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Summary

Human pluripotent stem cells (hPSCs), including aonembryonic stem cells (hESCs) and
induced pluripotent stem cells (iPSCs) have theaciyp to self-renew while maintaining the
ability to differentiate into cell types derivedbin all three germ layers (endoderm, mesoderm,
ectoderm). They have a high potential as a celiceoin the field of regenerative medicine, drug
development, disease modelling and early embrydeielopment. Multiple criteria have been
proposed to evaluate hPSCs such as morphologyotiae;, cell surface phenotype, gene
expression profilein vitro differentiation as well ag vivo differentiation. However, there are
many inconsistencies in the way of generating aspbrting the results, most particularly
concerning the formation of teratonmavivo, which is the gold standard for the demonstratibn
pluripotency. The place of implantation, the numbginjected cells as well as the duration of
the assay introduce high level of variability wihrious consequences, including absence of

detectable teratoma formation.

In the first part of the thesis | report the getieraof four hESC lines under the same conditions.
They were characterized for their pluripotency itattheir gene expression profile and their
differentiation behaviouin vitro. We showed that although derived and cultureddemtical

conditions, the 4 hESC lines exhibit differencestieir gene expression pattern and their
propensity to spontaneously commit during theirntemance. We also demonstrated that these

differences have further consequence for theiicticedifferentiation into neuronal tissue.

In the second part of the thesis | present thebkstement of a new perfusion-based BDvitro
culture system, which allows the formation of teraa-like structures derived from all three
germ layers. We show that the perfused culturenallgpontaneous differentiation of hPSCs into
the three embryonic lineages in a more efficieataibced and reliable way than previously used
in vitro systems. This leads to the formation of teratoik@dissue structures similar to those
observedn vivo. Finally, we defined a quantitative system to graeratomas, which indicates
that ourin vitro culture is as efficient but more controlled anproglucible than the vivo assay.
That grading method could also potentially be used@¢ompare hPSC lines properties in our

system.

Taken all results together, my thesis illustrates dcomplexity of hPSCs and the extensive need

of standardized processes to derive, to maintadncharacterize their pluripotency status.



General Introduction

A. Stem cells

1. Overview

Stem cells are biological cells found in almostrgvwaulticellular organism. They are the source
of every cell types during development. In adulgy allow normal regeneration of tissues (like
skin or blood) but are also required to repair dgedatissues. They are able to self-renew, but as
well to differentiate into various cell types. Dugiperiods of growth and regeneration, stem cells
are able to divide symmetrically to generate tweniital copies thereby expanding stochastically
their cell numbers (1). One way to accomplish bsd#if-renewal and differentiation is the
asymmetric cell division whereby each stem celid#g to one daughter cell, that maintains stem
cell identity and to one that further differentmiato another type of cell with a more specialized
function (2). This capacity is crucial to maintaive number of stem cells, while still allowing the

production of new more differentiated cells (1).

2. Different types of stem cells have different biolagal functions and differentiation
potency

Stem cells are present both in embryonic and adglinisms. However, the so called embryonic
stem cells (ESCs) and somatic, or adult, stem eskst different biological role and therefore
exhibit different potency to differentiate into ethtypes of cells. Stem cells are thus often
categorized based on their differentiation poteffiagure 1) (3).

2.1 Embryonic stem cells (ESCs)
ESCs are formed in pre-implanted embryos, afteisidinn of the zygote until the blastocyst stage
(Figure 1). At early stages, from the fertilizedyagp to the 4-cell stage embryo, the blastomeres
have the greatest differentiation potential and @esidered to be totipotent. These cells are
capable of developing into a complete organisihayg tan give rise to every type of cell of the
embryonic body as well as to extra-embryonic ogdes (chorion, placenta) (4). At the 16-cell
stage (morula), the cells start to differentiatd &mdevelop in an inner cell mass (ICM) or into
cells of the outer trophoblast. During this devehtemt, the cells belonging to the ICM lose their
totipotency and become pluripotent. They are able to give rise to every cell types that derive
from all three embryonic germ layers (endoderm, adesm and ectoderm) but are no more

capable to give rise to extra-embryonic tissuess€htwo types of stem cells are the only one
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that can give rise to zygotes, through generatiogeom cells, which are reprogrammed during
fertilization to generate new totipotent stem ceBecause of their unlimited division capacity,

they are virtually immortal (5, 6).

Totipotent Zygote
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Figure 1: Stem cell hierarchy. The zygote until the morubmgstis defined as totipotent, since a whole orgamizn
be built. The cells of the ICM of the blastocyse able to differentiate into the three germ layansl to the
primordial germ cells. In adult tissue, multipotetem cells are able to give rise to cells withia germ layer but
also to cells of other lineages. Progenitor calsrastricted to differentiate into cells withineotissue (adapted from

(3)

2.2 Somatic stem cells
Somatic stem cells are found in a variety of tissmethe body. They are more specialized cells
and thus more restricted in their differentiatiastgmtial. They originate in one germ layer and
can usually only form different derivates of thengagerm layer (like mesenchymal stem cells
and endothelial stem cells). They are at best putitnt (lineage restricted) and are committed to
give rise to several distinct but closely relateell dypes (e.g. fat-to-muscle within the
mesodermal lineage). They can also_be oligopotiat fone marrow stem cells) and then able
to differentiate into a few different cell typesthin one tissue. Somatic stem cells can even be
unipotentonly being able to produce one cell type but self-renewing which distinguish them
from progenitor cells. None of those cells are imadout they exhibit high level of division (7,
8).



3. Biological and experimental recovery of stemness

3.1. De-differentiation and transdifferentiation

While pre-existing stem cells are used during tlaural process of tissue renewal, newly
generated stem cells through de-differentiatiosarhatic cells can also be involved, particularly
in the case of tissue regeneration after injurygfé 2). Thereby a fully differentiated cell
retrieves back to a less-differentiated stage wiits own lineage. This way, the cells proliferate
before they re-differentiate and subsequent replaase cells that have been lost. In some cases,
de-differentiated cells may re-differentiate intdiéferent cell type of the same lineage (e.g. fat-
to-muscle within the mesodermal lineage) but cao élansdifferentiate to cells of other germ
layers (e.g. bone marrow-to-neurons between meswdemnd ectodermal lineages) (9, 10). Two

models actually exist to describe the process afistlifferentiation. As explain above, one

proposes that the cell must first dedifferenti@metprecursor or a stem cell stage before it can
start to differentiate into a cell type of anothieeage. The other proposes that transdifferemtatio
can occur without going via the intermediate preoustep. However, this phenomenon was not
observed during a natural process, but rather mspphiring experimental induction of
transdifferentiation (10, 11).

3.2. Recovery of pluripotency
While somatic cells may sometime give rise to adtétm cells through de-differentiation, they
do not seem to be able to naturally de-differeatlzdck to a pluripotent state. The only process
where cells are fully reprogrammed naturally isiggifertilization, in which totipotent stem cells
are produced to differentiate into any type ofséll the body. Nevertheless, somatic cells can to
be reprogrammed artificially by introducing specifianscription factors to reach the pluripotent

state again (reviewed in (11, 13))
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Figure 2: Different model of differentiation. (a) During @&opment and regeneration stem cell or progenitor
cells differentiate to a specific cell type. (b) dase of injury, differentiated cells may de-diffetiate to an
early fate to become a progenitor or a stem cellradc) In some cases, differentiated cells méfedintiate
into another mature cell type (also of anotherdge), which is called transdifferentiation. It aztur either
directly or through the de-differentiation stepdrefthey re-differentiate to the new mature celletyadapted
from (12)).



B. Derivation and maintenance of natural and induced furipotent stem cells

As already mentioned the essence of human plunpatem cells (hPSCs), including human
embryonic stem cells (hESCs) and experimentallyiéed pluripotent stem cells (iPSCs) is the
ability both to intrinsically self-renew and to f#ifentiate into other cell type that derive frorh al
three germ layers, such as muscle, intestine, neumr skin cells (5, 6). Due to their
characteristics, they are promising in differeetds of research and medicine and a lot of effort
by many laboratories during the last decades has allowed the isolation, maintenance and

amplification of many hPSC lines in culture (14).

1. hESCs

1.1 A brief historic overview
The derivation of the first human embryonic sterti liee was reported in 1998 based on the
derivation of mouse embryonic stem cells (MESCs)1981 (5, 15, 16). The development of
ESCs evolved out of the pioneering work on moussdearcinoma, which is the malignant form
of the teratoma, comprised of several undifferéatiaissues besides the differentiated tissues
(17). They isolated PSCs (embryonic carcinoma a@ll&CCs) out of the teratocarcinoma and
demonstrated that they could differentiate intdouas different cell types. The expanded research
on ECCs also demonstrated that it was possibleetergte chimera by injecting ECCs to a
murine blastocyst. Furthermore, those ECC were aseahin vitro model for early mammalian

ESCs and to investigate different processes ocaudiiring mammalian development (17).

Nevertheless, these cells had several limitatitmesy had often chromosomal abnormalities and
the capacity to differentiate into different celpes remained limited. Since it was possible to
induce a teratocarcinoma by injecting a blasto@atopically, Martin and Evans realized
independently from each other that it might be pms<go derive pluripotent stem cells directly
from blastocysts. These findings led then finatlythe derivation of mPSCs directly from the
mouse blastocyst (15, 16). Next, primate ESCs fria@sus monkeys and later on from marmoset
were isolated in 1995 (18, 19). In 1998, the saam®ratory was able to derive hESCs out of
excessed blastocysts, which were donated by ilgferiuples undergoing assisted reproduction.
The technique to isolate hESCs was not very diffiefeom the one to generate mESCs. They
isolated the ICM of single blastocysts and plated tells on mouse embryonic fibroblasts.
During establishment, they realized that the priogeiof the hESCs are different from those of
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MESCs and that they require different culture ctoowl. By contrast, the primate ESCs resemble
much more hESCs in terms of morphology, genes sgpme and lack of response to the growth
factor LIF (20).

1.2 Derivation of hESCs
The establishment rate of generating a hESC liowa &t donated embryo is around 3-10% and is
highly dependent on the technique and the develomaheguality of the embryo (21). Most
hESCs are derived from human embryos that have begimated during assisted reproduction
and being in excess for clinical needs. In somentas, the law allows the generation of
embryos specifically for research purposes (sucl/lesand Belgium) but for ethical reasons
most of the generated hESC lines are derived anyiveay surplus embryos (22). Swiss law
allows the generation of hESC lines from surplusosmms donated for stem cell research
exclusively (Stammzellenforschungsgesetz (StFGYyigour since 2003). However, most of the
established hESC lines, including those obtainedun laboratory (23) were derived from
blastocyst-stage embryos (5-7 days after fertibrgtby isolating the ICM. Some hESC lines
have been generated from earlier-staged embryeseanr from single blastomers (24, 25). This
procedure has been performed to avoid the dessruofihuman embryos that are in a later stage

of development but the likelihood for producingEBSC line is lower (22).

1.3. Maintenance of hESCs
When the first hESC lines were established, varylar culture medium and conditions as those
for the culture of mMESCs were used. However, simoeel involved signaling pathways was
detected, new reagents to maintain hESCs culture weveloped and the culture conditions

evolved considerably since then (26).

Several components required for the growth andntétenance were identified, such as (i)
basic medium, (ii) protein source, (iii) factorsedsto stimulate pluripotency (e.g. FGF-2), (iiii)
cell support (e.g. feeders, matrigel). A huge wgrad different compounds exist to maintain the
culture conditions of hPSiD vitro (22).

The most commonly used basic culture medium andejrcsource to culture hPSCs is the
knockout-DMEM (KO-DMEM) supplemented with knockosgrum replacement (KSR). The

medium has a reduced osmolality, which favors gnoofthPSCs. KSR, a mixture of required
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factors, replaces regular fetal serum (FBS) and #nables growth and differentiation while

avoiding the presence of multiple undefined compt€22).

The hESCs were originally cultured on mitoticalhactivated mouse embryonic fibroblasts as
feeder cells. To avoid the number of xeno-comp)etitey were progressively replaced by
mitotically inactivated human fetal fibroblasts.rébgh the secretion of essential growth factors,
feeders support the self-renewal of hESCs. Newuriltonditions have been established where

hESC could be cultured on a feeder-free basis regua matrigel or laminin layer (27, 28).

Furthermore, hPSC culture requires extrinsic grofabtors to support pluripotency. The
leukemia inhibitory factor (LIF) supports the urfdientiated state for mESCs. In some
conditions, it is also used in hESC culture. Howetlee most commonly used growth factor for
hESC culture is FGF-2 (or BFGF). It promotes sefferval in two different ways: it directly
activates the mitogen-activated protein kinase (MAPathway in the cell, and indirectly it has
an influence on the feeder cells to modify P&FRand activin A signalling pathway. These three

pathways play a central role in the maintenanqgawipotency and self-renewg9).

hESC have a poor survival rate after their dissmeiaof the cells into single cells, which is
regularly done for passaging other cell types. hE&@ more sensitive to treatments and are
vulnerable to cell death. Thus, the cells needegéssaged as aggregates either mechanically
using a scalpel or by enzymatic dissociation. H@avein some cases single cell dissociation
needs to be performed (e.g. for embryoid body felona The latter requires Rho-associated
protein kinase (ROCK) inhibitor (RI) to maintainlicgurvival by preventing dissociation-induced

apoptosig30).

1.4 The pluripotency state in human as compareddase ESCs

Despite similar origins there are several diffeeenbetween hESCs and mESCs: (i) the colony
morphology, whereby the hESC have a flattened appea as compared to the mESC being
“‘dome” shaped (ii) some pluripotency markers difielg. hESCs express SSEA-3 and SSEA-4
instead of SSEA-1 as in mESCs, (iii) hESCs areigeado single cell dissociation and therefore
need to be passaged as cell aggregates, in combrakie mESC, (iiii) different signaling
pathways are involved in the maintenance of pliepoy. mMESCs depend on the LIF/BMP4
pathway whereas hESC use the FGF/TGF signalifgvest These differences were always

associated to the fact that different developmeptagrams exist between human and mice.
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However, this assumption was questioned when it dissovered that different types of PSCs

can be isolated from mice (31) (Figure 3).

Fertilized 8-cell Blastocyst Implantation

egg ’
Epiblast Extra-embryonic

ICM TE\ \_ visceral endoderm -

. s rimitive

== / N Extra-embryonic

(252N ) ectoderm streak

LJ/T“_ 4

Embryonic
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ESCs ; Primitive
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Figure 3: The pluripotent lineage in the mouse embryo. ldné embryonic day (E) 2.5, cells are totipotétit.
E3.5 the ICM of the blastocyst contains cells eggirgy pluripotency and extra-embryonic endodermEAS
the epiblast and the primitive endoderm lineaggsesmte. At this stage mESCs are retrieved froneflilgast
and are called naive. Shortly after this step,embryo implants in the womb. The embryo furtheredeps
and the EpiSCs derive which are in a primed pladpbstate (adapted from (32)).

ESCs are isolated from the ICM of the pre-implantezlise or human blastocysts. Epiblast stem
cells (EpiSCs) are isolated from mouse post-implémt embryonic epiblast stage embryos
(Figure 3). Due to ethical aspects, the derivatbipiSCs in human was not attempted. ESCs

are often termed as “naive” pluripotent stem cdlleey are unprepared to make lineage decisions

and have to pass a maturation process. In contiiast,EpiSCs are defined as “primed”

pluripotent stem cells. They are partially spedifand prone to a specific cell fate. The EpiSCs

express the main pluripotency markers (Oct4, Sox®2Nanog), are able to differentiatevitro

and can build a teratoma. However, the mouse raideprimed ESCs differ in the way that
naive ESCs are able to form chimeras upon bladtanjection whereas primed ESCs are
incapable. It has been proposed that the EpiSGssmwnd to a more advanced developmental
stage. Furthermore, they differ from the ESCs aédkpression of several different transcription
factors (33, 34). The hESCs show an expressiorrmpathore similar to mouse EpiSCs than to
the mouse ESCs and may represent a later stefferedtiation than the mouse ESCs. However,
their naive or primed nature cannot be evaluatedeshuman chimeras cannot be built due for
obvious ethical reasons (32, 35). Different attampére done to generate human naive cells,

13



which relied on transgene expression using spedifigbitors to target different signaling
pathways (31).

1.5 Variation of the hESCs

Although all hESC lines share the same propertigerences between lines often exist in terms
of genetic stability during long-term culture aniffetentiation potential into specific cell types
(36, 37). The mentioned variability in generatimgl anaintaining hESCs makes the interpretation
and conclusions of inter-line differences difficiMlo conclusion can be drawn if the difference is
due to inherent genetic variation or due to envitental influences like the culture conditions.
Furthermore, it has to be considered that the maarice of the pluripotency state in hESCs is
artificial as compared to the human developmenis Tan be a further explanation for the
different behavior of derived hESCs (38).

2. Induced pluripotent stem cells (iPSCs)

Although natural dedifferentiation of adult cellensetime occurs in vertebrates, it apparently
never achieves a pluripotent state (11). Yamanalk succeeded in reprogramming a somatic
cell to generate PSCs by utilizing retroviral trdmstion of Oct4, Sox2, KIf4 and c-myc , first in
mice and later also in human (6, 39). The succkgpsissibility of the generation of iPSCs was
based on three important findings in research dkerlast decades. First, the technique of
somatic cell nuclear transfer (SCNT) has showndifégrent somatic cells keep the same genetic

information as early embryonic cell. Gurdon suchélscloned a frog by using intact nuclei
from a somatic cell and fused it with an enucleatgd. With the same technique, the sheep
Dolly was developed having the same genetic backgicas the mammary cell donor (40).
Those cloning results demonstrate that the gendnaefudly differentiated cell has the capacity
to support the development of an entire organisevextheless, this technique is challenging and

not ideal for genetic studies. Second, the techiguderiving and culturing ESCs arose and

improved. Third, a whole network of transcripti@ctors involved in the maintenance of cellular

identity during development was discovered. Thety lac switching on specific genes, while
lineage-inappropriate genes are suppressed (redigw@l)).

Initially Yamanaka et al. screened 24 transcriptiactors that might have an influence in the
maintenance of pluripotency. They systematicallyowed the necessary factors down until they

landed on four transcription factors, Oct3/4, Sog2Myc, and Klf4. These were sufficient to
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induce the development of stem cell-like coloni&®)( This approach has later been successfully
adapted to human cells (6). In the past yearseréifit reprogramming methods have been
developed to derive iPSCs with an increased effayein reprogramming cells. First retro-or
lentiviral vectors were used to deliver the mengidnranscription factors, but the risk exists that
their transcriptional activity remains in the ppotent cells. Thus, several other techniques were
established to generate iPSCs while avoiding ttegration of any viral vector into the genome
of the treated cells, such as nonintegrating vieators (e.g. sendai-virus) (42).

IPSCs cells are mitotically active and have theacdp of self-renewal. Moreover, they can
differentiatein vitro into derivates of all three germ layers and thay build teratoman vivo.
They have the same morphology than the hESCs amdeaultured in the same conditions.
Their pluripotency status is usually characteribgdperforming the same tests than for hESCs
(41, 43, 44).

3. IPSCs versus hESCs

There are two main advantages existing of the iP®Cisnology towards the hESCs. First, no
ethical issues are existing in the generation Q& where an embryo needs to be destroyed in
order to isolate cells. Second, in the field of cgplacement therapy, the problem of the immune
incompatibility between the donor cell and the peat, which could lead to the rejection of the
transplanted cells, can be eliminated by usingepétierived iPSCs (45). However, the debate
still continues to what extent iPSCs recapitul&ie ¢characteristics of hESCs. By comparing the
transcription profile of iPSCs and hESCs, someedifices were encountered. Some show that
the profiles are nearly identical with only a snmgbup of genes being expressed differentially
(46). Other comparisons show that some differentéise expression profile of iPSCs and ESC
exist, but are not consistently observed in allGB3ines. By investigating more into detail the
individual reprogramming experiments, significafffetence between iPSCs and hESC can be
observed that can be referred to the reprogramsteyg where (i) iPSCs not efficiently silenced
all the genes from the somatic cell from which tlleyived and (ii) iPSCs failed to induce some
ESC specific pluripotency genes (47). This leadsh® assumption that iPSCs may have an
epigenetic memory. Two studies analyzed the eptgenemory, referred to DNA methylation
and histones modifications of mouse IPSCs and ttwyd show that iPSCs, which were
differentiated back to the cell of origin showedasivantage over another differentiated cell from
another lineage (48)(49). This phenomenon coulg balobserved during early passages (P4-P6)

of iPSCs indicating that the reprogramming proaessds a longer time to be accomplished as
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expected. Moreover, the step of reprogramming uspegific transcription factors may lead to
spontaneous aberrations in the genome since mdabesé genes are associated with neoplastic
development (50). Finally, iPSCs and hESC show aladations in their capability to
differentiate, the former exhibiting in some cakmger performances. Also in this context, it is
difficult to compare the potential of iPSCs to di#ntiate into specific cell type due to different
culture conditions and various differentiation pails. However, by a direct comparison of
differentiation potential between iPS and hESC,dbome of differentiation can be evaluated
in different ways; by scoring the efficiency of féifentiation by quantifying the obtained cells
using a specific marker or by assessing the quafitye differentiated cells. IPSCs and hESCs
show variations, either the show the same or inesmases as well lower performance of
differentiation. The possible inferior performancé iPSCs could be explained by a higher
tendency for aberrations, which subsequently migifluence cell perception of external
differentiation signals. All these differences maginly arise due to incorrect reprogramming

behavior although the efficiency of reprogramminayrstill be optimized (47).
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C. Uses and promises of the hPSC technology

A main challenging aspect in biology is the undarding of the development of the human
body. Furthermore, disease associated preventidnt@atment of diseases are of a major
interest. Much knowledge about human developmebeiisg extrapolated from model organisms
which gave us an insight into the general pringédevelopment and signaling pathways, such

as the drosophila (e.g. discovery of the hox gamesntrolling the body plan) (51).

The mouse is the primary model organism for thdystargan development in humans. Both the
mouse and the human genomes share a high percesftageilarity. However, they differ in
several species-specific genes and in some orgactidns. Moreover, important events of
embryonic development are also different, in paléc during gastrulation. Subsequently, these
dissimilarities lead partly to the disability ofcapitulating some human diseases in the mouse
model. The same genotype may be lethal in one ep&diereas in the other it may be viable. For
that reason, it is essential to conduct some bigcaktesearch directly in human models, which,
in the case of embryonic development, is mosthjitéchto in vitro systems. HPSC have two
major advantages to be suitable for human developmsieidies and disease modelling. Since

they are primary cells, they have the potentiakétf-renewal and they have the capacity to
differentiate into every adult cell type. Thesetfieas enable the study of the relationship

between genotype and phenotype and to obtain arhigiber of cells for further purposes like

cell therapy (51, 52).

1. Model for normal human development

A model for the early embryogenesis is the embrymdy formation (see D.3.). Briefly, hPSCs

are cultured as aggregates in suspension and kreoathifferentiate spontaneously into cells of
the three germ layers. The EB formation is mostigduas the initial step for the differentiation
into any specific cell type (53). Expression patsein human EBs demonstrate that several genes
are activated which are involved in the early eroggnesis, the gastrulation and the formation of
the germ layers. Therefore, the EBs are a usefaleino understand the mechanisms that drive
the human embryogenesis. As an example, the stutly EBs illustrated that NODAL and
LEFTY, which belong to the transforming growth fac{TGF3) superfamily, are involved in the
gastrulation process. Inhibition of NODAL/LEFTY kbato the disruption of mesodermal
differentiation (51).
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HPSCs are also used to mimic cell fate specificatim direct differentiation. To mimic the

tissue specific development during embryonic dgwelent, first the hESCs must be
differentiated into the three germ layers and thether to any specific cell type through the
addition of recombinant growth factors and/or smrmadllecules. For example, it is known that
hESCs are exposed to activin A to differentiate ishdoderm, to BMP4 and activin A for
mesodermal differentiation and to inhibitors of BMRnd WNT signaling to be able to
differentiate into the ectoderm. In those tissuresyhich no specific knowledge is available, the
in vivo environment can be recapitulated using cells isdld&rom an environment in which the
desired cell type is present. For example, a sitilldgtrated the following; they wanted to
understand why in the inner ear lost hair cellse¢owt be regenerated. First, they differentiated
mMESC into the ectoderm and by the exposure toetated factors, otic progenitor cells were
built. They further plated these progenitors oorsil cells of the ear to induce the formation of
hair cells (54).

HPSCs also offer opportunities to understand dewveémtal mechanisms. Studies have been
carried out to investigate the role of the sigrlof TGFRR during pancreatic development. By
using hPSCs, they could show that TGF[3 inhibitsdifierentiation of pancreatic progenitors
into the lineage that gives rise to the R-cellthefpancreas (reviewed in (51)).

2. Disease modelling and drug discovery

Apart from studies of the normal development, hP&@s also utilized to study abnormal
development and specific diseases. In a first stegell line need to be established carrying the
defect of interest, which can be used to investighie phenotype of a particular disease.
Different models exist to generate genetic dis@dEigure 4).

HPSCs carrying genetic disorders can be generated healthy or aberrant cells. Isolated
hESCs from healthy donors may be genetically medifat a specific locus so that a disease
phenotype can be further characterized. AdditignaHESCs can develop spontaneously
chromosomal aberrations during culture. These &lls be isolated and further investigated,
such as cells with the karyotype causing the tusyadrome, displaying monosomy X. HESCs
may also be isolated from human embryos carryimgifip mutations or aberrations, which were
identified by pre-implantation genetic diagnosiss[® or pre-implantation genetic screening
(PGS). These embryos, which otherwise would beadited due to the diagnosed abnormality,
may be used as vitro models for particular disorders. Since only a cegbinumber of disorders
can potentially be identified by PGD or PGS thdigbio reprogram somatic cells yield to new
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possibilities in the field of disease modelling.eTtechnique of somatic cell nuclear transfer
(SCNT), whereby a nucleus of a somatic cell canepeogrammed and subsequently implanted

into an enucleated oocyte allows the derivatiohEB$Cs from patient cells.
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Figure 4. HPSC carrying a genetic disorder can be genetfayedsing healthy or aberrant cells. Either the
isolated hESC acquire spontaneous aberration datiligre or the hESC can be genetically edited. déiks
can be also used from a carrier of a genetic disdaither disease-specific hESC cells are idedtiflaring
PGD or PGS beforin vitro fertilization is carried out. Another possibility be reprogramming of a somatic
cell of a patient by SCNT of hESC or by generatP§CsC (adapted from (52)).
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The alternative process is the reprogramming ahaasic cell into iPSCs. The reprogramming of
patient cells has the advantage that the iPSCs rfnaitiple patients can be easily generated and
enables the analysis of similar mutations but wdifferent genetic backgrounds. Several
laboratories generated successfully different disealated iPSCs from fibroblasts of patients
carrying a specific mutation. The presence of thation was confirmed in the newly generated
iPSCs line. Phenotypes of neurological disordersewibe first diseases that could have been
recapitulatedin vitro due to the extended knowledge and demonstrationoahal neuronal
development. Amyotrophic lateral sclerosis (ALS)swaodelled by generating iPSCs of dermal
fibroblasts taken from two patients, which are blgterozygous for the L144F mutation in the
superoxide dismutase gene. iPSCs were differedtiat® motor neurons and investigated for

different factors (reviewed in (52)).

As reported, the disease modelling helps first tawlemstand the cellular and molecular
mechanisms related to it. Second, it enables tooaphp particular drug screening strategies using
hPSCs. When a specific phenotype is identifiededrbated, two main approaches are used to
identify potential beneficial drugs. Briefly, anSE, which carry a disease-specific genetic
aberration, can be further differentiate to theedse-affected cell type (e.g. neurons for

neurodegenerative diseases). The candidate drugoaghp contains a small number of

compounds that are investigated on affected CEils strategy is used when already knowledge
about a disease exists, such as one specific patiwbach is known to be responsible for the
induction of a specific disease. Thus, a definddogerugs is tested to identify the most potent
therapy. The effect of existing drugs is also \atkdi and confirmed in the iPSCs models. The

high-throughput screening (HTS) approach is baseuhestigating the potential effects of more

than 1 million compounds. However, with this methitcheeds to be guaranteed to re-evaluate
the phenotype again specifically, like for exampleen a disease has an electrophysiological
defect. A large number of cells are needed toaeside range of compounds. Drug discovery in
neurological disorders is more progressed thantheromedical fields. So far, 25 neurological
diseases, for which iPSCs-derived neural cells ten develop to model the disease and were
used to screen potential drug components. Howeawest of these diseases are linked to
monogenic or chromosomal aberrations rather thacotoplex genetic disorders. Moreover, it
needs to be considered that the approach of uBf&gs for drug development is still at the very

beginning and the first step of a long phase tinélidentified drug can be used on the market for
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treating patients. The future aim of hPSC-basethfiies is to model every genetic disease, even
complex ones. These current existing approaches hfready confirmed the high value of
hPSCs in modelling and treating various diseasssgived in (52)).

3. Regenerative medicine

One promise of iPSCs cells is the replacementsdatied or injured cells within specific organs.
The main challenge of this approach is the ahititprovide iPSCs cells or iPSCs-derived cells to
the target tissue while maintaining the organ \gadnhd functional. There are two ways how the
cells can be delivered into the affected organsyi@intravenous injection with the expectation
that they will return to the concerned organ amnal lza engrafted successfully. Thereby cells are
mostly injected naked in a buffer with the disadege of a high rates of cell death (45), or (b)
via local delivery of the cells during open surgerio the organ. In this situation, injectable or
implantable scaffolds are used to support engraftnaad cell survival (tissue engineering
approach). There are several applications being, usewhich pluripotent stem cell derivates
(such as cardiomyocites and A9 dopamineric neuraresplready in phase 1 or 2 clinical trials.
A phase 1 clinical trial is the first step towattle development of a new treatment in humans. In
this phase, the maximal amount of treatment thatbz given to a patient is evaluated. In the
phase 2, more persons are recruited to determeneftéct of the tested drug. As an example, ES
cell-derived cardiomyocytes were used to repairdiear muscle damage after myocardial
infarction. A patient, also receiving a coronarypags operation was grafted in the infarcted area
with the derived cardiomyocyte progenitors. Thdscelere embedded in fibrin to enable the
integration of the grafted cells into the hearsudis. The symptoms of the disease significantly
improved after 3 months and contractibility was eslied in the previously kinetic myocardial
region. However, it is not yet clear if it is duwethe bypass operation or the engraftment (55). To
reach the step of the clinical study, it is indisgable that the safety of PSC-derived cells is
properly tested (e.g. for chromosomal stability andtations in oncogenes) in the preclinical

phase to avoid any adverse events in the patigfjs (

4. Prospect of human organ growth inside animals

One future goal of stem cell technology is to growctional and transplantable tissue or full
organsin vitro. An important first step towards this approach established by the formation of

a human-animal chimera. First, a mouse-rat chima built using the CRISPR-CAS9 genome

editing tool to delete specific genes which argoasible to build heart, pancreas or eye in the
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mouse blastocysts. Subsequently, they introduced®$&s into the embryo and the resulting
mouse offspring could develop the organs fromtenscells. Surprisingly the rat stem cells were
able to build a gall bladder in the mouse, everughoin the rat this organ is not developed
anymore over the last million years. This showg tha gall bladder is not developed anymore
because the potential remains hidden by a ratfspedevelopmental program. Next, they
induced hiPSCs into a pig blastocyst. They chose d@nimal since the organ size of pigs
resembles that of humans. Several types of hiPS%s tested to be implanted in the blastocyst
of the pig, like naive, intermediate and primed3@R. The intermediate hiPSCs turned out to be
the most suitable ones since the embryos at acpkati stage managed to survive the
experimental procedure. They could successfullydbaihuman-pig chimera embryo, which was
subsequently implanted into a sow and developed&udays. With the help of fluorescence
tagging they could detect within the pig embryo w@hb living human cell in 100°000 pig cells.
Next, they aim to improve the efficiency and pu$ie thuman cells into the formation of
particular organs using the CRISPR-CAS9 method,apglied for the mouse-rat chimera
(reviewed in (57)).
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D. Characterisation of hPSCs

Multiple criteria have been proposed to evaluate pturipotency status of newly generated
hPSCs. In general, PSCs are verified by their stati undifferentiation investigating the
morphology, cell surface phenotype and gene exjoresgrofile and by their capacity to
differentiate into various cell types assaying thiéerentiation potentiain vitro andin vivo.

Furthermore, euploid karyotype, epigenetic statasl @&xtended proliferative capacity are
essential criteria to be characterized. Nevertselgese assays vary in specificity with which

they analyze the state of pluripotency (58, 59).

1. Assessment of hPSC morphology

hPSCs acquire a typical morphological appearan@nwiey are grown in culture. The cells
typically have a round shape with a large nucl&arge nucleoli and a scant cytoplasm. They are
arranged in compact colonies with distinct boardes sharp-edges. The morphology of the
newly derived hPSCs can already be used as &dirsén during the colony selection (60).

2. Markers of pluripotency

A widely-tested panel of markers of the undifferatetd state of hPSCs exist. The international
stem cell initiative has been conducted a studyhich they characterized 59 hESCs lines from
17 different laboratories worldwide. Even thougkrthis a huge diversity in the techniques to
generate and maintain hESC lines they could idesirhilar expression patterns for a number of

pluripotency markers (61).

A number of transcriptions factors (TF) playingraaal role in regulating the maintenance of
self- renewal were identified, such as octamerdbigdranscription factor 4 (Oct4), SRY (sex

determining region Y)-box 2 (SOX2) and Nanog. Th&ss are known to be the key regulatory
genes to maintain pluripotency and self-renewal aod cooperatively with each other in a

complex way (62). This network has the ability tospively regulate genes needed for
maintenance of pluripotency state while represgjages encoding lineage-specific regulators.
When any of these master transcription factorsoisonger expressed to keep pluripotency the
differentiation program will be initiated (63). Acis a member of the POU-homeodomain family
and is a key player to sustain totipotency or pletency and is highly expressed in the ICM of
the blastocyst (64, 65). A balanced Oct4 leveleiguired to maintain the pluripotency state of

cells culturedin vitro (66). In addition, Oct4 plays a role in the regiola of gene expression
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networks. Depending on its expression during deraknt it has an influence on the lineage
commitment to early endoderm and mesoderm by opeession whereas a repression of Oct4
leads to a loss of pluripotency and de-differerdrato the trophectoderm (67). SOX2 belongs to
the SOX transcription factors and is also regutptthe pluripotent state as well as the
differentiation to different cell types during démement (68). SOX2 controls the differentiation
to specific cell types, such as the nervous systach anterior foregut endoderm during early
development (69, 70). It further regulates the pror cells in adult tissue of the brain and
trachea (71, 72). Nanog is also known to be esdefdr pluripotent cell development and

maintenance. Furthermore, it controls the epiblassus the primitive endoderm decision in the
blastocyst (66). Since these TFs play a crucia nolthe guarantee of the undifferentiated and
self-renewal status, they became important marf@rghe identification of the pluripotency

status when a newly derived hPSC line was generated

Furthermore, glycolipids and glycoproteins that evewriginally identified on embryonic
carcinoma cells became later biomarkers for pluepbstem cells, such as SSEA-3, SSEA-4
TRA-1-60 and TRA-1-81 (73). Interestingly, afteetinduction of differentiation into cell of the
three germ layers each marker show a differentikioé disappearance. For example, OCT4 and
TRA-1-60 were the first markers that are down-ratgd whereas Nanog is detectable for a

longer time period after the initiation of diffeteation (74).

The alkaline phosphatase (AP) is another key mdtdketentify pluripotency. AP is an enzyme,
which is highly positive in the ICM. As soon as tifferentiation has started the AP expression
it is downregulated. Thus, high AP activity is telhto a high number of PSCs (75)

These markers are the most commonly used in stémesearch and are tested both on RNA and
protein level by gPCR and immunohistochemistry eeipely. However, several arrays exist
with specific genes that are involved in the maiatece of pluripotency and self-renewal and are
often used to have a deeper insight in the expregsittern of the new hPSC lines (76).

3. Invitro differentiation- embryoid body (EB) formation

When specific factors that maintain stemness oftR&Cs are removed during culture (e.g.
BFGF), the cells spontaneously differentiate intdlsc of the different germ layers. By
dissociating hPSCs from the colonies and after tinensfer in suspension, the cells are able to

aggregate and build spherical three-dimensionalrgoni bodies (EBs) (77). Due to cell to cell
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interactions the cells within an EB are able tdedédntiate spontaneously into derivates of all
three germ layers. With this possibility to diffetete, the EBs recapitulate the early embryonic
development. The EB formation is the most commasigdin vitro assay to prove the capacity

of the hPSCs to differentiate (53).

The first indication that an EB starts to diffeiate# is the spontaneous formation the primitive
endoderm (PE) on the surface of the EBs. The oéltee PE further differentiate into visceral
and parietal endoderm. These generated cells huitgembrane that separates the PE cell layer
on the surface from the remaining undifferentiatellis. Cells that are not directly in contact with
this membrane undergo apoptosis leading to thedtbom of central cystic EBs. During further
differentiation within the EB, different phenotypefall three germ layers arise (77).

However, the major challenge of this assay is thierogeneous differentiation capacity of the
EBs. The differentiation outcome is highly depertdgmon the quality of the EBs that is mainly
determined by their individual size (78, 79). Theesof an EB is primarily depends on the
number of hPCS within each single EB and subsetyjuelepends on the cell-cell interaction
(80). While too small EBs do not survive the diffietiation process, too big EBs undergo central

necrosis and become cystic due to reduced accesas®transport (81).

There are two principles to assess the differeatigbotential of hPSCs. EBs are either used to
prove the capability to differentiate spontaneousty the three germ layers (so called stochastic
EBs) or they are used as intermediate for the dd#ferentiation towards specific cell types of
the three germ layers such as neural and cardiée &epending on the approach that is
implemented, the uniformity of the size of the EBscrucial for the reproducibility of the
differentiation process. By contrast, for the ithasion of diverse tissues derived from the three
germ layers the ability to build EBs of differemes poses advantage (82).

Numerous approaches have been developed to indBiderfation (83). To induce stochastic
EBs, cells are put in suspension culture in distiés hydrophobicity. Thereby the seeded hPSCs
don’'t attach to the surface and naturally stick each other and build aggregates. The
composition of the culture medium that is used hasinfluence in the viability and the
differentiation process of the EBs. It was reporteédt EBs cultured in a lower glucose
concentration than normally in combination with grewth factor RFGF increased the variability

of different tissue-like structure within an E8&4).
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However, in order to generate specific tissue tyihesugh the formation of EBs, a different

culture system must be applied. The homogenous ifizee EBs has been demonstrated to
simplify the differentiation process. Different rhetls have been developed to form EBs with
defined sizes. The hanging drop (HD) method pravite hPSCs a good environment to build
EBs. The number of cells that aggregate in a handiap is more controlled by an exact number
of cells of the initial population to be hung adrap from the lid of a petri dish. One EB per drop
will be formed from a predetermined number of hP8Cs defined volume of liquid leading to a

more homogenous distribution of the size of thedpoed EBs.

After 2 days, the EBs are placed in suspensiorfuidher differentiation. This method has the
disadvantage of limited preparation of EBs duéh#limited volume of the hanging drop. EBs of
homogenous size are built in a 96 well-plate. Simib the HD culture, one EB is composed of a
predetermined number of hPSCs per well but by eshtit enables medium exchange and the
management of a large volume of cell suspensionseder, the number of cells to build an EB
affects the differentiation of the resulting EB.dther alternative technique to produce EBs is the
stirred flask method, in which the cells are cudtliin a special flask with a magnetic stirring to
ensure a continuous rotation of the culture medi@ompared to the static culture, the
aggregation of the cells is easier and the ceiseaposed to a better gas exchange as compared
to the static culture. It has also the advantage#abe up the EB production (80, 82, 84, 85).

To verify the germ layer formation of EBs, the exggion of germ layer specific genes and the
demonstration of tissue-like structures must bdistl Upon EB differentiation, gene expression
studies allow the identification of the germ-laygrecific markers and the lack of pluripotency

genes. Histology later allows a more detailed assest of differentiation into various tissues

(82).

4. In vivo differentiation- teratoma formation

4.1 Definition of a teratoma
The name “teratoma” has its origin in the Greekdvtderas” which means “monster” (86). By
definition, a teratoma contain tissues derived fadhthree embryonic germ layers, the endoderm
mesoderm and ectoderm, like hair, teeth and bong [is type of tumor belongs to the non-
seminomatous germ cell tumors (N.S.G.C.T). All tamors of this category are the result of

abnormal development of pluripotent cells (Germiscahd embryonic stem cells). Teratoma
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which derive from germ cells are mostly developedhe gonads (testis and ovary). In contrast
teratoma derived from embryonic stem cells occusstiyoin the sequestered midline of the
human body (88).

4.2 Clinical implications of teratoma
Mature teratomas consist of various differentiatechatic tissue that are foreign of the particular
tumor site. Immature teratoma are composed of imreatstructures or incompletely
differentiated tissues, like primitive neuroectodat structures. Furthermore, the degree of

immaturity correlates with the proliferation rag9( 90).

Regardless of location of the body, the grade duntg of the teratoma is assessed according to

a cancer staging system, which is important to gréu severity of the tumor, which gives
indication for surgery or radiotherapy. The teratom classified using the grading system
outlined by Gonzales-Crussi in 1982 (91):

Grade 0: Mature (benign)

Grade 1 immature, probably benign

Grade 2 immature, possibly malignat (cancerous)

Grade 3 Frankly malignant. If the teratoma is frankly ngaknt, the tumor is a cancer for which

additional cancer staging may be performed.

Furthermore, a teratoma can be classified by itstect; one distinguishes betwesolid

teratoma containing only tissues fromystic teratomacontain only pockets of fluid or semi-

fluid such as sebum, or fat; anmdxed teratomaontaining solid and cystic parts. (88, 92))

4.3 Experimental teratoma

The most stringent proof of pluripotency is the gration of chimera via germ line transmission
as it is applied for testing pluripotency of mPSTkereby, mPSCs are injected into a blastocyst
of a wild-type mouse and the first resulting bréedalled chimera. It is defined as an organism
with genetically different cell populations derivétbm more than one fertilized egg (93).
However, this test of forming a human chimera i¢ applicable for hPSCs due to ethical
concerns (61, 94). That is why the spontaneoueréifitiation of hPSCm vivo is assessed by
teratoma formation in immundeficient mice, whichdisfined as the gold standard for the proof

of pluripotency (95, 96). Essentially hPSCs aredtgd into different transplantation sites (such
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as testis, subcutaneously, capsula of the kidneyimimune-deficient mice until a potential

tumour is developed.

Up to now, the histogenesis of the teratoma is lgpaanderstood but the cells mimic the post-
implantation early embryonic development. The tugunsists of different somatic tissues with
various degrees of maturation. Some teratoma shganed structures of adult tissue but most
contain structures resembling early stages of dgweént, such as neural rosettes (97). HPSCs
are considered as pluripotent when the derived tumadentified as a teratoma by displaying
various different types of tissues deriving frorhtatee germ layers (endoderm, mesoderm and
ectoderm) (98).

4.4 In vivo teratoma assay- state of the art
The method of inducing a teratoma differ widely amalifferent research groups in several
aspects, such as the preparation of cells, the eumbtransplanted cells, the choice of the
transplantation site and the incubation time (99))10One study that was performed in 2009 to
investigating the susceptibility to form hESC-dedvteratomas according to the transplantation
site (kidney capsula, muscle, subcutaneous spaciomeal cavity, testis, liver and epididymal
fat pad) in SCID mice. The effect of matrigel wasessed as well. Interestingly, in all generated
tumors within 8 weeks a pronounced liquid cystgeifdring with histological analysis were
detected. They found out that the most experimigntahvenient and reproducible way to build
a teratoma was the intramuscular injection of hE®&@ksout matrigel. Another research group
published ann vivo teratoma assay which showed the most reprodunibtéod is based on the
subcutaneous injection of 100°000 cells togethéh wiactivated feeder cells and Matrigel into
an immune-deficient mouse. The assay was highlsodeible and 100% efficient. As we can
see from these two examples, the techniques tor@msteratoma vary a lot. It has also been
shown that the numbers of cells to induce a terat@nvarying among different manuscripts; for
example, a range between 3000 to 5 million of hP&Gsts for testicular injection. In case the
cells grow on feeder layers, no single cells cagdrerated. As a result, the number of injected
cells are vaguely described as being “60 clumpS8Q#d cells” Since these great number of
variables exist in generating a teratomavivo, one cannot be sure if the failure to induce a
teratoma with the newly derived hPSCs is due tppnapriate conditions of the assay or due to

an abnormality of the generated hPSC line (reviewdd01)).
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Even if thein vivo assay is presented in the manuscript, mostly nf@mation reported for
generated a teratoma remain utterly vague. The aumbanimals used for an experiment is

rarely reported and the failure to produce terat@@most never explained (101).

In most cases the generated teratoma is asses$estdshemical analysis using the conventional
Hematoxylin and Eosin staining. The generated 8iras that are derived from all three germ
layer are identified mostly by a pathologist whatlfer classifies them as derivates from
endoderm, mesoderm and ectoderm. Most of the studport at least one tissue per germ layer,
such as gastrointestinal glands for endoderm,lagetifor mesoderm and neural tubes for the
ectoderm (102-105). In some cases, specific mar&egstested by immunohistochemistry to
identify differentiation into the three germ layessich as smooth muscle showing smooth muscle
cells derived from the mesoderm, Rtub3 detectinghgoneurons from the neuroectoderm and
different types of cytokeratin to demonstrate thespnce of epithelial cells (106).

This summary of the inconsistencies in the methmglplused and in the poor reporting of the
results show that there is a need of a standamiizaf thein vivo teratoma assay, which is

supposed to be the gold standard for demonstrpturgpotency of hPSCs (99).

5. Karyotype

A diploid karyotype is another condition to be fildd for a newly generated hPSC line. Once a
new hPSC line is established, it is expected ty staomosomally stable. HPSCs are often
karyotyped using standard GTG banding metaphasadpy comparative genomic hybridization
(CGH) but also more precise techniques like simgleleotide polymorphism (SNP) arrays (107,
108).Chromosomal changes of hPSCs in long-ternuulhave been reported several times by
various laboratories (109-111). In hESCs the megionted aberrations are the gain of
chromosomes 12 and 17, duplication of 1q11q32 a&@gil2.21 region or the aneuploidy of
chromosome (109, 112). These mutations confer adtgumoliferation advantages, higher culture
adaption and resistance to apoptosis. It has lgwrted that the quality of the blastocyst has an
impact on the chromosomal status of any newly @erikPSC line. In some cases, aneuploidy
has been observed already at the stage of theotyast(113).For iPSCs two different
aberrations were described such as the gain ofhtgiof chromosome 8 and 12 but also deletion
of chromosome 8 and 17. Furthermore the amplificatif portions of chromosome 1, 17, or 20

is frequently observed. It is not yet fully cleahether these chromosomal variations in iPSCs
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originate at an early stage or later during culture whether they are caused by the
reprogramming process (108, 114). Chromosomal atbens in iPSCs can also occur during the
culture of the somatic cells, which underwent saleell divisions before they were transformed
to iIPSCs (115).

The method of passaging the hPSC has been shohawvénan effect on chromosomal changes.
The mechanical technique by cutting the coloniés small pieces with a blade has turned out to
be less aggressive than enzymatic passaging, ¢heréie euploid population may be better
preserved (116). It has also been shown that hiR&6s higher passage are more vulnerable to
karyotypical changes than hPSCs with a lower pa&ssdgwever, some generated hPSCs are
more prone to chromosomal changes already at padgage than others (117). Due to these
facts, it is important that a karyotype is perfodmaore regularly during long-term culture to
ensure that the hPSC line remains chromosomallylestdhis is important to test since the
existence of chromosomal abnormalities in hPSCaften associated with carcinogenesis and

impairedin vitro andin vivo cellular behaviour (115).
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E. The tumorigenicity of hPSCs

HPSCs share many characteristics of tumor and camelines (106, 118). Both have a fast
proliferation rate, a tendency of genomic instaéjila high telomerase activity and similar gene

expression patterns (50).

The acquisition of tumorigenic potential of hPSG @ be considered especially in regenerative
medicine (115). Since hPSCs have cancer-cell ctaistics it is challenging that these cells
stay normal in their behaviour. They are able ams$form their genetic background during long-
term culture and may turn to aneuploidic hPSCs &&g. It has been shown that the abnormal
cells tend to give rise to a teratocarcinomavivo and not as it should, to a teratoma. A
teratocarcinoma is classified as a germ cell tuthat is composed of tissue elements from all
three germ layers, but it also contains undiffeedatl malignant cells, known as embryonal

carcinoma cells (119).

Not only aneuploidic hPSCs can result in a teratooama. It has been reported that mESCs
with a normal karyotype build a teratocarcinomainmmmune-incompetent mice. IPSCs are
generated by reprogramming a somatic cell by tleeofigour transcription factors OCT4, SOX2,
c-Myc and KLF4. These factors are also known tohighly expressed in different types of
cancer (120, 121). Several approaches have betmmped by generating hiPSCs without c-Myc
or with combining the reprogramming with chemiaahibitors. In comparison to hESCs they

show a higher tendency of acquiring chromosomabahalities (122, 123).

In consideration of the future clinical use of the®lls, the tumorigenic potential of a generated
hPSC line needs to be investigated more deeply.l\Neéarived hPSCs should be tested for the
presence of specific undifferentiated markers aftéferentiation. By assessing the possibility of
a teratoma formation one has to investigate maie detail the characteristics of the generated
tumor, more specifically whether it may turn to igabncy. Additionally, karyotype analyses

should be conducted not only after the derivatibarohPSC line but also during culture before it

is used for patient treatment (76).
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F. Perfusion-based bioreactor culture system

A bioreactor is defined as an engineered devicesingports biological processes under defined
and controlled conditions. It is a closed environtmwith a stable condition such as pH,
temperature, nutrient supply and waste removalrddictors offer the possibility to scale-up,
which improves the reproducibility and cost-effeetiess (124, 125). To generate a 3D tissue-
like structurein vitro several requirements are necessary; cells neled itacorporated with cell-
to-cell interactions on a 3D scaffold, which actaatemplate for tissue formation by providing
mechanical stability and regulating cell functidine cell-scaffold construct needs to be under
suitable conditions so that necessary nutrients sapport the tissue differentiation and
maturation (126, 127).

An ideal scaffold should act as the naturalvivo extra cellular matrix (ECM) imitating its
biochemical and biomechanical property. In particuhatural scaffolds are composed of similar
macromolecules property as the ECM and are basedifterent types of proteins such as
collagen and fibrin among the most common. Collabén the most abundant protein in the

mammalian body and therefore it is the most wideslgd natural scaffold (128).

Cell seeding on scaffolds is the first essentigh $0 ensure tissue formation. The cells need to be
seeded with the highest possible efficiency. It basn reported that manual cell seeding mostly
leads to irregular cell distribution and poor deflegration into the scaffold. With perfusion-
based bioreactors, the cell seeding efficiencybmamore ensured.

The perfusion provides a higher mass transfer ¢octls to support larger viable and uniform
tissue and to avoid necrosis in the inner parhefdcaffold (129, 130). Thereby a homogenous
cell distribution within the scaffold followed byssue formation and growth within the scaffold
can be guaranteed for prolonged times (127, 132).13

Different types of perfusion-based bioreactors Hasen demonstrated to ensure an efficient cell
seeding and reduction of external mass-transfeitdifon (Figure 5) (125). The spinner-flask
bioreactor ensures an appropriate cell seedingcotevection (Fig.5a) while the rotating-wall
vessel bioreactors guarantees a high mass tramgfetow shear stress (Fig. 5b). In the hollow-
fiber bioreactor, the medium perfuses either thhoagaround the semi-permeable fibers which
successfully maintain highly metabolic cells (Fag). The direct perfusion bioreactor allows

uniform cell distribution by medium flowing diregtthrough the scaffold (Fig. 5d).
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Figure 5: Perfusion-based bioreactors for tissue engingefey) Spinner-flask bioreactors were used for cell
seeding into 3D scaffolds and for subsequent albvéithe construct. (b) Rotating-wall vessels offetynamic
culture environment to the construct, with high mazansfer and low shear stress. (¢) Hollow-fikierdactors
are used to enhance mass transfer during cellreuttfi highly metabolic and sensitive cells. (d) dgir
perfusion bioreactors in which medium flows dirgt¢tirough the scaffold, often used for seeding @nitliring

of constructs (adapted from (125)).

The quality of the generated tissues under penfusiso depends on the applied flow rate.
Different magnitudes of flow-mediated shear stresgosed to the cells have an impact to the
generated tissue. For example, higher magnitudehedr have been correlated with increased
mineralized-matrix production by bone-marrow of Igel Moreover, a scaffold with a
homogeneous distribution of pores has been shovaoritrol more precisely the shear stresses
over time. In this context, it is evident that gwffold used for the approach of tissue generation
should not be limited to biocompatibility but alsothe evaluation of pore structures, which must
be adapted to particular flow conditions (125, 133)

The mass transport of oxygen in tissue culturesusial for the maintenance of cell viability and
function. Moreover, it could be demonstrated that differentiation stage of various cells can be
changed by applying different oxygen levels durmgdture (e.g. 5% @ versus 20% ©@to
chondrocytes). Thus, it is evident to quantify teeel of oxygen within the perfused tissue to
make sure that a specific flow rate supply sufficiexygen (133).
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Computational fluid dynamic (CFD) softwares havereéeveloped in the past years which are
powerful tools to calculate the appropriate flowesa shear stresses and mass transport within a
construct (125).

Bioreactors not only offer the possibility to geatertissues but also acts as a 3D culture model to
mimic in vivo environment (125). It is also a platform to regeltdne stem cell microenvironment,
the so-called “niche” which affects the stem cate{134). Moreover, this system is promising in
the field of disease modelling and drug discoveas, for example in cancer research by
mimicking the tumorigenic development to furthesttepecific anticancer compounds (129, 135)

. Moreover, it has to be considered that the bmimeaapproach is a promising new model system,
which in combination with hPSC cells can lead tofumther understanding of human
developmental aspects. All these different appresalsing the bioreactor leads as well to a
tremendous reduction of animal use, sinceithevo tool has been used so far to model human
diseases with the aim to understand the mecharaachsubsequently the effect of different drug
compounds (51).
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Aim of the thesis

The generation and use of human pluripotent stdinld@SC) lines are expected to have a substantial
impact on medical and biological science. Theiracity of unlimited self-renewal on one hand and of
broad differentiation capacity into any cells tygas the other hand make them powerful and versatile
tools to investigate early human development asdadies. Moreover, with the increasing ability tedi
their differentiationin vitro into selected cell types and to modify them by enaolar engineering,
clinicians hope to use hPSC-derived products ferapeutic purposes. However, different techniqoes t
generate new lines are being used and the way af/zng their pluripotent character varies widely
between the lines. Furthermore, and maybe consdgudanctional, phenotypical and molecular
differences between lines are observed. Thus, sixteand standardized characterization of hPSE@s lin
might be an important prerequisite to allow stenliscand stem cell technology to fulfill their
expectations.

In chapter | | describe the characterization of four hESC lithet we generated and maintained using the
same protocol. We compared their stemness andetitiation properties and defined their differences

despite their maintenance under identical condstion

In chapter Il | propose the establishment of a perfusion-baséidre system to generate a teratoma-like
tissuein vitro. Teratoma formationn vivo after hPSCs grafting, i.e. the formation of nonuigenic
advanced tissues and structures derived from tiez ttmbryonic layers, is nowadays the standard to
prove pluripotency. However, there are many incgtasicies in the protocols used to induce a teratoma
vivo and in the way the results are analyzed and reghoffor these reasons, we have set up and
characterized an animal-sparing, more standardineldcontrolled method to ensure a proper assessment
of pluripotency, which could be used as an altéraadr complementary to the currdntvivo teratoma

formation assay.
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Chapter I:

~,Gene Expression Profiles of Similarly Derived Huma Embryonic Stem Cell
Lines Correlated with Their Distinct Propensity to Exit Stemness and Their
Different Differentiation Behavior in Culture®

Enclosed is the paper published in Cellular Re@agning, 2014 Jun, 16(3):185-95
In this paper | contributed to the characterizabbthe newly derived hESC lines
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Abstract

Four normal-karyotype human embryonic stem cell (hESC) lines were generated using the same protocol and
maintained under identical conditions. Despite these precautions, gene expression patterns were found to be
dissimilar among the four lines. The observed differences were typical of each cell line, correlated with their
distinct propensity to exit stemness, created heterogeneity among the cells during cell line maintenance, and
correlated with their altered capacity as a source of differentiated cells. The capacity of some cell lines to give
rise to more, and more mature, neurons within comparable time frames of directed differentiation reflected the
distinct proportions of cells already predifferentiated at the onset. These findings demonstrate that the subse-
quent stages of neural differentiation were altered both in a quantitative and timely fashion. As a consequence,
cell lines with apparent better and quicker ability to produce neurons were actually the less capable of re-
producing proper differentiation. Previous data suggested that cell lines able to generate more neurons faster
would be more suitable to clinical application. Our analysis of the differentiation process strongly suggests the
opposite. The spontancous tendency to predifferentiate of any particular hESC line should be known because it
clearly impacts further experimental results.

Introduction

HE FIRST HUMAN EMBRYONIC stem cells (hESCs) were

derived from the inner cell mass (ICM) of embryos do-
nated for research (Thomson et al., 1998). Since then, hESCs
have been recognized as a potent tool in basic research and
they are considered to hold great promise for regenerative
medicine (Siniscalco et al., 2008; Srivastava et al., 2008;
Sterthaus et al., 2009). However, it has also been reported that
despite the expression of a common pluripotent phenotype,
hESC lines derived from single-stage embryos display im-
portant variations in their gene expression patterns (Abeyta
et al., 2004; Guenther et al., 2010; Laurent et al., 2010;

Skottman et al., 2005), possibly affecting their behavior
during differentiation (Lappalainen et al., 2010; Osafune
et al., 2008; Tavakoli et al., 2009).

The causes of the variability of gene expression patterns
among hESC lines are unknown. The different genetic back-
ground of the human embryos used to derive the lines or
differences in the culture conditions used during derivation
and/or expansion of the cell lines rank among possible causes
(Skottman et al., 2006; Tavakoli et al., 2009). These differ-
ences are likely to impact on any experimental outcome,
while the practical consequences still need to be identified.
The capacity of some hESC lines to give rise to more neurons
after an identical period of directed differentiation has been
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documented (Lappalainen et al., 2010; Tavakoli et al., 2009),
but the degree of different hESC lines all derived under very
similar conditions to enter the neural differentiation process in
a synchronized way, a prerequisite to obtain a high rate of
defined neuron-subtypes, has never been analyzed in detail.
Four new hESC lines were generated in our institution
using the same protocol. This gave us the opportunity to
address the question of inherent versus derivation-dependent
or culture-dependent differences in gene expression and
differentiation behavior of hESC lines. Although the deri-
vation and maintenance of the hESC lines were carried out
under very similar conditions, inherent differences in their
gene expression patterns became soon evident. These dif-
ferences correlated with their distinct tendency to pre-
differentiate spontaneously during stem cell maintenance.
We describe several aspects of their differentiating behav-
ior, found to be altered as a result of an initial greater pro-
pensity of some cells to predifferentiate. We discuss those
observations in terms of care in the choice of cell lines
adapted to specific diagnostic or therapeutic purposes.

Materials and Methods
Regulatory aspects and laboratory environment

All procedures related to the donation of surplus embryos
deriving from assisted reproduction technology (ART) and
their use for research purposes were in accordance with the
Swiss law on ART and the Swiss law on human ESC re-
search. This project was approved both by the local ethics
committee (EKBB) and by the Swiss Federal Office of
Public Health (BAG) (see Supplementary Data available at
www.liebertpub.com/cell/). All experiments were carried
out in a laboratory equipped with grade A, particle—free tech-
nology. This laboratory is separated from, but in close prox-
imity to, the ART unit. All procedures and working conditions
in the embryology laboratory of the ART unit were modified
to xeno-free conditions, including full traceability of the
components of all processes.

hESC derivation and culture

After fertilization, embryos were cultured at 37°C in a
humidified gas mixture containing 6% CO, and 6% O, for 3
days in K-SICO (Cook Medical, www.cookmedical.com),
without medium changes in 25-uL droplets under oil (K-
SIMO; Cook Medical). On day 3, the medium was changed to
K-SIBO (Cook Medical). On day 6 or 7, the donated blasto-
cysts were mechanically disrupted into two pieces. The pieces
with the ICM were further cultured in hESC medium on a
human feeder layer [35 Gy j-irradiated foreskin fibroblasts;
American Type Culture Collection (ATCC CRL2429)]. After
68 days of culture, the outgrowth was mechanically split into
six to 10 pieces and again placed onto a new feeder layer.
After further 6-8 days, the first hESC colonies started to ap-
pear. For stem cell culture, knockout DMEM-KO culture me-
dium (Invitrogen, catalog no. 10829-018) was supplemented
with 20% KSR (Invitrogen, catalog no.10828-028), 2mM L-
GlutaMax (Invitrogen, catalog no. 35050-038), 0.05mM f-
mercaptoethanol (Invitrogen, catalog no. 31350-010), 0.1 mM
nonessential amino acid (Invitrogen, catalog no. 11140-035),
and 8 ng/mL basic fibroblast growth factor (bFGF; R&D Sys-
tems, catalog no. 234-FSE-025/CF) in the presence of penicillin
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(50 U/mL) and streptomycin (50 ug/mL; Invitrogen catalog no.
15140-122) and is denominated henceforth hESC-M.

Characterization of hESC lines with the alkaline
phosphatase assay and with immunohistochemistry

Alkaline phosphatase (AP) staining and immunofluores-
cence were performed according to the recommendations pro-
vided by the manufacturer (Millipore, catalog no. SCR001).
For AP-staining, ESCs were cultured for 4-5 days, fixed, and
incubated in the staining solution Fast Red Violet for 15 min.
For immunofluorescence staining, cells were incubated with
primary antibodies against the stemness markers Oct-4, SSEA-
4, TRA-1-60, and TRA-1-81 at 1:200 (Millipore, catalog no.
AB3209). Secondary antibodies fluorescein isothiocyanate
(FITC)-labeled goat anti-mouse immunoglobulin M (IgM)y
TeG (Sigma, catalog no. NF-1010) or tetramethylrhodamine
(TRITC)-labeled donkey anti-rabbit [gG (Sigma T-6778) were
used at 1:200 for 30-60min at room temperature.

In vivo differentiation analysis

Eight- to 10-week-old immune-incompetent nonobese
diabetic/severe combined immunodeficient (NOD/SCID)
mice (Charles River Laboratories, Germany) were used to
demonstrate the in vivo ditferentiation potential of the newly
derived hESC lines. Housing and experimental protocols
were approved by the Basler Cantonal Veterinary Depart-
ment and were in accordance with Swiss Animal Protection
Law. About 100-200 cells from 60 colonies of the CHES2,
CHES3, or CHESS line were mixed with Matrigel (BD
Biosciences, catalog no. 354277) and injected subcutane-
ously into two NOD/SCID mice. Two months later, the mice
were sacrificed, the tumors removed for Hematoxylin &
Eosin (H&E) staining and histological evaluation with a
conventional light microscope (Dialux 20; Leitz, Zeiss Axio
Imager A.l). Immunohistochemistry was performed on a
Ventana Immunostainer using Cytokeratin (CK22, Biome-
da, 1:500), neuron-specific enolase (NSE), desmin (DES),
vimentin (VIM; Ventana/ Roche), and smooth muscle actin
(SMA; DAKO), antibodies prediluted by the manufacturer.

Differentiation in vitro

For random differentiation into the three germ layers,
hESC colonies were mechanically scraped off the feeder
layer. To form embryoid bodies (EBs), two to three pieces.
each consisting of around 50-100 cells, were placed into 50-
uL droplets of hESC medium without bFGF. Some EBs
were analyzed after 4 days by quantitative PCR (qPCR). For
further differentiation, the EBs were plated onto a gelati-
nized dish and cultured for 8-14 days in the hRESC medium
in which FCS was substituted for KSR.

For directed neural differentiation, the colonies of each
hESC line were removed from the feeders, dissociated into
small clumps, and expanded in suspension in low-attachment-
well plates (HydroCell™, Nunc, catalog no. 2014-05) (Stei-
ner et al., 2010). The cells were amplified in hESC-PRO
medium corresponding to neurobasal medium (Invitrogen,
catalog no. 21103049) supplemented with 14% knockout
DMEM-KO culture medium (Invitrogen, catalog no.10829-
018), 1 xnutridoma-CS (Roche, catalog no. 11363743001),
2mM L-GlutaMax (Invitrogen, catalog no. 35050-038),
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penicillin (50 U/mL), and streptomycin (50 pg/mL; Invitro-
gen, catalog no. 15140-122), 0.1 mM nonessential amino
acids (Invitrogen, catalog no. 11140-035), 25 ng/mL recom-
binant human Activin A (Prospec CYT-569), 0.5 yug/mL hu-
man laminin (Sigma, catalog no. L4544), and 20ng/mL
recombinant human bFGF (R&D Systems, catalog no. 234-
FSE-025/CF). Clumps were partially dissociated once a week
by gentle shaking and cultured in the presence of 10uM
ROCK inhibitor (Sigma, catalog no. Y0503) for 1 day. For
one experiment, hESC-PRO was substituted with TeSR1
(StemCell Technologies, catalog no. 05850). To start neu-
roectodermal induction, the clusters were gently dissociated
and plated on 5 pug/mlL (collagen IV, Sigma, catalog no.
(C5533) at a density of 90,000 cells/cm?® and cultured in neural
differentiation medium consisting of Dulbecco’s modified
Eagle medium (DMEM)/F12 (Invitrogen, catalog no. 31331-
028), 1xN-2 Supplement (Invitrogen, catalog no. 17502-
048), 0.1 mM nonessential amino acids, penicillin (50 U/mL),
and streptomycin (50 ug/mL; Invitrogen, catalog no. 15140-
122), and 600 ng/mIL recombinant human noggin (Prospec
CYT-475) for 7 days. The cells were then further cultured for
an additional 2 weeks in the same medium but in the absence
of noggin. Immunofiuorescence was performed using mouse
anti-pIII tbulin (1/200; Sigma, catalog no. T5076) or rabbit
anti-SIII tubulin (1/200; Covance, catalog no. PRB-435P),
rabbit anti-MAP2 (1/50; Sigma, catalog no. HPA 012828),
and mouse anti-Nestin (1/50; R&D Systems, catalog no.
MAB1259). Secondary antibodies Alexa Fluor 488 or 546 con-
jugated with either anti-mouse or anti-rabbit IgGs were used
at 1/1000. The nuclei were visualized with 4”,6-diamidino-2-
phenylindole (DAPI; Sigma, catalog no. 32670).

Quantitative PCR

Total RNA was extracted using the NucleoSpin RNA 1T
kit (Macherey-Nagel, catalog no. 740955) according to the
manufacturer’s instructions. For each sample, 300 ng of total
RNA was reverse-transcribed into single-stranded cDNA
by the SuperScript®l Reverse Transcriptase (Invitrogen,
catalog no. 18064.014) in presence of 0.5 uM of deoxynucleo-
tide triphosphates (dNTPs; Invitrogen, catalog no. 10297-018)
and a mix of 5ng/uL random hexamer primers (Invitrogen,
catalog no. 48190-011).

One-tenth of each cDNA was used for each PCR reaction,
performed following the guidelines given by the manufac-
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turer (SABiosciences; Embryonic Stem Cells PCR Array,
catalog no. PAHS-081) by using Power SYBR® Green PCR
Master Mix (Applied Biosystems, catalog no. 4367659) in
an ABI 7500 Fast Real-Time PCR System (Applied Bio-
systems). For each sample, two qPCR measurements were
performed, and the average was used to calculate the change
fold. The qPCR primers used were synthesized by Micro-
synth (Balgach, Switzerland) and are described with their
used annealing temperature in Figure S4 (Supplementary
Data are available at www.liebertpub.com/cell/).

Results
Establishment of four new hESC cell lines

From August, 2008, to August, 2010, a total of ~800 in-
fertile couples were treated with ART. During this time in-
terval, 15 blastocysts were donated for hESC derivation, but
only seven were used with our standard derivation protocol
(see Materials and Methods). All donated embryos arose from
pronucleate oocytes that were cultured after intracytoplasmic
sperm injection and developed up to the blastocyst stage. Four
hESC lines were generated from those seven embryos fol-
lowing a fixed and established protocol (Inzunza et al., 2005).

Between days 6 and 8 after fertilization, the hatched
blastocysts were cultured on a human foreskin fibroblast
feeder layer (CRL2429). Three seeded blastocysts produced
no outgrowth (Table 1). The growing cell mass of the re-
maining four blastocysts was cut mechanically into six to 12
pieces and further cultivated on a feeder layer for another 6
days. When they developed ESC-like colonies, they were
separated and grown over prolonged time periods. All four
lines, CHES2, CHES3, CHESS5, and CHESO6, have been
fully characterized and registered, and their characteristics
have been published in the European Human Embryonic
Stem Cell Registry (hESCreg).

Cells were karyotyped using standard GTG banding
metaphase spreads, and normal chromosome complements
were found in all four hESC lines (Fig. 1A-D). For CHES2,
a comparative genomic hybridization was performed at
passage 22 to detect rearrangements or multicopy amplifi-
cations, but no aberrations were detected. All cell lines
(CHES2 at passage 70, CHES3 at passage 40, CHESS at
passage 40, and CHESG6 at passage 48) were characterized
with immunohistochemistry, and the expression of a number
of typical stemness markers, such as AP, TRA60, TRASI,

TABLE 1. PROCESSING AND GRADING OF DONATED BLAsTOCYSTS USED FOR HESC DERIVATION

Blastocyst grading,”, Name of
day of grading and plating OM,Igrowthb Treatment of embryo or outgrowth hESC line
6/a/b, day 6 Yes Plated after self-hatching ChES2
5/b/b, day 6 Yes Cut off of hatched side (ICM outside) ChES3
S/c/c, day 6 but plated on day 7 after No Blastocyst degraded did not survived day 7 -
collapse
3-5/b/b, day 6 Yes Started to hatch, mechanical squeezed and cut in -
half but only one half attached

6/a/a, day 7 Yes Plated after self hatching and cut in half ChESS
5/a/b, day 6 Yes Cut off from hatched side (ICM outside) ChES6
5/b/b, day 7 but collapsed on day 8 No ZP opened by knife and plated o

“Grading of blastocyst according to Gardner et al. (2000).
"Cell cluster forming after embryo plating on feeder.

hESC, human embryonic stem cell; ICM, inner cell mass; ZP, zona pellucida.
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FIG. 1. Characterization of new established lines CHES2, CHES3, and CHESS by karyotyping, immunohistochemistry of
the hESCs and histological teratoma analysis (A-D) Karyotype analysis of CHES 2, CHES 3, and CHES 5. (A) CHES2
analyzed in passage 10, 46XX. (B) CHES3 analyzed in passage 8, 46XY. (C) CHESS analyzed in passage 6, 46XY. (D)
CHESS6 analyzed in passage 23, 46XX. (E-H) Immunohistochemistry of CHES2, CHES3, and CHESS5. BF, bright field; Hoe,
Hoechst staining; ABS, antibody staining; Mer, merge. Magnification, 50; bar, | mm. (E) CHES2. (F) CHES3. (G) CHESS.
(H) CHES6. (I-M) Histology showed a tumor composed of tissue components derived from all three germ layers (I) CHES2:
(a) Immature neuro-ectodermal tissue with neuropil and rosette formation is predominant in the center of this image.
Conventional histology, H&E, magnification 100x. (b) Tumor area with mesodermal spindle cell stroma and endodermal
glandular tissue components. H&E, magnification 100x. (¢) Immunohistochemical staining for neuron specific enolase
highlighted neural elements in brown. NSE, magnification 100x. (d) Mesodermal smooth muscle differentiation was depicted
by smooth muscle actin immunohistochemistry. SMA, magnification 100x. (e) Mesodermal skeletal muscle differentiation
was revealed by immunohistochemistry for desmin. DES, magnification 100 x. (f) Epithelial differentiation of endodermal and
ectodermal structures was shown by immunohistochemistry for panepithelial pancytokeratin immunohistochemistry for cy-
tokeratin 22. CK22, magnification 100x). (K) CHES3: (a) Tumor arca with endodermal cysts and mesodermal stroma
including cartilage islands. H&E, magnification 100 x. (b) Neurectodermal rosettes adjacent to pigment epithelium as abortive
retina anlage. H&E, magnification 100x. (¢) Neurectodermal rosettes and neuropil highlighted in immunohistochemical
reaction for NSE. NSE, magnification 100 x. (d) Mesodermal spindle cell stroma with smooth muscle differentiation as shown
in SMA immunohistochemistry. SMA, magnification 100x. (e) Mesodermal spindle cell stroma and hyaline cartilage with
diffuse expression of vimentin. VIM, magnification 100x ). (f) Epithelial endodermal structures with cytokeratin expression.
CK22, magnification 100 x. (L) CHESS: (a) Solid tumor area with neurectodermal components with formation of rosettes and
neuropil. H&E, magnification 100x. (b) Formation of myxoid interstitial matrix, particularly in mesodermal hyaline cartilage
island and adjacent mesodermal loose connective tissue. Alcian Blue PAS, magnification 100x. (¢) Expression of NSE in
neurectodermal tumor area. NSE, magnification 100 x. (d) Diffuse expression of Vimentin in mesodermal spindle cell stroma.
VIM, magnification 100 x. (e, f) Epithelial endodermal tumor components with cytokeratin expression, in contrast to absence
of cytokeratins in hyaline cartilage. CK22, magnification 100x. (M) CHES6: (a) Immature neurectodermal tissue with
neuropil and rosette formation is predominant in the center of this image. Conventional histology, H&E, magnification 100x.
(b) Solid tumor area with neurectodermal components with formation of rosettes and neuropil. H&E, magnification 100 x. (c)
Immunohistochemical staining for neuron-specific enolase highlighted neural elements in brown. NSE, magnification 200 x .
(d) Mesodermal smooth muscle differentiation was depicted by smooth muscle actin immunohistochemistry. SMA, magni-
fication 100x. () Mesodermal skeletal muscle differentiation was revealed by immunohistochemistry for desmin. DES,
magnification 200x. (f) Epithelial differentiation of endodermal and ectodermal structures was shown by immunohisto-
chemistry for panepithelial pancytokeratin immunohistochemistry for cytokeratin 22. CK22, magnification 100x ).
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TABLE 2. QPCR DATA GENERATED WITH PCR ARRAY
CoMPARING NEw DERIVED HESC LINES
wiITH CONTROL LINE HS401

Regulation (compared to HS401)

Genes" CHES?2 CHES3 CHES5
CDX2 2.96 234 3.33
GAL -2.90 -1.96 -3.85
GBX2 5.94 1.70 3.43
LEFTY1 ~1.59 -2.97 -591
NEUROD! 3.93 —2.08 1.01

NODAL -1.94 -1.53 -4.94
NOG 2.98 1.05 3.46
PAX6 13.98 1.25 4.65
SERPINAI 4.12 1.94 1.56
SYcr3 -1.01 -1.82 -3.61

“Only genes with three fold regulation are listed.
"Fold regulation of new hESC line compared to HS401.

SSEA-4, and OCT-4, was confirmed (Fig. 1E-H). These
hESC lines were capable of undergoing in vitro differenti-
ation to EBs containing cells belonging to the three germ
layers (see Fig. S1). These EBs can then be further differ-
entiated into cardiomyocytes and neurons (data not shown).
For full characterization of these cell lines, teratomas were
formed in vivo showing derivative tissues of all three germ
layers as well (Fig. 11-M).

Comparison of the gene expression patterns
of the newly derived hESC lines

Three hESC lines were then characterized by qPCR array,
including 44 ESC-specific genes and 40 selected ESC dif-
ferentiation genes (see Fig. S2). CHES3 exhibited a gene
expression profile similar to the commonly used reference
line HS401 (Table 2) (Martin-Ibanez et al., 2008). For none
of the genes examined in both cell lines was a more than
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three-fold difference in the expression levels detected. In
contrast, when compared to HS401, four genes were differ-
entially expressed in CHES2 and eight in CHESS. Some are
stem cell-specific genes and were differentially expressed at
either a higher or lower level: GBX2 (+5.9) in CHES2, GAL
(—3.9), GBX2 (+34), LEFTY1 (-5.9), NODAL (—4.9),
and NOG (+3.5) in CHESS. Furthermore, those two cell
lines expressed higher levels of some differentiation genes—
neuro-ectodermal markers NEURODI1 (+3.9) and PAX6
(+13.9) as well as the endodermal marker SERPINAIA
(+4.1) were overrepresented in CHES2, whereas PAX6
(+4.7) and the trophoblastic marker CDX2 (+3.3) were
more expressed in CHESS. In addition, the germ cell marker
SYCP3 (—3.6) appeared underexpressed in the latter.

The expression levels of these genes in the hESC lines
were also compared with those of neonatal foreskin fibro-
blasts to account for any potential contamination by the
feeder cells (see Fig. S3). When compared to fibroblasts, a
number of pluripotency markers were highly overexpressed
in all hESC lines (GAL 67-260 times, LEFTY1 110-652
times, NODAL 38-189 times, GBX2 4.2-25 times), whereas
Nog was overexpressed more than three times only in CHES2
and CHESS. However, other stem cell markers did not appear
to be overrepresented because they were already expressed at
similar (LIFR, TERT, NANOG) or even higher levels (TI6ST,
IFITM2, FGF5, and COMMD?3) in the foreskin fibroblasts
(see Fig. S4c and S4d, respectively).

Some genes classified as differentiation markers (FNI,
LAMAI, LAMBI, LAMCI, and DES) were expressed at
similar levels in both stem cells and fibroblasts. For that panel
of genes, the relative expression profile was not significantly
different among the various hESC lines (see Fig. S4b). How-
ever, other differentiation markers were clearly overexpressed
in hESCs when compared to fibroblasts. The neural marker
PAX6 (7.9-110 times), the trophoblast marker CDX2 (3.7-
5.3 times), and the visceral endoderm marker SERPINAI
(3.0-8.0 times), as previously found, but also the visceral
endodermal marker x-fetoprotein (AFP; 14.9-28.9 times), the
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FIG. 2. ¢PCR data generated from qPCR array. Average delta Ct values of CHES2, CHES3, CHESS, HS401, and
CRL2429 fibroblasts are shown. Differentiation markers overexpressed in the hESC lines are compared to CRL2429.
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trophoblast marker EOMES (45.7-186.8 times), the extra- genes used here, each cell line exhibited a different expression
embryonic endoderm FOXA2 (22.8-78.0 times), and the profile, which was not influenced by the amount of feeder cell
mesoderm marker T-Brachyury (Bra; 19.4-59.4 times) were transcripts in the samples (see Fig. S3). Furthermore, the
overexpressed in hESC lines. Those comrespond mostly to  similarities of the expression profiles of HS401 and CHES3
genes not expressed in fibroblasts (Fig. 2). In the panel of and those of CHES2 and CHESS were striking.
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FIG. 3. Comparison of spontaneous and directed neural differentiation of CHES2, CHES3, CHESS, and CHES6 cell lines.
Expression of various differentiation markers was quantified by semiquantitative RT-PCR in ESCs maintained on feeders (A
and C), expanded in suspension culture (B and D), and after 3 weeks of directed differentiation into the neural lineage (E). For
each gene, the relative expression level is expressed as a percentage of the housekeeping gene GAPDH. Spontaneous
commitment into the three embryonic germ layers was confirmed by the endodermal marker o-fetoprotein (AFP), the
mesodermal marker Brachyury, and the two ectodermal markers K5 and Pax6 (for epidermis and neurectoderm, respectively)
in cells cultured on fibroblast feeders (A) or amplified in suspension culture (B). Spontaneous differentiation into the neural
lineage was compared by using the neurectodermal marker Pax6, the neural precursor marker Nestin, the early marker of
young neuron fi-tubulin IIT (Tub), and the marker for more differentiated neurons MAP2 both in cells cultured on fibroblast
teeder (C) or amplified in suspension culture (D). The level of differentiation achieved for cells first amplified in suspension,
then plated on collagen IV, and cultured for 3 weeks in neural differentiation medium was determined by quantifying the
relative expression level of the same markers (E) and compared to their expression in undifferentiated cells cultured on feeders
(F). The differentiation rate of each cell line was estimated by comparing the expression level of those genes measured after 3
weeks of allowed neural differentiation to their level in suspension culture immediately before plating (G).
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Spontaneous differentiation propensity and directed
neural differentiation capabilities of the four hESC lines

To test the biological significance of the observed differ-
ences in gene expression among the various newly derived
hESC lines, we compared their capacity for neural differen-
tiation under identical conditions. As shown in Figure 3A and
in accordance with the qPCR array, their different ability to
maintain stemness when cultured on fibroblast feeders gave
rise essentially to the expression of neuro-ectodermal markers
(i.e., Pax6 in the experiment), whereas markers of other
layers were detectable by qRT-PCR at a much lower level
(i.e., AFP as a marker for endoderm, T-Brachyury for me-
soderm, and keratin-5 for nonneural ectoderm).

Furthermore, large-scale expansion in a defined microcarrier-
free suspension culture system (Steiner et al., 2010) appeared
even more permissive because spontaneous neuroectodermal
commitment increased while retaining the line-specific dif-
ferences already observed (Fig. 3B). CHES3 and CHES6 ap-
peared more prone to remain undifferentiated, whereas the
CHES?2 and CHESS cell lines had a greater tendency toward
spontaneous commitment. In addition, low levels of neural
differentiation were also observed in both culture conditions
as the marker of neural precursor nestin, and the marker of
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early neuronal development fSllI-tubulin was detected as well
(Fig. 3C and D). That predifferentiation tendency appeared
similarly constrained for both cell lines when cultured on
feeders (Fig. 3C), whereas in the more permissive suspen-
sion culture, predifferentiation was more pronounced, espe-
cially in CHES2 and CHESS cell lines, which expressed low
but, when compared with the other two lines, significantly
higher levels of MAP2, a marker of more advanced neurons
(Fig. 3D).

When plated on collagen and cultured in neural differ-
entiation medium, all cell lines displayed a similar pattern of
morphological changes typical of neuronal differentiation
(not shown). To quantify neuronal differentiation, we mea-
sured the relative levels of differentiation markers after 3
weeks in culture. As shown in Figure 3E, markers of both
neural precursors and young neurons increased in all cell lines.
When compared to the essentially undifferentiated initial cell
populations present in cultures on feeder, the expression level
of the neural precursor Nestin was five to 10 times higher, and
the expression level of the neuronal marker MAP2 was in-
creased 40-90 times. However, CHESS achieved a level of
differentiation twice that of CHES3 and CHES6, whereas
CHES?2 exhibited an intermediate profile (Fig. 3F). In contrast,
when the expression levels of the various differentiation

FIG. 4. The number of cells expressing neural differentiation markers was determined after 8 (A) and 21 days of neuronal
differentiation (C). Immunostaining was performed after 8 (B) and 21 days (D) of neuronal differentiation. Cells were
counted after immunofiuorescence staining against nestin (N), f-tubulin I1I (T), and MAP2 (M) and expressed as percentage

of the total cell number (DAPIT cells).
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markers at the end of the experiment were compared with
their levels immediately before plating, the rate of increase in
differentiation markers expression was indistinguishable
among the four cell lines (Fig. 3G).

We confirmed by immunocytochemistry that the differ-
ences in global expression of differentiation markers indeed
reflect distinct capacities of different hESC lines to give rise
to neurons during a given time period of directed differen-
tiation. For this purpose we analyzed the percentage of cells
expressing those markers in two cell lines (CHES2 and
CHES®6) with distinct gene expression profiles (Fig. 4). After
8 days in differentiating culture conditions, almost 100% of
cells in both lines were actually engaged in the neural lin-
eage, either as neural precursors expressing nestin or as
young neurons expressing fllI-tubulin (Fig. 4A). However,
CHES6 cells were mostly typical bipolar nestin-positive
neural precursors, only around a quarter of the culture being
composed of young neurons (Fig. 4, A and B). In contrast,
nearly twice as many of the CHES2 cells differentiated to
neurons (Fig. 4A), and cells expressing nestin exhibited a
more advanced morphology resulting in cells displaying an
ambiguous morphological status, halfway between still true
precursors and very young neurons but not yet expressing
pll-tubulin (Fig. 4B). Although the number of neurons in-
creased slightly in both cultures during the two subsequent
weeks of differentiation, the difference between the two cell
lines was only marginally reduced (Fig. 4C). As neurons
maturated and progressively co-expressed pllI-tubulin and
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MAP2, differences in maturation remained clearly visible
between both cell lines. After 3 weeks of differentiation,
most CHES2 neurons were expressing MAP2, whereas a
significant number of CHES6 neurons were still only ex-
pressing fSIII-tubulin (Fig. 4C and D). These differences in
the advancement of neural differentiation among both cell
lines are also visible in their morphology: flIll-tubulin and
MAP2 coexpressing neurons of CHES2 exhibit more de-
veloped extruding processes, which even started to form
networks (Fig. 4D). Thus, the higher level of differentiation
exhibited by hESC lines with a higher propensity to pre-
differentiate spontaneously implied both the generation of
more neurons and the formation of more mature neurons
during the same time interval.

Consequences of spontaneous predifferentiation
for further behavior of neural cell populations
during the differentiation process

This property of some hESC lines to predifferentiate was
also responsible for an asynchrony in the differentiating cell
populations, which rendered more difficult the distinction
between the successive phases of the neuronal differentia-
tion process. As clearly visible for CHESG6 in Figure 5, in
which predifferentiation of the starting population was
moderate, those phases could be visualized by following the
stepwise evolution of expression of selected markers during
differentiation. A transient upregulation of Pax6 expression
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Expression time-course of neural differentiation markers in differentiating CHES2, CHES3, CHESS, and CHES6

cell lines. Expression of neural genes Pax6, nestin, fi-tubulin III (Tub), and MAP2 in differentiating CHES2, CHES3, CHESS,
and CHESG lines was quantified 7, 10, 14, and 21 days after initiation of directed neural differentiation (as in Fig. 4).
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corresponding to the commitment of stem cells into neur-
ectoderm was followed by a wave of Nestin expression as
neuroectodermal cells transformed into neural precursors.
Those precursors then gave rise to neurons expressing first
fl-tubulin, then MAP2. In the absence of mitogenic fac-
tors needed to sustain the proliferation of precursor cells,
such as bFGF, the level of Nestin expression decreased
proportionately with the increase in the expression of neu-
ronal markers, indicating the progressive replacement of
proliferating progenitors by maturating neurons. In contrast,
in cell lines such as CHESS, which was characterized by a
more heterogeneous cell population at the onset, the ex-
pression profile of each marker was a mix of several over-
lapping waves (Fig. 5). Nestin expression increased first in
already committed Pax6-positive cells and only secondarily
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FIG. 6. Formation of neuroepithelial tube-like structures
(rosettes) during differentiation of CHES2, CHES3, CHESS,
and CHESG6 cell lines. The number of rosettes formed in
differentiating cultures was counted 7 days (A) and 10 days
(C) after the initiation of directed neural differentiation. The
level of maturity of the rosettes was evaluated by quanti-
fying the expression of Sox1 by semiquantitative RT-PCR
in the corresponding cultures (B, D). Time course of Sox1
expression during a 3-week period of directed differentia-
tion (performed as in Fig. 5) is shown for each cell line (E).
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in cells newly committed from stem cells. It then correlated
first with a decrease in Pax6 expression and persisted while
the secondary wave of neurectoderm formation became
visible. This gave rise to the paradoxical impression that the
order of the various differentiation waves was inverted in
CHESS as compared to CHESG6.

Variable levels of predifferentiation among different hRESC
lines were also associated with distinct abilities to form ro-
settes, the characteristic structures that form in vitro as neural
precursors, which acquire the contractile epithelial properties
needed to form the neural tube. After 1 week of differentia-
tion, the number of rosettes was similar in all cell lines
(Fig. 6A). However, as expected for more advanced cultures,
rosette-forming cells in CHES2 and CHESS expressed higher
levels of Sox1, a marker of late mature rosettes in the human
(Fig. 6B). After 10 days, the situation had changed radically
(Fig. 6C). While the number of rosettes had increased in
CHES3 and CHES6, CHES2 and CHESS5 had barely pro-
gressed to form new rosettes. At that time, they were mostly
mature rosettes expressing Sox1 in culture of all cell lines
(Fig. 6D). Interestingly, the ability to increase the number of
rosettes during that 3-day interval correlated with the ability
of differentiating CHES3 and CHES6 cell populations to
produce a sharp peak of Soxl expression, reflecting syn-
chronous differentiation, whereas stagnation of the number of
rosettes in CHES?2 and CHESS was associated with rather flat
kinetics of Sox1 expression (Fig. 6E).

Discussion

Four new hESC lines were derived under very similar, if
not identical, conditions. No isolation of the ICM was per-
formed, and there was almost no need for manipulation of
the embryo, thereby reducing the mechanical stress. The
characterization of the hESC lines by comparative genomic
hybridization (CGH) array and immunohistochemistry of
both in vitro and in vive differentiated hESCs did not in-
dicate any abnormalities in the genomic integrity of the cells
nor in their stemness properties. Notwithstanding these
measures, our data also clearly demonstrated a number of
differences in the gene expression patterns among all four
hESC lines and the important consequences for their be-
havior during directed differentiation.

The origin of the variability among hESC lines remains
unclear. As with lines derived in different laboratories, these
differences could be explained by the distinct embryo cul-
ture conditions (day 0-6) used in ART laboratories, similar
to what is known in the mouse (Fernandez-Gonzalez et al.,
2004; Rinaudo and Schultz, 2004). In addition, the vari-
ability could be also acquired during the derivation of new
lines, because different media are used in different settings
until a stable line is established. However, in our setting all
of these uncertainties were avoided, because all four lines
were derived under identical conditions.

One other potential cause of variability could be caused by
the timing of blastocyst processing. The human blastocyst
normally arises around day 5 after fertilization, but the op-
timal timing for processing depends on the actual expansion
status of the embryo. Thus, blastocysts are processed between
days 5 and 8. During this critical time interval, the preim-
plantation blastocyst gradually shifts toward a postimplanting
blastocyst, which changes the medium requirements as well
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as the expression profile of the embryo. In our hands, the best
day for processing was day 6. Three of the cell lines (CHES-
2, CHES-3, and CHES6) were processed at that time and only
CHES-5 at day 7 (Table 1). An influence of the timing of
blastocyst processing is not sufficiently plausible to explain
the variability among CHES-2, CHES-3, and CHES-6, which
were derived from blastocysts achieving a similar develop-
mental stage after an identical culture period. We could not
exclude such an influence in the differences between CHESS
versus the three other lines. However, authors of a recent
study used embryos at different stages of development to
derive ESC lines without causing a higher level of variability
in gene expression profile among the lines (Giritharan et al.,
2011). Thus, even in the case of CHES-5, it may still be
possible that a different timing in blastocyst processing did
not play a major role in the differences observed.

Our results confirm another recent study dedicated to
compare cell lines generated under standardized conditions
in which authors similarly observed a significant range of
variability between cell lines (Lappalainen et al., 2010). One
possible explanation could be that different cell lines are
genetically determined to have different requirements or
sensitivities to external factors used for maintenance of
stemness in vitro. In accordance, we observed that medium
composition greatly influenced the propensity of cells of a
given line to remain pluripotent or to predifferentiate, but
also changed transiently the extent of variation among dif-
ferent cell lines (A.C. Feutz, unpublished results). This
suggests that slightly different compositions of the culture
medium may be required to maintain stemness in each in-
dividual cell line.

Our hESC lines express differentiation markers at low
levels characteristic of the three embryonic lineages, indicat-
ing spontaneous commitment during stem cells maintenance.
Although the expression profiles of those differentiation
markers are unique for each cell line, lines with the higher
level of spontaneous commitment (CHES-2 and CHES-5)
show striking similarities in expression profiles. That sug-
gests that a common weakness may underlie their impaired
ability to stay undifferentiated. The differences in gene ex-
pression profiles among different hESC lines were particu-
larly pronounced in genes determining neuro-ectodermal
differentiation, such as NeuroD1 and Pax6. This bias likely
reflects the default status of neuro-ectodermal differentia-
tion, which, in contrast to differentiation toward other lin-
eages, does not require the presence of any specific inducers
or cell interactions. As previously described (Lappalainen
et al., 2010; Tavakoli et al., 2009), we observed that an
increased tendency to spontaneously commit during stem
cell maintenance correlates with an apparent increased ef-
ficiency to generate neurons when differentiation is allowed.
However, while previous data have crudely described the
divergent capacity of hESC lines to differentiate to neural
cells, we found that our four hESC lines differentiate at
similar rates and that the generation of more, or more ma-
ture, neurons after an identical time period simply reflects
their distinct status already present at the onset of the dif-
ferentiation process.

Furthermore, while previous data suggested that cell lines
able to generate more neurons faster would be more suitable
for clinical applications, our analysis of the differentiation
process suggests that it may not necessarily be the case.
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Indeed, as shown in the most permissive situation, different
levels of initial neural commitment were associated with
clear abnormalities in the neural differentiation process.
Following the timely evolution of expression of various
markers during differentiation, we observed discordant be-
havior resulting from heterogeneity in the starting cell pop-
ulations. For cell lines with the greater tendency to commit
spontaneously, the progressing waves of ongoing differenti-
ation of the already committed cells overlapped with those of
newly committed cells. Such discordance is responsible for
the observed lower ability to form rosettes in these popula-
tions, because rosette formation implies simultaneous acqui-
sition of neuro-epithelial properties in neighboring cells. It
may also explain the previous description of the different
response to neuronal patterning factors of two similarly de-
rived hESC lines, interpreted at that time as difference in
differentiation potential (Wu et al., 2007). Indeed, the selec-
tive generation of a neuronal subtype in vifro, a prerequi-
site for a number of expected uses of hESCs, including in
regenerative medicine, requires addition of regionalizing
factors during a precise and narrow window of neuronal de-
velopment (Gaspard and Vanderhaeghen, 2010; Okada et al.,
2008). Treatment of heterogeneous cultures, with an in-
creased proportion of cells at different stages of their devel-
opment, would thus necessarily lower the ratio of the desired
neuronal types or even bias the differentiation toward the
generation of unwanted ones. Additional experiments are
clearly needed to confirm that, at least in some cases, a higher
level of neuron production correlates with increased diffi-
culties to produce homogeneously specific neuron types.

Conclusions

The use of hESCs for drug discovery and toxicology re-
quires cell lines with different genotypes but standardized
differentiation behavior. The best strategy to achieve that
goal may imply either selection of cell lines with closely
related properties or control of the cells’ tendency to pre-
differentiate spontaneously. In any case, the gene expression
profile and the tendency to predifferentiate for each newly
created hESC line should be well known and tested in a
variety of different culture systems. The selection of a panel
of cell lines with similar properties is clearly possible and
straightforward. However, this strategy finds its limitation
when a given cell line is not exchangeable, i.e., when a
precise or compatible genotype is required, as in trans-
plantation of tissue-engineered cells. That problem is even
more pronounced when induced pluripotent stem cells
(iPSC) lines are concerned. This indicates that a variety of
different culture conditions may be required to maintain the
stemness of stem cells derived from various sources.
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Chapter II:

~Assessment of stem cell pluripotency using aim vitro 3D perfusion-based
culture model”

This chapter contains my main project. The corredp@ manuscript is ready for submission in
a peer-reviewed journal.
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Assessment of stem cell pluripotency using an vitro 3D perfusion-based
culture model

1. Abstract

To demonstrate pluripotency status of newly deriliachan pluripotent stem cells (hPSC), the
degree of undifferentiation and the capacity tdedéntiate into the three germ layers both need
to be verified. Than vivo teratoma assay ranks as the most universally tatapethods to
ascertain pluripotency. The conventioiralitro method to verify spontaneous differentiation is
the embryoid body (EB) formation. However, both hoetls lack standardization and are
burdened by a high level of variability in both imedology and readout. In addition, timevivo
teratoma assay is animal consuming because itresgthie use of immune-incompetent mice for
transplantation of hPSCs. To replace that test,new evaluated a three-dimensional (3D)
perfusion-baseth vitro culture system (perfused culture). Human embrystam cells (CHESG6)
and iPS cells were cultured on a collagen scafiodder perfusion flow. EBs cultured in
suspension and hPSCs transplanted into immune-jpet@mt mice were used as controls.
Results show that perfusion of the scaffold is meakfor tissue viability with a high potential of
structure formation. Comparison of perfused cultwith the EBs revealed similar expression
pattern of differentiation markers of the threengéayers but results were more consistent in the
perfused culture. The perfused culture systemmdjgished normal stem cell lines from an
abnormal cell line (CHESL1) by its ability to genteréeratoma-like tissue within 3 weeks. Based
on an established grading system to identify thgreke of differentiation of one structure per
germ layer (intestinal epithelium, smooth muscld arural tubes) the perfused culture reached
the same degree of differentiation asitheivo teratoma at 3 and at 8 weeks of culture in contras
to the EB culture. The development of teratoma-tikeue of hPSCs was 90% in the perfused
culture but only 33%n vivo. Our findings present an animal-free applicabletesy that can be
used as a possible pluripotency assay for screewwly derived lines before they will be further
investigated. This system would bear relevance tdsvdefinition of more practical and better
standardized regulatory guidelines for assessnfamP8Cs.Furthermore, it can also be used as a

model to investigate early human development arttidu used for drug discovery.
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2. Introduction

Human pluripotent stem cells (hPSCs) including hmnembryonic stem cells (hESCs) and
human induced pluripotent stem cells (hiPSCs) hegacterized by their capacity of self-renewal
in an undifferentiated state and their ability tffestentiate into cells of all three germ layers:
endoderm, ectoderm and mesoderm (1, 2). Due to timegue capacity and with the advent
technology for the derivation of hPSCs, these @kspromising for widespread application like
regenerative medicine, disease modelling and dawgldpment (3). Consequently, it is crucial

that the pluripotency status of newly derived hR8Es is properly characterized.

Multiple criteria have been proposed to evaluate pfuripotency status of newly generated
hPSCs. In a first stage, the undifferentiated stasuassessed by morphological analysis and
through the expression of distinct markers typicalundifferentiated hPSCs such as Nanog,
Oct4, Sox2, SSEA4 and TRA-1-81 (4).

Furthermore, the differentiation capacity is assddsyin vitro andin vivo differentiation of the
cells into the three germ layers. The gold standargrove pluripotency is the formation of
transplanted hPSCs into teratoma in immunodefiai@oe (5). A teratoma is defined as a tumor
consisting of tissues generated spontaneously &lbthree germ layers (6). Despite the obvious
eminence of this assay, it is burdened by lackaridardisation. There are no uniform protocols
for the site of implantation (7), the number ofeictied cells (8) and the duration of observation
until teratoma formation (9). Moreover, this assaiges ethical concerns since hPSCs are grafted

in mice, which induces pain and suffering of therals used in the assay (10).

Up to now, the conventional assay for vitro differentiation, the embryoid body formation
(EBs), is used to mimic the spontaneous differéiotieof the hPSC# vitro (11). EBs are three-
dimensional aggregates of hPSCs cultured staticalguspension, that are able to differentiate
into cells of all three germ layers in the absewnicany specific growth factor (12). However, the
quality of the EBs is highly dependent on the a@tcondition, the number of cells and the size
of the EBs at onset of culture (13, 14). Due toltlgh variability of differentiation of each single
EB cultured in suspension, this method gives rseheterogeneous populations in terms of cell
and tissue morphology (15). For that reason tHereifitiation potential of hPSQ@s vitro is often
assessed by direct differentiation of EBs into ipalar cells of the three germ layers, such as
neurons and cardiomyocytes (16).
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3D perfusion-based bioreactors have previously monstrated to allow the formation of
tissues in a collagen-scaffold over prolonged tipesods, as they guarantee the maintenance of
cells in a controlled environment (17-22). The psidn provides access of nutrients even
towards cells residing in the centre of the scdffdlhe bioreactors enable efficient cell growth
while maintaining optimal surviving rates (23). @ntly, the perfusion-based bioreactor has
been used to produce several different tissue typé&ssue engineering (17, 21, 22). A feeder-
based bioreactor has been established previousthéoformation of teratoma-like tissue out of
undifferentiated stem cells (24). Although strueturof all three germ layers were generated
successfully, this bioreactor system has not fonitespread application due to the complexity
of the device.

For this reason, we focus on a user-friendly 3Dfyseon-based bioreactor system (perfused
culture) for the the establishment ofiarvitro system, that allows the formation of teratoma-like
tissue. The novel method should be animal-spanmthveell standardized, simple to handle and
allow to obtain results faster than with the corimral in vivo assay. The differentiation

behavior of hPSC cultured in the perfused systesiexamined by the analysis of differentiation
parameters in the culture medium, at RNA level Bpdistology. These results were compared

with the EB culture and the vivoteratoma assay in immunodeficient mice.
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3. Material and Methods
3.1 Cultivation of human embryonic stem cells (hESSE)
3.1.1 hESC lines

The hESC line CHES-6 was derived from the inneroaiss (ICM) of a hatched blastocyst and
its pluripotency has been characterized as alrgadished in our previous study (25). The
abnormal hESC line (CHES1) was provided by Profi-éki, Geneva, Switzerland (26).

3.1.2 Cultivation and irradiation of human foresKibroblasts

Human foreskin fibroblasts (American Type Culturell€ction (ATCC CRL2429)) were
expanded on Petri dishes under standard conditisingl IMDM (Gibco, catalog no. 12440053),
10% FBS (GIBCO, catalog no.16000-044) and 50 U/mhiéllin, 50 mg/ml Streptomycin
(Invitrogen, catalog no. 15140-122). The fibroblasttures were mitotically inactivated using
gamma-irradiation (35 Gy). The irradiated fibrolasere plated in a concentration of 0.1 %10
cells/ml and kept in culture for 5 days before theyre used as feeders for sustaining the growth

of hESC. The feeder cell culture medium correspdaadie fibroblast medium.

3.1.3 Maintenance culture of hPSCs cells

hPSCs (CHES6, CHES1 and iPS) were grown on a fdagter of irradiated human foreskin
fibroblasts in culture medium consisting KnockolWWBM (Invitrogen, catalog no.10829-018),
20% of Knockout Serum Replacement (Gibco, cataloglG828028 2 mM L-Glutamax
(Invitrogen, catalog no. 35050-038), 1% of noneBakmmino acids (Invitrogen, catalog no.
11140-035), 0.05 mM mercaptoethanol (Invitrogeralcg no. 11140-035), 50 U/ml Penicilin,
50 mg/ml Streptomycin (Invitrogen, catalog no. 181422) and 8 ng/ml human recombinant
basic fibroblast growth factoBFGF; R&D Systems, catalog no. 234-FSE-025/CF). iR8Cs
were cultured under standard conditions {87and 5% CQ® in humidified air) and the media
were changed on a daily basis. The hESC colonies pa&ssaged by mechanically scraping off
the feeder layer into 4-16 pieces, depending orsiteof the colony. They were transferred with
a pipette to new feeder layer, which was washedetwiith PBS and subsequently hPSC medium

supplemented witBFGF was added. The cells were passaged once pkr wee
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3.2 3D culture conditions
3.2.1 Embryoid body formation and cultivation

hESC cells were scratched from the feeder layer afeatment with Accutase (Gibco, catalog
no. A1110501) for 15 minutes at 37 °C. The gendrdissociated cells were further cultured in
suspension at a concentration of 0.3%#0s/ml for 24 hours in hPSC culture medium withou
the growth factoBFGF but supplemented with 10 uM ROCK inhibitor (R®gma, catalog no.

Y0503) in non-tissue culture-treated dishes (Co2tawell plate, Corning, catalog nr. 3473).
After 24 hours, the generated aggregates were theher cultivated in suspension using

standard hESC medium without any supplements (&H3Ro RI) for up to 8 weeks.

3.2.2 Culture conditions for static and perfusettune systems

For the_3D non-perfused (static) culture conditjdi&well-plates were coated with 2% agarose

to avoid adherence. The EBs were re-suspendeduihati@l seeded on a collagen type | scaffold
sponge (Ultrafoaffy Avitene) with a diameter of 4mm. After lettinget cells adhere to the
scaffold for 30 minutes at 37 °C, 2ml of basic hP@Edium without any growth factor or
inhibitor (see maintenance culture of hPSCs) wadeddo the well and were subsequently
cultured for 8 weeks. Media change was performentyegther day and collected and stored at -

80°C for further analysis.

For the_3D perfused system, a commercially avaldbreactor was used (Cellec Biotek AG).
Collagen type | scaffold sponge (Ultrafo@nAvitene) with a diameter of 8mm were hydrated in
culture medium and then placed in the bioreactdwden two silicon rings plus an additional
reducer ring to a final available area for direetfpsion with a diameter of 4mm. Once in the
bioreactor, the aggregates, generated out of M3digsociated cells, were seeded on a collagen
sponge positioned in the bioreactor. Subsequeriyl Iof basic hPSC medium without any
supplement was added. The perfusion flow rate wasts0.1 ml/min to guarantee a superficial
velocity of 100pm/sec. Media change was performastyeother day and collected and stored at

-80°C for further analysis.
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3.3 Generation of hPSCs-derived teratoma

Thein vivoteratoma formation of the different hPSC lines waserated in immune-incompetent
non-obese diabetic/severe combined immune-deficiN®D/SCID) mice (Charles River

Laboratories). All animal experiments were perfodme accordance with the Swiss Animal
Protection Law with the approval of the Basler @aal Veterinary Department. Around 50
colonies with about 200 of undifferentiated hESG=avmixed with matrigel (BD, catalog no.
356237) and injected subcutaneously into the flaihéin 8-to 10- week-old NOD/SCID mouse.
The resulting tumors were excised 3 and 8 weeks. lat

3.4Measurement of AFP in the culture medium

The releasing protein AFP (alpha-fetoprotein) wasasured every other day in the circulating
medium of the bioreactor and in the supernatathestatic conditions. The presence of AFP (10
pl) was determined with an electrochemiluminesceassay(ECLA) according to standard
procedures. These measurements were performedeoautomatic Coba 800 system (Roche

Diagnostics) in the central laboratory facilitidgtee University Hospital of Basel.

3.5 DNA measurement

We examined the cell growth and survival in theistand perfused culture by measuring the
guantity of DNA. Briefly, samples of both cultur@rditions were incubated with 0.15% of
collagenase IV at 37 °C (Gibco, catalog no. 17104)}Ountil the collagen scaffold was
completely digested (30-60 min). The amount of DWAs measured with the CyQuant Cell
Proliferation Assay (Invitrogen, catalog no. C70a6¢ording to manufacturer’s instructions. The
fluorescence was measured with Synergy H1 Hypridtismode microplate reader (BioTek

Instruments). The amount of DNA was calculated gisimegression curve.

3.6 Real-time quantitative PCR

Total cellular RNA was extracted by using NucleaSRNA 11 kit (Macherey—Nagel, catalog no.
740955) as described in the manufacturer's instmst 300 ng of total RNA was used for first
strand cDNA synthesis by SusperScript Il Reversan3eriptase (Invitrogen, catalog no.
18064.014) with 0.5 uM of deoxynucleotide triphost@s (dNTPs; Invitrogen, catalog no.
10297-0189) and 5 ng/ uL random hexamer primergitfbgen, catalog no. 48190-011). The

cDNA of each sample was used to detect expresdigerees listed in table 1. The primers were
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synthesized by Microsynth (Balgach, Switzerland)e@enth of each cDNA was used per gPCR
reaction by using Power SYBR-Green PCR Master Mipplied Biosystems, catalog no.
4367659. The qPCR reaction was done in an ABI 7§ Real- Time PCR System (Applied

Biosystems). The gene expression was normalized) @&APDH as reference gene.

Table 1: Primer sequences for gPCR

Primer Sequences
AFP F: 5-GGC AGC CAC AGC AGC CAC TT-3'
R: 5-GCA CTG GCC AAC ACC AGG GT-3
Brachyury F: 5-AAG GCC CAG GTC CCG AAA GAT G-3'
R:5-CCG TGT GCT CCTCCACTG CTT TG-3'
CDX2 F: 5-CAG AGC CCT TGA GTC CGG TG-3'
R: 5-GGC TCA GCC TGG AAT TGC TCT G-3'
GAPDH F: 5-AGC CAC ATC GCT CAG ACA CC-3'
R: 5-GTA CTC AGC GGC CAG CAT CG-3'
GEAP F: 5-TCA TCG CTC AGG AGG TCC TT-3'
R: 5-CTG TTG CCA GAG ATG GAG GTT-3'
HAND1 F: 5-GCC GTG AGA GCA AGC GGA AAA-3'
R: 5-GGG CCT CGG CTC ACT GGT TT-3'
Nanog F: 5-TGG TGT GAC GCA GAA GGC CTC AGC A-3
R: 5-CCC AGT CGG GTT CAC CAG GCATCC C-3
OCT4 F: 5-ATG GCG TAC TGT GGG CCC CAG GTT-3'
R: 5-TCC GGG GAG GCC CCATCG GAT TGT-3'
PAX6 F: 5-CGT GGA ATC CCG CGG CCC CC-3'
R: 5- GAG TCC GGC AGT GGC CGC CC-3'
SMA F: 5-AAG GCC GGA GCT AGG AGT CCA-3'
o R: 5-GAG GCA AAG GGC TGG TCC CTG-3
SOX17 F: 5-GGC GCA GCA GAA TCC AGA-3'
R: 5-CCA CGA CTT GCC CAG CAT-3
Btub3 F: 5-GAG ATC CTG CAC ATC CAG GCC GG-3'
R: 5-TCC GCT CCA GCT GCA AGT CCG-3
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3.7 Immunohistochemistry (IHC)

Tissue samples were retrieved after 3 or 8 weeksiltdire in each of the various conditions and
fixed in 4% paraformaldehyde, then embedded inflar@ PC15 Medite) and subsequently cut
serially in 5 pm sections. Hematoxylin and eosi&) staining were carried out following the
standard protocol. IHC was performed using the dgteth streptavidin-biotin-peroxidase
procedure. Tissue sections obtained from the @iffeistudy groups were treated with 10%
normal goat serum for 30 min and incubated with pienary antibodies listed in table 2
overnight at 4 °C. Blockage of endogenous peroxdevity was performed after 30 min of
incubation with 3% KO, (Sigma, cat.no. H1009). The antigen-antibody reactvas visualized
using the avidin-biotin peroxidase complex (Veaas®ABC kit, Vector Laboratories, PK-6101)
and diaminobenzidine (DAB) as the chromogen (Im@ga&B EqV, Vector Laboratories, SK-
4103). Sections were counterstained with hematoxfor every antibody-negative control was
performed by omitting the primary antibody. Thetdliggical and IHC sections were analysed

with an Olympus BX63 Apollo microscope.

Table 2: Antibodies for IHC

Antibodies Dilution Supplier

Anti- AFP 1:200 Cell Marque (EP209)

Anti- Brachyury 1:100 Abcam (ab20680)

Anti- Calretinin RTU* Leica Biosystems Bond (PA0346)
Anti- CDX2 RTU Abcam (ab765419)

Anti- CD31 RTU Leica Biosystems Bond (PA0250)
Anti- Desmin RTU Leica Biosystems Bond (PA 0032)
Anti- Ki67 RTU Biosystems (275R-18)

Anti- LU5 1:1000 BMA Biomedicals (T-1302)

Anti- Pax6 1:100 BioLegend (Poly19013)

Anti- p63 RTU Leica Biosystems Bond (PA0103)
Anti- a-SMA RTU Leica Biosystems Bond (PA0943)
Anti- Synaptophysin RTU Leica Biosystems Bond (PA0299)
Anti- ftub3 1:2000 Abcam (ab18207)

* RTU= Ready to use
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3.8. Coloration of sections

Alcian-blue and periodic acid SchifAB-PAS) staining were used to stain structurest@ioing
glycogens, often found in mucus. The combinationtred AB- and the PAS-techniques are
commonly used to differentiate between neutral andtic mucosubstances (2450077). The
stainings were performed according to the manufactiinstructions using 1% Alcian blue
(Sigma, cataog no. A5268), 0.3 % periodic acid gnedSchiffs reagent (Morphisto, catalog no.
11686. Masson fontanatainingwas used for the visualisation of argentaffin callsl melanin

in the tissues. The staining was performed accgrttirstandard protocol using ammonical silver
solution (25% of ammoniac and 10% of silver nityad@d 0.1% of nuclear fast red solution
(Merck, catalog no. 1.00121.0500). Melanin reduitess ammoniacal silver nitrate to metallic

silver and this leads to the black appearance.

3.9 Immunofluorescence

The viability staining was performed with the lideAd fixable dead cell stain kit (Molecular
probes L23101). The scaffold-based generated ssaweze retrieved from the bioreactor and
from the static culture followed, were firstly washwith PBS. The staining of the tissue was
performed in 1 ml PBS by adding 2 uM calcein (sdining cells in green) and 4 uM ethidium
homodimer (stains dead cells are stained red)dani® at room temperature and protected from
light. Subsequently, the tissues were washed wi® Bnd analysed in a chamber slide. 3D
images were acquired by Nikon confocal A1 microgcegh a Plan Apo 10x NA 0.75 objective
using 0.25 um z-stack step size. Three images @estrtict have been performed. The images
were constructed and analysed with the Softwareisnxa64 7.6.5.

3.10 Grading system

Every sample of the three experimental groups (pBsused culture anith vivo) was serially
sectioned and stained for each of the selectedarsa(KDX2,0-SMA andftub3). Subsequently,
every section of each condition was analysed anédoh marker expression the highest visible
grade was given. The grading system distinguistisdgrades of structural integrity:

* Grade 0: negatively stained sections for theseqodat markers.

» Grade 1: poorly differentiated structures (disoigad).

» Grade 2 : moderately differentiated structure singvéome degree of organization.
* Grade 3 : well differentiated and recognizabledtrtes.
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3.11 Statistical analysis

All experiments were performed at least three tinredependently. Graphs and statistical
analysis (unpaired one-way and two-way ANOVA) warplemented in Prism. P-values of <
0.05 was considered statistically significant ame laighlighted with *, p-values of <0.01 are
highlighted with **, p-values of <0.001 are hightigd with ***. Error bars represent the
standard error of the mean (SEM).
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4. Results

4.1 Set up of a 3D perfusion-based bioreactor systeto culture differentiating hESCs
(CHESS).

In a first phase, two seeding procedures wereddsteensure the optimal seeding and culture
condition of CHESG in the perfused system. Dissedi®HES6 were either cultured statically in

suspension in presence of rock inhibitor (RI) fdriurs or injected directly into the bioreactor
system supplemented with RI (Figure 1A). Both pduwres were expected to allow aggregation
of the cells. In the first method, small aggregate€ HES6 were further seeded manually on the
scaffold of the perfused system and subsequenttyred in the presence of standard hPSC
medium in the absence of any growth factor andriRihe second method, CHES6 were injected
directly into the perfused system, in which aggtegare formed under constant perfusion with
medium containing the RI allowing the cells to ot&e onto the scaffold. In both methods,
medium was changed after 24 hours to the stand@8Chmedium without the RI or growth

factors.

A B 3 weeks of perfused cuture

T

Medium change
H&E

A dissociation Q hESC Medium
without Rock Inhibitor staining
< B o
suspension culture of U
dissociated hESCs for 24 ey

hours (+Rock Inhibitor) 3D scaffold-based perfusion
-> Aggregates culture of aggregates

feeder-based
culture of hESCs

%
>
O>
%
o
%

Medium change
hESC Medium
without Rock Inhibitor

H&E
staining :

perfused culture of 3D scaffold-based perfusion
dissociated hESCs for culture of aggregates
24 hours
(+Rock Inhibitor)

Figure 1. Assessment of different seeding procedure irptréused culture. (A) Experimental scheme for the
two seeding methods for culturing a teratoma-liksue. (B) H&E staining of representative sectifsom the
dissociated cell culture (lower panel) and the eggtes culture (upper panel) after 3 weeks of pedwculture
(scale bar, 100 pm).
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Cells were then cultured in differentiation-permiss medium for 3 weeks followed by
histological analysis of the tissues samples obthifFigure 1B). The first method using pre-
formed aggregates in suspension gave rise to \s&admtinct structures. In contrast to the second
method where the cells are aggregated within tlaéfadd, cells were mostly spread over the
whole scaffold and formed only few small structufégure 1B). Therefore, we concluded that a
first aggregation of cells in static suspension wasded to secure efficient structure formation in
the perfused culture.

Since we load our system with aggregates formesuigpension, the exact number of cells used
to load the perfused system could not be evalud&dtested if the concentration of dissociated
cells placed in suspension build always the sameuabhof aggregates. Therefore, we measured
the number of cells to be seeded on the scaffotdieaaumber of dissociated cells taken from the
feeder-based CHES6 culture and placed in suspensMan started culturing 0.3 x30of
dissociated cells in suspension and measured tbardrof DNA of the aggregates formed after
24 h of culture in suspension (Figure 2A). The aggtes formed out of 0.3 X26¥ dissociated
cells cultured in suspension contained 160 ng/mMDNA (Figure 2B). Hence, the concentration

needed to form a teratoma-like tissue in the perfumilture is 0.3 xof dissociated cells.

DNA measurement of built
aggregates out of 0.3x10° cells

feeder-based suspension culture of
culture of hESCs 0.3x10° hESCs /condition
for 24 hours

-> aggregates

B Amount of DNA

200 -

150 o

ng /ml

100 o

504

CHES6

Figure 2. Standardization of the seeding procedure in De8&rfused culture. (A) Experimental scheme for
the measurement of the amount of DNA of the geedraggregates out of 0.3 x°Xssociated stem cells. (B)
Amount of DNA measured in the generated aggregait€@HES6 after 24 hours of static suspension cailtur
(n=5).
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We then examined whether the 3D-scaffold systeneaddrequired perfusion with circulating
culture medium to achieve better results. To thappse several determinants of cell growth and
differentiation were compared between the perfubi@ased culture and a non-perfused scaffold
condition (static culture) (Supplementary Figure.HRriefly, aggregates derived from CHES6
were embedded into a collagen scaffold and cultdggdmically under perfusion or statically in
a 12-well plate during the same time interval. Wset fcompared the viability of the hPSCs in
static and perfused cultures, using calcein AM atiddium homodimer-1 dyes, staining living
cells and dead cells respectively (Figure 3A). Attissociation and seeding, and before the cells
adapted to the new culture conditions, we initi@hserved a significant amount of cell death.
After one week of culture around 80% of cells swed in both conditions, whereby in the static
culture the SEM was higher within the triplicat88% + 2 SEM in perfused culture and 75% =+
10.3 SEM in static culture). Moreover, we obsertret the inner part of the scaffold was mainly

composed of dead cells with a rim of living cells.

Between 1 and 3 weeks of culture, the number afdicells increased under perfusion. As a
consequence of culture stabilization, the percentafgliving cells increased, reaching almost
100% in the perfused system (96% + 0.9 SEM). Iktaathe static culture the cell survival was
lower (77% + 5.0 SEM). After 8 weeks of culturegtproliferation of cells stopped, as the
differentiation process was initiating and more atbed structures progressively formed. In both
culture conditions cell viability decreased. Thikely reflected the lack of various survival

factors requiredin vitro by the numerous types of differentiated cells pomdl in such a

heterogeneous differentiation system, with cellsslamot being anymore balanced by the

generation of new cells.

These results were confirmed by measuring the Dbi®tent for each culture condition over time
(Figure 3B). After 1 week of culture, the amountDiflA was lower in the static culture. In the
presence of equivalent cell viability in both cuéiiconditions (Figure 3A), the lower amount of
DNA in the static cultures indicates a lower rateell recovery and proliferation. Compared to 1
week of culture, after 3 weeks the amount of DNéréased 4x with the static culture and more
than 6x with the perfused culture (Figure 3B). ABeweeks a decrease of the DNA content was

observed in both conditions, which was significaihdwer under perfusion (Figure 3B).
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Figure 3: Cell and tissue characteristics of the perfused static cultures. (A) Cell viability staining égn=

living cells, red= dead cells). Fluorescent micopsc images of representative samples of tissuemgfter

static or perfused culture, after 1, 3 and 8 we€kmntitative analysis of the percentage of liviejs (green)
cultured in both conditions (n=3). (B) Measuremehthe amount of DNA of cells grown in either statir

perfused cultures over time (n=3). (C) AFP-release the surrounding culture medium measured ovee t
during two different culture conditions (n=6). (B)&E-stained representative sections of samplesere

after 3 and 8 weeks of static or perfused cultgseale bar, 100 um). Error bars indicate +SEM.<0.05,

** P <0.01.
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We then analysed the effect of perfusion on thétplof the cells to differentiate and to become
organized into specialized structures. We deterdhitiee initiation of differentiation by
measuring the release of AFP, an early markerndbderm, into the culture medium (27)
(Figure 3C). After 1 week of culture almost no Afdtease was detected, while after 3 weeks the
AFP-levels strongly increased in both conditiongirgy an evidence of cell commitment. The
release was significantly higher, almost 3-foldthe perfused culture system as compared to the
static culture. This difference suggests that el cell growth observed in static culture
condition (Figure 3B) was not due to a prematureyeinto the differentiation process. After 8
weeks of culture AFP-release decreased in bothittons, illustrating the transient expression of
AFP during differentiation. These results demonstthat the commitment of differentiation to

the endoderm was more efficient in the perfusistesy than in the static counterpatrt.

We then examined the formation of differentiatediture with Haematoxylin & Eosin staining
(H&E) after 3 and 8 weeks of culture in both coimtis. After 3 weeks, we observed that cells
cultured under static conditions were spread owerwhole scaffold, but were almost unable to
form recognizable organized structures. In contrastler the perfused culture conditions cells
were able to produce organized structures (Fighne After 8 weeks of culture, cystic structures
were identified in both culture conditions, but teetorganized structures were formed under
perfused culture.

Collectively, the perfusion-based culture systeowvles an environment which promotes higher
cell viability, better differentiation, and supp®rthe generation of tissue-like structures.
Therefore, we decided to further validate the patusystem as a valuable culture tool for the

formation of teratoma-like tissue vitro.
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4.2 Spontaneous differentiation of CHES6 into the hree germ layers during perfused

culture

We examined the time course of the differentiapoocess during perfusion of the 3D-scaffold
by determining the expression levels of early ast@ Imarkers of the three germ layers. We
compared these results with those of the convealtiarvitro EB culture model described above,
often used as an initial method for initiating sf@oreous differentiation towards the three germ
layers (28). In both culture conditions, after omeek of culture, Oct4 and Nanog, common

stemness markers for self-renewal, were not expdessymore (Figure 4).
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Figure 4: Pluripotency status of hPSCs cultured in two défar conditions (A-B) Assessment of the
expression level of two pluripotency markers, Oattl Nanog, after 1 week of perfused and EB culiure
comparison to the initial undifferentiated popuwati Error bars indicate +SEM. P*< 0.01.

Concomitantly, we investigate the degree of commithrassessing the expression level of the
specific germ layer markers AFP, brachyury, and BA&spectively for endoderm, mesoderm,
and neuroectoderm. In both culture conditionsydfteeek, the degree of commitment increased
with the expression of all three markers threefivie-fold more than in the initial cell population
(Figure 5).

In the perfused culture, the expression of AFPRANG6 expression continued to increase during
the two following weeks (two-fold and three-foldspectively), while the expression levels of
brachyury remained stable (Figure 5A). As expectasl, these genes are expressed only

transiently during the specification of the thresrrg layers, their expression dropped after 8
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weeks of culture suggesting that the process derdifitiation was ongoing and that the

committed cells were progressing into more spexdlicells (29, 30).

In the EB culture, the situation was much moreterraVhile the three genes became expressed
after 1 week of culture, only AFP continued to pressed over the entire observation period,
corresponding to normal and undisturbed developnidre expression of brachyury prematurely
decreased after 3 weeks, while the expression of6Ppersisted longer than expected (Figure
5A), indicating that the EB culture system is |é&pgourable to the differentiation process than
the perfused culture. By IHC, we confirmed the pre® of cells for all three markers in both
culture conditions (Figure 5B), but the definedistures were found only in the perfused culture

system (right panel).
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Figure 5: Assessment of the commitment potential of hPS@teu perfused culture. (A) Comparative RT-
gPCR analysis of the early markers AFP, brachynd/RAX6, representing each of the three germ |lagftes

8 weeks (n=3). (B) IHC of AFP, brachyury and PAXGle generated teratoma-like tissue (right paened)in
the EBs (left panel) after 3 weeks of culture (sdadr, 100 um). Error bars indicate +SEN?. < 0.05, **P <
0.01.
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To examine whether committed cells were able téedbhtiate further into more specialized
tissue types during prolonged culture, the expoessi more advanced differentiation markers
was compared between the twovitro cultures by RT-gPCR (Figure 6). For the endodewms,
focused on SRY-box 17 (SOX17), which is implicated endoderm determination and
maintenance (31) and CDX2, which is a major regulaf genes expressed in the intestinal
epithelium (32) (Figure 6A). For the mesoderm, ttamscription factor heart and neural crest
derivatives 1 (HANDZ1), which is required for thdfdrentiation into heart tissue (33) and alpha
smooth muscle-actim{SMA) which is a key mediator of the differentiatiof heart and muscle
tissue (34) were studied (Figure 6B). Regarding rieeral lineage, B-lll-tubulin (Btub3), a
marker for young neurons (35) and glial fibrillagidic protein (GFAP), a marker for astrocytes
(36), were examined (Figure 6C). Expression ottadkse markers was detected after 3 weeks in
both culture conditions, confirming that the twestms allowed further differentiation after cell

commitment.

In the perfused culture, the evolution of expressavel of those differentiation markers between
3 and 8 weeks was coherent with their order of afgyee during normah vivo development. In
endodermal lineage, SOX17, which marks also eanjodermal cells, was highly expressed
after 3 weeks, while the expression of CDX2, whigbels differentiated intestinal cells, rose
only after 3 to 8 weeks (Figure 6A). In the mesoddr lineage, expression of markers of
different types of muscle cells were already detialet at 3 weeks, but their level increased as
differentiation proceed (Figure 6B). Finally, inumel lineage, the neuronal marker 3tub3 was
already highly expressed after 3 weeks, while gteaytic marker GFAP was poorly detectable
at that time, but became predominant after 8 we¢Eigre 6C). That ranking is reminiscent of
the sequential generation of neural subtypes dwmbgryonic development; first neurons, then

glial cells.

In the EB culture, expression of all markers watected at levels similar to that observed in the
perfused culture, indicating that differentiatiorasv globally similarly efficient in the two
systems. However, the time-course of differentrats@ems to follow much more poorly what
happens duringn vivo development. On one hand, SOX17 in endoderm®WMA in mesoderm
behaved similarly to what was observed in the peduculture. On the other hand, CDX2 in
endoderm, HAND1 in mesoderm and GFAP in neurectodgmowed faster upregulation. For

CDX2 and HAND1, expression level was unexpectedignehigher at 3 weeks than after 8
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weeks of differentiation. In neurectoderm, the whisance in differentiation time-course led
apparently to simultaneous rather than sequergia¢igation of neuronal and glial cells. Thus, the

perfused culture seems to better reflect the orgdion of tissues, which allows the interaction of

cells required to reproduce normal developmentahts/
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Figure 6: Comparative analysis of the late differentiagmential of hPSCs over time with RT-gPCR. (A) The
endodermal markers SOX17 and CDX2 were examinéakeiperfused culture and the EB culture after 3&nd
weeks in culture. (B) The expression of the mesodémarkers HAND1 and-SMA were tested in both
conditions after 3 and 8 weeks in culture. (C) €Rpression of the neuroectodermal marker Rtub3ohtice
astrocytic marker GFAP were determined in the paduculture and in the cultured EBs after 3 anc:8ks.

Error bars indicate +SEMP*< 0.05.
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4.3 Structure formation along the three germ layers

Since we are particularly interested in the fedigybof cells cultured into 3D-perfused system to
build various structures derived from the threengdayers, we assessed different specific
markers linked to particular structures in the getel teratoma-like tissue. Indeed, a broad

spectrum of different markers was expressed atdBa® weeks of perfused culture (Figure 7)

Figure 7: Histological overview of teratoma-like tissue geasted in the perfused culture. (A) Pancytokeratin
(Lub) staining decorating epithelial cells. (B) Des positivity in myogenic cells. (C) Positive ABAS
staining showing glands. (D) Synaptophysin exprédseneural and neuroendocrine cells. (E) Singimisig
showing melanin containing cells. (F) P63 expresslsplaying squamoid and basaloid cells (G) Cialiret
immunostaining exhibiting mesothelial cells. (H) 8D positivity in endothelial cells of capillary \s=is.
(scale bar= 100 pm).
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Epithelial cells were identified by a positive stiaig of pancytokeratin (LU5), while a negative
staining of this marker was used to detect nentmssie (like neuronal tubes) (7A). Staining for
desmin was used to identify differentiation to muac cells (7B). With Alcian-Blue and the
Periodic Acid-Schiff reaction (AB-PAS) glands witin without goblet cells were detected (7C).
Cells of neural structures and neuroendocrine disstere identified by a staining for
synaptophysin (7D). By melanin staining (Singh)i<elf the retinal epithelium were identified
(7E). Cells with squamoid and/or basaloid differatin were highlighted with the marker p63
(7F). Mesothelium was confirmed by the expressibrtairetinin (7G) and CD31 expression

displayed endothelial cells of capillary vesseld)(7
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4.4 Reliability of the system

As all experiments described above were carriedvithtthe hESC line CHES®G, the performance
of the perfusion-based bioreactor was examined tmithother stem cell lines. One stem cell line
was a hiPSC line (iPS) newly generated in our latooy, while the other is a teratocarcinoma-
like hESC line (CHESL1). This latter cell line hasabnormal karyotype (61 XX and presence of
iso-chromosomes) and is unable to differentiate mbrmal teratoma tissue. When grafiad
vivo, it forms malignant tumors still containing manydifferentiated cells (26, 37). After three
weeks of culture in the perfused culture, differpatameters were compared in the generated
tissue of the three cell lines CHESS6, iPS and CHEgjure 8). As previously demonstrated with
the reference CHESS line, after 3 weeks of culpmdiferation of cells still continued, but the
differentiation process was already progressingerdlore, we selected that time point to

compare the performance of the three cell lingbenperfused culture.

Staining with the proliferation marker Ki67 (Figu8d) and visualisation of structure formation
by histology after H&E staining (Figure 8B) demaastd that the iPS switch from proliferation
to differentiation followed a time course very dimmito CHES6. In the teratoma-like tissue
formed with iPS, the ratio of still proliferatingkts was roughly equivalent to what was observed
with CHESG6 (Figure 8A) and various structures dfedent origins could be recognized (Figure
8B). The pluripotent stem cell characteristicsRPSC line were confirmed by its ability to form
teratomain vivo after transplantation into immunodeficient micaugflementary Figure S2).
With CHES1, in contrast, a strikingly high numbépaoliferating cells was detected (Figure 8A)

and no distinct structure of any of the three glxyers was recognized (Figure 8B).

We have previously shown that AFP release can &e as a non-destructive indirect indicator to
assess stem cell commitment to the endoderm ardtlibahighest release of AFP into the
circulating culture medium can be detected aftewe®ks of culture. We therefore examined
AFP-release into the culture media of the threélpes. As with CHESG, high levels of AFP
were measured in the circulating culture mediuminduthe differentiation of the iPSC line
(around half the level found in CHESG6) (Figure 8@).contrast, no AFP-release could be
detected in the circulating medium during the défgiation of CHES1 (Figure 8C). Absence of
commitment after three weeks of culture of CHESI wanfirmed at the RNA level, as no

significant expression of AFP, nor of brachyury &#X6 was measured (data not shown).
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Figure 8: Assessment of the performance of the perfuse@mywith 3 different hPSC lines after 3 weeks in
culture. (A) Comparative analysis of the prolifemat of three different hPSC lines by a Ki67 stainiB)
H&E-stained representative sections of samplesrgete by 3 different hPSC lines after 3 weeks dfuce
(C) AFP-release in the perfused culture using Bedht hPSC lines (n=4) (scale bar, 100 pum). Ebans
indicate +SEM.

In conclusion, these results clearly demonstratd the 3D perfused bioreactor allows the
distinction of the pluripotency between a normaS@Fine from that of an abnormal hPSC line

by the attempt of generating a teratoma-like tisHter three weeks of culture.
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4.5 Grading of structures from the three germ layes

We performed a semi-quantitative analysis to evaltlze differentiation quality of the structures
formed eitheiin vivo after transplantation into immunodeficient micerowvitro in the perfused
culture or from cultured EBs. We established a ipgudsystem based on the differentiation
degree of particular structures derived from thedhgerm layers. It was adapted from a tumor
grading system, previously defined by the WHO (3B)e structure of intestinal epithelium,
muscle fibers and early neural tubes are commosy structures to identify teratonmavivo,
mostly after staining with H&E (9). We selected anarker per germ layer to properly identify
each of these structures representing the three iggrers: CDX2 for endoderm as expressed in
intestinal epitheliumg-SMA for mesoderm expressed in muscular fibres(&nt3 as expressed
in young neurons originate in neural tubes repiasgmeuroectoderm. The grading system
distinguishes four grades of structural integrijg(ire 9). The detailed procedure of scoring the
stained sections is explained\Vtaterial and Methods.
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Grade

0 1 2 3

Negatively stained Poorly organized structures Moderately organized structures Well organized structures
(Some degree of structure) (Recognizable structure of tissue)

TNl s

CDX2
Endoderm
Intestinal epithelium

a-SMA

Mesoderm
Smooth muscle

B-tubulin 3
Neuroectoderm
Young neurons

Figure 9: Scoring system with different grading categoriédsQ) Negatively stained sections for CDX&,
SMA and Rtub3. (D-F) Single cells are stained whith particular marker. (G) Abortive intestinal égiium.
(H) Subepithelial linear cell groups (). Abortiveeural tube formation (J) Intestinal epithelium (uscle
fibers (L) Neural tube formation + organized cethgps (scale bar, 100 um).
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After 3 weeks of culture (earliest possible timenpavith highest expression of commitment
vitro) and after 8 weeks (time needed to build a teraiaraivo) we compared the scoring results
achieved with the three different culture condiioBy comparing the twim vitro cultures both
after 3 and 8 weeks for all markers the grade le¥ahe structures produced in the perfused
system was significantly higher than the level hescwith the EB culture (Figure 10A). The
grade level of the structures built in the perfusgstem could reach the same level asrthavo
conditions even after 3 weeks of culture. In cantréghe grade level achieved with thevitro
growth of EBs never reached the same grade lewslthghein vivo system at both time points.
In addition, the quality of the structures built each EB was very diverse. Some EBs
differentiated into organized structures wheredserst acquired a cystic appearance. In most
differentiated structures the cells expressed #wired markers, but the observed structures

usually remained disorganised and did not formcagrizable appearance.
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Figure 10. Comparison of the differentiation degree of martir structures among the three different culture
conditions. (A) Comparative analysis of the graeleel of the markers CDX2-SMA and 3tub3 in the twim
vitro systems and th@ vivo system. (B) Comparative analysis of teratoma fooneaefficacy between thim
vivo system and the perfused culture. Error bars iteli£8EM. P < 0.05, ***P < 0.001.
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Finally, we compared the degree of efficacy ratéhefconventionah vivo teratoma assay with
the perfused system (Figure 10B). Out ah%ivo experiments, a real teratoma was detected in
only 3 cases, while one mainly consisted of a mmgidl cyst. In contrast, the perfusion-based
culture produced teratoma-like tissues in 90 % lbfeaperiments (9 out of 10 cases). The

perfused culture system is more reproducible tharconventionah vivo assay.

In summary, the grading of the BB vitro culture is clearly inferior to that reached witiet

perfused system. The grading of the tissue quatityeved with the perfused bioreactor system is
similar to the grading of the tissue qualityvivo, but was in our hands much more reproducible.
In addition, teratoma-like tissue can already b&ioled after three weeks of perfused culture,

whereasn vivo growth to mature teratoma tissue mostly requirece8ks after transplantation.
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5. Discussion

In this study we present a well-controlled and oépicible culture system for the demonstration
of pluripotency of newly derived hPSC lines. Oumpesments clearly illustarted that hESCs
(CHES®6) and iPSCs are able to produce teratomaitikae in the 3D perfusion-based bioreactor

system.

We demonstrated that the perfused culture of b&&Cs and hiPSCs supports cell growth and
differentiation resulting in the rapid generatiohviable tissues of the three germ layers. Our
findings are in line with similar observations withher cell types cultured in this system in
which was demonstrated that the dynamic culturerenment of the perfused bioreactor ensures
a continuous support of nutrients and oxygen, whaelds to a maintenance of viable tissue and
to the feasibility of the formation of larger tigslike structures over prolonged time periods (19,
21-23).

The differentiation potential of hPSI@ vitro is typically examined through the analysis of the
expression of genes characteristic of the threm dgyers after EB formation (28). Therefore, we
investigated if our perfused system is able tcClIHES6 commit and differentiate spontaneously
into the three germ layers similar as with the BB%oth the perfused culture system and in the
culture of EBs Oct4 and Nanog, which are key trepson factors for the maintenance of
pluripotency, are expressed in the undifferentiagedting population of CHES6 (39, 40). As
soon as the cells start to differentiate, the esgom of the pluripotency markers gradually
disappears, whereas the expression level of diffeteon genes starts to rise (41). The
assessment at molecular level of commitment arddidterentiation into to the three germ layers
over time has clearly shown that the perfused Bmystecapitulates better then vivo
developmental events than the EB culture. Durimdyedifferentiation until 3 weeks, the cells
highly express the commitment markers AFP, brachwmd PAX6. At 8 weeks, the expression
levels of two markers (AFP and PAX6) already deseeavhile the expression of brachyury is
still stable. This is in accordance with the knotkemsient expression of these markers during
embryonic development (27, 42), whili|, vivo, PAX6 is re-expressed later to regulate adult
neurogenesis (43, 44). By investigating the exjoassf later markers of the three germ layers

between 3 and 8 weeks of culture, we observeddfiat the commitment, the differentiation
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process is ongoing and that upregulation of difigadion markers belonging to each germ layer

roughly follows their order of appearance duringoeyonic development (45-47).

However, after 8 weeks of culture, there was a rkaide variability in the expression of the
various differentiation markers among samples. €This be attributed to the prolonged culture of
CHESG6 in the basic hPSC medium in the absence wfsapplements supporting specific
differentiation of certain tissue types. A defattsuch specific requirements is also likely to be
involved in the observed increase of cell deataratweeks in a culture system, which exhibits a
remarkable capacity to sustain cell viability fewveral weeks. The markers of commitment and

late differentiation are indeed expressed in the BB much more inconsistently.

By the histological evaluation, which is the mor&ingent assessment of spontaneous
differentiation (28), we could detect a clear diffiece in tissue differentiation between the two
vitro assays. The culture of EBs led to more heterogeneesults characterized by diverse
gualities of structures. The expression of difféieion markers indicated that expected
differentiated cells were indeed generated in thg Ikt they mostly failed to produce
recognizable structures. With the newly establisgezting system, we could realize that the
structure formation never reached the same grad® &s thein vivo assay, regardless of the
duration of the culture. Others have publishedlamobservations, demonstrating expression of
markers of the three germ layers in the absen@ngforganized structures in 35-day-old EBs
(48). Another study demonstrated the generatioa f&eder-based perfusion system to generate
teratoma-like tissuén vitro. Also there the culture of EBs resulted in a miahker degree of
differentiation and tissue formation as the perfuselture (24). The variability of marker
expression and structure formation among the EBsbeaattributed to the stochastic nature of
differentiation in such culture. Furthermore, itkisown, that the differentiation potential of the
EBs depends on their initial condition, given byithcell number and their size (13, 49).
Depending on the size, the EBs may either devetlgamized structures or become cystic due to
reduced mass transfer (15). The resulting hetemgeaf their terminal differentiation lead to a

lower grading of the differentiated structures.

In the perfused system, we could detect variousttres derived from the three germ layers at 3
and 8 weeks of culture. To define the differentiatcapacity of hPSCs into a teratoimavivo at

least one structure per germ layer needs to be wEnaded. The identification of the tissue is
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usually done by H&E-staining of the sectioned tum@). The following structures,
morphologically easy to detect, are usually rembee a proof of spontaneous differentiation
vivo: intestinal glands of the endoderm, cartilagehef mesoderm and neural tubes derived from
the neuroectoderm (50-53). These structures were détected in than vivo grown teratoma
produced by CHES6 and iPS. In the teratoma-likeugsgenerated in the perfused culture we
detected intestinal glands and neural tubes, butantilage-like tissue. One explanation for the
disability to the formation of cartilage-like stituce is the basic culture medium, which is not
supplemented with additional growth factors, susi&F(3, which is known to be an inducer of
chondrogenic differentiation (54). Another possitdason could be that the system doesn’t have
an appropriate niche for its generation as comptrelein vivo. In thein vivo assay matrigel is
co-inoculated with hPSC as it is known to enharfee formation of teratoman vivo (55).
Matrigel is a gelatinous extracellular matrix (ECMhat contains various ECM proteins and
growth factors such as BFGF and TGF[3 (56). Thetlebdyell survival and growth of the tumor
are enhanced. Moreover, it promotes differentiaiia various types of tissue (55, 57). The use
of matrigel might have an influence in the chondmg differentiationin vivo due to these
growth factors, but it is not clear to which extearl how exactly since the concrete composition
of the matrigel is poorly understood (58). Furthere; the mouse model itself may have another
impact on the growth and differentiation patterrtha# teratoma (59). Thus, instead of cartilage,
we selected muscle fibers to represent the mesodafith the grading system, we could show
that the perfused culture was able to mimic terattike tissues from all three germ layers
reaching similar grading levels as the teratonsuésin vivo at 3 and 8 weeks of culture. These
results demonstrate that the dynamic cell massamgehin the bioreactor may mimic the cell

mass exchange occurrifrgvivo.

In comparison with then vivo growth of teratoma in immunodeficient mice, theagant
bioreactor system produces teratoma-like tissuerfaas it was formed already after 3 weeks of
culture with an efficiency of 90%. In contrast inlp 33% of the cases a teratoimnavivo could
have been built, which underlines the inconsistesfapis assay (9, 60). Several approaches have
been carried out to standardize timevivo assay by defining distinct parameters. The best
engraftment site, the minimum cell number and tést lzell preparation have been defined by

several laboratories to guarantee the best conditio teratoma formatiom vivo (8, 55). Our
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controlled and reproducible bioreactor system elates several of the possible variables existing

in thein vivoassay.

Another disadvantage of the in vivo assay is it@tlon, which can last up to 15 weeks (@j)ith

the perfused bioreactor system, we could alreathctlat 3 weeks of culture if the newly derived
hPSCs have a normal or abnormal behavior, even fnanvasive way measuring the AFP-
release into the culture medium. This has beenrlgledemonstrated by culturing the
teratocarcinoma-like line CHESL1. Already after 3ek& of culture, no structure formation was
detected in the generated tissue. This was confirmethe absence of AFP-release, into the
surrounding culture medium. This result was in adance to published knowledge concerning
this abnormal hESC line (26, 37).

An important aspect of the use of this new perfudiasedin vitro assay is the reduction of
animal experimentation. The generation of a tumaan immunodeficient mice may cause pain
and harm (10). In consideration of the widespread aof hPSCs and with the technique of
generating iPSCs, the number of animals to proofigbtency by teratoma formation would

thereby increase drastically .

When compared to one other existing feeder-baswedxtor for the production of teratoma-like
tissue, we could generate similar results revedilnag the perfused culture is able to generate
teratoma-like tissue similar to the vivo culture (24). However, our bioreactor system is enor

user-friendly and it has been validated to an apple tool using histological analyis.

Based on these results we propose our novel bimresystem to be used as a screening tool for
the demonstartion of pluripotency, with which neR3C lines can be tested within 3 weeks for
their normal or abnormal differentiation behaviolihis model may be further used to compare
different hPSC lines in their differentiation cajppaising the established grading system. Since
hiPSCs are promising in the field of regeneratieslitine and disease modelling, the demand for
the generation of newly derived hPSC lines is @t increasing (61). Thus, this system can
be further optimized for the use of disease maagllr for clinical application. Thereby the

patien-derived iPS lines may be differentiated ifawoured tissue under perfused conditions.
Moreover, it can become a valid system in the fadldeprotoxicity, since the teratoma formation

simulates the early embryonic development.(10).
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6. Supplementary Data

3D scaffold-based static
culture of aggregates

Feeder-based Suspension culture of
culture of hESCs hESCs for 24 hours

XS ‘l > <

-> Aggregates 3D scaffold-based perfusion
2 0505 g005-a.] culture of aggregates

Supplementary Figure 1 Experimental scheme for the generation of adenatlike tissue under perfused and
static conditions.

Supplementary Figure 2 Histological overview of a generated teratoimavivo with iPS after 8 weeks of
incubation. (A) H&E-staining of the teratoma tisqlBy CDX2 expressed by cells of early intestinastie (C)
a-SMA expression displays smooth-muscle like stnegyD) Staining of btub3 showing young neuronsalésc
bar= 100 pum).

86



References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Thomson JAet al. (1998) Embryonic stem cell lines derived from huntdastocystsScience
282(5391):1145-1147.

Takahashi K, Okita K, Nakagawa M, & Yamanaka280{) Induction of pluripotent stem cells
from fibroblast culturedNat Protoc2(12):3081-3089.

Smith KP, Luong MX, & Stein GS (2009) Pluripotgntoward a gold standard for human ES and
iPS cells.J Cell Physiol220(1):21-29.

Marti M, et al.(2013) Characterization of pluripotent stem céllat Protoc8(2):223-253.
Brivanlou AH et al. (2003) Stem cells. Setting standards for humanrgonic stem cells.
Science300(5621):913-916.

Wesselschmidt RL (2011) The teratoma assaynarivd assessment of pluripotendyiethods
Mol Biol 767:231-241.

Hentze Hl et al. (2009) Teratoma formation by human embryonic stmils: evaluation of
essential parameters for future safety stu@emmn Cell Re2(3):198-210.

Gropp M et al. (2012) Standardization of the teratoma assay falyais of pluripotency of
human ES cells and biosafety of their differentigteogenyPL0oS Oner(9):e45532.

Muller FJ, Goldmann J, Loser P, & Loring JF (@DA call to standardize teratoma assays used to
define human pluripotent cell lineSell Stem Cel6(5):412-414.

Buta C et al. (2013) Reconsidering pluripotency tests: do whk séed teratoma assayStem
Cell Resl1(1):552-562.

Itskovitz-Eldor J et al. (2000) Differentiation of human embryonic stemiséhto embryoid
bodies compromising the three embryonic germ layé¢os Med6(2):88-95.

Keller G (2005) Embryonic stem cell differetitm: emergence of a new era in biology and
medicine.Genes De19(10):1129-1155.

Messana JM, Hwang NS, Coburn J, Elisseeff JZh&ng Z (2008) Size of the embryoid body
influences chondrogenesis of mouse embryonic stdis & Tissue Eng Regen M&¢B):499-506.
Nguyen D et al. (2009) Tunable shrink-induced honeycomb microvaatlays for uniform
embryoid bodied_ab Chip9(23):3338-3344.

Van Winkle AP, Gates ID, & Kallos MS (2012) Masansfer limitations in embryoid bodies
during human embryonic stem cell differentiati@ells Tissues Organk96(1):34-47.

Trounson A (2006) The production and directégfréntiation of human embryonic stem cells.
Endocr Re27(2):208-219.

Wendt D, Riboldi SA, Cioffi M, & Martin | (2009Bioreactors in tissue engineering: scientific
challenges and clinical perspectivAsly Biochem Eng Biotechnbl2:1-27.

Wendt D, Marsano A, Jakob M, Heberer M, & Marli (2003) Oscillating perfusion of cell
suspensions through three-dimensional scaffoldarerés cell seeding efficiency and uniformity.
Biotechnol Bioen@®4(2):205-214.

Wendt D, Stroebel S, Jakob M, John GT, & Matti(006) Uniform tissues engineered by
seeding and culturing cells in 3D scaffolds underfysion at defined oxygen tensions.
Biorheology43(3-4):481-488.

Santoro Ret al. (2010) Bioreactor based engineering of large-shalman cartilage grafts for
joint resurfacingBiomaterials31(34):8946-8952.

Hirt C et al. (2015) Bioreactor-engineered cancer tissue-likectires mimic phenotypes, gene
expression profiles and drug resistance patterasrabd "in vivo" Biomaterials62:138-146.
Cerino G et al. (2016) Three dimensional multi-cellular muscleslitissue engineering in
perfusion-based bioreactoBiotechnol Bioend 13(1):226-236.

Martin I, Wendt D, & Heberer M (2004) The radé bioreactors in tissue engineeringends
Biotechnol22(2):80-86.

Stachelscheid ,Het al. (2013) Teratoma formation of human embryonic swats in three-
dimensional perfusion culture bioreactarslissue Eng Regen M&¢0):729-741.

87



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45,

46.

Sterthaus Qet al. (2014) Gene expression profiles of similarly dedvhuman embryonic stem
cell lines correlate with their distinct propensityexit stemness and their different differentiati
behavior in cultureCell Reprograml6(3):185-195.

Feki A et al.(2008) Derivation of the first Swiss human embiigostem cell line from a single
blastomere of an arrested four-cell stage emiByoss Med WkI§38(37-38):540-550.

Mizejewski GJ (2004) Biological roles of alpfseprotein during pregnancy and perinatal
developmentExp Biol Med (Maywood229(6):439-463.

Sheridan SD, Surampudi V, & Rao RR (2012) Asialpf embryoid bodies derived from human
induced pluripotent stem cells as a means to aghafsotency.Stem Cells In2012:738910.
Vidricaire G, Jardine K, & McBurney MW (1994)ression of the Brachyury gene during
mesoderm development in differentiating embryonatcinoma cell culturesDevelopment
120(1):115-122.

Lam AQ et al. (2014) Rapid and efficient differentiation of humpluripotent stem cells into
intermediate mesoderm that forms tubules expredsihgey proximal tubular marker§.Am Soc
Nephrol25(6):1211-1225.

Seguin CA, Draper JS, Nagy A, & Rossant J (R@ablishment of endoderm progenitors by
SOX transcription factor expression in human embitystem cellsCell Stem CelB(2):182-195.
Silberg DG, Swain GP, Suh ER, & Traber PG (2@Ddx1 and cdx2 expression during intestinal
developmentGastroenterology.19(4):961-971.

Knofler M, Meinhardt G, Vasicek R, Husslein& Egarter C (1998) Molecular cloning of the
human Handl gene/cDNA and its tissue-restrictedesgion in cytotrophoblastic cells and heart.
Gene224(1-2):77-86.

Skalli Q et al. (1989) Alpha-smooth muscle actin, a differentiatimarker of smooth muscle
cells, is present in microfilamentous bundles aofqyes.J Histochem CytocheBv(3):315-321.
Svendsen CN, Bhattacharyya A, & Tai YT (200&uhdns from stem cells: preventing an identity
crisis.Nat Rev Neuros@(11):831-834.

Sofroniew MV & Vinters HV (2010) Astrocytes: didgy and pathologyActa Neuropathol
119(1):7-35.

Hovatta Qet al.(2010) A teratocarcinoma-like human embryonic steth (hESC) line and four
hESC lines reveal potentially oncogenic genomiagea.PLoS Oneb(4):e10263.

Edge SB & Compton CC (2010) The American JGimmittee on Cancer: the 7th edition of the
AJCC cancer staging manual and the future of TNh Surg Oncol7(6):1471-1474.

Niwa H, Miyazaki J, & Smith AG (2000) Quantitet expression of Oct-3/4 defines
differentiation, dedifferentiation or self-renewdlES cellsNat GeneR4(4):372-376.
Chambers, let al. (2003) Functional expression cloning of Nanog, laripotency sustaining
factor in embryonic stem cell€ell 113(5):643-655.

Miyamoto T, Furusawa C, & Kaneko K (2015) Rboetency, Differentiation, and
Reprogramming: A Gene Expression Dynamics Modeh viipigenetic Feedback Regulation.
PLoS Comput. Bioll1(8):e1004476.

Turner DA, Rue P, Mackenzie JP, Davies E, &tiiaz Arias A (2014) Brachyury cooperates
with Wnt/beta-catenin signalling to elicit primitivstreak-like behaviour in differentiating mouse
embryonic stem cell8MC Biol 12:63.

Zhang X et al. (2010) Pax6 is a human neuroectoderm cell faterchibant.Cell Stem Cell
7(1):90-100.

Osumi N, Shinohara H, Numayama-Tsuruta K, & kéa@a M (2008) Concise review: Pax6
transcription factor contributes to both embryonitd adult neurogenesis as a multifunctional
regulator.Stem Cell26(7):1663-1672.

Noah TK, Donahue B, & Shroyer NF (2011) Intesitidevelopment and differentiatidaxp Cell
Res317(19):2702-2710.

Zhang J & Jiao J (2015) Molecular BiomarkensEmbryonic and Adult Neural Stem Cell and
NeurogenesiBiomed Res IN2015:727542.

88



47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Olson EN (2006) Gene regulatory networks in d¢velution and development of the heart.
Science313(5795):1922-1927.

Pekkanen-Mattila Met al. (2010) Spatial and temporal expression pattemgeofn layer markers
during human embryonic stem cell differentiation @mbryoid bodiesHistochem Cell Biol
133(5):595-606.

Mohr JC et al.(2010) The microwell control of embryoid body simeorder to regulate cardiac
differentiation of human embryonic stem ceBsomaterials31(7):1885-1893.

Reubinoff BE, Pera MF, Fong CY, Trounson A, &igso A (2000) Embryonic stem cell lines
from human blastocysts: somatic differentiatiowiino. Nat Biotechnoll8(4):399-404.

Huangfu Det al.(2008) Induction of pluripotent stem cells frominpary human fibroblasts with
only Oct4 and Soxdat BiotechnoR6(11):1269-1275.

Lensch MW, Schlaeger TM, Zon LI, & Daley GQ @Z) Teratoma formation assays with human
embryonic stem cells: a rationale for one typewhhn-animal chimera&ell Stem CellL(3):253-
258.

Cunningham JJ, Ulbright TM, Pera MF, & LooijaenigH (2012) Lessons from human teratomas
to guide development of safe stem cell therapies.BiotechnoB0(9):849-857.

Marsano A et al. (2016) Spontaneous In Vivo Chondrogenesis of Bbtarow-Derived
Mesenchymal Progenitor Cells by Blocking Vasculad&helial Growth Factor Signalin§tem
Cells Transl Me®(12):1730-1738.

Prokhorova TA et al. (2009) Teratoma formation by human embryonic stegiis is site
dependent and enhanced by the presence of Matigeh Cells De®8(1):47-54.

Kleinman HK & Martin GR (2005) Matrigel: basemtenembrane matrix with biological activity.
Semin Cancer Bidl5(5):378-386.

Philp O et al. (2005) Complex extracellular matrices promote ugsspecific stem cell
differentiation.Stem Cell23(2):288-296.

Hughes CS, Postovit LM, & Lajoie GA (2010) Mg#l: a complex protein mixture required for
optimal growth of cell cultureProteomicsl0(9):1886-1890.

Cooke MJ, Stojkovic M, & Przyborski SA (2006yd@ith of teratomas derived from human
pluripotent stem cells is influenced by the gré.sStem Cells De%5(2):254-259.

Muller FJ et al. (2011) A bioinformatic assay for pluripotency imrhan cells.Nat Methods
8(4):315-317.

Avior Y, Sagi |, & Benvenisty N (2016) Pluripott stem cells in disease modelling and drug
discovery.Nat Rev Mol Cell Biol7(3):170-182.

89



Summary and conclusion

PSCs are powerful tools in basic research and giogifor treating injuries, for disease

modelling and drug discovery. Technological advanbave made it progressively easy to
generate iPSCs. Although the various generated kme considered to be very similar in terms
of stemness and their ability to differentiate fetiénces in their characteristics among lines also

exist based on the origin, derivation and cultumeditions.

In chapter | we assessed the difference in gene expression ifacedtiation behaviour in 4
generated hESC lines. We demonstrated that inhelifistences were evident although the
hESCs were derived and cultured in the same wagnt8peous commitment during stem cell
maintenance could be verified. However, the orifivariability among the hESC lines remains
unclear. Several explanations exist, such as tmatcells are genetically determined to be
differently sensitive to external factors used taimain stemness vitro. It has been shown by
various studies that the culture medium has a reahée influence in the property of the cell to
remain pluripotent or to start to pre-differentiaf@us, it is important that the degree of stemness
and the pre-differentiation potential of every ngwteated hESC line is well characterized. Our
results clearly document the difficulty in the hAnd and characterization of newly created
hPSC lines since the derivation- and culture- ddeeh variability together with the inherent

differences clearly have an impact on the propeftyPSC lines.

A high variability not only exist in the derivatiaand maintenance of the hPSC lines but also in
the techniques used for the characterization o$ghHees. The appropriate analysis and the
preciseness of any particular test is determinethbynvestigator. This was also observed in the
in vivo teratoma assay, which is the gold standard to dstraie the pluripotency of stem cells.
Despite its eminence, this test has never beenatdized in terms of graft site, number of cells
implanted and the cell preparation. These factogsal known to influence the development of
teratomain vivo. In addition, the way to analyze and report thaulteis considered as variable
and inconsistent. This assay raises ethical coacgnte hPSCs are inoculated into animals and
when a tumor is formed, the animal suffers painusfhin chapter 1l we demonstrated the
establishment of a 3D perfusion-based culture systegenerate a teratoma-like tissue, which is

more standardized and reproducible as comparegetaednventionain vitro andin vivo assay.
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The technique of 3D perfusion-basedvitro cultures has shown to be essential to ensure the

generation of a teratoma-like tissue.

Overall this work implies the complexity and théosequent challenge of hPSCs in their proper
definition and evaluation of pluripotency. HPSCedéhe unique characteristic of their potential
to differentiate into multi-lineages and their #bilto self-renewal, which permits them to
proliferate in their undifferentiated status. Cansently, these cells are promising for widespread
application like understanding early developmeal, therapy and disease modelling due to their
unique capacity (1). However, the pluripotent stemains dynamic leading to genetic and
epigenetic variation between the lines despite dbéimctional pluripotent. It appears that the
definition of the pluripotent state turns out to im®re complex as expected and illustrates a
weakness in the field of characterization of thesks. Some years ago, specific assays for the
characterization of hPSCs have been establishedhleyt lack standardization (2). With the
establishment of oun vitro system to build a teratoma-like tissue as describeghapter Il, we
could successfully go one step towards a standatdind applicable assay. However, to become
a valid alternative or supplement of the existisgays for proving the differentiation capacity of

the cells, additional validation steps will be reqd.

In general, further work has to be addressed fervillidation of pluripotency of novel hPSC
lines. The so far existing assays are the main foagbe evaluation of the pluripotency status but
further refinements of these tests should be inya&tstd. Moreover, for the purpose of using
hPSCs for cell therapy and translation in clinipahctice, quality and safety issues must be
solved in order to generate hESCs and iPSCs (embBng on the future use of these cells,
different levels of stringency in terms of pluripaty may be required. In case of the cell therapy
application, it may not be essential that the has the correct molecular pluripotency but rather
the functional pluripotency being able to diffeiatg into cells that derive from all three germ
layers (4).

Additionally, the acquisition of genomic alterat®during long-term culture must be prevented
or, when they occur, detected. Therefore, it i®msal that the pluripotency status of existing
hPSC lines is assessed regularly especially befoeecells will be further used. Culture

conditions and derivation processes (especiallyiP@Cs) need to be constantly optimized to

maintain the characteristics of hPSCs thereby awvgidenetic aberrations. The new existing
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molecular tools (e.g. next generation sequencing)eomising in understanding the pluripotent
state at a molecular level (5). The next generaexmuencing is more often used but more work

should be investigated in establishing a user-filieapplication of the analysis of this data set.

Together, further research efforts will have toradd refined standards to assess the pluripotency
status depending on the further applications otc#iks. In this context, new technologies have to
be officially involved in the evaluation process®?SC lines. Ultimately, reaching this goal, a
continuous and strong collaboration in the stenh c@nmunity is required to develop these
novel standards. In this way, by an appropriate oation of the different assays, the use of

hPSCs can hold its promise of bringing basic re$eand translation one step forward.
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