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Aim. To find the relationship between the size of embryoid bodies and the efficiency of pluripotent stem cells
differentiation into cardiomyocytes. Methods. Transgenic murine iPSC line AT25 and D3 ESC line aPIG
(clone 44) were differentiated into cardiomyocytes in AggreWell plates containing microwells which cause the
pluripotent stem cells to aggregate into EBs of an appropriate size. Both cell lines were genetically modified
and expressed IRES-flanked enhanced green fluorescent protein (¢GFP) under the control of cardiac alpha
myosin heavy chain promoter. We applied flow cytometry and fluorescence microscopy to test the efficiency
of the differentiation processes. Results. The efficiency of differentiation of embryoid bodies formed from
iPSC line AT2S and containing 250 and 1000 cells was found to be lower as compared to embryoid bodies
formed of 500 and 750 cells. The number of eGFP+ cells derived from embryoid bodies of 500 cells was
8.5 times higher compared to embryoid bodies of 250 cells (2.86 £ 0.30 % cardiomyocytes per embryoid bod-
ies of 500 cells vs. only 0.34 % cardiomyocytes per embryoid bodies containing 250 cells); the difference was
4.7 times higher in comparison with embryoid bodies formed from 1000 cells. Conclusions. The size of em-
bryoid bodies can affect differentiation of pluripotent stem cells into cardiomyocytes. Among the embryoid
bodies formed from 250 to 2000 cells per embryoid body, the highest percentage of eGFP+ cells was obtained
from 500-cell embryoid bodies.

Keywords: pluripotent stem cells, induced pluripotent stem cells, embryoid bodies, cardiomyocyte, dif-
ferentiation.

Introduction It is known that the process of differentiation is

affected by various environmental stimuli such as

The ability of pluripotent stem cells (PSC) to prolif-
erate in vitro and differentiate into any cell of three
germ layers [1], such as hepatocytes [2], beta cells of
the pancreas [3], cardiomyocytes [4], osteoblasts
[5], endothelial cells [6], neurons [7] and other
makes them a target of up-to-date research.
Moreover, PSC can be used for disease modeling,
drug toxicity screening or drug discovery, gene ther-
apy and cell replacement therapy [8]. One of the
main hurdles to overcome for achieving these goals
is the determination of controlled conditions re-
quired for the process of differentiation.

matrix components and cell-matrix interactions,
growth factors, cytokines, signaling molecules pro-
viding intercellular contacts [9, 10]. During em-
bryogenesis, the cell-cell interactions and cell posi-
tion are the key factors which direct the differentia-
tion. The same aspects influence the process in
vitro [11].

The Embryoid body (EB) formation is often used
as a method for initiating differentiation. EBs are
three-dimensional aggregates, representing the early
stages of embryo development. However, because
the EB formation depends on various factors, it is
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much more disorganized in comparison with real
embryo. Embryonic stem cells (ESCs) and induced
pluripotent stem cells (iPSCs) form the aggregates
covered with a layer of visceral endoderm on the
surface and an inner layer filled with primitive ecto-
derm cells, when the factors supporting PSC in un-
differentiated state are removed from the media.
This arrangement is similar to the early stages of em-
bryonic development, where the endoderm tissue,
which is in direct contact with the mesoderm, stimu-
lates its development into cardiomyocytes [12]. It
was proven that despite the differences in spatial or-
ganization most of the cell types are formed inside
EBs, including nerve cells, cardiomyocytes, hemato-
poietic cells and others. Due to the similarities be-
tween embryogenesis and EB formation, many of
the same growth factors are involved at the same
stages [13, 14].

In order to improve the efficiency of differentia-
tion of PSCs two main approaches are used. The first
one is to supply cultivation medium with the factors
involved in the process of formation, maturation and
proliferation of the certain cell type. The second
strategy is to adjust the physical parameters that in-
fluence the formation of cell aggregates, such as the
size and shape of EBs [10, 8]. S. M. Dang et al [12]
demonstrated that homogenization of EB population
can significantly improve the efficiency of PSC dif-
ferentiation into cardiomyocytes. Little is known
about the basis of interconnection between EB size
and shape and PSC direct differentiation. In order to
reveal this mechanism, the profound molecular and
cell research is required. Therefore it is important to
find the relationship between the size of embryoid
bodies and the efficiency of PSC differentiation into
cardiomyocyte.

Materials and methods

Transgenic murine iPSC line AT25 was engineered
from murine iPSC line TiB7.4 in Center for Physio-
logy and Pathophysiology, Institute for Neurophy-
siology, Medical Faculty, University of Cologne,
Cologne, Germany (Fatima et al/, manuscript in
preparation). iPSC line TiB7.4 was kindly provided

by Rudolf Jaenisch and Alexander Meissner [15].
Transgenic murine D3 ESC line aPIG (clone 44)
was described earlier [16]. Both cell lines were ge-
netically modified and express the puromycin resis-
tance gene N-acetyl-aminotransferase and the IRES-
flanked enhanced green fluorescent protein (eGFP)
under the control of cardiac alpha myosin heavy
chain promoter (aMHC). The ability of cardiomyo-
cytes to express eGFP under the control of cardiac-
a-MHC promoter gave us the opportunity to apply
flow cytometry and fluorescence microscopy to test
the efficiency of the differentiation processes [16].
These cells were maintained on irradiated mouse
embryonic fibroblasts (MEF) in Dulbecco’s minimal
essential medium containing 15 % fetal bovine se-
rum (FBS), 1x non-essential amino acids (NEAA), 2
mM L-glutamine, 50 uM B-mercaptoethanol (B-ME)
and 1000 U/ml leukemia inhibitory factor (LIF,
ESGRO, Chemicon/Merck Millipore, Billerica,
MA, USA). Unless otherwise specified, all cell cul-
ture reagents were obtained from Life Technologies
(Carlsbad, CA, USA). Both stem cell lines iPSC and
ESC were used in the experiments starting from the
passage 5.

AggreWell™400 (Stem Cell Technologies) plates
were used to start cardiomyocyte differentiation in
differentiation medium. It consists of Iscove’s modi-
fied Dulbecco’s medium containing 20 % FBS, 1x
NEAA, 50 uM B-ME. These plates contain microw-
ells (400 um in size) which cause the pluripotent
stem cells (iPSC and ESC) to aggregate into EBs.
The procedure was done accordantly to the manu-
facturer’s instructions from the AggreWell manual.
Briefly 0.5 ml of differentiation medium was placed
into each well of an AggreWell™400 plate, centri-
fuged at 2000g for 10 min in a swinging bucket rotor
that was fitted with a plate holder to remove any
small bubbles from the AggreWell plates. PSC were
added to each well at concentrations of 3x10° cells/
ml, 6x105 cells/ml, 9x105 cells/ml, 1.2x10° cells/ml
and 2.4x106 cells/ml to make EBs with 250, 500,
750, 1000, and 2000 cells respectively. From each
well of the AggreWell™400 plate we obtained
1200 EBs. The AggreWell™400 plate was centri-
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fuged at 200 g for 3 min to capture the cells in the
wells. EBs were maintained under standard CO, in-
cubator conditions (37 °C, 5 % CO,) for 48 h.

EBs were counted under a light microscope
Axiovert 10 (ZEISS, Germany) after 2 days of culti-
vation. Then they were transferred into Petry dishes
with fresh differentiation medium and maintained on
a shaker GFL 3006 (GFL, Braunschweig, Germany)
under continuous horizontal agitation. Differentiation
was continued without medium change until the 9t
day and afterwards the medium was changed every
2-3 days.

Efficiency of cardiac differentiation was analyzed
by determining beating EBs and the fraction of
eGFP-positive cardiomyocytes on days 6, 9, 11, 13
and 15 of differentiation by flow cytometry and fluo-
rescence microscopy. EBs were examined using
Zeiss Axiovert 200M fluorescence microscope and
analyzed with Zeiss Axiovision 4.5 software (Carl
Zeiss, Jena, Germany). Single cell suspension was
prepared for flow cytometry. Cells were analyzed by
FACScan (BD Pharmingen). Cell debris was gated
out and 10000 events were acquired for analysis.
The presence of dead cells was determined by prop-
idium iodide staining (Sigma, Germany). Data anal-
ysis was performed using FSC Express 4 Flow
Research Edition (De Novo Software, USA) soft-
ware.

The data on cell numbers are represented as mean
+ standard deviation for 3 samples. Statistical sig-
nificance was determined using the Student t-test at
P <0.05.

Results and Discussion

Pluripotent stem cells, which include ESCs and iP-
SCs, have the ability to differentiate into the cells of
all three germ lineages including ectoderm, meso-
derm and endoderm. A lot of differentiation proto-
cols start with the formation of 3-dimensional ag-
gregates of cells called embryoid bodies. The forma-
tion of EBs heterogeneous in size and shape is a
cause of inefficient and uncontrolled differentiation.
In order to get homogeneous population of EBs, the
AggreWell plates were used, each well of which
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Fig. 1. AggreWell™ contains microwells to make uniform cell
aggregates

contains a certain number of microwells (Fig. 1).
After transferring the single cell suspension, EBs of
a defined size are formed.

The plates mentioned above provide the opportu-
nity to get EBs of different sizes - from 250 to 2000
cells per EB. At the first stage the efficiency of dif-
ferentiation into cardiomyocytes was tested with
EBs of 250, 100 and 2000 cells/EB. The iPSC cell
line AT25 was used. Homogeneous EBs of identical
size were formed in each well of AggreWell plates
on the second day of differentiation (Fig. 2).

However, EBs formed from 2000 cells had irregu-
lar form, without clearly defined smooth edges, with
dark opaque color. On the 34 day of differentiation it
was clear that most of EBs formed from 2000 cells
were destroyed. The amount of nonviable cells was
more than 95 %.

EBs formed with 250 and 1000 cells had typical
round shape. They had the surface layer formed with
ectodermal cells and the inner layer with endoder-
mal cells. The amount of differentiated cells was
higher in EBs formed with 1000 cells. The first
GFP+ cells were observed on the 8-th day of differ-
entiation. The flow cytometry analysis showed that
on the 9-th day of differentiation the amount of car-
diomyocytes was 0.19 = 0.02 % of cell population,
on the 11-th day the amount was 0.58 = 0.01 % of
GFP+ cells. The highest number of differentiated
cells was observed on the 13-th day of differentia-
tion. It was 0.60 = 0.03 % of eGFP+ cells. The
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1000 cells

250 cells

amount of cardiomyocytes identified in EBs formed
with 250 cells was growing from the 9-th until the
13-th day of differentiation: 0.04 + 0.01 % of eGFP+
cells were identified on the 9-th day, 0.19 £ 0.01 % —
on the 11-th day and 0.34 + 0.02 % — on the 13-th
day. There were no eGFP+ cells in EBs formed with
2000 cells.

Differentiation of PSC into cardiomyocytes ob-
tained from EBs in the range from 500 cells to
750 cells per EB was more efficient (Fig.3, 4).

It was found that the efficiency of differentiation
of EBs with 250 and 1000 cells is lower compared
with EBs of 500 and 750 cells. So, on the 13-th day
of differentiation when the highest amount of car-
diomyocytes was obtained, the number of eGFP+

2000 cells

Fig. 2. Embryoid bodies of
different size in AggreWell
plates on the 24 and 34 days of
differentiation, x4.

cells derived from EBs of 500 cells was 8.5 times
higher compared to EBs of 250 cells (2.86 + 0.30 %
of the cardiomyocytes per 500 cells EBs versus
0.34 % of eGFP+ cells per EBs containing 250 cells);
when compared with 1000 cells EBs the difference
was 4.7 times higher (the amount was 0.60 + 0.03 %
of differentiated cells). The difference between EBs
of 750 cells and EBs of 250 and 1000 cells was high-
er by 6.4 and 3.6 times, respectively (the number of
eGFP+ cells of the first EB size was 2.16 + 0.02 %,
for 250 cells EBs - 0.34 £ 0.02 %, and for 1000 cells
EBs — 0.60 + 0.03 %).

Comparison of the efficiency of differentiation of
EBs formed with 500 and 750 cells per EB revealed
that the difference between them varied from 1.3 times

3,5
3
1
=25
a
LLDL 1,5 mD11
e 1
D13
0,5 - =
0 - mD15
250 500 750 1000 Fig. 3. The efficiency of car-

amount of cells per EB

diomyocyte  differentiation
depending on the size of EBs.
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250 cells/EB

500 cells/EB

Day 2

Day 9

Day 11

Day 13

750 cells/EB 1000 cells/EB

Fig. 4. iPSCs differentiation into cardiomyocytes with AggreWell plates (fluorescence microscopy, x4)

on the 13-th day of differentiation to 1.8 times on the
15-th day. For EBs formed with 500 cells the amount
of cardiomyocytes was 2.07 = 0.01 % on the 11-th
day, 2.86 + 0.30 % on the 13th day and 2.53 = 0.04 %
on the 15th day of differentiation. The number of car-
diomyocytes derived from EBs formed with 750 cells
was significantly lower (P <0.05). It was 1.25 +
0.01 % on 11-th day, 2.16 £ 0.02 % on the 13th day
and 1.41 £ 0.03 % on the 15th day of differentiation.

Thus, the experiments show that the size of EBs
significantly affects the efficiency of cell differentia-
tion. The highest percentage of eGFP+ cells was ob-
tained from EBs formed with 500 cells.

No eGFP+ cells or beating areas were observed
when AggreWell plates were used for the ESCs line
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differentiation. EBs of different size and shape were
identified on the 2-d day of differentiation (Fig. 5).
According to our previous results [17] the murine
ESC line had high ability to differentiate into cardio-
myocyte by a “hanging drop” method (EBs are at-
tached to the gelatin-covered Petry dishes) and by a
mass culture method (EBs aggregate spontaneously
by cultivation in nonadherent Petry dishes). During
the first 2 days EBs in AgreWell plates form regular
EBs similar to those obtained by the “hanging drop”
method; starting from the third day they are culti-
vated in suspension likely to the mass culture meth-
od. Therefore, we assume that the AgreWell method
is linespecific and is insufficient to produce cardio-
myocytes from the applied ESC cell line.
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250 cells/EB 500 cells/EB

Day 2

Day 9

Day 11

Day 13

750 cells/EB

1000 cells/EB

Fig. 5. ESC differentiation into cardiomyocytes with AggreWell plates

According to the outcome of our work it is possi-
ble to improve the efficiency of differentiation in
cardio direction if the size of EB changes. It is known
that for the normal embryonic development of the
cardiovascular system different gradients of signal-
ing molecules are required. For example, the factors
secreted from neighboring lateral endoderm, such as
BMP, stimulate cardiogenesis, whereas the canoni-
cal Wnt signals from neighboring neuroectoderm
inhibit cardiogenesis of mesoderm [18]. Therefore,
the ratio of the endoderm and neuroectoderm can af-

fect the processes of differentiation. The size of EBs,
in turn, can affect the value formed by different cell
layers.

EBs are the aggregates formed from PSC that are
covered with endodermal cells on the surface, con-
taining nucleus formed from ectodermal cells in the
middle of it, and a layer of mesodermal cells be-
tween two other layers. Modifying the EB size we
change the amount of endoderm on its surface. So
we can assume that increasing the number of endo-
derm cells we increase the number of mesoderm
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cells. In turn mesoderm cells are transformed into
cardiomyocytes by the factors secreted by endoderm
cells. So we modulate cell position relatively to each
other by changing the seeding density of cells.
Moreover EB size, which depends mainly on the ini-
tial amount of PSC, forming EB, influences such pa-
rameters as diffusion of soluble adhesion molecules
and intercellular interactions. Therefore, it is possi-
ble that EBs, containing 500 cells have the most ap-
propriate ratio of the surface covered with endoderm
cells to the surface of mesoderm cells with which
they can interact. At the same time larger EBs be-
come unable to support diffusion of cardiogenic fac-
tors, at the sufficient level for differentiation.

Conclusions

Modifying such parameter as EB size can beneficial-
ly affect the differentiation of PSC into cardiomyo-
cytes. Among EBs formed within the range from 250
cells to 2000 cells per EB the highest percentage of
eGFP + cells was obtained from EBs formed with
500 cells.
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Judepennianisa mIOpUNOTEeHTHUX CTOBOYPOBUX KJIITHH B
KapAaioMionuTH 3a/1€eXKMTh Bil po3mipy emOpioinHux tijiens

I'. B. bynam, /1. I. bineko, H. M. Binbko

Mera. 3HaifTi 3B’30K MDK po3MipoM eMOpioimHuX Tinemp Ta
e(eKTHBHICTIO IU(EPEeHIIIIOBAHHS ILTIOPUTIOTEHTHIX CTOBOYpO-
BHUX KJIITHH B Kapmiomionuti. Metoau. TpaHCreHHI KITiTHHHI JiHIT
IHIYKOBaHUX IDTIOPUIIOTEHTHHUX KIiTHH AT25 Ta eMOpioHaIbHHX
croBOypoBux kit D3 oPIG44 nudepennitoBamy B KapaioMio-
it B AggreWell mianmerax. Bue 3rajadi IiiaHIeTHn MicTATh
MIKPOJIYHKH, 5IKi JAI0Th MOXJIMBICTB C(hOPMYBATH eMOPiOi/Hi Tillb-
I 3 IUTIOPUIIOTEHTHUX CTOBOYPOBUX KJIITHHHU HEBHOTO 33IaHOTO
po3mipy. OOUIBI KIITHHHI JiHIi Oy TeHETHYHO MOAU(IKOBaHI 1
excripecyBamu IRES-¢mankupoBanmii 3eeHuid (iryopecieHTHIH
6inok (eGFP), mix xonTpoeM kapaiocnermgidaoro o-MHC mpo-
Motepa. J{iist mepeBipku epeKTHBHICTH MPOIECIB AU(PEPEHIIIFOBAH-
Hs1 OyJH 3aCTOCOBaHI METOIM MPOTOYHOI IIUTOMETpIl Ta (iryopec-
HeHTHOI Mikpockomii. PesyabTarn. Byno BcraHOBIIEHO, IO edek-
THBHICTh U(EPESHIIIIOBAaHHS eMOpIOITHUX TiIelb OTPUMAHUX 3
JiHIT 1HXyKOBaHHX INTIOPUIOTEHTHUX KIITHH JiHiT AT25 po3mipom
250 i 1000 KiTHH MeHIIa B OPIBHSHHI 3 eMOPIOHAIBLHIMH TiJlb-
wsiMu copmoBarumu 3 500 1 750 xmitua. Kinskicts eGFP+ k-
THH, OTPUMaHKX 3 eMOpioinHuX Titerps po3mipom 500 kimiTuH Oyna
8,5 paziB OUIBIIOIO HIXK B IOPIBHSHHI 3 eMOPiIOHATBHUMH TUIBLISIMA
po3mipom 250 xiituH (110 ctaHoBmwIo 2,86 + 0,30 % kapmiomiorw-
TIB JUTs1 eMOpIOITHUX Titens po3mipom 500 ximitus, i mmme 0,34 %
eGFP+ ximitH w1 eMOpioinHUX Tinerp po3mipoM 250 KITiTHH).
BucnoBku. BrmBaty Ha eeKTHBHICT TU(EpEeHIIFOBAHHS IO~
PHIIOTEHTHUX CTOBOYPOBHX KJITHH B KapAiOMIOIMTH MOXHA 3Mi-
HIOIOYH TIOYATKOBHH po3Mip eMOpioinHuX Tiens. Cepex eMOpioin-
HUX TiJIeIb, YTBOPEHHX B Jiana3oHi Bix 250 no 2000 kiiTuH, Haii-
Bunmii Bincotok eGFP + wiithH oTpuMyBaim 3 eMOpioinHKX Ti-
Jietib, yTBopeHnx 500 KIiTHHAMH.

Kao4oBi cJ0Ba: IIIOpANIOTEHTHI CTOBOYPOBI KIIITHHH, 1HITY-
KOBaHI IUTIOPHIIOTEHTHI CTOBOYPOBI KIITHHH, eMOpIOiNHI T,
KapIiOMIOIUTH, U(EPEHIIFOBAHHSL.

JuddepeHnnpoBKa NIIOPUNIOTEHTHBIX CTBOJIOBBIX KJIETOK
B KapJAMOMHUOLMTHI 3aBUCHT OT pa3Mepa IMOPHOUIHBIX
TeJiel

I'. B. bynam, 1. U. bunsko, H. M. Buiibko

Heunb. Haiitu cBsi3b MeXIY pa3MepoM SMOPHOUIHBIX TeJIel 1 3¢-
(exTBHOCTBIO (B HEPEeHIMPOBKHU ILTIOPUIIOTECHTHBIX CTBOJIOBBIX
KJIETOK B KapauomuouuTbl. Metoabl. TpaHCreHHbIE KIETOUHbIE
JIMHUM MHIYIUPOBAHHBIX IUTIOPUIIOTEHTHBIX Ki1eTok AT25 u M-
OpHOHANBHBIX CTBONOBBIX KieTok D3 aPIG44 muddepenumposa-
mu B Kapauomuonutsl B AggreWell miaHmierax. YHoMmsiHyTbIe
IUTAHIIETHI CONEPIKaT MUKPOJIYHKH, KOTOpBIE AlOT BO3MOXHOCTD
chopMHpOBaTE SMOPHOHIHBIE TENbLA U3 TUTIOPUIIOTEHTHBIX CTBO-
JIOBBIX KJIETOK OIIPEJENeHHOTOo 3aiaHHoro pasmepa. Obe KieTod-
HbIE JINHUY ObLIN FeHeTUYECKH MOAU(DUIPOBAHBI M 3KCIIPECCHUPO-
Bam IRES-¢rmanknpoBanelii 3eeHsIil (QuryopecieHTHBIH Oenok
(eGFP), nox korTpoiem kapauocnerpduueckoro o-MHC npomo-
Tepa. [t mpoBepku 3¢ddexTuBHOCTH IIporieccoB auddepeHtm-
POBKY OBUTH IIPUMEHEHBI METOABI IPOTOYHOHN [TUTOMETPUH H (iry-
opecLeHTHOH MuKpockonuu. Pedynsrarnl. Beuio ycranosneHo,
910 3¢ PEeKTUBHOCTD TUPHEPESHIMPOBKH IMOPHOMIHBIX TEJIEI] 110~
Jy4EHHBIX U3 JINHAU MHIYIMPOBAHHBIX ITIOPHIIOTEHTHBIX KJIETOK
AT25 paszmepom 250 u 1000 KI1eTOK MEHBIIE IO CPABHEHHUIO C IM-
OpHOHANBHBIMH TeNblaMu chopmMupoBaHHEIMU 13 500 1 750 kie-
ToK. KommuectBo eGFP + KieTok, momydeHHbIX 13 SMOPHOUIHBIX
tenern pasmepom 500 kieTok Obuia 8,5 pa3 Oonblie yeM Mo cpaBHe-
HHIO ¢ 3MOPHOHAIBHBIMH TeJbLaMH pa3MepoM 250 KiIeTok (4To
coctaBsuio 2,86 = 0,30 % KapAMOMUOLMTOB IS SMOPUOMIHBIX
tenen] pazmepom 500 kietok, u Tonbko 0,34 % eGFP+ knerok amst
sMOprouAHBIX Tener pazmepoM 250 kietok). BoiBoasbl. M3vene-
HHE TepPBOHAYAIBHOTO pasMepa SMOPHOMIHBIX Telel| BIUseT Ha
a¢dekTnBHOCTL AUPGHEPEHIMPOBKH TUIIOPUIIOTEHTHBIX CTBOJIO-
BBIX KJIETOK B KapauoMuoruThl. Cpemy SMOPHOHIHBIX Tenel, 00-
pa3oBaHHbIX B AuanaszoHe oT 250 1o 2000 xieTok, BEICOKUI mpo-
nent eGFP + knetok momyyanu u3 SMOPHOHIIHBIX TejIel, 00pa3o-
BaHHBIX 500 KIeTkaMu.

KiawueBbie cJI0Ba: IIIOPUIOTCHTHBIE CTBOJOBBIE KIIETKH,
MHIYIUPOBaHHbIE IUTIOPUIIOTEHTHBIE CTBOJIOBBIE KJIETKH, SMOPHO-
WJIHBIE TeNbLA, KAPAUOMHOIUTEL, u(depeHIPOBaHHE.
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