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1. List of Abbreviations

ACTB — humarg-actin

AF — AlexaFluor

AFP — alpha-fetoprotein

ALCAM/CD166 - activated leukocyte cell adhesion gmlle
APC - allophycocyanin

bFGF — basic fibroblast growth factor

BI-Tub — beta-IIl tubulin

BMP4 - bone morphogenetic protein 4

CAPG - capping protein gelsolin-like

CD - cluster of differentiation

C-KIT/CD117 - tyrosine kinase Kit

CM - cardiomyocyte

CMSC - cardiomyocyte supporting cell

CMV - cytomegalovirus

CPC - cardiac progenitor cells

cTnl — cardiac troponin |

D - day

DM — differentiation medium

DMEM - Dulbecco’s Modified Eagle’s Medium
EB — embryoid body

EMT — epithelial-to-mesenchymal transition
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END-2 - mouse visceral endoderm-like cells
END2-CM — END-2 conditioned medium

FACS - fluorescence activated cell sorting

FBS — fetal bovine serum

FITC - fluorescein isothiocyanate

GFP — green fluorescent protein

hESC — human embryonic stem cell

hiPSC — human induced pluripotent stem cell
hPSC — human pluripotent stem cell

ISL1 - insulin gene enhancer protein
KDR/VEGF-R - vascular endothelial growth factoreptor 2
MEF — mouse embryonic fibroblast

MESC — mouse embryonic stem cell

MTG — monothioglycerol

PAX6 - paired box 6

PDGFRA - platelet-derived growth factor receptor
PE - phycoerythrin

PECAM-1 — platelet endothelial cell adhesion molecu
PGK - phosphoglycerate kinase

Pl - propidium iodide

QPCR - real-time quantitative PCR

RCM — ReproCardio Medium
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rEBs — reaggregated embryoid bodies

SIRPA/CDA47 - signal regulatory proteain

SMA - alpha-smooth muscle actin

SSEA4 - stage-specific embryonic antigen-4

TBXS5 - T-Box Protein 5

TMRM - tetramethylrhodamine methyl ester perchlerat
TNNT2 - troponin T type 2

UbC - ubiquitinC

VCAM1/CD106 - vascular cell adhesion molecule 1
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2. Introduction

Stem cells are capable of renewing themselves giraell division for unlimited
times and divide asymmetrically, generating twdedént daughter cells. Under certain
physiological or experimental conditions, stem <&an be induced to become tissue-
specific cells with special functions through di#fatiation. Stem cells can have different
potentials (e.g. toti-, pluri- or multipotency)miiting the number of tissue types that can
be differentiated from them.

Features of pluripotency include the potential ofimited cell growth and self-
renewal, as well as the capacity to generate dll tgpes of the body. However,
pluripotent cells are restricted in their potentiaimpared to totipotent stem cells, since
human pluripotent stem cells (hPSCs) cannot gise to cells of the extra-embryonic
tissues (amnion, chorion, yolk sac and the allahtdViultipotent stem cells have even
lower potential and only give rise to tissue-spgeatlls. Therefore multipotent stem cells
are often termed as multipotent progenitor cellsastain developmental lineages.

This dissertation will focus on hPSCs and theivitro differentiation capabilities,
with a specific focus on the cardiac lineage tovgl® a method for identifying and
isolating cell types at different stages of cardiammitment.

2.1. Human pluripotent stem cells
2.1.1 Generation of human pluripotent stem cells

The derivation of mouse pluripotent stem cell lifesm blastocyst-stage embryos
revolutionized biological research through allowiggneration of knock-out animal
models (2007 Nobel Prize) and opening new posséslin studying early developmental
events. The much awaited next step, the establishai¢he first human embryonic stem
cell (hESC) line was reported by Thomsenal. seventeen years later, in 1498he
generation of hESC lines proved to be as revolatipras the establishment of mouse
ESC lines earlier, providing an excellent platfolon human developmental studies and
toxicological screenings, as well as the possypilbf regenerative therapeutic
applications.
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Human ESC lines are usually derived from the intedl mass of blastocyst stage
embryos (sed-igure 1). Unfortunately, ethical concerns regarding the o$in vitro-
fertilized human embryos for research purposesigtychinder the application of hESCs
in basic research, drug development and medicahplge even though the embryos are
otherwise supposed to be destroyed. In additiothéoethical concerns, several other
drawbacks exist. One of these is the potential immagical incompatibility that might
limit the use of hESC-derived cells for regenempurposes However, immunological
problems may be prevented by hESC-barkifigor transplantation of encapsulated
hESC-derivatives secreting the necessary factarsrpensate for deficits

Blastocyst o Somatic cells

Isolated inner cell mass
on feeder cell layers
or coated surfaces

Cultured somatic
cells

Mechanical dissociation
and replating of cells

iral or nonviral
reprogramming factors

Patient

Expansion of hESC
colonies on fresh
feeder cell layers
or coated surfaces”

hiPSC colony
lormation on

der cell layers
r coated surfaces

Enzymatic dissociatiol

ection of hiPSC colonies
and replating of cells

Established hESC
culture on feeder
cell layers or
coated surfaces

Established hiPSC
lture on feeder
Il layers or

ated surfaces

Figure 1. Methods for the generation and differentiation of luman pluripotent
stem cell linesThe image is taken from Szebéeyal .°

In 2006, another milestone of stem cell researcts weached when induced

pluripotent stem cells (iPSC) were generated froouse fibroblast cultures by forced
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expression of four transcription factors (Oct3/dx% Klf4 and c-Myc). This study was
immediately followed by numerous others, documentive generation of human induced
pluripotent stem cells (hiPSCs) with viral or nanal delivery of the reprogramming
factor$ (seeFigure 1). The discovery that mature cells can be reprograthto become
pluripotent was honoured by the 2012 Nobel Prize.

By now, hundreds of hPSC lines exist and many eftlare available from tissue
banks, while cell-line specific information has beeollected and made accessible in
Stem Cell Registries (reviewed by Borstéal ).

2.1.2 Culture and characterization of human pluripotent stem cells

Human iIPSCs are similar to hESCs regarding theorphological and
proliferative characteristics, as well as cell aoef marker and gene expression profiles or
differentiation potential. Small colonies of hES&w hiPSCs are usually maintained on
mitotically inactivated feeder cells (mouse or hafla’), or on extracellular matrix-
coated surfaces (e.g. MatrifelLaminin™ ** or Vitronectir> *9 (seeFigure 1). Feeder
cells secrete necessary factors for maintainingplbepotent state, therefore a special
type of medium is needed for culturing hPSCs omaertllular matrix-coated surfaces
(e.g. mTeSR, MEF conditioned medium or Essentiale®lium), to compensate for the
absence of the feeder layer.

Several widely accepted markers for testing thdifterentiated (pluripotent)
state of hPSC cultures exist, including alkalire@gphatase activity, expression of cell
surface molecules (SSEA3, SSEA4, TRA1-60 TRA1-8dflherin), and transcription
factors e.g. Nanog, Oct3/4 and SoX2 During long-term cell culture chromosomal
abnormalities are frequently acquired, thereforethows to monitor and suppress
abnormal karyotype acquisition are crutiaf. The problem of large-scale production of
high quality hPSCs has been also addressed, reguiti different solutions such as
robotic systent$ or 3D culture expansion in stirring suspensiomdaators®2°

Under adequate conditions hPSCs differentiatetspeously to cells of all three

primitive germ layers (endoderm, ectoderm and mesof’. In vivo this leads to the
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development of benign tumours (teratomas), comtgira random mixture of partially
developed tissuesn vitro hPSCs can spontaneously differentiate into specdil types,
including neurons, cardiomyocytes, epithelial aresenchymal cells, although the output
of each differentiation may vary depending on @it variation of the reagents, e.g.
foetal bovine serum (FBS), used to provide necgsdifierentiation signals. Therefore,
several well-defined and reproducible methods f@®S@ differentiation have been
developed, allowing generation of cell populatibysapplying defined growth factors or
chemical inducers instead of FBS or co-culture BS8s with cells capable of lineage
specific induction (more to this topic in Chapted)?. By using these methods,
designated collectively as directed differentiatiolmically relevant cells types could be
generated, including neural tisstfled’ cardiomyocyte¥, insulin producing islet cefté

% and various blood ceffs However, it is important to emphasize, that vitro
developing cells usually reach a maturation statsembling rather the embryonic than
the adult phenotype, therefore some studies aimatkvelop techniques for maturation
of specific cell type¥=2

There is one key point where hiPSCs and hESCsdiffgy from each other, and
that is the epigenetic memory of hiPSCs inheritednfthe reprogrammed somatic cells
and gained through the reprogramming itself (re@ogming-specific epigenetic
signature), eventually keeping away iPSCs from gdostate pluripotenéy*’. Even
functional differences among hESC and hiPSC-devieat have been report&d*® .
Therefore the existence of iIPSC technology doesnmedin that there is no need for
hESCs anymore - actually the use of hiPSCs mak&¢€hkEndispensable as controls for
hiPSCs-based models. A more technical issue is deatlopment of new methods
(genetic or non-genetic), allowing the isolationao$pecific cell type, should be carried
out on several types of hPSCs, since these methedsto be equally valid for hESCs
and hiPSCs.

Still, hPSCs and their derivatives provide an #goe basis for studying early
events of human development and for the establishofehuman cellular drug screening
model systems. New medical regenerative theragssdon various hESCs are already
in clinical trials"™.
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2.1.3 Application of human pluripotent stem cells and their derivatives

A major point where hiPSCs and hESCs are differerthat the generation of
hiPSCs does not require the use of human embryus,tlzerefore ethical concerns
attenuate. An additional benefit of hiPSCs over GE$ that the IPSC technology can
provide patient- and disease-specific pluripotdeins cells and derivatives, allowing
personalizedn vitro disease modelling, drug screening, and even eaell@placement

therapies without immunological problems.

The potential of hiPSCs in therapeutic approachas examined in several
proof-of-concept studies, e.g. in models of sickédl anaemi&, Fanconi anaenfl& or
Parkinson’s diseaSe In the case of the sickle cell anaemia modelas Wilemonstrated
that patient-derived hiPSCs can be corrected lgetad gene modification, while in the
case of Fanconi anaemia the authors correctednpalggived somatic cells before
reprogramming and generated phenotypically normaaifatopoietic progenitors of the
myeloid and erythroid lineages from the correct&BCs, thereby providing evidence for
the potential of the IPSC technology in future #peutic applications.

Disease-specific hPSC derivatives can also be usedreening applications to
find drug candidate molecules allowing the rescluth® disease phenotype. In the case of
hiPSCs derived from a patient with familial dysangmia the authors revealed not only
disease specific defects in neurogenesis but asodf a compound that positively
affected the otherwise defective migration of nearast precursof&

Besides hiPSC-based disease models, disease-sp#£8C lines also exist and
are mostly derived from embryos diagnosed to camuyations causing human diseases
in Preimplantation Genetic DiagnoSis Several hESC lines have been developed
providing in vitro models for adrenoleukodystrophy, Duchenne and &eokuscular
dystrophy, Fanconi anaemia, complementation group fragile-X syndrome,
Huntington disease, Marfan syndrome, myotonic dysty, neurofioromatosis type |
and thalassaenTia

Another application of hPSCs is to provide humardomyocytes (CMs) for the
drug development process, in order to test foriaarside effects of drugs. These effects
are the most common causes of withdrawal of alregughyoved drugs from the market,

10
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and result from the species differences (e.g. mdbannel drug sensitivities) between
humans and the animal models used for preclinidtity studies’. In addition, cardiac
disease-specific human CMs can be used in screapiplications, either aiming to find
drug candidate molecules allowing to rescue theadis phenotype, or to detect disease-
specific cardiotoxic side effects of any type aigs.

Several hiPSC lines were derived from patientd wardiac channelopathies,
such as the Long-QT syndrome typ&? 1Long-QT syndrome 2 and Timothy
syndromé*, while other congenital diseases affecting the rthesuch as the
catecholaminergic polymorphic ventricular tachyéayl the arrhythmogenic right
ventricular dysplasia/cardiomyopatfythe glycogen storage disease type Il (Pompe)
diseas®’ or the LEOPARD syndrom@could also be modelled by hiPSC-derived CMs.
A more detailed review of existing cardiac diseageeific IPSC lines can be found in the
attached book chapter by Szebéetydl., “Human Stem-Cell-Derived Cardiomyocytes in
Drug Discovery and Toxicity Testing” (attached he dissertation).

2.2. Generation of cardiomyocytes from human pbtapt stem cells

Human PSCs provide an unlimited source for diffeeeed cells through their
unlimited self-renewal ability. However, directeiffelentiation protocols are needed to
allow the enrichment of the cell type of particuilaterest, and to render its production
economical, enabling the use of hPSC-derivativekaige-scale applications such as
drug screening or therapeutic approaches.

11
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Stirred-suspension
bioreactor

Embryoid Body (EB)
formation EBs attached to a

/ gelatin coated
Human surface
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(BPSCs) \k\
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Monolayer

* combination with
morphogens or small
molecules

Figure 2. Differentiation methods to generate cardimyocytes from human
pluripotent stem cells.

Figure 2 shows various methods applied for cardiac diffea¢ion of hPSCs.
The most commonly used method to induce cardiontgodiferentiationn vitro is the
formation of three-dimensional aggregates, termed embryoid bodies (EBS),
consisting of cells representing the three gerner&y EBs are usually formed in
suspension cultures in the presence of bovine onahnuserum, followed by either
plating on a gelatine-coated surface or furthefeddintiated in suspension culture.
Serum is used to provide the necessary differemtiagignals, however its lot-to-lot

12
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variations result in stochastic output of the ddfaiation, usually with a low yield of
cardiomyocytes. Therefore growth factors and mogehes are often used to direct the
differentiation of hPSCGS ° °! in the attempt to mimic the steps af vivo
cardiogenesis, namely mesoderm induction throughtsWBMPs, or Nod&t®*
patterning of the mesoderm towards cardiogenic deso, formation of cardiogenic
mesoderm presumably through Wnt inhibifibrand Notch activit}?, and finally
maturation to early cardiomyocytes. In addition, admmolecules such as 5-
azacytidind” °¢% cyclosporin-&®, or ascorbic acli are also often used to enhance
cardiomyocyte differentiation from hPSC.

In another widely used approach, undifferentiat®$@s are co-cultured with
mouse visceral endoderm-like (END-2) c&li$® While direct contact was reported to
be important between END-2 cells and mouse ESCsIP@Cs for inducing
cardiomyogenesi§ cardiac differentiation of enzymatically passag&SC lines could
be enhanced in END-2 conditioned medium (END2-CHel®, presumably due to
factors secreted by END-2 cells. Biochemical analygvealed elevated levels of
prostaglandin 12 in END2-CM and its cardio-induetieffect was confirmed when a
fully synthetic medium supplemented with prostadlani2 resulted in a cardiogenic
activity equivalent to END2-CN.

An alternative protocol applied for cardiac diffetiation is the monolayer
culture of hPSCs on Matrigel-coated tissue culplates in a feeder-free systémro
induce cardiac differentiation, MEF-conditioned moed used to maintain the
pluripotent state is replaced with serum free REMF medium supplemented with
growth factors, such as BMP4 and activin A (as mimiof Nodal).

Recently several scalable systems have been dexttopdequately supply the
large numbers of cardiac cells required for drugeing or therapeutic applications.
These systems are usually based on the use ofedstuspension bioreactor, providing
a stable physicochemical environment, well-contlaggregate sizes and yielding an
order of magnitude more CMs than conventional défféiation methods' “©

Besides directed differentiation cultures, othetthods also exist to guide the
differentiation of hPSCs towards the cardiac lireag.g. transgenic modification

13
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through the delivery of cardiac specific transdoipt factors’ or recombinant
proteing®. Since these methods are not closely relatedetdapic of the dissertation,
further details are not provided here. Howevergtaited review can be found in the
attached book chapter Szebéalyal., “Human Stem-Cell-Derived Cardiomyocytes in
Drug Discovery and Toxicity Testing”.

Another strategy to achieve an increased yieldM§ is to induce proliferation
of mature hPSC-CMs that undergo progressive cellecywithdrawal during
maturatiori’. Different cardiomyocyte cell-cycle reentry indogiextracellular factors
have been reported, e.g. the fibroblast growthofatt(FGF-1) together with p38 MAP
kinase inhibitiof°, periostifi® and Neuregulinf8 (NRG-1B)%? a cardioactive growth
factor released from endothelial cells of the vientar endocardiufi. After it was
shown that Neuregulin-1, induces proliferation afnonucleated, but not binucleated
CMs in vivo® another study demonstrated that inhibition of signalling pathway
involving NRG-13 and its tyrosine kinase receptor, ErbB4 enhancegtoportion of
cells showing nodal phenotype among hESC-deriveds @60% nodal versus 40%
ventricular subtype), while addition of exogenouR®13 resulted in the enhanced
generation of CMs with ventricular phenotype (10%dal versus 90% ventricular
subtypej®. Direct differentiation of atrial and ventriculanyocytes from hESCs has
also been achieved by regulating Noggin and retismnal&®.

2.3. Systems allowing the isolation of human plotgmt stem cell-derived cardiac cells

Applicability of hPSC-derived cardiomyocytes deggemot only on the large
number of cells needed to be produced, but alsthemurity of the cell population
obtained at the end of differentiation. Therefdhe, development of methods, allowing
distinction between cardiac and other cell typeati¢east as relevant as the directed
differentiation protocols. Isolation of living cell needed for drug screening,
transplantation studies or basic research can Isedban the use of genetically
engineered reporter systems or cell surface mark€emnetically modified features are
specially required when markers of the cell typantérest are not located on the cell
surface (e.g. transcription factors or sarcomeratgins) and therefore selection would
not be possible without disruption of the cell meame. This was the case for

14
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cardiomyocytes for a long time, previously to tlkentification of several surface
markers co-expressing with cardiac-specific traptson factors and sarcomeric
proteing? 8 87 Moreover, a cardiac-specific reporter hESC lineld be successfully
used for identification of surface markers of thediac lineag® 2

Increased yield of CMs as well as purificationuldoalso be achieved by
isolation of progenitors (e.g. mesodermal, cardmesodermal, cardiovascular or
cardiac progenitors, sdagure 3). Progenitors possess high proliferation capaaitgt
restricted differentiation potential, allowing firshe expansion of these cells by
providing stage-specific renewal signals and theM G@ifferentiation by cardio-
inductive signals. A culture condition supportingpntnuous self-renewal and
proliferation of cardiovascular progenitors by inition of BMP, Activin/Nodal and
glycogen synthase kinase 3 (GSK3) pathways haeadrbeen describ&d

Differentiated
Cardiomyocytes

Cardiac Committed
Progenitors

KDR
Multipotent PDGFRA
Cardiovascular Progenitors

Cardiac Mesodermal
Progenitors

NCAM
ROR2

00866

Mesodermal Progenitors

Oct4, Nanog, Sox2 1\EMT SEA4, TRA-1-60,
RA-1-81, PODX

hESCs/hiPSCs

Figure 3. Proposed progenitor stages of the differgiation of human pluripotent
stem cells into cardiomyocytesThe progenitor stages are identified by transiomp
factors and structural proteins (shown in greenbled) and cell surface markers
(shown in grey bubbles). The image is taken froreb®nyiet al. **® with some
modifications.
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1.3.1 Genetic methods for isolation of hPSC-derived cardiac cells

Genetic modification of stem cells is less effitiehan that of tumour-derived or
immortalized cell lines, therefore generation opaeer-expressing cardiomyocytes
raises some technical challenges (for further meveeme the attached book chapter
Szebényiet al., “Human Stem-Cell-Derived Cardiomyocytes in Drug dogery and
Toxicity Testing”). However, by now several techues have been documented to
allow the generation of transgenic hPSC lines, ewvithmpairing self-renewal capacity
and differentiation potentfal®*®2 Moreover, in most cases the studies demonstrated
that the obtained cardiomyocytes were physiolofyicalormal, regardless of the
integration of the transgenes or the selectiongoes applied for CM enrichment.

Constitutive promoters, such as ACTB, UbC, EFPGK, CMV or the original
variant of the CAG provide nearly uniform transgengression in all tissues; therefore,
theoretically, these types of promoters cannotdaal dor isolation of CMs. However, it
was demonstrated in differentiated hESCs that thiwity of several commonly used
constitutive promoters can be restricted to speci#ll lineages, since ACTB was only
active in undifferentiated and neuronal cells, hdbC and PGK were inactive in
endothelial cells”. Moreover, the CMV promoter became active onleminESCs
differentiated into neuronal precursor celts while the CAG promoter showed long-
term activity during mESC differentiation towardesodernt”. Still, reporter systems
driven by various constitutive promoters (ACTB oA®) could be reliable used for
identification of transplanted transgenic hESC-gsti CMs in infarcted mou$eand

7, 98

ra or healthy guinea pig he&ttto provide evidence for successful and functional

engraftment.

Cardiac tissue specific promoters allow the isofabf cardiomyocytes, while
progenitors able to give rise to cardiac cells barobtained when the promoter of an
early mesoderm or cardiac lineage-specific genased. The first well-defined cells
able to give rise to the cardiac (besides of hepmagtic, vascular, and skeletal muscle)
lineage are mesodermal progenitors, expressingrthex factor BRACHYURY and
the homeodomain protein MIXL1 (séégure 3 for markers characteristic for specific
stages of the cardiac differentiation). To allowlestve isolation of mesodermal

progenitorsGFP expression cassette under the control ofBRACHYURY promoter

16
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was randomly inserted into the gendfeor were targeted into thelIXL1 locus by
homologous recombinatibt. More recently, a dual reporter system has been
established where mesoderm posterioME®PL), a transcription factor characteristic
for the pre-cardiac mesoderm is labelled with m@hexhile NKX2.5 (expressed later
thanMESP)) is labelled with EGFP, allowing isolation of peagtors at different stages
of cardiac commitmeft? For this dual reporter system a previously eithbll hESC
reporter line provided the basis, in which tGEP cDNA was introduced into the
NKX2.5 locus by homologous recombinatioKX2.5°%7"")88  This NKX2.5 "
reporter cell line allows the selection of multipot cardiovascular progenitors,
displaying cardiac, endothelial and vascular smauotiscle potential, similarly to the
Cre/loxP system-based labelling d8.1 expressing cells with the DsRed fluorescent
reporter proteitf. This system allows not only the selection of 18klls, but also the
lineage tracing of these cells, since the labellsygreversible and DsRed expression
does not attenuate with the downregulation of 18kgression.

An alpha myosin heavy chaimNIHC) promoter-based system was used to
follow maturation of hESC-derived cardiomyocyteseowa year long, and also to
identify hESC-derived early myocardial precursaIiHC-GFP°S able to give rise to
atrial ventricular and specialized conduction CMotgpes, but not to non-muscle
cardiac cel®’. Besides fluorescent proteins, drug resistancegjean also be used for
enrichment of targeted cell populations. For exanpESC derived cardiomyocytes
could be enriched to high purity (80-90%) when fhweomycin resistance gene was
driven by thektMHC promotet® 1%

Myosin light chain-2v MLC-2V) is expressed later in CM differentiation than
aMHC, therefore it does not allow the same insigitbiearly CM differentiation,
however, when the enhanced GFP was expressed thwlerontrol of theMLC-2V
promoter, GFP expression-based identification aswlaiion of electrically active
hESC-derived CMs was possible, according to Hebar'®”. It was also suggested
that a short fragment of the cardiac troponimMNNI3) promoter in combination with
the human cardiac alpha-actin enhancer is suffit@ientify hESC-derived CM¥.

The disadvantage of these systems is that theitsatit/the transgene can only
be detected at a certain stage of differentiafi@novercome this issue, feual. applied

17
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the combination of a constitutive and a tissue-#iggaromoter®®. In this system GFP
expression was driven by the constituti#1o promoter to allow selection of
successfully transduced undifferentiated hESCs|eWiLC2V promoter-driven dsRed
expression was applied to enrich for CMs with vientar phenotypt®109109109109106105

Stage-specific reporter systems offer several adgas, for example these
systems can be used as readouts of culture optionize a stage-specific manner or
can be utilized in the search for new cell-surfa@kers of the different stages of the
cardiac lineage.

1.3.2 Non-genetic methods for isolation of cardiac cells

Mesodermal progenitors derived from hPSCs viahepdl-to-mesenchymal
transition (EMT) can be selected not only by gengtethods, but also based on a cell
surface marker combination, in which the neuromdll @hesion molecule (NCAM or
CD56) is used as positive, while the epitheliall @glhesion molecule (EpCAM or
CD326) is used as negative marklr However, the CDS8TD326"™° marker
combination was also documented to identify hESfivdd neuronal celfd?,
suggesting that markers or marker combinations itegtify a progenitor population
only in a culture dependent manner and when tHerdiitiation is directed into another
lineage or not directed at all, than specificitytioé markers may diminish. In addition,
upregulation of the tyrosine kinase transmembraceptor (ROR2) can also be used to
identify and select mesodermal progenittrs

Similarly to the above mentioned marker combingtithe stage-specific
embryonic antigen-1 (SSEA-1) has also been proptsde a suitable marker, in this
case for isolation of multipotent cardiovasculaogenitors®®, while others suggested
SSEA-1 to be expressed on hESC-derived epithadialneuroectodermal committed
cell types'®. Thus SSEA-1 may only allow identification of niptttent cardiovascular
progenitors when the differentiation has alreadgrbefficiently directed into the
cardiac lineage.

It was shown that low level expression of the uéescendothelial growth
factor receptor 2 (VEGFR-2/KDR) together with thiessance of the mast/stem cell
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growth factor receptor, also known as proto-oncegeiKit or tyrosine kinase Kit (C-
KIT or CD117) identifies a population of cardiovatr progenitor cells (KDR'C-
KIT™9, expressingSL1 and low levels ofNKX2-5 and TBX5®:. This finding was
verified not only on hESCs, but also in the caséiBSCS™ and showed that mouse
models are not always adequate for establishinganuprotein expression profiles,
since in mice cardiac progenitors are c?®itkx2-5°*¢ while during human cardiac
differentiation the emergence of a C-KfTNKX2-5°° population could not be observed
at alf*”.

In addition, it was also suggested that cardiowascprogenitors can be
identified based on the co-expression of KDR andsFRA®*. However, the same
research group demonstrated later that not ah®KDR°PDGFRA cells give rise
to cells of the cardiac lineale In addition, isolation based on KDR expressiornyma
result in an impure population of cardiovasculapganitors, since KDR is also
expressed on hPSEs

The NKX2-5°"P" reporter system was used to screen for new celcs
markers of the cardiac lineage, resulting in thecaWery of two early CM markers,
namely vascular cell adhesion molecule 1 (VCAM1Y amgnal regulatory protein
(SIRPAY®. Further experiments showed that VCAM1 positivigypears slightly later
than SIRPA, and NKX28SIRPA*VCAM1P?® cardiomyocytes arose from an NKX2-
5P°SIRP A intermediaté&'’.

Upregulation of SIRPA happened parallel to the rg@ece of the first NKX2-
5-GFP*® cells (around day 8 of the differentiation), a dagfore the spontaneous
contractile activity started in the differentiaticultures of HES2 hESE%S Thus
SIRPA®® cells isolated at EB day 8 were considered asia@norecursors and were
shown to be able to give rise to troponin expresSRPA®® CMs. Therefore it was
concluded that SIRPA is a cell surface marker ébl@entify cardiac precursors and
cardiomyocytes.

VCAM1 was shown to allow isolation of CMs but noardiac progenitors,
since troponin expression preceded VCAM1 appearatméng differentiatiof'®
VCAM1 expression based selection on day 11 of tHferdntiation resulted in a

population of highly purified (>95%) CMs in the easf all four hPSC lines examined,

19



DOI:10.14753/SE.2015.1764

although VCAMZ®® cells represented only a subset within troponipositive cells
(33.4%-63.5%).

The activated leukocyte cell adhesion molecule@QAM or CD166) is another
marker, that have been suggested to enable isolafibESC-derived CM$, and later
it was also shown that ALCAM allows the high-purgyrichment of hiPSC-derived
CMs as welft®®. In this latter work first KDRVC-KIT"® multipotent cardiovascular
progenitors were isolated on EB day 6 and recult@® monolayer, than on day 20 of
the differentiation CD166 was used to select C¥66Ms and CD166°% smooth
muscle cells. However, it is important to mentidmatt there is only a short, early
developmental stage-specific time window when ALCAMpression is restricted to
cardiomyocytes, and beyond this particular develomtal stage ALCAM expression is
widespread among different types of tissted'®*%

The first non-genetic method reported in the litera allowing the isolation of
living cardiomyocytes was based on the high mitoch@l content of CMs, resulting in
that tetramethylrhodamine methyl ester perchlor@f®&RM), a fluorescent dye
specifically labelling mitochondria could be used tardiomyocyte enrichment with a
purity of 999622 However, it was shown that this method allowsydhk selection of
late-stage CMs, while early CMs could not be dmanated from undifferentiated
hESCE®,
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3. Aims

The goal of the research presented in the disgmrtatas to establish a noviel
vitro method for the purification of human embryonicnsteell-derived cardiomyocytes
and cardiac progenitors. In order to achieve thijsaive, the aims of the present study

were:

1. To demonstrate that the CAG promoter provides tpportunity to identify
cardiomyocytes in spontaneous differentiation ¢ekuof human embryonic stem cells.

2. To induce cardiac differentiation of human enaloig stem cells in order to enrich
the differentiation cultures for cardiac progerstor

3. To demonstrate that the CAG promoter providegobssibility to identify and isolate
cardiac progenitors during directed differentiat@frhuman embryonic stem cells.

4. To find optimal culture conditions for isolatedrdiac progenitors to maintain cardiac

commitment during further differentiation.

5. To demonstrate that the isolated human embrystéen cell-derived cardiac
progenitors can be differentiated into relativelyg population of cardiomyocytes.

6. To optimize reaggregation and survival propsrtieisolated human embryonic stem
cell-derived cardiac progenitors to enhance carglanyte yield.

21



DOI:10.14753/SE.2015.1764

4. Materials and Methods
4.1. hESC culture and differentiation

The original HUES9 human embryonic cell line wasidty provided by Dr.
Douglas Melton from the Harvard University, whileGB1V was purchased from
ATCC. TheSeeping Beauty (SB) transposon based gene delivery method wasdpp
to genetically modify HUES9 and BGO1V hESCs witphlasmid containing the cDNA
of the fluorescent protein EGFP, under the contfod specific variant of the CAG
promoter (SB-CAG-EGFP construé) This specific variant contains a CMV enhancer
region, two sequences from the chiclgeactin promoter and one short part of the rabbit

B1-globin promotef®.

HUES9-CAG-EGFP and BGO1V-CAG-EGFP hESC colonieseweultured on
mitomycin-C treated mouse embryonic fibroblast (NIEfeeder cells (MERCK
Millipore), in a medium consisting of Knockout DMEMLife Technologies),
supplemented with 20% Knockout Serum Replacemeifé (Lechnologies), 2 mM
glutamine, 0.1 mM nonessential amino acids, 0.1 paMercaptoethanol and 15 ng/ml
recombinant human basic fibroblast growth fact&iGFE).

hESC colonieson  EBs in suspension EBs on gelatine- hESC-derived
MEF feeder layer culture coated surface cardiomyocyte-like
cells appear

Figure 4. Schematic outline of spontaneous differentiation ttough the EB
formation method.

Figure 4 shows the schematic outline of the spontaneodsrdiftiation protocol,
designated as the embryoid body (EB) formation oetiDifferentiation was initiated

via EB formation under suspension culture cond#joensured by an ultra-low
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attachment surface of the culture plate and an ERlim containing Knockout

DMEM, 20% ES-tested FBS (Life Technologies), 1% MEA,2% B-merkaptoethanol

and 1% L-glutamin. On the"6day of differentiation EBs were plated onto gelati

coated 24 well plates, in a density of 5-10 EBslwebm this time point EBs were kept
in differentiation medium (DM) containing DMEM (laf Technologies) and 10% EU-
tested FBS (Life Technologies).

Directed differentiation of HUES9-CAG-EGFP and B&BCAG-EGFP cells was
initiated via EB formation in suspension, as presly reported®, with some
modifications, as shown in the Results. Spontadgocsntracting cardiomyocytes
appeared at day 14-16 of the differentiation irhbzgses.

4.2. Flow cytometry

Undifferentiated HUES9-CAG-EGFP colonies were hated from mouse feeder
cells by enzymatic digestion with 0.05% trypsin-E®{Gibco), HUES9-CAG-EGFP
EBs were dissociated with 0.25% trypsin-EDTA (Gipbc8ingle cell suspension was
washed with PBS containing 0.5% bovine serum albuamd incubated for 30 min at
37 °C with the following directly labelled monockinantibodies: anti-human SSEA4-
PE antibody (R&D System Inc., Minneapolis, MN) fepecific labeling of pluripotent
cells, anti-human CD166-A647 antibody (AbD Serotda) specific labeling of
activated cell adhesion molecule (ALCAM) expressoadls, CD106-PE for specific
labeling of Vascular Cell Adhesion Molecule-1 (VCAM(BD Pharmingen) and anti-
mouse Sca-1 (Ly-6A/E)-PECy5.5 (Beckton-DickinsoranSJose, CA) antibody for
specific labelling of mouse feeder cells in theecabundifferentiated cells (sample DO)
and 6 day-old EBs (sample D6). The unconjugated otional antibody SIRPA
(BioLegend) was labelled with Alexa Fluor 647-caggted goat anti-mouse IgG
antibody (Invitrogen)For intracellular staining the cells were fixed grermeabilized
with 4% paraformaldehyde (PFA) in PBS, subsequeh#ystaining with anti-Troponin
| (Monoclonal Anti-TNNI3, 1:500 dilution, Sigma) belled with Alexa Fluor 647-
conjugated goat anti-mouse IgG antibody (Invitrggeas performed in PBS with 2%
BSA and 0.75% Saponin (Sigma). Control staininghvéppropriate isotype-matched
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control antibodies or background levels of fluosrse of the fluorochrome-conjugated
secondary antibody was included. Dead cells wetedgaut based on 7AAD (Sigma)
staining. HUES9 cells were measured to set thel lédoe EGFP-positivity of
undifferentiated HUES9-CAG-EGFP cells. Samplesenamalyzed by a FACSCalibur
flow cytometer (Beckton-Dickinson, San Jose, CAyipged with a 488 nm argon laser
and a 635 nm red diode laser with BD CellQuest mst¢@gqun software (BDIS) or by
FACSAria High Speed Cell Sorter (Beckton-Dickinsd®an Jose, CA) with BD
FACSDiva software.

4.3. Cell sorting

HUES9-CAG-EGFP EBs were dissected with 0.25% TrnsedDTA and single cell
suspension was sorted into artificial fractionsw(lanid and high) based on EGFP
fluorescent signal intensity using the fluorescebhesed FACSAria High Speed Cell
Sorter (Beckton-Dickinson, San Jose, CA). Minimunear value within the CAG-
EGFP*" fraction was 3000, maximum linear value was 15560the CAG-EGFP"
fraction minimum linear value was 29500, while nmxm linear value was 262000.

Precision of the sorting procedure was monitoredEB®FP expression profiling of
the sorted fractions with flow cytometry, immedigtafter sorting (see Results). Cells
obtained from the different fractions were washeith sterile PBS and either recultured
or immediately resuspended in  Trizol (Invitrogen, arlBbad, CA,

http://www.invitrogen.com for further gene expression analysis. Isolatelts cgere

placed into NUNC HydroCell Surface 96 well plataesai density of 30,000 cells/well,

unless stated otherwise.

4.4. Fluorescence plate reader measurements

For fluorescence plate reader measurements a VICX®R030 Multilabel Reader
(Perkin Elmer) was used. EBs reaggregated fronsthied cells (rEBs) were cultured
in NUNC HydroCell Surface 96 well plates and flusmence measured 3 and 20 days
after sorting (see Results). Excitation wavelengtds 490 nm, and a F535 emission
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filter was used for detection of EGFP fluorescerlaorescence intensity levels were

calculated as averages of 9 independent measurement

Propidium iodide (PI) staining was carried out 8 &0 days after sorting, in order
to assess the growth of the rEBs and estimate elsaingcell numbers. The rEBs were
fixed with methanol on ice for 15 minutes and, aievashing step, were stained with
Pl. After incubation with PI for 15 minutes the rERere transferred into fresh PBS in
a 96 well plate (Greiner). Excitation wavelengthsvt@0 nm, and a F660 emission filter
was used for detection of Pl fluorescence. Flu@mse intensity levels were calculated
as averages of 6 independent experiments.

4.5. Immuncytochemistry

For immunostaining, whole EBs were differentiateéthex on gelatin-coated 8
chamber dishes with glass bottom (Imaging chamifsd) or on 24 well culture
plates, while EBs reaggregated from the sorted ¢eiBs), were plated onto gelatin-
coated 8 chamber dishes with glass bottom, 6-7 d#gs the sorting procedure. To
achieve adequate adherence of the rEBs, a 5 minybsinization procedure was
performed with a 0.25% Trypsin-EDTA solution. EBsdarEBs were fixed with 4%
paraformaldehyde in Dulbecco's modified PhosphaiéfeBed Saline (DPBS) for 15
min at room temperature. After three washing stgpls DPBS, nonspecific antibody
binding was blocked for 1 h at room temperatur®R®BS containing 2 mg/ml bovine
serum albumin, 1% fish gelatin, 5% goat serum addo0Triton-X 100. The samples
were then incubated for 1 h at room temperaturd wie primary antibodies. The
primary antibodies used were: anti-Troponin | (Moboal Anti-TNNI3, 1:500
dilution, Sigma), Pecam (Anti-Human PECAM-1, 1:5@dution, eBioscience), SMA
(Monoclonal Anti-Actin, Alpha-Smooth Muscle, 1:10@ilution, Sigma), AFP
(Monoclonal Anti-alpha-Fetoprotein, 1:500 dilutidgigma),Blll-Tubulin (Monoclonal
Anti-Neuron-specific beta-11l Tubulin, 1:2000 dilah, R&D Systems). After washing
with DPBS, the cells were incubated for 1 hour with secondary antibodies at room
temperature. Secondary antibodies were dilutetlarbtocking solution at 1:250 in each
case. Alexa Fluor 568-conjugated goat anti-mousé kntibody (Invitrogen) was
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applied to detect troponin I, AFBJII-Tubulin. DAPI (Invitrogen, Madison, WI) was
used for nuclear staining (10, 10 minute-long incubation in DPBS). Samplesrstdi
on 8 chamber dishes with glass bottom were exambe@n Olympus FV500-IX
confocal laser scanning microscope, while sampigmesd on 24 well plastic culture
plates were examined by fluorescence microscopyled$t two independent samples

were used in each measurement.

4.6. Real-time quantitative PCR analysis

Total RNA was isolated from cells using TRIzol™ Beat (Invitrogen) following
the manufacturer’s instructions. cDNA samples waepared from 0.2g total RNA
using the Promega Reverse Transcription Systena&pecified by the manufacturer.
For real-time quantitative PCR (QPCR) the follogvirre-Developed TagMan® assays
were purchased from Applied BiosystemdANOG as undifferentiated stem cell
marker;BRACHYURY as early mesodermal marké®_1, TBX5, NKX2.5 andGATA4 as
early markers of cardiac differentiatioRNNT2, PLN and NPPA as cardiac specific
marker;ALCAM as stage specific cardiac markeéYL2 as ventricular-MYL7 as atrial-,
HCN4 as nodal subtype specific markef ribosomal protein as endogenous control for
guantification. QPCR analyses were carried outguthie StepOne™ Real-Time PCR
System (Applied Biosystems), according to the mactuirer’s instructions. The fold-
change of mRNA in experimental and control cellssveetermined using the*2“'
method. Relative mRNA levels were presented as mesdnes = S.E.M. of 3
independent experiments. Levels of significance ewealculated by the two-tailed
Student t-test.
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5. Results

5.1. The CAG promoter allows the identificationcafdiomyocytes in spontaneous
differentiation cultures of human embryonic stertsce

5.1.1. Characterization of the hESC lines HUES9-CAG-EGFP and BG0O1V-CAG-EGFP

EGFP expressing HUES9 and BGO1V cells were gergtatdransfection with
the SB-CAG-EGFP construct (see Materials and Metho@ihe genetic modification
was carried out by the research group of Tamas rOrBdansgenic hESC lines
(HUES9-CAG-EGFP and BGO1V-CAG-EGFP) were estabtishthrough the
enrichment of EGFP expressing hESCs by sortinglairg. Several cell lines have
been established with different EGFP expressioansities, either completely free of
transgene-negative (CAG-EGFPB cells or containing a small population of CAG-
EGFP* cells.

y
: - -

10° 10! 102 10° 104

12G3-APC

SSEA4-APC

Figure 5. Characterization of HUES9-CAG-EGFP cells.(A) Fluorescence
microscopy image of HUES9-CAG-EGFP colonies on MieEder layer, showing
hESC-like morphology. ) Confocal microscopy images of HUES9-CAG-EGFP
colony on MEF feeder layer, showing expressiorhefpluripotency marker OCTAC)
Flow cytometry measurement of SSEA4-APC and itsy® control 1gG3-APC in
HUES9-CAG-EGFP cells.
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HUES9-CAG-EGFP cells were cultured on a mouse eatbcyfibroblast (MEF)
feeder layer and maintained pluripotency duringgtéerm culture, as demonstrated by
the colony (clump) morphology characteristic foungpotent hESCsHigure 5A), by
immunostaining against the pluripotency marker OQFRgure 5B) and by flow
cytometry measurement detecting SSEA4 expressiguie 5C).

Similarly to the HUES9-CAG-EGFP hESC line, BGO1V-GAGFP clumps
were also cultured on MEF feeder layErglure 6A) and expressed OCT#igure 6B)
and SSEA4FKigure 6C), respectively. Flow cytometry measurements detg @SEA4
expression were routinely carried out to monita ghuripotent state of hESCs during
long term culture. Only hESCs with more than 95%& A& positivity were used for

experiments.

%Gated: 97,1

Counts

o
10° 10! 102 10° 104
12G3-APC
SSEA4-AP(

Figure 6. Characterization of BGO1V-CAG-EGFP cells. (A) Fluorescence
microscopy image of BGO1V-CAG-EGFP colonies on Mtgleder layer, showing
hESC-like morphology. R) Confocal microscopy images of BGO1V-CAG-EGFP
colony on MEF feeder layer, showing expressiorhefgluripotency marker OCTAC)
Flow cytometry measurement of SSEA4-APC and itsyms® control 1gG3-APC on
BGO1V-CAG-EGFP cells.

Pluripotency of hESC lines is also characterizedhyability of differentiating

into the three germ layers, namely into the endodectoderm and mesoderm lineages.
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HUES9-CAG-EGFP cells were differentiated througa #B method, which is often
used for initiating spontaneous differentiation.skoof pluripotency and mesodermal
commitment was investigated by QPCR, detecting ¢mvnregulation of the
pluripotency markeNANOG and the upregulation of the early mesodermal nay&ee
BRACHYURY during the first 12 days of differentiatioRigure 7A). Downregulation
of BRACHYURY was followed by the upregulation of the early e@acdmarker genes
GATA4, NKX2.5 and ALCAM, indicating the emergence of cardiac-committedsael
the differentiation culture around the1Oth daytd differentiation Figure 7B).
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Figure 7. Transcriptional profile of spontaneous differentiaion of HUES9-
CAG-EGFP cells. (A) QPCR analysis of the mRNA expression MANOG and
BRACHYURY in whole EBs at early stages of differentiatid®) QPCR analysis of the
MRNA expression oALCAM, GATA4 andNKX2.5 in whole EBs at different stages of
spontaneous differentiation.
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D12
HUES9-
CAG-EGFP
EBs

D22
HUES9-
CAG-EGFP
EBs

Figure 8. Immunocytochemistry analysis of spontanasly diffferentiating HUES-
CAG-EGFP cells. Green: CAG-EGFP. Blue: DAPIA] Anti-alpha-fetoprotein (AFP)
and anti-neuron-specific beta-lll-tubulirBl{I-Tub) staining of HUES9-CAG-EGFP
EBs on day 12 of the differentiationB) Anti-platelet endothelial cell adhesion
molecule (PECAM-1) and anti-alpha-smooth musclena@MA) staining of HUES9-
CAG-EGFP EBs on day 22 of the differentiation. Timage is taken from Szebénrsti
al.'* with some modifications.

The emergence of cells of the other two germ layeas demonstrated by
immunocytochemistry studie&igure 8A). On day 12 of the differentiation (D12) EBs
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were stained against the early endoderm markeraditbprotein (AFP) and the
ectoderm marker beta-llI-tubulif8i{l-Tub), and both endodermal and ectodermal cells
were found to be present in the differentiatiortung. Cells of the mesodermal lineages
were identified based on the expression of alphaesm muscle actin (SMA),
characteristic for smooth muscle cells and baseglatelet endothelial cell adhesion
molecule (PECAM-1) expression, characteristic fordathelial cells, respectively
(Figure 8B). The expression of SMA and PECAM was investigatediay 22 (D22) of
the differentiation, since cells positive for thesarkers emerge only at later stage of
the differentiation. Besides smooth muscle and thadal cells, cardiomyocytes are
also of mesodermal origin. Cardiac differentiatiwas demonstrated by the emergence
of numerous spontaneously contracting areas dlaieg stage of differentiation (after
14 days).

5.1.2. In differentiation cultures of HUESS-CAG-EGFP and BG01V-CAG-EGFP
cardiomyocytes show exceptionally high EGFP expression

Spontaneous differentiation of HUES9-CAG-EGFP hE&Esally resulted in
numerous spontaneously contracting areas with metse high EGFP fluorescence
signal intensity, masking dimmer fluorescence & furrounding tissued=igure 9,
white arrows pointing on the contracting areas witth EGFP signal). Extremely high
EGFP expression intensities were predominantly releskeonsite of the contracting
areas Supplementary video ) and allowed the identification of cardiomyocyteshe
differentiation culture based alone on their exegnnigh EGFP expression intensities.
Two different hESC lines (HUES9-CAG-EGFP and BGOIXG-EGFP) and a mouse
ESC line (R1-CAG-EGFP, kindly provided and diffeiated by Elen Goécza) were
used to demonstrate that this effect is cell limel apecies-independerfigure 9).
Moreover, it was shown by Tamas Orban and co-wsrkkat this phenomenon is
exclusively dependent on the CAG promoter and ieddpnt of the transgene
integration site and copy number, the transgeneesexg, as well as the method of gene
delivery. A detailed description of the experimergsulting in this conclusion can be
found in the attached paper, Orlghal.*.
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Hues9-CAG-EGFP

BGO1V-CAG-EGFP

RI1-CAG-EGFP

Figure 9. Fluorescence microscopy images of spontaneously t@cting areas. The
images show spontaneously contracting areas ditfiated from two different human
embryonic stem cell lines (HUES9-CAG-EGFP and BG@AG-EGFP) and from a
mouse embryonic stem cell line (R1-CAG-EGFP) at tifferent magnifications.

To elicit whether the extremely high EGFP exprassimtensities of
cardiomyocytes are the result of higher transaiptor translation rate, or certain
posttranslational modifications, HUES9-CAG-EGFP faténtiation cultures were
separated into three fractions based on EGFP #aeree by a FACSAria High Speed
Cell Sorter at the 30th day of differentiatioRigure 10A). The data presented in
Figure 10 are the result of a differentiation, repeated jpefelently from the
experiments published by Orbéinal. In this particular experiment the applied HUES9-
CAG-EGFP hESC line contained a subpopulation of E@Egative cellsRigure 10A,
yellow population), superseding the use of the HYIESII line as negative control for
setting up the detection of the EGFP signal. EGEgative cells were not included in
further analysis since this population containedigture of all types of cells emerging
during differentiation. The fraction containing Ilsewith exceptionally high EGFP
igh

fluorescent signal intensity was designated a<th&-EGFP'®" subpopulationRigure
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10A, green), while cells with low EGFP intensity as tBAG-EGFP" subpopulation

(Figure 10A, blue). Cells between these two fractions wereigtesed as CAG-
EGFP" (Figure 10A, purple).

Sorted cells were resuspended in TRIzol Reagemolate total cellular RNA
from each of the separated fractions. Real-timentiiadive PCR analysis revealed that
EGFP transcription levels closely correlated wité fluorescent signal intensities of the
fractions, thereby providing evidence for increadeahscription through increased
promoter activity as the cause of enhanced EGF#tdhcent signal intensityFigure
10B). Therefore higher nucleus-cytoplasm ratio in @ayocytes compared to other
cell types could also be excluded as the caugaphenomenon.
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Figure 10. The CAG-EGFP"" subpopulation is enriched in cardiomyocytes.
(A) Isolation of CAG-EGFB" (blue), CAG-EGFP (purple) and CAG-EGFBE"
(green) fractions from HUES9-CAG-EGFP EBs basedtlbm CAG-EGFP signal
intensity on day 32 of the differentiation. (B) QR@nalysis of the mRNA expression
of GFP, ALCAM, NKX2.5, GATA4, PLN andNPPA in EBs at day 32 of spontaneous

differentiation. (C) QPCR analysis of the mRNA eegsion oPAX6 andCAPG in EBs
at day 32 of spontaneous differentiation.
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Transcriptional profiles of cardiac-specifidX2.5, GATA4, ALCAM, PLN and
NPPA), early neuron-specific PAX6), and skin-specific QAPG) marker genes
measured by QPCR revealed that the CAG-EtFfaction contained higher level of
cardiac-specific mRNA than the other two fractiomdjile neuron and skin-specific
MRNA was underrepresented in this sample compavethé other two fractions
(Figure 10B). These findings proved that apart from being ttuts/ely functional in
all cell types (including undifferentiated hESCged$igure 5 and 6 this specific
variant of the CAG promoter was transcriptionalrextely active in cardiac tissues,
providing the possibility for selection of transgeexpressing hESCs and hESC-derived
CMs, and therefore it was named as “double-featpretnoter.

A B

Figure 11. Non-contracting areas expressing CAG-EGFP at a verhigh intensity

are cardiomyocytes, but not all of the cardiomyocys express CAG-EGFP at an
exceptionally high level. (A) Fluorescence microscopy images at two different
magnifications of a non-contracting area expres€$ifgs-EGFP at an exceptionally
high level. B) Fluorescence microscopy images at two differeagmfications of
cardiac troponin | (cTnl) staining of the same arBle: DAPI. Green. CAG-EGFP.
Red: cTnl. The white arrow indicates a cTnl positarea with lower EGFP signal
intensity. The image is taken from Szebéaiydl.*?3 with some modifications.
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Besides of numerous contracting areas several ootmacting areas with
exceptionally high EGFP signal intensities were tigub by fluorescent microscopy
during examination of the differentiation culturesyen at later stages of the
differentiation Figure 11A). To further support the previous finding, namtigt the
transcriptional activity of the CAG promoter is har selectively in cardiomyocytes,
wells of 24-well plates containing such non-cortirar areas were stained against
cardiac troponin | (cTnl).Figure 11B shows a representative cTnl staining,
demonstrating good colocalization with the enhan&#eFP signal, as well as the
existence of cardiomyocytes (cTnl positive cellsjhwiower EGFP signal intensity
(Figure 11B, white arrow).

Figure 12.Fluorescence microscopy images of the same area witg exceptionally
high EGFP expression during the course of spontanase differentiation of HUES9-
CAG-EGFP culture. Onset of the spontaneous contractile activity isoted by a
white heart symbol. White arrows indicate the areis extremely high EGFP signal.

Next, the appearance of areas with exceptionalyh hEGFP signal was
investigated by fluorescent microscopy at earhgesaof spontaneous differentiation

and selected areas were followed during the coofs#ifferentiation to evaluate the
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ability of the CAG promoter to identify progenitoos cardiomyocytesKigure 12).
This was important because the selection of matardiomyocytes is limited by their
poor reaggregation and survival properties as siglls, while cardiac progenitors
possess better reaggregation and survival propertie addition, cardiomyocytes
undergo progressive cell-cycle withdrawal duringturatior®, while progenitor cells
are still able to divide, therefore cardiomyocyiely of the differentiation can also be
enhanced by selective propagation of cardiac pritaysn

Day 10 was found as the earliest time point whdis derther differentiating to
contracting cardiomyocytes could be identified blase their high EGFP expression
(Figure 12). These findings suggested that the CAG promotaridvallow not only the
isolation of cardiomyocytes, but also that of cacdprogenitors, since the contractile
activity, indicating the appearance of cardiomyesystarted only later, after day 14 in
the differentiation cultures.
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5.2. Directed cardiac mesoderm differentiation ABZEGFP expressing human

embryonic stem cells

To facilitate the examination of the ability of tli®&AG promoter to identify
cardiac progenitors, spontaneous differentiatiors vieeded to be replaced by a
differentiation protocol which is able to enrictetbhutput of the differentiation for cells
with mesoderm origin. The original protocol wasaibed from the literatufé and was
optimized for CAG-EGFP expressing hESCs, howewemesbasic modifications were
introduced to render it affordable for routine us@ small academic laboratory.

Figure 13 shows the outline of the protocol used to inducesadermal
differentiation. Bone morphogenetic factor-4 (BMP#ctivin A, ascorbic acid and
monothioglycerol (MTG) was used to differentiatdls towards the mesoderm, while
further commitment to the cardiac mesoderm was @ue@ by the addition of ascorbic
acid and MTG alone. Formation of cells of the cavescular lineages was achieved in
differentiation medium (DM) supplemented with adsoracid and MTG, added until
the 14th day of the differentiation.

|  Suspension culture | |

D0 D1 D4 D6 D8 D14 ) as D29
Beating arc

| l | l | | ——— ||
1 1 1 1 1 T 1

KO-DMEM

1% NEAA DMEM

0.2% p-ME |17 NEAA

Ascorbic Acid |27 B-ME
g FBS

BMP4 | Ascorbic

BMP4| bFGF Acid
Activin A| MTG

H_A A )
Mesoderm Cardiac Cardiovascular
mesoderm lineages

Figure 13.Schematic representation of the protocol for diread differentiation.
The image is taken from Szebéeyal.*?® with some modifications.
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Directed differentiation was monitored by fluoresce activated cell sorting
(FACS) measurements and its kinetics was comparedthat of spontaneous
differentiation Eigure 14). The loss of pluripotency demonstrated by therekese of
SSEA4 expression could be detected earlier, alreayday 6 in the directed
differentiation culture, while during spontaneousfedentiation SSEA4 expression
started to decline only around DIEigure 14A).

ALCAM can be designated as a cardiomyocyte market,it is important to
mention that ALCAM is expressed solely on cardiooyes at an early developmental
stage-specific manner, while beyond this particudavelopmental stage ALCAM
expression is widespread among different typesissfies™ *'9*?! Therefore it was
important to examine the kinetics of ALCAM expressiduring the course of
differentiation of HUES9-CAG-EGFP cells. Directetfferentiation resulted ALCAM
positive cells around day 9, while during spontarsedifferentiation ALCAM positive
cells emerged later (around day 12).

To further examine mesoderm differentiation thé seiface expression of KDR
(VEGF-R) and CD117 (C-KIT) was monitored during tfiest 12 days of the
differentiation Figure 14B), based on the paper of Yamyj al., showing that the
KDR"/CD117"® subpopulation indicate the presence of cardioasgorogenitors
during directed differentiation of hES€s In the directed differentiation cultures
increased presence of this population could berebdebetween day 6 and day 12,
while in spontaneous differentiation cultures th®RCY/CD117*® subpopulation
evolved only later, around day 9 and composed dlexmizaction of the culture as
shown inFigure 14B.

Counting of contracting areas served as a readwutdrdiac differentiation
efficiency. Directed differentiation resulted mocentracting areas than spontaneous
differentiation fFigure 14C). Figure 14D shows that this difference could be
demonstrated by FACS measurement of undiffereitiéight grey) and differentiated
HUES9-CAG-EGFP samples (dark grey for spontaneousblack for directed
differentiation) stained against cTnl.
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Figure 14. Comparison of spontaneous and directed iféerentiation. (A) Flow
cytometry analysis of SSEA4 and ALCAM/CD166 on sdtbm whole HUES9-CAG-
EGFP EBs at different stages of spontaneous (umgyey and directed differentiation
(lower row). (B) Flow cytometry analysis of C-KITBO17 and KDR on cells from
whole HUES9-CAG-EGFP EBs at different stages ofnspeeous (upper row) and
directed differentiation (lower row). (C) Table smmarizing the outcome of a
spontaneous and a directed differentiation in teofeontracting areas (CAs)-content
on a 24 well plate at day 30 (D30). (D) Flow cytdmeanalysis of cardiac troponin |
(cTnl) staining of undifferentiated and differeméd (spontaneous or directed) samples.
For flow cytometry analysis the FACSCalibur flowtameter was used; dot plot gates
were set based on the isotype controls.
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Figure 15 shows the transcriptional profile of directed eiffntiation measured
by QPCR. By day 2 of the directed differentiatiorapid downregulation of the mRNA
expression of the pluripotency gedANOG was observed, followed by a transient
upregulation o BRACHYURY mRNA level, implying the formation of the mesoderm
(Figure 15A). BRACHYURY was already downregulated by day 8, while during
spontaneous differentiation downregulation of tleene gene happened only later,
around day 12 (seEigure 7). Cardiac specific genes such &1, TBX5, NKX2.5,
TNNT2 and ALCAM were used to confirm the emergence of cardiac derso in the
directed differentiation culture$igure 15B). ISL1 expression was upregulated on day
6, preceding the upregulation BBX5 andNKX2.5 expression on day 8. The expression
of TNNT2 mRNA become detectable at a low level on day 6 athigh level expression
was associated with the emergence of spontaneaqusactle activity and occurred
around day 14. Upregulation ALCAM mRNA levels overlapped with the upregulation
of ISL1, and was maintained thereatfter.

ISL1 TBXS5
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NANOG g 0o .. =
04 % £ 001 &
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& =
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03 £ 0.0,
s 0,007
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2o 0 ol
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0.1
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0 0,016 02
DO D2 D4 D6 D8
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Figure 15. Transcriptional profile of directed differentiation of HUES9-CAG-
EGFP cells. (A) QPCR analysis of the mRNA expression ®IANOG and
BRACHYURY in EBs at early stages of differentiation. (B) ®%@nalysis of the
MRNA expression ofSL1, TBX5, NKX2.5, ALCAM and TNNT2 in EBs at different
stages of directed differentiation. Levels of sigpaince were calculated by the Student
T-test; *: p<0.05, n=3. The image is taken fromI&eyiet al.**
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As shown inFigure 16, a well measurable EGFP expression could be detect
by FACS in the pluripotent state (D0O) of HUES9-CAGFP cells, together with a high
level of SSEA4 expression. Further analysis of HBHERAG-EGFP differentiation by
FACS revealed a slight decrease in the EGFP sdyrailg the suspension culture stage
of the differentiation. However, on day 10 the fatman of a subpopulation expressing
EGFP at a very high level could be confirmé&ay(re 16, black arrows). This CAG-
EGFP'" subpopulation was negative for SSEA4 and its apmea on day 10
anticipated the onset of the spontaneous contaatiivity (D14 and later) by four days
at least. Therefore it was hypothesized that tlealigheriod for isolation of cardiac
progenitors based on the CAG-EGFP signal is betwdsgn 10 and day 14 of the
differentiation.

DO D6 D8 D10 D12 ) D15

100 w0

SSEA4-PE =———p
A 102 107 w0t

T (R D R T e oAt o' 0 % PR et T TR \ 7 R TR I "
CAG-EGFP >

Figure 16. Flow cytometry analysis of the pluripotency marker SSEA4 and the
CAG-EGFP on cells from whole HUES9-CAG-EGFP EBs atifferent stages of
differentiation. Dot plot gate for SSEA4 expression was set basedhe isotype
control, 1gG3-PE. Arrows indicate the evolving CABFP'9/SSEA4®?

subpopulation. The image is taken from Szebénsi.*?® with some modifications.
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5.3. The CAG promoter allows identification andlagmn of human embryonic stem
cell-derived cardiac progenitors

5.3.1. Isolation and mRNA expression profiling of the CAG-EGFP"®" subpopulation

In order to assess whether the CAG-EGFP signalnsitte allows the
identification and isolation of cardiac progenitocell sorting was performed from the
trypsinized cultures of differentiating HUES9-CAGSEP cells and transcriptional
profile of the isolated samples were compared b RP

As shown inFigure 17 two separate cell populations, namely CAG-E&P
(indicated by blue colour) and CAG-EG®P(indicated by red colour) were isolated by
a FACSAria High Speed Cell Sorter on day 10 (Dl1@d al2 (D12) of the
differentiation. The sorted fractions were re-meaduby FACS to establish sorting
purity.

D10 D12

GFP SORT

......

CAG-GFP"v

CAG-GFPUgh |

”

CAG-EGFP

Figure 17. Isolation of CAG-EGFP°" (red) and CAG-EGFP"" (blue) fractions
from HUES9-CAG-EGFP EBs based on the CAG-EGFP sigriantensity on day 10
(D10) and day 12 (D12) of the differentiation.The sorted subpopulations were re-
analyzed by FACS measurements to establish soptinify of CAG-EGFP" (lower

row) and CAG-EGF®" (middle row) cells. Green coloured cells were anglysed.
The image is taken from Szebéeyal.*?3
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QPCR analysis revealed that the CAG-E&FRamples expressed significantly
higher levels of the cardiac specific gerl&1, TBX5 and TNNT2 than the CAG-
EGFP™ samples, whileNKX2.5 mRNA levels were higher in the CAG-EGEP
fractions at both days of differentiation examin@l0 and D12) Figure 18A). In
CAG-EGFP'9" samples expression levels of tHKX2.5 transcripton slightly increased
from day 10 to day 12, while in the case of CAG-B8¥cells a robust decrease was
observedFigure 18A also shows that expression levels of &AM transcript were
similar in the sorted fractions on day 10, but ay dl2 the two fractions clearly
separated from each other and CAG-E&F¥RellsexpressedLCAM at a significantly
higher level than CAG-EGE¥ cells Figure 18A).

Figure 18B shows that the early neuronal markers, SOX1 and&?As well as
the early endoderm marker AFP were expressed hehigvels in the CAG-EGEY
samples. Expression of the pluripotency gegd€34 andNANOG was also investigated
and two magnitude of order less transcript werendoin isolated samples than in
undifferentiated HUES9-CAG-EGFP cells, used astp@scontrol Figure 180).
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Figure 18. The CAG-EGFP"" subpopulation is enriched in cardiac progenitor
cells. (A) QPCR analysis of the mRNA expressionl8f1, TBX5, NKX2.5, ALCAM
and TNNT2 in HUES9-CAG-EGFB"(light grey columns) and HUES9-CAG-EGH®
cells (dark grey columns), sorted at day 10 (D1é&)sor day 12 (D12 sort) of
differentiation. B): QPCR analysis of the mRNA expressionSoiX1, PAX6 and AFP

in HUES9-CAG-EGFB" (light grey columns) and HUES9-CAG-EGHER cells (dark
grey columns), sorted at day 10 (D10 sort) or day[112 sort) of differentiation.Q)
QPCR analysis of the mRNA expression @€T4 and NANOG in HUES9-CAG-
EGFP™ and HUES9-CAG-EGFP" cells, sorted at day 10 (D10 sort) or day 12 (D12
sort) of differentiation. Levels of significance mecalculated by the Student T-test; *:
p<0.05, n=3. The image is taken from Szebé&hgl.*, with some modifications.
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Figure 19. Analysis of directed differentiation of BG0O1V-CAG-EGFP hESCs.(A)
Flow cytometry analysis of the pluripotency marl&&SEA4 and CAG-EGFP on cells
from whole BGO1V-CAG-EGFP EBs at different stagdsdifferentiation. Dot plot
guadrant gates are set based on IgG3 isotype ¢téoti8SEA4 and EGFP fluorescence
intensity of the undifferentiated BGO1V-CAG-EGFRIsdor CAG-EGFP. B) QPCR
analysis of cardiac lineage markerSL{1, NKX2.5, ALCAM andTNNT2), the ectoderm
marker SOX1 and the early endoderm markéFP in HUES9-CAG-EGFP" and
HUES9-CAG-EGFP" cells sorted at day 12 of differentiation. The gmais taken
from Szebényet al.*?3 with some modifications.

To further confirm the ability of the CAG-EGFP syt to identify cardiac
progenitors, BGO1V-CAG-EGFP hESCs were differeetiavith the same directed
differentiation protocol as used for differentiatiof HUES9-CAG-EGFP cells (see
Figure 13). BGO1V-CAG-EGFP cells also started to form a CEGFP'"
subpopulation, however two days later than HUES$%EERGFP cells Kigure 19A).
This delay was presumably caused by an inheretureeaf the BGO1V hESC line,
since this cell line was established from an embmyth Down syndrome causing
congenital heart failuré®* *2> Distribution of cardiac-specific mMRNA levels beten
the two fractions sorted on day 12 were similathiat observed in the case of HUES9-
CAG-EGFP cells Kigure 19B), sincelS.1, ALCAM and TNNT2 transcription levels
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were higher in BGO1V-CAG-EGFBE" samples, whileNKX2.5, and the non-cardiac
specific genes showed higher expression in BGO1\GEGFP" cells.

5.3.2. Comparing CAG-EGFP-based isolation of cardiac progenitors to other methods

known from the literature

In good agreement with the increase AMfCAM transcription in D12 CAG-
EGFP'9" samples (seBigure 18A), CAG-EGFP'" cells started to express ALCAM at
the protein level on day 12 of the differentiati(figure 20A, black arrows indicate
ALCAMP°ICAG-EGFP" cells). However, a clear co-expression of the markers
was first observed on day 14. The ability of ALCAMidentify solely cardiomyocytes
is stage specific and it has not been indicated &laCAM is suitable for the
identification of cardiac progenitors; thereforeauld be assumed that on day 12 CAG-
EGFP'" cells identify CPCs that are becoming ALCAM po&itiCMs by day 14.

To further evaluate this possibility, half of thegle cell suspension obtained by
trypsinization from EBs was sorted into ALCAM pagit (ALCAMP®Y and ALCAM
negative (ALCAM®9 fractions Eigure 20A), while the other half into CAG-EGE®'
and CAG-EGFP" fractions (as shown iRigure 17). On day 12TNNT2 and NKX2.5
transcriptional levels did not differ significantetween ALCAM®® and ALCAM™?
samples, while by day 14NNT2 transcriptional levels of the ALCARF and
ALCAM " fractions became more distinct through a thred-focrease offNNT2
expression in the ALCARF® sample Figure 20B). By day 14, the ALCANF® and
ALCAM "®9 populations became more distinct based on tNKKX2.5 transcriptional
levels as well, however the ALCANF fraction expressed a similar level NKX2.5
transcripts than the CAG-EGEP fraction, while CAG-EGF" cells expressed
significantly lower levels oNKX2.5 than all the other samples, irrespectively ofdhg
of sorting. All these findings outlined that eaclgrdiomyocytes expressed ALCAM on
day 14, while a subpopulation of ALCAR cells marked by the CAG-EGFP system
expressedNNT2, but only low levels oNKX2.5.
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Figure 20. Analysis of the cardiac progenitors obtained by theCAG-EGFP
separation system and those by the presence of CB1§A): HUES9-CAG-EGFP
EBs were sorted based on their CD166/ALCAM expogssintensities into CD166
negative (CD16®69 and positive (CD1689 fractions on day 12 (D12) and day 14
(D14) of the differentiation. Black arrows indicafd CAMP°YCAG-EGFP'I" cells.
(B): QPCR analysis of the mRNA expression of TNNAl NKX2.5 in the different
subpopulations (GFP sort: HUES9-CAG-E®EPand HUES9-CAG-EGFB" cells;
CD166 sort: CD168%and CD168°° cells) sorted either at day 12 (left panel) or dldy
(right panel) of differentiation. Levels of sigraéince were calculated by the Student T-
test; *: p<0.05, n=3. The image is taken from Sngbé al.**®
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Figure 21. Comparison of the CAG-EGFP system with aly cardiomyocyte
markers SIRPA and VCAML1. (A) Flow cytometry analysis of SIRPA and CAG-
EGFP in HUES9-CAG-EGFP EBs at day 10 (D10), day1??) and day 14 (D14) of
differentiation. (B) Flow cytometry analysis of SR and VCAM1 in HUES9-CAG-
EGFP EBs at day 10 (D10), day 12 (D12) and dayDi#4] of differentiation. Dot plot
guadrant gates are set based on the background lefvlluorescence of Goat Anti-
Mouse Alexa Fluor 647 (GAM-AF647) for SIRPA and Igkappa isotype control for
VCAM1. Black coloured dots indicate CAG-EGEP cells. The image is taken from
Szebénygt al.'*

To further investigate CPCs (D12 cells) and eadydiomyocytes (D14 cells)
identified by their high CAG-EGFP expression inigns SIRPA and VCAM1
expression was investigated between day 10, thegemee of the CAG-EGFfE"
subpopulation and day 14, the emergence of ALCHBRIAG-EGFP" early
cardiomyocytesRigure 21). CAG-EGFP'Y" cells started to express SIRPA on day 12
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(28.69% of the CAG-EGFE" cells were SIRPEY, and by day 14 58.09% were
SIRPA® further supporting that the CAG-EGEP population contains early
cardiomyocytesRigure 21A). As it was reported previoudfy expression of VCAM1

only partially overlapped with SIRPA, and accordyntp this approximately 36% of
CAG-EGFP9" cells (indicated by black dots oRigure 21B) expressing SIRPA
expressed VCAML1 by day 14.
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5.4. Examining different culture conditions for lsed CAG-EGFP?" cardiac

progenitors

To further investigate CAG-EGE®" cells, culture conditions needed to be
tested allowing re-culture and differentiation bétisolated cells. First, a cell line has
been established by mechanically removing and eatagally dissecting a contracting
area and the surrounding tissues from a HUES9 (E@fgRtive) differentiation culture.
The dissected cells were re-cultured in DM and umdat several passages to generate
a feeder cell line with fibroblast morphology, pts able to support cardiac
differentiation. The cell line was termed as canajyocyte supporting cells (CMSCs)
and exhibited a mesenchymal stem cell-ike phe@®p **’ since FACS
measurements confirmed that CMSCs were positiveCiod4, CD73, CD105, CD90,
CD166 (ALCAM) and negative for CD45, CD34, CD31, &) CD61, SSEA4,
respectively Figure 22).

Counts
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Figure 22. Characterization of the CMSC line established froma contracting area
of a HUES9 differentiation culture. Green: CD105-FITC, CD44-FITC, CD56-FITC,
CD61-FITC; orange: CD45-PE, CD31-PE, CD73-PE; 1€B90-APC, SSEA4-APC,
CD166-AlexaFluor647, CD34-APC (from left to righBlue lines indicate the signal of
the isotype controls. The image is going to be ighbld in Szebényat al. (manuscript
in preparation).
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Figure 23. Comparison of different culture conditions for supporting cardiac
differentiation of HUES9-CAG-EGFP"" cells.(A) Schematic outline of the different
culture conditions applied. (B) Representative irsagf HUES9-CAG-EGFE" cells
under different culture conditions 3 and 18 daysragorting. Scale bars represent 200
pm. (C) QPCR analysis of the cardiac g&NNT2 in samples cultured for 18 days after
sorting. The sorting was performed on day 12 of difeerentiation. The unsorted
sample was collected on day 30 of the differemtratiCPCs: cardiac progenitor cells;
D: day; M: medium; rEBs: reaggregated embryoid esgbM: differentiation medium;
RCM: ReproCardio medium; Gel: gelatin; CMSC: camyocyte supporting cells. The
image is going to be published in Szebétyl. (manuscript in preparation).
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Next, two different monolayers and a 3D suspengioliure were tested in
combination with two different culture media to queme theirability for supporting
cardiac differentiation of CAG-EGFE" cells Figure 23A). HUES9-CAG-EGFP"
cells were isolated on day 12 and replated eitheound bottom 96 well suspension
(HydroCell) plates to form 3D aggregates or werkuced as monolayers on gelatine or
on a layer of CMSCsHgure 23B). Gelatine was tested based on previous reports,
providing evidence for that gelatine-coated suda@ee able to support cardiac
differentiatiort®® *2° In addition, the routinely used differentiatioredium (DM) was
compared to ReproCardio medium (RCM), under alltlodse above mentioned
circumstances. RCM was tested because this medilgpecially offered for culturing
cardiomyocytes, hence it could be assumed that rtf@dium would provide some
benefit for cardiac progenitors as well.

CAG-EGFPY" cells cultured as monolayers exhibited mesenchymal
morphology and were able to divide, demonstratedhlbyincreased confluency of the
cells after 18 days in culturé&igure 23B). Growth of reaggregated EBs (rEBs) was
modest and at this time point was not further itigased (for detailed investigation of
growth of rEBs see Chapter 6).

Samples were collected into TRIzol Reagent afteddy of culture an@iNNT2
MRNA levels were compared by QPCR to evaluate thst potent culture condition in
terms of cardiomyocyte differentiation efficiencifigure 23C). Increased levels of
TNNT2 transcription could only be detected in the cak¢he 3D aggregates, while
RCM did not show any advantages over the traditidsl in supporting cardiac
differentiation of the isolated HUES9-CAG-EGEPcells.
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5.5. CAG-EGFP?" cardiac progenitors give rise to a relative puspyation of
cardiomyocytes

In order to further examine the potential of the GEGFP'" cells, isolated
CAG-EGFP" and CAG-EGFE" cells were plated in suspension cultures eithedayn
10 or day 12, and maintained as rEBs for severakwén the presence of 10% bovine
serum. Spontaneous contractile activity was fiegedted at 25 days after the formation
of CAG-EGFP'" [EBs (approx. 30% of CAG-EGE® rEBs contracted; see
Supplementary video 2. CAG-EGFP" rEBs did not show any contractile activity.
Figure 24 shows that after 30 days in culture CAG-EG¥PrEBs expressed
significantly higher levels oTNNT2 andNKX2.5 than CAG-EGFE" rEBs, and these
transcriptional levels were several fold highemtliaose of the initially isolated CAG-
EGFP'Y" cells (D10 CAG-EGF¥" and D12 CAG-EGFE"), implying maturation of
the CPCs into CMs.

TNNT2 NKX2.5

Rel. to PO
Rel. to PO

[0 CAG-EGFPv
B CAG-EGFPphieh

Figure 24. QPCR analysis of cardiac specific gen®KX2.5 and TNNT2. HUES9-
CAG-EGFP" (light grey) and HUES9-CAG-EGE®" (dark grey) cells were sorted
either on day 10 (D10) or day 12 (D12) of diffeiatibn and differentiated an
additional 30 days long (D10+30 and D12+30 samptespectively). Levels of
significance were calculated by the Student T-tegb<0.05, n=6.The image is taken
from Szebényet al.**
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Figure 25. Immunocytochemical analysis of ectoderrand endoderm markers in 10
days old HUES9-CAG-EGFP" and HUES9-CAG-EGFP"" rEBs. (A) Red: Anti-
Neuron-specific beta-111 TubulinB(ll-Tub). (B) Red: the early endoderm marker Anti-
alpha-Fetoprotein (AFP). The rEBs were generatenh fcells sorted on day 12 of the
differentiation.Green: CAG-EGFP. Blue: DAPI. The image is takenmr8zebénykt
al.123.

In order to examine the cell types present in tBBs; immunocytochemistry

analysis of the neuronal markgtll Tubulin, the early endoderm marker AFP, the
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endothelial cell marker PECAM, the smooth musclé marker SMA, as well as the
cardiomyocyte marker troponin | was carried outrBBs generated from D12 CAG-
EGFP'" or CAG-EGFP" cells Figure 25-27). For immunostaining floating rEBs
were seeded on confocal microscopy chambers, addily CAG-EGFP" rEBs
needed a short trypsinization to achieve betteesidh.

A

CAG-EGFP>

rEB

100.0pm
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Figure 26. Cardiac troponin | (cTnl) immunostaining of 10 day-old HUES9-CAG-
EGFP°" and HUES9-CAG-EGFP"" rEBs. The rEBs were generated from cells
sorted on day 12 of the differentiation. Green: GBGFP. Red: Anti-Human Cardiac
Troponin | (cTnl). Blue: DAPI.The image is taken from Szebéeyal.*?3

In CAG-EGFP" rEBs an appreciable amount of neuronal commitedid with
high Il Tubulin expression could be detected, while GEGFF'" rEBs did not
stained forBlll Tubulin (Figure 25A). AFP positive cells were detected in all rEBs
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examined, however the extremely low yield showeat #ndoderm differentiation was
not supported by the applied directed differergiafprotocol Figure 25B). Troponin |
was only expressed in CAG-EGEP rEBs Figure 26A) and in cells around them
(Figure 26B), while cells around the rEBs often stained pesifor SMA in both types
of rEBs Figure 27A). PECAM positive endothelial cells could not berid in either of
the rEBs Figure 27B).
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Figure 27. Immunocytochemical analysis of cardiovasilar markers in 10 days old
HUES9-CAG-EGFP°" and HUES9-CAG-EGFP"" rEBs. (A) Red: Anti-Alpha-
Smooth Muscle Actin (SMA). (B) Red: Anti-Human Rt endothelial cell adhesion
molecule (PECAM). The rEBs were generated fromscstirted on day 12 of the
differentiation.Green: CAG-EGFP. Blue: DAPI. The image is takenmr8zebénykt
al.'> with some modifications.
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Intracellular staining against Toponin | was detdctbhy FACS and it was
confirmed that more than 98% of the cells of CAGHEY" rEBs were
cardiomyocytes, indicating that approximately 2%haf cells present in CAG-EGEP
rEBs are smooth muscle cellEdure 28).
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Figure 28. Flow cytometry analysis of cardiac troponin | (cTnl) expression on 20-
day old HUES9-CAG-EGFP"" rEBs. The rEBs were generated from cells sorted on
day 12 of the differentiatiorDot plot quadrant gate for cTnl (right panel) i$ based

on IgG2a isotype control (left panel), while theéegfor EGFP fluorescence is set based
on the fluorescence intensity of fixed undifferated CAG-EGFP cells. The image is
taken from Szebényt al. 1%

In order to determine the cardiac cell subtypepriesent in CAG-EGFE"
rEBs, transcriptional levels of MYL2, a marker antricular CMs, MYL7, the marker
of atrial CMs and HCN4, the earliest expressed hoddh marker were analysed by
QPCR Figure 29. HCN4 and MYL2 were expressed at very low levelhereas
MYL7 showed high level expression in CAG-EGHEP rEBs, indicating that
cardiomyocytes derived from the isolated CAG-E&FRells are mostly of atrial type.
This observation may indicate a differential regjola of the CAG driven expression of
EGFP in various CM types. This finding is furthempported by one of the previous
observation regarding the presence of troponinsitpe areas with lower EGFP signal
in the spontaneous differentiation cultures Segire 11).
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Figure 29. QPCR analysis of the mRNA expression diCN4, MYL2, and MYL7 in
HUES9-CAG-EGFP"" [(EBs, generated from cells sorted on day 12 of

differentiation. Levels of significance were calculated by the Sthidetest; *: p<0.05,
n=3.The image is taken from Szebéeyal >
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5.6. Enhanced culture conditions for supportinggtevth of CAG-EGFB" rEBs
without losingcardiac commitment

5.6.1. Modest growth of 3D aggregates generated from isolated CAG-EGFP"®" cells

Next, the abilty of CAG-EGFP" rEBs to grow was investigated by
fluorescence imaging={gure 30) and fluorescence plate reader measuremergsare
31). Figure 30 shows representative images of rEBs 3 and 20 d#gs isolation of
CAG-EGFP'" (Figure 30A) and CAG-EGFE" (Figure 30B) cells on day 10 and day
12, respectively. Fluorescent microscopy data sstgede that CAG-EGFB" cells
sorted on day 10 exhibited slightly better aggregaand/or proliferation properties
than the cells isolated on day 12, since CAG-EUFPEBs generated from cells
isolated on day 12 (D12 CAG-EGHP rEBs) were slightly smaller at the end of the
differentiation than those generated from cellsaigsl on day 10 (D10 CAG-EGE®
rEBs) Figure 30A). Additionally, several differences between CAGHE™ and
CAG-EGFP" rEBs were observed, for example in the abilitygrow and in their
shape as well, since CAG-EGRP cells formed perfect spheroids (while CAG-
EGFP'9" rEBS were more spindle-shaped) and exhibited higheliferation capacity
resulting larger rEBsHigure 30B).

A B
CAG-EGFPhigh rEBs CAG-EGFP"" rEBs

D10 sort D12 sort D10 sort

Figure 30. Representative fluorescent images of rggregated embryoid bodies
(rEBs) 3 and 20 days after sorting(A) HUES9-CAG-EGFB®" rEBs and (B) HUES9-
CAG-EGFP" rEBs. The cells were either sorted on day 10 (Bdi) or day 12 (D12
sort) of the differentiation. EGFP expression watedted by fluorescence microscopy
The image is taken from Szebéeyal.*?3

D12 sort

3 days after sort
3 day after sort

20 days after sort
20 day after sort

59



DOI:10.14753/SE.2015.1764

In order to allow better quantification of the gttmof CAG-EGFP" rEBs,
fluorescence plate reader measurements were p&da8rand 20 days after cell sorting
(Figure 31). Plate reader measurements were carried outéctd@iorescence of either
the CAG-EGFP signalFigure 31A) or that of the propidium iodide (PI) staining of
fixed rEBs Figure 31B). Both methods confirmed the growth of rEBs duri@zday-
long culture, additionally the PI staining-basedthoed provided evidence about
modest, but significant growth of the rEB3dure 31B). Fluorescence intensities of the
Pl staining of 3 day old rEBs sorted on day 10 (B&&) and day 12 (D12 sort) were
similar, corresponding to the identical number eliscseeded on the wells three days
before the measurement (30,000 cells/well) and estggy similar reaggregation
properties among CAG-EGE® cells sorted either on day 10 or day 12.

A B
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6000 10000 *
*
8000 —_—
£’ 4000 2
£ I £ 6000
= 5
g g 4000 I I
Z 2000 =
2000
0 - 0
D10 sort D12 sort D10 sort D12 sort
[ 3 days after sort [ 3 days after sort
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Figure 31. Quantification of the growth of CAG-EGFP"" reaggregated embryoid
bodies (fEBs).(A) Fluorescence intensity of HUES9-CAG-EGEPrEBs measured by
fluorescence plate reader 3 and 20 days afterngor(B) Fluorescence intensity of
propidium iodide staining in HUES9-CAG-EGHP rEBs measured by fluorescence
plate reader 3 and 20 days after sorting. Sorting performed either on day 10 (D10
sort) or day 12 (D12 sort) of differentiationevels of significance were calculated by
the Student T-test; *: p<0.05, n=6. The image ketafrom Szebényt al.**,
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5.6.2. Thiazovivin enhances reaggregation and survival of the sorted cells

Reaggregation properties of isolated cells weratikgly poor, since one day
after the sorting procedure a large amount of sieglls was detectable, floating around
the forming CAG-EGFP®" rEBs igure 32, Differentiation Medium panel, upper left
igh

image). To enhance survival and reaggregationtghifi CAG-EGFP'" cells, culture

conditions were optimized.

HUES9-CAG-EGFP" gt cells

T
w 24 hours after sort 18 days after sort

Differentiation Medium

+ -
Figure 32. Representative images of HUES9-CAG-EGEE' reaggregated
embryoid bodies (rEBs) 1 and 18 days after sorting,cultured either in
differentiation or in END-2 conditioned medium. The rEBs were generated from
cells sorted on day 12 of the differentiation. T#vazovivin. ,+": with treatment. ,-":

without treatment. Scale bars represent @00 The image is going to be published in
Szebényet al. (manuscript in preparation).

END2 Conditioned Medium
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Isolated CAG-EGF®" cells were plated in HydroCell 96 well plates eitlin
DM or in END2-CM, and in the absence or presenceTllmfzovivin Figure 32).
Thiazovivin is a cell permeable small molecule,eatd reduce apoptosis and support
single cell survival of hESCs after enzymatic disabon, through stabilizing E-
cadherin and inhibiting Rho-associated kinase (RP&ttivity***. A similar ROCK
inhibitor, Y-27632 was reported to improve survigdlnESC-derived cardiomyocytes
after enzymatic dissociatibt, therefore Thiazovivin seemed to be an interesting
candidate for optimization studies aiming to improweaggregation and survival
properties of the isolated CAG-EGEP cells after sorting.

Isolated cells were treated with 2M Thiazovivin right after the sorting
procedure to promote cell survival during reaggtiega After 24 hours clear
differences could be observed between control dnazdvivin treated wells, as well as
between rEBs cultured in DM or in END2-CMrigure 32). In END2-CM CAG-
EGFP'" cells showed enhanced reaggregation compared|ioreeultured in DM,
while treatment with Thiazovivin further reducedethmount of free-floating cells in
END2-CM. The effect of Thiazovivin was also obsdneain the case of CAG-EGER'

cells replated in DM.

60000
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Cell number
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’ DM  DM+Tzv END2-CM END2-CM|
+Tzv

Figure 33. Comparison of the effect of different cliure conditions on the
survival of HUES9-CAG-EGFP"" cells after sorting. Cell number was counted by
trypan blue staining of trypsinized HUES9-CAG-EGHPreaggregated embryoid
bodies one day after sort. The rEBs were geneffabea cells sorted on day 12 of the
differentiation. The image is going to be publishedSzebényiet al. (manuscript in
preparation).
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To quantify the observed effects cell counting bypkn Blue was used after
enzymatic dissociation of some of the newly formm&ds (n=3) Figure 33). This
method was chosen instead of the previously appletdction of Pl staining of fixed
rEBs, because after fixation Pl staining was natsifele for distinguishing between
living and dead cells, while the PI staining ofitiy rEBs and floating cells around it
could not be distinguished from the background aligrf PI. The trypan blue staining
showed that enhanced aggregation properties wengembto increased survival of the
sorted cells Kigure 33). The first medium change was carried out two daysr sort
and this resulted in the final clearing of wellsrfr free-floating cells in every culture

condition tested.

After 18 days in culture, the size of the rEBs evirund to be more increased in
END2-CM, than in DM,; this was confirmed by light eroscopy Figure 32) and by
plate reader measurements detecting the CAG-EGgRalsfFigure 34). Enhanced
survival and reaggregation properties provided lbyaZovivin treatment resulted in
further size increase of CAG-EGEP rEBs Figure 32 and 3.

HUES9-CAG-EGFPhigh cells
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Figure 34. Comparison of the effect of different cltiure conditions on the growth of
HUES9-CAG-EGFP"" reaggregated embryoid bodies (rEBs)Fluorescence plate
reader measurement of the fluorescence intensityuES9-CAG-EGFP" rEBs after
18 days in culture either in differentiation or ENDconditioned medium. The rEBs
were generated from cells sorted on day 12 of ffferentiation. Tzv-: thiazovivin
treatment was not applied. Tzv+: thiazovivin treatmwas applied. The image is going
to be published in Szebémgtial. (manuscript in preparation).
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However, TNNT2 and Phospholamban (PLN) transcnipt@vels were lower in
rEBs cultured in END2-CM than in DM, regardless ®hiazovivin treatment,
suggesting that non-CM derivatives of the CPCs greav cardiomyocytes during the
culture period Figure 35). Since previous data suggest (see Szelst@yi andFigure
27) that CAG-EGFP®" CPCs are able to give rise to SMA positive, buttod®ECAM
positive cells, it can be assumed that these nondéMatives are presumably smooth
muscle cells. Regardless of the type of the non{@Mulation, aim of the further
studies was to promote cardiomyocyte differentrmtimder the END2-CM+Tzv culture
condition (allowing the most growth of rEBs) to limase the cardiomyocyte yield of the
initial method (CAG-EGF" rEBs cultured in DM).
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Figure 35. QPCR analysis of cardiac specific gen@&NNT2 and PLN. HUES9-CAG-
EGFP'" reaggregated embryoid bodies (rEBs) were cult@ititer in differentiation
medium (DM) or in END-2 conditioned medium (END2-CKbr 18 days. The rEBs
were generated from cells sorted on day 12 of tfierentiation. The unsorted sample
was collected on day 30 of the differentiation. T#vazovivin. The image is going to
be published in Szebénstial. (manuscript in preparation).
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5.6.3. Isoproterenol enhances cardiac differentiation of CAG-EGFP"" cells cultured in
END-2 conditioned medium

As discussed in the Introduction, the addition odogenous NRGHi, a
cardioactive growth factor resulted in enhancedegstion of ventricular CM4 and
induced proliferation of mononucleated CNis vivo®>. NRG-1B acts on ErbB4, a
tyrosine kinase receptor required for normal cardidferentiation during embryonic
developmert? Therefore NRGfiwas tested to enhance cardiomyocyte
differentiation of CAG-EGFP®" CPCs in END2-CM, after Thiazovivin treatment.

Besides of NRG{, Isoproterenol treatment was also tested. Isopaontd is a
B1- and B2-adrenoreceptor (AR) agonist and structurally kimito adrenaline.

133 and can cause

Isoproterenol can possess arrhythmogenic effecthEE®8C-CMs
cellular hypertrophy or apoptotic cell death thrbuthe f1-AR subtype, whereas
stimulation of theB2-AR inhibits apoptosi§***® It was suggested in the case of a rat
myoblast cell line (H9c2), often used in toxicologji studies, that undifferentiated
myoblasts are less prone to the cardiotoxic effettisoproterenol than CMs
differentiated from thef’. The idea that cardiac precursors and mature GiMstr
diversely om3-adrenergic stimulation is further supporteddhanet al., demonstrating
that survival and proliferation of mouse and hun@PCs derived from the heart is
promoted by adrenerg stimuli throudi2-AR, while further maturation leads to
significantf1-AR expression and thereby to sensitization tpristerenol-induced cell
deatt®® Moreover, Yaret al. demonstrated th@-adrenergic stimulation with 1M
Isoproterenol during differentiation of mouse ESGgnificantly enhances the
cardiomyocyte yieltf®. All these data suggested that Isoproterenol mighte the
ability to enhance the cardiomyocyte yield of CAGHEFP"Y" CPCs when differentiated
in END2-CM, after Thiazovivin treatment.

NRG-13 was used with 100 ng/ml final concentration (Ntggsed on the work
of Zhuet al. applying NRG-B during hESC differentiatiofi*, while Isoproterenol was
used with 10uM final concentration (Iso). The first treatment svapplied two days
after sorting, and during the following 12 days tleatment was repeated in every third
day when the medium was changed. After 18 daysiltnre, the size of CAG-EGE#"
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rEBs were found to be similar, irrespective of wieetthe rEBs were cultured under
treated (END2-CM+Tzv+Nrg and END2-CM+Tzv+Iso) ornt@l (END2-CM+Tzv)
conditions Figure 36A). This finding was also confirmed by plate reader
measurements detecting the CAG-EGFP sighgufe 36B). While the treatments did
not modify the ability of rEBs to grow, enhancednscription offTNNT2 demonstrated
that CM-differentiation abilities increased in Isoferenol treated rEBgFigure 36C).
The TNNT2 transcript level measured in rEBs cultured in ENCM and treated with
Thiazovivin and Isoproterenol was similar to thateBs cultured in DM Figure 35).
NRG-13 failed to achieve increased cardiomyocyte diffaegiain, moreover, it seemed

that NRG-J decreased cardiomyocyte generation efficiefagyre 36C).
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Figure 36. The effect of Neuregulin (Nrg) and Isoprterenol (Iso) on HUES9-CAG-
EGFP"" reaggregated embryoid bodies (rEBs) cultured in ER-2 conditioned
medium (END2-CM) for 18 days. (A) Representative images of HUES9-CAG-
EGFP"" rEBs cultured under different culture conditiof®) Fluorescence plate reader
measurement of the fluorescence intensity of HUE3G-EGFP'Y" rEBs cultured
under different culture conditions. (C) QPCR anlysf the cardiac specific gene
TNNT2 in HUES9-CAG-EGFP" rEBs cultured under different culture conditiofae
rEBs were generated from cells sorted on day XBeotlifferentiation. Tzv: thiazovivin.
The image is going to be published in Szebéhgl. (manuscript in preparation).

66



DOI:10.14753/SE.2015.1764

6. Discussion

The promise of human embryonic and induced plueipbstem cells providing
an inexhaustible source of human cardiomyocytesriedical applications was initially
limited by inefficient differentiation protocols€sulting in low cardiomyocyte yield),
lack of methods for purification of living cardiomgytes, and the immature state of the
derived CMs. Our research group joined the fieldtein cell biology with the aim to
address the generation of large amounts of puihazayocytes and progenitors of the
cardiac lineage.

In the last decade several transgenic reporteesysthave been established,
allowing the identification and selection of canigocytes and precursors of the
cardiac lineag¥®. This effort was motivated by the lack of knowrl serface markers
allowing the isolation of cardiomyocytes (and cacdiprogenitors) without the
disruption of their cell membranes. However, mdsthese studies described cardiac-
specific promoter based reporter hESC lines, whéee stable integration of the
transgene could only be detected when the hESGsrefitiated into the cardiac
lineagé®®. Our research group established a “double featsystem, allowing the
detection and isolation of transgene expressingQsEfigure 5 and § and their
cardiomyocyte progenygure 9 and 1Q based on the CAG promoter driven EGFP

expression.

The original CAG promoter is an artificial promowonstructed from the CMV
enhancer, the chickefactin and the rabbiBl-globin sequences, while the version
used here contains a CMV enhancer region, two seggefrom the chickef-actin
promoter and one short part of the ralfifitglobin promotetf’. The cardiac reporter
feature is presumably a specific property of thaave of the CAG promoter that was
used®, resulting in that CAG-EGFP expressing hESCs giviise to cardiomyocytes
with exceptionally high EGFP signdtigure 9).

Next, we verified the CAG-EGFP system for allowititge identification of
cardiac progenitors by monitoring the emergence fatd of CAG-EGFB" cells
during differentiation igure 12 and 1§ and by QPCR analysis of sorted CAG-
EGFP'" cells Figure 18 and 19. We confirmed by QPCRF{gure 24 and 29,
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immunocytochemical analysigtiQure 25-27 and by flow cytometry measurements

(Figure 28) that the isolated CAG-EGE®" cells mostly give rise to cardiomyocytes

when cultured as 3D aggregatégyre 23). These findings were also supported by the
observed spontaneous contraction in 30% of the G&&F"9" rEBs.

It is important to emphasize that a key step duaar work was to recognize the
need to set up a cardiac-directed differentiatiostqrol Figure 13). The use of the
directed differentiation protocol allowed us to iehrfor cardiac progenitord=igure
14), thereby not only the amount, but also the sgrpurity of CAG-EGFP" cells
could be enhanced. Directed differentiation synolmed and hastened the
differentiation of individual cells (SSEA4 expressi declined earlier than during
spontaneous differentiation, sdagure 14A), hence contamination of the CAG-
EGFP'9" population by SSEA4 positive cells could be avdidéeady on day 10 of the
differentiation Figure 16). This was important because some of the undiffexted
cells possessed similar CAG-EGFP signal intensigntCAG-EGFP" CPCs Figure
16 and 19A.

To identify the maturity status of CAG-EGE# CPCs, we compared the CAG-
EGFP system to recently discovered cardiomyocytd-cardiac precursor cell surface
markers such as SIRPA and VCAM1. Comparison ofedkffit systems is always
difficult due to variation in differentiation capiies of hESC lines'®and due to
differences in the kinetics of the differentiatioaused by the variety of differentiation
protocols applied. In addition, these cell surfanarker-based systems show some
leakiness, since according to the original artidlé2% of the SIRPA negative cells are
also troponin T positi8 while 25.8% of troponin T positive cells are VCAM

118 at around the time when the beating activity stéday 9). Still, sorting

negative
based on SIRPA expression on day 8 or on VCAM1esgon on day 11 resulted pure
population of CMs according to these articles. T&tion between SIRPA and
VCAML1 positive cells was also extensively studigu @ was shown that SIRPR

cells give rise to the VCAMEISIRPA* populatioi® 1

Based on our findings, CAG-EGE® cells emerge earlier (on day 10) than
SIRPA positive cells (around day 12), however, ¢héwo population overlapped
partially already on day 12, while on day 14 thejariy of CAG-EGFP'" cells
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expressed SIRPAF{gure 21A). Moreover, one third of SIRPA positive CAG-ECGEP
cells already expressed VCAM1 at this time pokig(re 21B). These findings also
supported our previous findings regarding the itienof CAG-EGFP'Y" cells as
progenitors of the cardiac lineage and suggesteslsamature progenitor state for CAG-

EGFP"" CPCs than represented by SIRP&ardiac precursor cells.

The directed differentiation kinetics of HUES9-CAE&FP cells differs from
that of shown by Duboist al., since in our system SIRPA expression upregulates
day 12 (day 7 in Duboig al) and spontaneous contractile activity starts adoday 14
(day 9 in Duboist al.). Accordingly, emergence of SIRPA positive celieqedes the
onset of spontaneous contractile activity by twgsdan both systems. Therefore, we
assumed that day 12 conditions in our system mighimost comparable to day 7
conditions documented by Dubaisal.®.

Duboiset al. reported® that on day 8 of differentiation only half of tB4RPA
positive cells were NKX2.5-GFP positive, while hetsame time, 98% of the SIRPA
positive cells expressed cTnT. This means thathet $tage (one day before the
contractile activity onsets) there is a SIRPATNT°YNKX2.5"9 subpopulation in the
differentiation culture. In accordance with thisiding, day 12 CAG-EGFB" cells
showed upregulate@iNNT2 transcription and low levels &KX2.5 transcripts igure
18A and Figure 20B, while some of the CAG-EGE®" cells already expressed SIRPA
on day 12 FFigure 21A). By day 14 SIRPA expression became even morectaistic
for the CAG-EGPR" population Figure 21A), while NKX2.5 transcription levels
remained low Figure 200).

The expression of ALCAM was also monitored durilg differentiation of
HUES9-CAG-EGFP hESCd(gure 14A and 20A. We found that the majority of
CAG-EGFP'" cells became ALCAM positive by day 14, while orydz the ratio of
ALCAM positive to negative cells was only slightijgher in the CAG-EGFE" than
in the CAG-EGFB" population Eigure 20A), still resulting in a significant difference
of their ALCAM mRNA levels Figure 18A). However, we did not expect a clear
separation between day 12 ALCAM and ALCAM®® samples regardingNNT2 or
NKX2.5 transcription levelsKigure 20B and Q, since the ALCAM protein is a stage-

specific marker of cardiomyocytes, and does naiwalthe specific identification of
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cardiac progenitors. At the same time, on day b2, CAG-EGFP system already
provided excellent separation, demonstrated by significantly higher TNNT2
transcription level of the CAG-EGE®' sample compared to the CAG-EG¥Rsample
(Figure 18A and 20B.

Expression of ALCAM on day 14 CAG-EGE® cells has to be discussed more
thoroughly, since it can be interpreted in two ehfint ways: 1) the CAG-
EGFP*"/ALCAM P subpopulation represents CMs (CAG-E®&FERells can also give
rise to CMs, seé&igure 11) or 2) ALCAM does not allow the identification &Ms in
our system. The second possibility could be exauoesed on the QPCR analysis of
samples sorted on day 14, showing elevated le¥el®NT2 transcripts in ALCAM®®
compared to ALCAM® samples Kigure 20B). Interestingly, the day 14 ALCARP
sample showed only a slightly lower level TINT2 mRNA, than the CAG-EGF¥"
sample. This finding, on one hand, can suggestd ti@ only the CAG-
EGFP'9ALCAM P cells, but the majority of CAG-EGEB/ALCAMP® and CAG-
EGFP®JALCAMP®® cells are CMs by day 14, but can also refer toess Ipure
ALCAM P population containing proportionally more maturlsC(expressing higher
levels of TNNT2 mRNA) than the CAG-EGFB" fraction (possibly containing
proportionally more immature CMs).

A key issue was to interpret the data obtained Hey QPCR analysis about
NKX2.5 expressionNKX2.5 mRNA level of ALCAMP®® and ALCAM™? samples were
similar to that of the CAG-EGR¥ sample, and was significantly higher than observed
in the CAG-EGFP9" fraction both in day 12 and in day 14 experimdRtgure 20C).
These results were especially contradictory in ¢dagse of day 14 samples, when the
QPCR analysis 6TNNT2 mRNA showed elevated expression both in ALCAMnd
in CAG-EGFPY" samples compared to ALCAKf and CAG-EGFE" samples,
respectively Figure 20B). We assumed that a pure ALCAN population containing
mostly CMs of a particular phenotype would haveiltesl in significant differences in
distribution of NKX2.5 mRNA levels between the ALCAW and ALCAMP®® sample.
However, this was not the case, therefore we coeduhat the ALCANF® population
has to contain ALCANPINKX2.5"" cells to compensate for the significantly low
NKX2.5 levels of CAG-EGFP" cells (a subpopulation of the ALCANf fraction),
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resulting in a lowered averadekX2.5 mRNA level of the ALCAM®® sample. The
ALCAMP°INKX2.5"" phenotype can represent a more mature stage of CM
differentiation, since day 12 CAG-EGHP CPCs expressinlkX2.5 mRNA at low
levels are also able to give riseNEX2.5"%" CMs (Figure 24).

However, these results, together with the fact thatCAG-EGFP®" rEBs gave
rise mainly to atrial myocyted=igure 29), suggest that not only the maturity status of
the cardiac cells differs from each other, butehmay also be a subtype-specificity of
the CAG-EGFP system involved. In this case CAG-E¥FRells would identify
NKX2.5°" atrial progenitors, able to give rise to atrialaoytes and smooth muscle
cells Figure 26 and 27. This is in good accordance with the report ok&®et al.,
demonstrating that a pool of cells of the secoratthiéeld located in the venous pole of
the heart tube (from where the atria arise) gige solely to atrial cardiomyocytes and
smooth muscle cells during mouse embryogefi¥siBhesels1 and sarcolipin positive
cells could be isolated and after 4 daysro¥itro differentiation most of the colonies
expressed low levels dkx2.5.

It has also been shown in atrldkx2.5 conditional knockout mice thaikx2.5
serves as a negative regulator for proliferatiomtoifil myocyte¥™. Zebra fish studies
also suggested a role for the Nkx2.5 transcripfamtor in limiting atrial cell number
and promoting ventricular cell number, while lodsnéx2.5 function resulted in the
opposite effecf? This study also demonstrated that nkx2.5 is nesibte for sustaining
ventricular myocyte attributes through repressibatgal chamber identity and that loss
of Nkx gene function can cause ventricular myocypesansform into atrial myocytes.

Human embryonic stem cells, unlike mouse ESCswdbav survival rate as
single cells due to disruption of E-cadherin signgl caused by enzymatic
dissociatio*®>. The same is true for early derivatives of hESEs$* In accordance
with these findings, our experiments indicated ttret CAG-EGFP" CPCs are not
able to survive as single cells, at least not ulsdspension culture conditionSigure
32).

In order to enhance overall CM yield we had toasme survival of CAG-
EGFP'Y" cells after the sorting procedure. This could befqggmed by supporting the
reaggregation of the isolated cells with Thiazavittieatment or applying an END-2

conditioned medium Higure 32). Better reaggregation ability resulted in CAG-
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EGFP'9" rEBs with increased sizeFigure 34), but with decreased cardiac mRNA
levels fFigure 35). Long-term administration of Isoproterenol entethtNNT2 levels

of CAG-EGFP" rEBs cultured in END2 conditioned medium, while thize of the
rEBs were not affected~{gure 36). This optimized culture method generates CAG-
EGFP'" rEBs with increased cell number, but similar tmipolevels as that of rEBs
cultured under basic conditionSigure 24 and 39.

Neuregulin was suggested to enhance proliferaifoBMs®, to increase CM
yield from mESCY¥***"and to enhance the proportion of ventricular myesymong
the generated CMs (10% nodal versus 90% ventricsubtype*. However, in our
system, Neuregulin failed to enharideNT2 levels of the CAG-EGFB" rEBs, but this
may reflect that Neuregulin-dependent regulatiorswbtype specification happens at

earlier stages of differentiation.
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7. Conclusions

1. The CAG promoter-driven EGFP reporter systenblesathe selection of
transgene-expressing hESCs. Moreover, cardiomyscygifferentiated from CAG-
EGFP expressing hESCs can be easily identifieddbasetheir extremely high EGFP
expression due to the cardiac tissue-specific ¢rgrtgnal upregulation of the CAG
promoter. These two features of this CAG promoteiant led to the designation as a
“double feature promoter”.

2. Directed differentiation of human embryonic steetls results in enrichment
of CAG-EGFP" progenitors.

3. The CAG-EGFP system offers the advantage tatis®IKX2.5°" cardiac
progenitor cells. During differentiation CAG-EGE® cardiac progenitor cells
upregulate cardiomyocyte markers, such as SIRPAAMTCand ALCAM.

4. Isolated CAG-EGFP" cardiac progenitors are able to maintain theidiear
commitment during differentiation when cultured 23 aggregates in conventional

differentiation medium.

5. CAG-EGFP?" progenitor cells can generate spontaneously attitiga3D
aggregates. These rEBs contain more than 90% afrenatrdiomyocytes and show
enhanced NKX2.5 and MYL7 transcription. CAG-EGEP cells possess a more
restricted differentiation potential than previguslescribed cardiovascular progenitor
cells, since CAG-EGFP" cardiac progenitor cells give rise to smooth maisellls and
atrial myocytes, but fail to differentiate into endelial cells under 3D -culture

conditions.

6. Reaggregation and survival properties of CAG-P¥F CPCs can be
enhanced by Thiazovivin or by the use of an ENDeRditioned medium, resulting
rEBs with larger size than under control conditiolms our hands the cardioinductive
effect of END-2 was not detectable and Isoprotefeaobeta-adrenerg agonist was
igh

needed to support the cardiogenic potential of G&=P"%" CPCs when cultured in

END-2 conditioned medium as 3D aggregates.
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The application of this “double-feature” promoteprovides a unique
opportunity to examine the selective markers, iiclg cell surface proteins of the
cardiac lineage from early CPCs to late CMs anoWallpurification and enrichment of
cardiac cells.
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8. Summary

The achievements displayed in the dissertationudeclcharacterization of a
novelin vitro method for identification and isolation of humaml@yonic stem cell-
derived cardiomyocytes and cardiac progenitors,radarization of the cardiac
progenitors identified by this method and introduttof an optimized culture condition
for cardiac progenitors to enhance overall cardimeyte yield.

The method utilizes the special, double-featureradtaristics of the CAG
promoter, driving the expression of the green fhsoent protein (GFP) in
undiffereniated stem cells and providing exceptlignaigh GFP expression in hESC-
derived cardiomyocytes, while its activity in otheell types remains modest. This
exceptionally high GFP signal is also characteriftr cardiac progenitors, allowing the
isolation of progenitor cells, which are still chpato divide and differentiate into atrial
type cardiomyocytes and, to a lesser extent, immwash muscle cells. Cardiac
commitment of the progenitors could be best mametiby supporting the initiation of
direct cell-cell contacts through 3D culture. Enteuoh survival of cardiac progenitors
after isolation could be achieved, and by apphangpecific combination of treatments

cardiomyocyte yield could also be enhanced.
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9. Osszefoglalas

A doktori disszertacibban részletezett tudomanyognka eredményeként
megszlletett egy olyan 0j modszer, amely human iemdlis 6ssejt eredédi
szivizomsejtek és azok d&allakjainak, az Un. szivizom progenitorsejteknek a
felismerését és kivalogatasat teszi léhét A munka részét képezte az ilyen médon
kivdlogathaté szivizom progenitorsejtek jellemzésgalamint egy olyan tenyésztési
korilmény kidolgozdsa is, ami a progenitorsejtekzt@dasat és szivizom iranyd
elkbteleddését egyarant tamogatja.

A mdédszer a CAG promoter egy variansanak kilonlekéarcu tulajdonsagan
alapul, amely egyrészt “megszoélaltatipa” a zoOld feszcens fehérjgt (GFP)
differencialatlanssejtekben, masrészt kiulonosewbseGFP kifeje#dést biztosit az
6ssejtekBl keletked szivizomsejtekben, mig mas sejttipusok esetébdivitaka
lényegesen gyengébb. Ez a kilonosefs €BFP jel a szivizom progenitorsejtekre is
jellemz, igy ezek a még osztédasra képes sejtek is kigfatpk azsssejtek
kulonbd®d  tipustd  utddsejtjeit tartalmazé  tenyészetdkb A kivalogatott
progenitorsejtekdl féleg pitvari tipusu szivizomsejtek keletkeznek, dépdsek
simaizom tipusu sejtek létrehozaséara is. A kivélotgprogenitorsejtek tulélését és
szivizomiranyl elkdtelézlését is @lseqiti, ha sejt-sejt kapcsolatok kialakitasara
alkalmas 3D strukturaban tenyésznek, mig a medfddetelések alkalmazasaval az

eldallitott szivizomsejtek mennyisége novethet
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