated than vitroprocedures could convert one cell into another cell
type and thereby skipping the pluripotent statengsbverexpression of cell-lineage
specic genes. Reasons that IE cells are a potentinhgtaource is the common
embryological origin of the RPE and IE; IE cellsecabtain relatively easily through
iridectomy from patients; and the IE cells displaymber of functional RPE features
such as the presence of tight junctions and phagocytosis of POS. To improve cur under
standing of molecular and functional similaritied di#erences between the human
IE and RPE, we conducted an in-depth microarrdy,stomparing gene expression
pro"les and the functional annotations of these two tissu&s/o.

Overall, the canonical pathways and correspondiatjstitally sigficantly enriched
functions for the most highly expressed genes eflthand the RPE were very similar.
However, there was also a set of statistically' saytly diterentially expressed genes.
Prominent features among the enriched RPE genesgsipn are those implicated
in the phototransduction cascade. On the other hdndenuity attributed spett
canonical pathways to the IE that are related towme signaling pathway (Wnt SP).
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The high expression of Wnt SP genes in the |IE cethpmthe RPE suggests that the
IE preserves (part of) its multipotent characteinddife. Also, our Ingenuity analysis
showed a high expression of the aryl hydrocarboeptee (AhR) signaling pathway
in the IE compared to the RPE. AhR is a liganchdepietranscription factor that
regulates a cellular defense mechanism pathway sgrin overload in cells.

Our study provides in depth analysis of the gemqeemsion prbles of the IE and the
RPE. Our data may be useful in the further exjolorat IE as a potential source for
regenerative medicine for RPE degeneration.

In Chapter 4we explored the similarities andteliences between mouse and human
RPE. These could be important for translationdiestuhat are performed on mouse
for the development of a therapy for RPE relateskse

Apart from the obvious similarities, there are mber of well-known dierences
between human and mouse RPE and adjacent tissudsas the absence of a macula
in the mouse, the derence in rod and cone number and distribution anthinner
BruchOs membrane in the mouse.

We were interested in the potential usefulnessuofemtire comparative human and
mouse gene expression dataset for the investigatigkMD mouse models.

First, we determined 64 signature genes for mouge RPL signature genes for-hu
man RPE. From these two sets of genes we deducetb@&e-human interspecies
signature genes.

Next, we analyzed the mouse and human RPE genessigmr prbles, and we found
that (patho-) biological functions and canonicahpays assigned to the RPE of both
species were highly similar. Nonetheless, mordléeétatudies, including analysis of
specic molecular networks as well as extreme gene esipresli#ferences between
mouse and human suggests substantial biologicareénces.

Interestingly we didnd similarities and #érences in relation to a number of previ
ously published (patho-) biological aspects relatedMD, namely oxidative stress,
zinc homeostasis, presence of proteins of the cemeht system that are found in
drusen, proteins in Bruch«s membrane, involvemenéoawascularization and tight
junctions. These#rences and similarities are important to develop and use represen
tative mouse models for AMD, and they may be pegigonsible for (the observed)
discrepancies between mouse model and human patients.

Chapter 5discusses the potential and challenges of gettelyreplacement therapy
for AMD working in the clinic. There are many ssulieused on this, there are even
several clinical trials ongoing, but we lack stedided protocols, a consensus on what
cell types are optimal and the best transplantatitethod. So, even though a lot of
progress has been made over the last few decadeshould face the important
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challenges to determine the most optimal therapeirategy for RPE degenerative
disorders.



Een zoektocht naar de beste (stam) cel therapie voor het retinaal
pigment epitheel

De focus van dit proefschrift ligt op het retingigiment epitheel (RPE), een enkele
laag van gepigmenteerde cellen in het oog. DeZerdiggen onder de staas en de
kegeltjes, de fotoreceptoren (FR). De FR vertatéankomende licht in een elektrisch
signaal dat de hersenen kunnen verwerken tot eetdbélet RPE vervult verschillende
functies in het onderhoud van de FR, zorgt er dadrde FR gezond blijven, en is
daarom belangrijk voor het gezichtsvermogen. Vargjen in de werking van het RPE
leiden tot fysiologische defecten in het oog en zijn een belangrijke factor in de-ontwik
keling van oogaandoeningen, zoals macula degemefsltd) en sommige vormen van
retinitis pigmentosa (RP). MD is een degeneratieyeogressieve aandoening van de
macula (het deel van het oog verantwoordelijk \feetrcentrale zicht), met een grote
verscheidenheid aan risicofactoren. Celtransplientairdt gezien als een belangrijke
(toekomstige) methode om MD te behandelen en stamcellen zijn daarvoor een-interes 6
sante bron van cellen. Wij hebben onderzoek gedeer de ontwikkeling van cel
transplantatie therapie voor RPE degeneratieveaaaniggen zoals MD, waarbij we
ons gericht hebben op de moleculaire en celluleigenschappen van het menselijke
RPE. Wij gebruikten hiervoor microarrays voor geressie prdering, waarbij wij
duizenden genen tegelijkertijd konden meten en egarzicht konden maken van de
functies van de cel. Om aan deze data biologisetekbnis te geven, gebruikten wij
IngenuityOs IPA. Deze aanpak hebben wij gebruikebhumaan RPE te vergelijken
met stam cel afkomstige RPE, humaan iris epitheel en muis RPE.

In dit hoofdstuk bespreek ik in het kort onze béwigen, zal ik uitweiden over de
mogelijkheden voor cel transplantatie therapie eagglijkheden in de toekomst
beschouwen.

Hoofdstuk 1 bevat een introductie van de embryologie, anatoeméduncties van het

RPE. Het RPE en de FR stammen af van dezelfde voorlopercel wanneer zij zich ontwik
kelen in de oogbekers, vroeg in de embryonale digling. Het RPE vormt zich tot

een gepolariseerde enkele epitheel laag die zisketn de FR en het vaatvlies bevindt.

Het RPE verzorgt de FR laag door het van voedittgasén zuurstof te voorzien en

afval af te voeren. Het RPE speelt derhalve emmgoighe rol in het gezichtsvermogen.
Wanneer RPE niet goed functioneert leidt dat wW#difk tot aandoeningen zoals MD

en RP. Voor celtherapie voor MD worden verschéller@hnen van cellen overwogen.
Onder andere RPE van donorogen; RPE gemaakt van pluripotente stamcellen; en get
ransditerentieerde cellen. Op dit moment is er geen consensus welke bron het ObesteO
is; elk celtype heeft zijn voor- en nadelen. Orsldak zijn er al klinische studies bezig

en worden er al verschillende celtypes getranspkndtin de ogen van pati‘nten. Er
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zijn echter nog tal van hindernissen die overwonneten worden voordat er een
gestandaardiseerde entectieve behandeling is voor in de kliniek. Onyairés om
een bijdrage te leveren aan de ontwikkeling hied@or de kennis te vergroten over
de cellen die gebruikt zouden kunnen worden votan( cel therapie.

In Hoofdstuk 2 gebruiken we een erkende en ontwikkelde methode RRE cellen
te maken van humane embryonale stamcellen (hESCHR#Ezeer duidelijk kenmerk
van de ontwikkeling van RPE cellen is de aanwedighaipigmentatie en dit wordt
dan ook vaak gebruikt als eenvoudige indicatie \REE 8ntwikkeling. Het is echter
onduidelijk in hoeverre de mate van pigmentatie tietwikkelingsstadium weergeeft
of een representatie is van de functionaliteit #eanrRPE cellen. Daarom hebben wij
eerst de genexpressie pelen van hESC-RPE met klein beetje pigmentatier{EiR)
met veel pigmentatie (LP) met elkaar vergelekervoliden dat deze twee groepen
niet veel van elkaar verschilden. Dit impliceetrtzdawellicht niet zoveel van elkaar
verschillen als vaak gedacht wordt aangezien bexdénwvel bekende RPE kenmerken
vertonen. Dit zou kunnen betekenen dat het nietigaslom de cellen volledig te laten
pigmenteren voordat ze gebruikt kunnen worden woalgende experimenten of voor
transplantatie aangezien ze voor de belangrijkste functigraglevaysop hetzelfde
ontwikkelingsniveau zitten. Het zou kunnen betekenen dat de ontwikkelingsprotocol
len zoals ze nu zijn, verkort kunnen worden, wiainigeijk is voor implementatie in de
kliniek.

Hoofdstuk 3 beschrijft een alternatief celtype voor transmtattherapie voor MD,
namelijk het iris epitheel (IE) van de pati‘nt.Zelferesse voor zoOn alternatief komt
door de mogelijkheid sommige cellen direct te kunnen omzetten naar een ander celt
ype (ook wel trans#éerentiatie genoemd). Hierbij gaat het om celle@an volwassen,
somatisch stadium direct om te zetten naar andere volwassen somatische cellen. Door
dat we steeds meer te weten komen over de versaldid methodes om pluripotente
stamcellen om te zetten in andere celtypen, heeft het vakgebied van de #ensdi
entie opnieuw de aandacht getrokken. Mensen kunmiéerzichzelf nauwelijks cellen
transdi#erenti‘ren of zichzelf regenereren. Maar er zijscrgllende studies die laten
zien dat het mogelijk is om van het ene celtyper et andere te gaan zonder een
pluripotent stadium te doorlopen. Voor RPE tramsaiie is het IE interessant omdat
deze zich ontwikkelt uit hetzelfde weefsel, omdstrelatief makkelijk is om het van
de pati‘nt af te nemen; en omdat het een aantaldies uitvoert vergelijkbaar met
het RPE. Vanwege deze redenen hebben wij onderapdag naar de moleculaire

en functionele overeenkomsten en verschillen. Detfonaliteiten die toegeschreven
worden aan de twee weefsel komen grotendeels overgehter, er is ook een groep
genen gevonden die sightant anders zijn.
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Een belangrijke eigenschap van het RPE is deafogdiictie, de cascade waarbij licht
in het oog wordt omgezet in elektrisch signaal voor de hersenen. Niet verbazingwek
kend, aangezien de bijbehorende genen geactiveentian door factoren die niet in
de iris zitten.

Daarentegen werd in het IE spetie activiteit gevonden van de zogeheten Wnt
signaal transductie route (Wnt SP). De hoge expreas Wnt SP genen in het IE in
vergelijking met het RPE kan betekenen dat hetlBes van zijn multipotente kara
kter behoudt gedurende het leven. Dit zou gunstigrien zijn voor het gebruik van IE
cellen om RPE te vervangen. Daarnaast zagen wiljedpeen hoge expressie van het
Aryl koolwaterstof Receptor (AhR) netwerk in hit 1€genstelling tot het RPE. AhR
reguleert het afweersysteem van cellen en bescheegen de ophoop van gifstof
fen. Uit ons onderzoek en de literatuur blijktalatere IE cellen en jonge RPE cellen
een actief AhR netwerk hebben en ontgiftingswerkingar oudere RPE cellen niet.
Het is verleidelijk om te speculeren dat in onzenolde cellen ontgiftingsactiviteiten
behouden gedurende het leven terwijl het RPE dat niet kan/doet.

Ons onderzoek resulteerde in een diepgaande analysede genexpressie grelen

en daarvan afgeleide functionaliteiten van hetnlRBE van het menselijk oog. Onze
data zijn wellicht van nut voor verder onderzoe&rrig cellen als mogelijke bron van
regeneratieve behandeling van RPE degeneratie.

In Hoofdstuk 4 onderzochten wij de overeenkomsten en verschillssen het muis
en humaan RPE. Dit zou van belang kunnen zijrtramstationeel onderzoek naar RPE
gerelateerde aandoeningen in muizen.

Naast de overduidelijk overeenkomsten, zijn eraggmal bekende verschillen tussen
mens en muis, zoals het missen van een maculanmgg het verschil in de verdeling
en hoeveelheid van st#@s en kegeltjes; en de dikte van het BruchOs mamvbaarop
het RPE ligt.

Wij wilden in dit onderzoek de gen expressi€ glen van de muis en mens met elkaar
vergelijken omdat dit van belang zou kunnen zijn \mirgebruik van muis modellen.
Allereerst hebben we 64 genen geselecteerd diei$pkaijn voor het muis RPE en
171 gene spetek voor humaan RPE. Van deze twee collecties deiden we 22
muis-mens speteke RPE genen afgeleid.

Vervolgens hebben we de muis en humaan RPE geessi@prbelen onderzocht en
gevonden dat de biologische functionaliteiten van de twee soorten zeer op elkaar li
jken. Desalniettemin blijken er na meer gedetadleaderzoek wel degelijk een aantal
interessante verschillen te zijn. Deze hebben @okatken met functies die betrokken
zijn bij MD, namelijk oxidatieve stress, zinc hatase, complement systeem eiwitten
die in drusen zitten, BruchOs membraan eiwitten, bloedvatgroei in het oog en tight junc
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tions. Deze verschillen en overeenkomsten zijrbetang voor het ontwikkelen van
een representatief muis model voor MD en zou déelsorzaak kunnen zijn van de
afwijking van een muismodel van de pati‘nt.

InHoofdstuk 5 behandel ik de mogelijkheden en (technische) njkkedden van het
gebruik van (stam) cel therapie voor MD in deeklirer wordt veel onderzoek naar
gedaan en er zijn zelfs al verschillende klinisolderzoeken bezig, maar we missen
tot dusver gestandaardiseerde protocollen, een eonsigs over welk celtype het best
gebruikt kan worden en wat de beste transplante@hniek is. Ondanks dat er een
enorme vooruitgang is geboekt de afgelopen decennia zijn er nog belangrijk uitdagin
gen die aangepakt moeten worden voordat er eenropté behandeling ontwikkeld

is voor degeneratieve aandoeningen van het RPE.
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YouOll get mixed up, of course,
as you already know.
YouOll get mixed up
with many strange birds as you go.

- Dr Seuss
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DANKWOORD

Wetenschap, het is prachtig! In het laboratoriunmsee die fenomenale ontdekkin
gen doen omringd door erlenmeyers, gasbranders ipetign. En waarom ze dat
doen? Omdat ze kleine stukjes van het leven batemvbegrijpen, omdat het leuk is
om te puzzelen en uit te zoeken hoe dingen werkdzt.is opwindend omdat je niet
weet wat de uitkomst is, of je Yberhaupt een vardakrijgt voor wat je onderzoekt.
Dat is voor mij de aantrekkingskracht van weterpmmélgk onderzoek. Helaas is de
realiteit dat er wel degelijk een product geleverd mwserden, dat je wordt beoer
deeld op aantal publicaties en indexfactoren. Ddanks is het doorlopen van een
promotietraject een fantastische mogelijkheid omh@emaal in een onderwerp te
verdiepen. Ik kijk met veel plezier terug op de ajigal jaren.

Mijn stamcellen, mijn babyOs, hebben mijn leyssslag genomen. Maar ondanks het
grotendeels individuele werk binnen mijn onderzbek ik nooit het gevoel gehad dat
ik er alleen voor stond. Ik ben veel mensen damkimaa hun steun en inhoudelijke
bijdrage aan dit proefschrift.

Uiteraard wil ik beginnen met het bedanken van rpijamotor prof. dr. Arthur A.
Bergen en co-promotor dr. Vivi M. Heine. Arthugridd/oor je begeleiding de afgelo-
pen jaren, het was een leerzaam traject. Je betnbklkd bij het schrijven van onze
artikelen heb ik zeer gewaardeerd. Manuscriptedemesteevast voorzien van kritisch
en zinvol (handgeschreven) commentaar maar tegelijkertijd liet je me de taiom

in mijn eigen stijl te schrijven. Vivi, bedanktradie hulp met de soms zeer moeizame
stamcelkweek. Ik heb veel gehad aan onze wekeliggmrekingen, het wdgn om
met je te kunnen sparren en oplossingen te bedenkewond het bijzonder om zowel
in het stamcelveld als in de oftalmogenetica te werken erehebm veel geleerd van
jullie uitgebreide kennis.

Prof. dr. Edenhofer, prof. dr. ir. Smit, profadrMeurs, prof. dr. Kamermans, prof. dr.
Schlingemann, prof. dr. Boon and prof. dr. Mdifeijgoer, thank you for your time and
ettort to crititically review my thesis and sit in loa defense.

Ten gevolge van het werken op verschillende labs, (AMC en VU/VUMC) heb ik een
grote groep collegae waar ik veel werkliefde, - &sedrappen mee heb gedeeld:

Prisca en Stephanie, mijn paranimfen en stamcelbatdfrisca, dankjewel voor je
wetenschappelijke inzicht, je heerlijke directepafinen dat ik je altijd om hulp kon
vragen. Ik heb bewondering voor je omdat je weet j@avilt en er voor gaat. En ook
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niet onbelangrijk: als Sean Paul aan is, is derldanyan jou, op een festival, een
bruiloft en de CNCR-kerstborrel. Als collegaOsrisagmaar inmiddels vrienden voor
het leven. Stephanie, als eerste PhD studentert stdracellab werken wij al vanaf het
begin samen en dat was altijd met veel plezier."\Madat je mijn paranimf wilt zijn!
Bedankt dat ik altijd bij je terecht kon om mijistiraties te delen waarbij je als vanzelf
kalmte wist te cre‘ren. Echt, je bent een bakenruah

Thanks to all the other people from the stem edl] it was great to be able to share
the $owhood with you, the love for and the problems thame with culturing stem
cells (their sudden deaths and their fastidiougnésgsh thank you for your singing in
the lab, your Indian tales and the amazing henhalavayne, many thanks for shar-
ing your stories and being such an open-minded harbaing. Gerbren, de andere
vroege vogel en buurman, wat was het gezellig ondag samen met een kop ke

te beginnen. Stephanie H and Lisa, the ladieditleatipstairs, thanks for your stem cell
enthusiasme and Stelling anecdotes.

Eelke, wat fantastisch dat je je PhD bent gaan dpa&le VU. Het is superleuk om met
een beste vriendin op dezelfde plek te werken! jjge volledig in de wetenschap

kan storten, jezelf nieuwe ingewikkelde programngstaal aanleert en altijd voor

perfectie gaat, is inspirerend!

De PCH-tjes en co, Tessa, Bart, Veerle, Jelly, ®aften Rob. Ik vond het hartstikke
leuk om terug te keren op het AMC en met jullieesate werken. Tessa, dank voor de
ko%etijd voor als er weer nodig iets besproken moestlen en je weet het: PCR-4-life!
Bart, bedankt, je bent echt een hele chille wetesagper. Rob, net als ik was jij overal en
nergens, wat leuk dat we elkaar de afgelopen jstesds weer tegenkwamen. Veerle,
dank voor je eeuwige biologie-enthousiasme metsBadcent. Jelly, Martin en Olaf,
dank voor de gezellige lunchtijd en de botte grappen. Jullie gaven het K2 leven sjeu!

De ogenmensen wil ik ook bedanken. Jaco, dankgatge me hebt ingewijd in het
onderzoek van de ogen, voor je bijdrage aan mijgearoek door het verzamelen
van materiaal, het zoeken <n vinden van het jupstgocol in de eindeloze stapels
labboeken. Theo, bedankt voor je goede hulp bijdpstarten van mijn onderzoek.
Sarah en Sovann, myst roommates, thank you for introducing me to tedd of
ophthalmogenetics and our nice talks. CZline, bedaaikje het onderzoek van me
hebt overgenomen. Ik weet zeker dat het in goede handen is.

Beste studenten, Dieuwertje, Debra, Marco en leidankt voor jullie harde werken. Ik
vond het leuk om jullie te begeleiden en heb ook vael van jullie geleerd.
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Beste collegaOs van de kindergeneeskunde, het ielstwét de meest logische plek
voor mij om onderzoek te doen naar een ouderdomdaaning maar desondanks
voelde ik me altijd onderdeel van de groep. DandjeRvof. dr. Marjo van der Knaap
en uiteraard de andere mensen van de groep voomahatlachtig luisteren naar mijn
presentaties, het waardevolle commentaar efijde samenwerking.

Beste collegaOs van K2, ik was ook bij jullideetsaanwezig, bedankt dat ik gewoon
mee mocht doen, jullie hulp en gezelligheid!

Hanna, Niels en Anneloes, wow, we zijn nu alldsijaalklaar! Dank jullie wel voor alle
steun en openheid tijdens onze intervisie avondégt. was'jn om PhD-problemen
met jullie te kunnen bespreken en ervaringen te delen.

Uiteraard is het dankwoord allereerst gericht aan de mensen die inhoudelijk-een bij
drage hebben geleverd door te brainstormen overdraterzoek, door te zoeken naar

dat ene sample van vijf jaar geleden in de vrieloen, te helpen met bestellen van

een groeifactor of het meelezen van stukken téksar dat neemt niet weg dat er ook

in persoonlijke sfeer wordt meegeleefd. 1k heb aakwzeer dankbaar gevoeld voor A
de fantastische mensen om me heen. Die er geen bal van begtépero(duurt het
publiceren van een artikel z— lang? Moet j@ovetggeppen met die celletjes die de hele

tijd doodgaan? Succes bij de laser microscoop! Wat dat dan ook magrzprfie

ondanks dat telkens weer een luisterend oor boden.

Lieve vrienden, wat een helden zijn jullie! Supabkt voor de steun en liefde die ik
kreeg wanneer ik een PhD-dip had. Door jullie katfigs relativeren en het onderzoek
even loslaten. Dat is een enorme bijdrage geweestlidmek.

Lieve papa, mama en Emma, door jullie steun ele kefel ik altijd de vrijheid en kracht
om mijn eigen weg te gaan. Wederom bedankt voorrhetleven! Papa, bedankt dat
je me laat zien hoe leuk de wetenschap kan en zoeten zijn. Mama, dank voor je
zorgzaamheid en warmte (ook namens de celletjes)wat"jn dat je me zo goed kent
en altijd voor me klaarstaat.

En natuurlijk zijn mijn laatste woorden voor VitidBadankt voor je eindeloze energie

en vertrouwen in mij. Voor je interesse in dit ondek, enkel omdat het mijn PhD
project is. Voor je vrolijkheid en wijze woor@een zin? Moet je zin makewor je
volledige steun ondanks dat je mijn keuzes somspteeh belachelijk vindt. Voor de
motivatie om altijd meer uit het leven te halen. Het is een feest met jou, altijd en overal!
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