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ARTICLE INFO ABSTRACT

Handling Editor: Anna Price Induced pluripotent stem cell (iPSC) technology enabled the production of pluripotent stem cell lines from so-
matic cells from a range of known genetic backgrounds. Their ability to differentiate and generate a wide variety
of cell types has resulted in their use for various biomedical applications, including toxicity testing. Many of these
iPSC lines are now registered in databases and stored in biobanks such as the European Bank for induced

pluripotent Stem Cells (EBiSC), which can streamline the quality control and distribution of these individual
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EBiSC . is . o . . - .

Diflferentiation lines. To generate the quantities of cells for banking and applications like high-throughput toxicity screening,
Upscaling scalable and robust methods need to be developed to enable the large-scale production of iPSCs. 3D suspension
Bioprocessing culture platforms are increasingly being used by stem cell researchers, owing to a higher cell output in a smaller

footprint, as well as simpler scaling by increasing culture volume. Here we describe our strategies for successful
scalable production of iPSCs using a benchtop bioreactor and incubator for 3D suspension cultures, while
maintaining quality attributes expected of high-quality iPSC lines. Additionally, to meet the increasing demand
for “ready-to-use” cell types, we report recent work to establish robust, scalable differentiation protocols to
cardiac, neural, and hepatic fate to enable EBiSC to increase available research tools.

Cell processing
Suspension-based bioreactor

1. Introduction

The discovery and development of human induced pluripotent stem
cell (iPSC) technology [1,2] has been revolutionary for biomedical sci-
ence. iPSCs can be derived from somatic cells of various genetic back-
grounds and differentiated into cells of all the three germ layers. Similar
to embryonic stem cells, iPSCs can be cultivated readily in the lab as they
are self-renewing with unlimited proliferative capacity and can serve as
a starting material for biomedical applications including toxicity

studies, drug screening, disease modelling, as well as regenerative
medicine [3]. Since this discovery, many iPSC lines have been generated
by research groups all over the world, including control,
disease-associated, as well as gene-edited cell lines. However, the high
cost of generating and validating iPSC lines is a significant barrier to
developing new iPSC lines. Therefore, there is a pressing need for cell
banks of high-quality, validated iPSCs to serve as repositories to meet
the various needs of the research and clinical communities. Indeed, both
country/regional and international cell banking initiatives (e.g.
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European Bank of induced Pluripotent Stem Cells (EBiSC), International
Stem Cell Banking Initiative, hPSCreg, Global Alliance for iPSC Thera-
pies) [4-10] have been established for these purposes. Additionally,
large quantities of differentiated cells (e.g. cardiomyocytes, hepato-
cytes) may be required for high-throughput toxicity screening assays
[11-13]. Moreover, iPSCs derived from the same or different donors
may not behave similarly, even though they are well-characterised for
pluripotency and reprogrammed by the same method. The sensitivity of
cell lines to growth factors and inhibitors are often found to be different
in practice, necessitating a titration of factors for every new cell line
used for any published protocol. This demands robust and reliable
protocols for upscaling the cultivation of undifferentiated iPSCs, as well
as their subsequent differentiation into more terminally differentiated
cell types.

To accomplish this, various approaches have been reported in the
literature. A common method of culturing iPSCs at smaller scale is 2D
adherent culture on plasticware (e.g. cell culture dishes, multi-well
plates, T-flasks) coated with matrices such as Matrigel™, Geltrex™,
vitronectin, laminins, or synthetic matrices such as Synthemax™
(reviewed in [14]). Multi-layer plasticware have been developed and are
commercially available, such as Corning CellSTACK™ and Nunc Cell
Factory™ [15]; these allow for increasing the amount of surface area for
2D adherent culture processes to achieve higher quantities of iPSCs.
However, the use of multi-layer plasticware is labour-intensive and
generates a high amount of plastic waste. Alternatively, automated 2D
adherent culture systems, such as the CompacT SelecT™ platform [16],
have also been shown to be a viable approach for the large-scale pro-
duction of pluripotent stem cells. The drawbacks of this approach are the
large initial capital investment of the equipment and the training of
qualified personnel, as well as space requirements. Additionally, these
2D platforms rely on scaling out (i.e. increasing the number of vessels
cultured in parallel) to produce the required cell quantities. Another
type of adherent culture system is the hollow fibre bioreactor [17-19],
where many capillary tubes are coated with matrix, then loaded with
iPSCs. This provides a very large surface area for cells to attach to, while
keeping a small physical footprint. However, in this system, cell growth
is challenging to monitor during the expansion phase, and assessment
can only be done at the point of harvesting. Additionally, owing to the
narrow lumens of the capillaries, these systems are susceptible to clog-
ging, leading to difficulties in ensuring that culture medium can be
effectively distributed throughout the bioreactor, thereby resulting in
the generation of nutrient/waste gradients, which may impact iPSC
growth.

3D suspension culture platforms have been increasingly used for
expansion of iPSCs, especially when high cell quantities are required,
since these platforms are more easily scalable by increasing culture
volume while maintaining the same cell density. Prior studies reported
the expansion of embryonic stem cells on coated microcarriers kept in
suspension in bioreactors [20-23]. These microcarriers can be made
from a variety of materials such as polystyrene, glass, cellulose, or
alginate [24,25] and coated with the same matrices used for 2D
adherent cultures. When kept in suspension in a bioreactor, these
microcarriers serve to increase the available surface area for cells to
attach to by several fold [20,26]. After a period of cultivation, the cells
can be dissociated from the microcarriers by chemical or enzymatic
treatments. More recently, dissolvable microcarriers have been devel-
oped where the harvesting solution consists of several components,
which dissociate cells from the microcarriers and simultaneously
dissolve the microcarriers without negatively impacting cell viability
[27]. After ROCK inhibition was found to promote the survival of
dissociated embryonic stem cells [28], more studies have shown that
embryonic stem cells and iPSCs can, without the need for surfaces to
attach to, also be cultured and expanded in suspension as cell aggregates
when treated with ROCK inhibitor (e.g. Y-27632) for the first 24-48 h of
culture [29-36]. There are several 3D suspension platforms that have
been tested with iPSCs with or without microcarriers. These include
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stirred tank bioreactors [33,35,36], vertical wheel bioreactors [37,38],
and rocking motion bioreactors [39].

Moreover, depending on the applications of the cells, several
methods to expand and cryopreserve cells may be necessary. While
passaging cells as single cells may afford more homogeneity and
reproducibility in cell attachment, and in some applications may even be
critical (e.g. single cell cloning for genome editing applications),
passaging as single cells with ROCK inhibition has been linked to con-
cerns surrounding genomic stability [40]. Some groups may even prefer
to passage cells using non-enzymatic methods to dissociate cells as
clumps rather than single cells. ROCK pathway modulation has also been
suggested to influence downstream differentiation efficiencies [40,41],
thereby warranting the development of protocols that offer the possi-
bility of omitting ROCK inhibition during the undifferentiated cell
expansion. Additionally, demands on cell quantities may vary widely;
while 10° cells may be sufficient for lab scale activities, industrial scale
manufacturing may require cell quantities several orders of magnitude
higher than that. Therefore, the production of these cells needs to be
flexible and scalable depending on a case-by-case basis. EBiSC is also
aiming to provide not only undifferentiated iPSCs, but also differenti-
ated cell types derived from a range of iPSC sources. Here, to meet the
needs of the research community, EBiSC is uniquely positioned to couple
the upscaled production of undifferentiated cells with their subsequent
differentiation into more terminally differentiated cell types.

In this work, 3D experiments were performed in cell aggregate
format or on Matrigel™-coated alginate microcarriers and in case of the
neuronal differentiation compared to the standard 2D culture condition
(planar culture, see Fig. 1). Expansion, differentiation, and cryopreser-
vation processes were performed over multiple cell lines and towards
different lineages. In all approaches, the suspension bioreactor system
CERO 3D was used, as one optimised and flexible laboratory-scale de-
vice. The different workflow variations are represented in Fig. 2.

2. Materials and Methods
2.1. Cell lines

Five different EBiSC iPSC lines (IMI project, www.ebisc.org) were
used, which are also registered on hpscreg.eu (Table 1). The EBiSC lines
are fully consented for research use and quality controlled. At the point
of banking with EBiSC, sterility (absence of mycoplasma, microbial
growth), cell line identity based on short tandem repeat assay, as well as
karyotyping are routinely performed; these data and accompanying
Certificates of Analysis are available on request. Additionally, myco-
plasma testing was performed on a regular basis. For the upscaling ex-
periments the control lines UKBi005-A and BIONi010-C [42] were used,
whereas the line BIONi010-C-13 [43] was chosen as gene-edited line
with NGN2 transgene expression for neuronal differentiation. In case of
the cardiac differentiation the control line UKBi005-A and the disease
line UKKi018-A were used, and for the hepatic differentiation, a
gene-edited daughter line from BIONi010-C-64 was used (edited with a
CYP3A4-T2A-Nluc reporter, validated via genome sequencing). The
cells were cultured on Matrigel™-coated cell culture dishes (MTG;
Corning, USA) in mTeSR™1 medium (Stemcell Technologies, Canada)
and split at 60-80% confluence with 0.5 mM ethylenediaminetetra-
acetic acid (EDTA) solution (Invitrogen, USA). Cell count and viability
were determined on a NucleoCounter® NC-200™ device (ChemoMetec,
Denmark).

2.2. 3D culture approaches

2.2.1. Culture as clumps

For seeded clumps (CL) in 3D, cells were previously detached from
2D culture with improved EDTA (iEDTA; proprietary formula based on
EDTA, developed at Fraunhofer IBMT) after two DPBS (-/-) washing
steps. As a culturing surface, Matrigel™-coated alginate microcarriers
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Fig. 1. Different approaches of the scalable expansion and differentiation of iPSCs with description of the culture formats used and resulting application fields.

(MC; Alginatec, Germany) of about 350 um diameter were filtered and
transferred together with the cells in a ratio of 60,000 cells per cm? to a
CEROtube vessel (previously called LeviTube; OLS, Germany) designed
for the bioreactor system CERO 3D (previously called BioLevitator; OLS,
Germany). Culture conditions were 37 °C and 5% COs. The mixture of
cells and beads was maintained in suspension through bi-directional
rotation of the CEROtube (see Table 3 for details of Programme 1).
After reaching confluence on the microcarriers, cells were incubated for
about 20 min with iEDTA in the CERO 3D bioreactor at 60 rpm (Pro-
gramme 2). Then the dissociation reaction was stopped with mTeSR™1
and the microcarriers removed from the cell suspension by straining
them out using a 200 um cell strainer (pluriSelect Life Science, Ger-
many). Cells were centrifuged at 250 g for 3 min before further use
(reseeding, quality control or banking).

2.2.2. Culture as single cells

Similar to the clumps protocol, iPSCs cultured as single cells (SC) on
microcarrier were seeded in a ratio of 60,000 cells per cm? in CEROtubes
and detached with iEDTA. Resuspension by pipetting was performed
more intensively to reach a homogenous single cell suspension.
mTeSR™1 medium was supplied with ROCK Inhibitor Y-27632 (Abcam,
UK) in a final concentration of 10 uM. Programme 3 of the CERO device
was used (Table 3).

With the aggregate protocols, iPSCs were washed with DPBS (-/-),
then dissociated using TrypLE™ Select or Accutase® (Gibco, USA),
resuspended in mTeSR™1 with 10 uM Y-27632 to stop dissociation,
centrifuged at 300 g for 5 min, and resuspended in mTeSR™1 with
10 uM Y-27632. Thereafter, cells were seeded into CEROtubes. For the
iPSC expansion as aggregates, 80 rpm rotation speed was chosen with a
seeding density of 2 x 10° cells/ml (Programme 4, see Table 3).
Aggregate dissociation was also performed at 80 rpm.

2.3. Cryopreservation procedure

Cells detached after the cardiac and neuronal differentiation were
centrifuged at 250 g for 3 min and the pellet was resuspended in Cryo-
Stor® CS10 (Stemcell Technologies, Canada) at a density of 8.5 x 10°
cells per ml per cryovial (Greiner, Austria) for the neuronal differenti-
ation (with the 3D aggregate condition) and 4-5 x 10° cells per ml per
cryovial for the cardiac differentiation. Vials were then stored overnight
at —80 °C in a freezing container (Mr. Frosty™) filled with sufficient
isopropanol for gradual freezing (Thermo Fisher Scientific, Germany)
and transferred during the next days to —150 °C liquid nitrogen cryo-
genic tanks in the vapour phase.

In brief, 5000-7000 hepatic organoids were slow frozen to —80 °C in
vials at day 8 and 21 with 1 °C/min in 1 ml CryoStor® CS10 using the
controlled rate freezer VIA Freeze (Cytiva). Subsequently, the vials were
stored below —140 °C in liquid nitrogen tanks, thawed in 37 °C water
bath, and further cultivated in a CERO 3D bioreactor. Details on the

25

cryopreservation results of the hepatic organoids produced as reported
here, can be found in Altmaier et al. [44] in this issue.

2.4. Neuronal differentiation

For the neuronal differentiation triggered by NGN2 overexpression,
the cell line BIONi010-C-13 was used [43]. Cells were dissociated with
TrypLE™ Select and seeded as single cells for standard 2D, for aggre-
gates, or on Matrigel™-coated alginate microcarriers (MC). Adapted
from the iPSC culture protocols, a ratio of 60,000 cells per cm? growth
surface was used with MC and 7.5 x 10° cells per ml seeding density for
the aggregate approach, with respectively 40 and 60 rpm rotation speed
in the CEROtubes (Programmes 3 and 5). In both cases, mTeSR™1 with
10 uM Y-27632 was needed in the first 24 h and replaced by mTeSR™1
alone on the following day. On day 2 of the experiments N2B27 medium
(composition published by Shih et al. [45]) supplemented with 2 pg/ml
doxycycline (DOX; Merck, USA) was used for two to five additional days
to induce neuronal differentiation. At different harvest time points (day
0, day 2 and day 5), cells were washed with DPBS (-/-) and dissociated
with Accutase® for 10 min at 60 rpm in the CERO 3D system (Pro-
gramme 2 of Table 3). Cell count, immunocytochemistry and qPCR were
performed.

2.5. Cardiac differentiation

Differentiation of iPSC cultures to early cardiomyocytes was based
on the procedures according to Zhang et al. [46]. This protocol was
adapted to function in three-dimensional conditions in suspension cul-
ture using CERO 3D bioreactors according to Fischer et al. [47]. To
harvest iPSCs from dishes, the culture medium was aspirated, washed
twice with 10 ml DPBS (-/-) and then treated with 6 ml TrypLE™ Select.
After 5-7 min incubation at 37 °C, the enzymatic reaction was diluted
with 6 ml mTeSR™1 and 10 pM Y-27632 and transferred to 50 ml
centrifuge tubes (Greiner, Austria). After trituration, the cell count was
determined using the NucleoCounter® NC-200™. Subsequently, the
cells were centrifuged at 300 g for 3 min and seeded in cardiac differ-
entiation medium in CEROtubes, set to 60 rpm rotation speed (Pro-
gramme 5, Table 3). The cardiac differentiation medium is composed of
a base medium, containing KnockOut™ DMEM (Thermo Fisher Scien-
tific, USA) with Transferrin-Selenium (Sigma-Aldrich, USA), Glutamine
(Thermo Fisher Scientific, USA), and Penicillin Streptomycin (Thermo
Fisher Scientific, USA). The culture medium was changed every 24 h
with addition of cardiac specific growth factors and inhibitors on day 0,
day 2 and day 3 as listed in Table 2. On day 1, 4 and 7 the base media
was used without additional growth factors. The standard and optimized
protocol vary in growth factor and inhibitor concentrations as listed in
Table 2. Dissociation of the spherical aggregates was performed by
enzymatic digestion using papain (40 U/ml) (Worthington Biochemical,
USA) mixed with 2 mM L-cysteine in DPBS (-/-) and incubated for at
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Fig. 2. Cultivation and expansion of iPSCs in 3D culture conditions. A: Workflow options of the 3D suspension cultivation. Al: iPSC clumps are seeded on Matrigel™-
coated alginate microcarriers. A2: iPSC single cells are seeded on Matrigel™-coated alginate microcarriers in medium supplemented with 10 uM Y-27632. A3: iPSC
single cell suspension forms aggregates with ROCK-inhibitor Y-27632 support. B: Morphology of the cells cultured as clumps and single cells on Matrigel™-coated
alginate microcarriers (MC) and as aggregates. The cell line UKBi005-A was used for both microcarriers approaches and the cell line BIONi010-C for the aggregates
approach. Scale bar = 500 um. C: Graph representing the cell output potential of the three approaches with fold change in cells per day as parameter (n = 3). D: Flow
cytometry analysis on the maintenance of the pluripotency-associated markers SSEA-4, TRA-1-60 and POUSF1 after harvest, with SSEA-1 included as a differen-
tiation marker. Percentage of positive cells for these four markers are plotted (n = 3).
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Table 1
EBiSC2 iPSC lines used for the expansion and differentiation experiments.

EBiSC cell Descriptor Reprogramming Donor BioSample ID
line method Sex
identifier
UKBIi005-A Healthy Retrovirus Female SAMEA4584351
BIONi010-C  Healthy Episomal Male SAMEA3158050
BIONi010- NGN2 Episomal Male SAMEA103988285
C-13 induction
UKKi018-A Familial Sendai Female SAMEA17622418
Long QT
Syndrome
BIONi010- CYP3A4- Episomal Male SAMEA10534760
C-64 T2A- Nluc
reporter
Table 2
Concentration of factors used in cardiac differentiation.
Growth factor/ Source Standard Optimised Applied
Inhibitor Protocol Protocol on
Activin A Thermo Fisher 10 ng/ml 20 ng/ml Day 0
Scientific, USA
BMP4 Peprotech, USA 1 ng/ml 2 ng/ml Day 0
FGF2 Peprotech, USA 10 ng/ml 10 ng/ml Day 0
CHIR99021 Axon Medchem, 1uM 3 uM Day 0
Netherlands
Wnt Inhibitor Tocris Bioscience, 1 puM 2uM Day 2
C59 UK and 3

least 20 min at 37 °C on day 8 of the suspension culture. Subsequently,
the spheroids were incubated in a solution of base medium, KnockOut™
Serum Replacement (KO-SR) (Thermo Fisher Scientific, USA), 10 uM
Y-27632 and 10 uM DNase (Sigma-Aldrich, USA). Enzyme action was
blocked by washing with papain inhibitor E64 in the KO-SR containing
base medium as well. After enzymatic dissociation, the isolated day 8
cardiomyocytes were cryopreserved as described before. Alternatively,
single day 8 cells obtained from the spheroid dissociation were seeded
on tissue culture flasks coated with recombinant laminins or fibronectin
(in 2D) and cultivated for 1-2 weeks to enhance maturation. At day 16,
cardiomyocytes are ready to be seeded on scaffolds and other materials
to be tested, by day 25 they exhibit ideal electrophysiological properties
and are used for pharmacological tests.

Cardiomyocytes were imaged using Nikon-Eclipse Ts2 microscope
with phase contrast. Around 70-100 spheroids were examined on day 7
and day 8 at the end of the differentiation, before dissociation. The beat
ratio for each sample is calculated by the following formula:

Beating spheroids

Amount of beating spheroids (%] = x 100

Total number of spheroids

The amount of beating spheroids was calculated for cardiomyocytes
generated from both UKBi005-A as well as UKKi018-A, as a readout of
the efficiency of cardiac differentiation. Dissociated cardiomyocytes
were also analysed by flow cytometry and qPCR.

Table 3
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2.6. Hepatic differentiation

The hepatic differentiation protocol was initially established in 2D
based on protocols developed by Rezania et al. [48] towards definitive
endoderm (DE), by Carpentier et al. [49] towards hepatic progenitor
cells, and finally towards hepatocytes by Pettinato et al. [50]. The
process then was translated to the suspension-based bioreactor CERO
3D. In pilot studies, process parameters were optimised to maximise
homogeneity, biomass, and hepatocyte marker expression in 3D. Briefly,
the rotation speed was set to 60 rpm without an inoculation phase and
the medium viscosity was increased by the addition of 0.3% methyl-
cellulose to slow down sedimentation and to prevent aggregation of the
forming organoids. To start the differentiation protocol, iPSCs were
harvested at a confluence of 70-80% as single cells using Accutase®
(Gibco, USA): As soon as the colonies started to detach from the surface
and appeared white in phase contrast microscopy, cells were rinsed in
mTeSR™1 in the presence of 10 M Y-27632 (Cayman Chemical Com-
pany, USA). Subsequently, 4 x 10° cells/ml, were inoculated in a total
volume of 20 ml. The composition of the three differentiation media is
described here in brief: Stage 1 medium (S1) to DE, consisted of
KO-DMEM, 1% Pen/Strep/Glutamine, and Insulin-Transferrin-Selenium
(all Fisher Scientific). Additional factors were 10 pM Y-27632 (Cay-
manchem), 1 pM CHIR99021 (Selleckchem), 10 ng/ml Activin A (Cell
Guidance systems), 10 ng/ml Fibroblast Growth Factor-basic (Pepro-
tech), 1 ng/ml Bone morphogenetic protein 4 (R&D), and 0.3% meth-
ylcellulose (R&D). For the second stage to hepatocyte progenitors, the
medium consisted of DMEM/F12, 10% KOSR, 1% Glutamax, 1%
Non-essential amino acids (NEAA), 1% Pen/Strep (all Fisher Scientific),
1% DMSO, and 0.3% methylcellulose (R&D). Medium was changed
every second day. On day 3, medium was switched to William’s E Me-
dium without phenol red (Fisher Scientific) with Primary Hepatocyte
Maintenance Kit (Fisher Scientific) and 0.5 pM Dexamethasone. Addi-
tionally, 50 ng/ml Recombinant Human Hepatocyte Growth Factor
(Peprotech), and 30 ng/ml Recombinant Human Oncostatin M (Pepro-
tech) were added. From days 17-24, 10 pM hydrocortisone (Sell-
eckchem) and 1x cholesterol lipid concentrate (Gibco, 12531018) were
added. Organoid size and count, metabolic analysis of functional he-
patocyte marker CYP3A4 expression, cryopreservation, flow cytometry,
immunocytochemistry and qPCR were performed and reported in Alt-
maier et al. [44]; key quantifications are presented in this article (Fig. 5).
Further details on the hepatic differentiation in 2D and 3D and the
cryopreservation approaches can be found in the report by Altmaier
et al. [44] in this issue.

2.7. QC methods

2.7.1. Flow cytometry (FC)

Cell samples taken for flow cytometry analysis were washed twice
with DPBS (-/-), fixed with 4% formaldehyde (Cytofix™; BD, USA) and
stored at 4 °C after two washing steps with staining buffer (BD, USA) or
DPBS (-/-). Before staining, cell samples were washed twice with Perm/
Wash Buffer (BD, USA) and incubated for 10-15 min at room tempera-
ture. The cardiac samples were additionally incubated for 5 min in DPBS
(+/+) supplemented with 1% FBS (Gibco, USA) at room temperature.

CERO programmes used for 3D culture and differentiation of iPSCs. CL= clumps; MC = Matrigel™-coated alginate microcarriers; SC = single cells.

Programme Sub-programme Rotation period [s] Rotation speed [rpm] Agitation period [min] Agitation pause [min] Duration [h]

1 CL on MC culture Inoculation 4 40 2 15 5

Cultivation 4 40 - - ©
2 CL/SC on MC harvest Harvesting 5 60 - - oo
3 SC on MC culture Inoculation 4 40 2 5 12

Cultivation 4 40 ©
4 SC culture + harvest Cultivation 4 80 - - oo
5 SC differentiation Cultivation 2 60 - - ©
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The Human and Mouse Pluripotent Stem Cell Analysis Kit (BD, USA) was
used according to the manufacturer’s instructions, with an additional
antibody for staining of iPSC lines in the undifferentiated expansion
approaches (see details in Table 4). Cardiac samples were stained with
primary antibodies against Cardiac troponin and Ki-67, overnight at
4 °C followed by secondary antibody incubation for an hour at room
temperature. The antibodies used are listed in Table 4.

Flow cytometry analysis has been performed in pilot studies for the
hepatic differentiation to compare tested differentiation methods to-
wards DE (FOXA2 and SOX17, data not shown). Details on these are
included in the supplemental material in Altmaier et al. [44].

2.7.2. Immunocytochemistry (ICC)

2D ICC samples of the neuronal differentiations were washed twice
with DPBS (+/+4), fixed with 4% formaldehyde (Cytofix™. BD, USA)
and stored at 4 °C after two washing steps with DPBS (+/+). After
permeabilisation and blocking with 0.2% Triton™ X-100 (Merck, USA)
and 1% BSA (Thermo Fisher Scientific, USA) in DPBS (+/+), primary
antibodies were applied overnight at 4 °C. After three washing steps
with 1% BSA in DPBS (+/+), cells were incubated for one hour with the
secondary antibodies at room temperature and washed again three times
with the identical solution. In the third washing step, DAPI was added
(NucBlue™ Fixed Cell ReadyProbes™ Reagent, Invitrogen, USA) and
replaced by DPBS (+/+) after 10 min.

2.7.3. Real time quantitative polymerase chain reaction (qPCR)

qPCR samples were lysed in RLT buffer (QIAGEN, Germany) and
RNA was extracted using the RNeasy Plus Micro Kit (QIAGEN, Ger-
many). After transcription to ¢cDNA with the High-capacity cDNA
Reverse Transcription Kit (Applied Biosystems, USA), qPCR analyses
were pipetted in duplicates for the neuronal samples and in triplicates
for the cardiac samples (see Table 5 for TagMan assay list; Thermo
Fisher Scientific, USA). Data was analysed with the Delta Delta Ct
method and the relative quantification (RQ) or fold change in gene
expression was plotted with iPSCs as reference sample (RQ = 1). GAPDH
was used as an endogenous control.(Table. 6).

qPCR for the hepatic organoids using the markers HNF4A, AFP, TTR,

Table 4
List of antibodies (Ab) used for flow cytometry staining of hiPSC and cardiac
cells.

Cells Antibodies list Dilution Catalogue
number
hiPSC Alexa Fluor® 647 Rat anti-SSEA- 20 pl per 560477
4 million cells (BD)
PerCP-Cy™5.5 Mouse anti-Oct3/
4
PE Rat anti-SSEA-1
Alexa Fluor® 647 Mouse 1gG3,
Isotype Control
PerCP-Cy™S5.5 Mouse IgG1,
Isotype Control
PE Mouse IgM, k Isotype Control
Alexa Fluor® 488-conjugated 5 ul per BLD-330614
anti-human TRA-1-60- R million cells (Biozol)
Alexa Fluor® 488 Mouse IgM, k 1.5 pl per BLD-401617
Isotype Control million cells (Biozol)
Cardiac  Anti - cardiac troponin T (mouse  1:400 ab8295
monoclonal) (Abcam)
Alexa Fluor® 488 goat anti- 1:1000 A11001 (Thermo
mouse Fisher)
Anti - Ki-67 (rabbit polyclonal) 1:400 ab15580
(Abcam)
Alexa Fluor® 647 goat anti- 1:1000 A21236
rabbit (Thermo Fisher)
Isotype mouse IgG1 1:200 M5284
(Sigma Aldrich)
Isotype rabbit IgG 1:200 ab125938
(Abcam)

28

Reproductive Toxicology 112 (2022) 23-35

Table 5
List of antibodies (Ab) used for ICC staining of neuronal cells.
Antibodies list Dilution Catalogue
number
Primary Abl: Nestin 1:200 PA5-11887
Secondary Ab1l: Goat anti Rabbit Alexa Fluor®  1:1000 A21429
555
Primary Ab2: Tubb3 1:1000 Ab7751
Secondary Ab2: Goat anti Rat Alexa Fluor® 1:1000 A11034
488
DAPI 2 drops per R37606
ml

ALB, CYP2C9, and CYP3A4 are not shown here but in Altmaier et al.
[44].

3. Results
3.1. Implementation of 3D iPSC expansion approaches

For the comparison of the 3D iPSC expansion approaches, cells were
cultured as clumps on Matrigel™-coated alginate microcarriers (MC), as
aggregates from seeded single cell suspensions, as well as single cell (SC)
suspensions on MC for at least one passage and up to four passages
(clumps on MC and SC as aggregates). In terms of quantity, different cell
attachment behaviour and proliferation of the cells was observed, as
shown in the morphology pictures of Fig. 2B. With the “Clumps on MC”
protocol (Fig. 2 A.1), UKBi005-A cells seeded as clumps showed lower
cell adherence and more heterogeneous growth on the MC but did not
require Y-27632 supplementation. This condition reached a fold change
per day of 0.33 £0.19 (Fig. 2 C). With the protocol “SC on MC”
(Fig. 2 A.2), single cells from the identical line were seeded on Matri-
gel™-coated alginate microcarriers and were observed to have the
highest growth rates with a reached fold change per day of 1.48 &+ 0.25
(confluency reached already after 3-4 days of cultivation). Micro-
carriers were almost completely covered with proliferating cells and the
cells attached more homogeneously compared to the “Clump on MC”
protocol. In case of the third protocol, “SC as aggregates” (Fig. 2 A.3),
spherical aggregates with smooth, well-defined edges of approximately
220 ym diameter were obtained after 7 days of culture and reached a
fold change per day of 1.07 + 0.13 with the cell line BIONi010-C, rep-
resenting a final harvest cell density of 1.52 + 0.19 x 10° cells/ml.

To assess cell quality, flow cytometry was performed on the three
approaches (Clumps on MC, Single cells on MC, Single cells as aggre-
gates) to observe the maintenance of the undifferentiated state at the
final passage in 3D culture, by quantifying the presence of pluripotency-
associated markers like SSEA-4, TRA-1-60, POU5SF1, as well as SSEA-1
for differentiation. Across all three expansion conditions, cells were
typically over 90% positive for pluripotency-associated markers, and
below 5% positive for the differentiation marker SSEA-1 (Fig. 2D).

Table 6
List of TagMan assays used for gPCR analyses:.

Target TaqMan Assay ID
ACTN2 Hs00153809_m1
EOMES Hs00172872_m1
GAPDH Hs99999905_m1
ISL1 Hs00158126_m1
MAP2 Hs00258900_m1
MAPT Hs00902194_m1
MESP1 Hs01001283_g1
MYH7 Hs01110632_m1
POUS5F1 Hs00742896_s1
TNNT2 Hs00943911_m1
TUBB3 Hs00801390_s1
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3.2. Fast and reproducible differentiation of iPSCs in (early) NGN2
induced neurons

With the NGN2-gene edited cell line BIONi010-C-13, the differenti-
ation of iPSCs into early neurons was driven by short term doxycycline
induction in N2B27. Following a pre-cultivation of two days in
mTeSR™1, BIONi010-C-13 cells were characterised after 2 and 5 days of
differentiation. They were cultivated in three different single cell culture
formats: on 6 well plates (2D), on microcarrier (3D microcarrier) and as
aggregates (3D aggregate) as shown in Fig. 3 A. Regarding the cell
output potential, highest yield to day O was reached on day 5 by the 2D
condition with a value of 9.9 + 2.9, followed by the 3D microcarrier day
2 condition (Fig. 3B). Nevertheless, day 2 yields were quite similar
across the three culture techniques and showed no significant

A

NGN2 Neuronal Differentiation
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differences (2D: 7.0 + 2.4, 3D aggregate: 8.1 + 4.0, 3D microcarrier:
9.5 £5.1). The 3D aggregate and 3D microcarrier approaches per-
formed well on day 5 under microscopic examination (pictures not
shown) but the harvested cell amount permitted only yield of 2.1 and
1.5, as discussed later. Culturing of the parental BIONi010-C non-gene-
edited line with N2B27 with doxycycline showed only signs of very early
differentiation without the evident lineage specification that was seen
with BIONi010-C-13 (data not shown).

At the different culture time points, gQPCR was performed to char-
acterise the maturity of the BIONi010-C-13 cells over the differentiation
course. The expression profile of four markers showed clear similarity
between the three cultivation approaches. Across all conditions, cells
showed a profound downregulation of the pluripotent-associated
marker POU5F1 compared to iPSC with fold change values of up to

B

yield to day 0

15 -
d diff start harvest harvest
seeilng I j ar arvesting arvesting S
a1 a @ S 10
. (©)
hiPSCs ~
o
mTeSR1 -1 5 4
Neurons 2
® =
N2B27 + DOX I I
0
o o day 2 day 5
2D 3D aggregate 3D microcarrier
C 2D Aggregates Microcarrier
POUS5F1 TUBB3
10 1000
1 T T T v 100
0,1 10
0,01 1 r T )
0,001 0,1
d-2 do d2 d5 d-2 do d2 d5
MAP2 MAPT
1000 1000
100 100
10 10
1 T T T , 1 )
0,1 0,1
d-2 do d2 dS d-2 do d2 d5

Fig. 3. Neuronal differentiation of iPSC in 2D, in 3D as aggregates and in 3D on Matrigel™-coated alginate microcarriers. A: Workflow of the differentiation protocol
with details on the used media (mTeSR™1 and N2B27 +DOX) and the analysis time points (day —2, day 0, day 2 and day 5). B: Outgrowth potential of the dif-
ferentiation with yield to day O plotted for the two harvest days of all three culture conditions (2D: n = 5; 3D aggregates: n = 5; 3D microcarrier: n = 3). C: gPCR
analyses of the three conditions for four markers (POU5F1, TUBB3, MAP2, MAPT) with the relative quantification in gene expression to day 2 observed over time
(2D: n = 5; 3D: n = 3). D: ICC and bright-field view of day 2 differentiated cells three days after thaw on a poly-L-ornithine (PLO)-laminin-coated plate. DAPI, Nestin
and Tubb3 were used as staining markers. Fluorescence pictures have been merged and arranged with ImageJ. Scale bar = 100 pm.
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900 times on day 5 for the microcarrier condition (Fig. 3 C). Conversely,
the neuronal markers TUBB3 and MAP2 were expressed increasingly
from day 2 on, while MAPT, as late stage marker, started to rise from day
5 on with fold change values to iPSC of 128, 204 and 81 for 2D, 3D
aggregate and 3D microcarrier, respectively.

Based on these results, day 2 of the differentiation was chosen at the
optimal time point for cryopreservation approaches with a recovery and
viability of > 85% directly after thaw. It could be shown that cry-
opreserved cells recovered well and conserved their neuronal identity,
as shown in Fig. 3D, where protein expressions of Tubb3 and Nestin was
confirmed on a poly-L-ornithine (PLO)-laminin-coated well plate three
days post thaw.

3.3. Optimised cardiomyocyte differentiation protocol increases
reliability, robustness, and efficiency of cardiac cell generation across iPSC
lines from diverse backgrounds

Cardiomyocytes were generated from iPSCs using a modified pro-
tocol from Zhang et al. [46], in the CERO 3D within eight days of cul-
ture. The protocol was modified previously to improve the yield of
beating cardiac spheres in the healthy iPSC line UKBi005-A as well as the
diseased iPSC line UKKi018-A (long QT syndrome, type 2-associated
iPSC line). iPSCs were subjected to WNT activation (by addition of
CHIR99021) in the presence of Activin A, BMP4 and FGF2 for 24 h
followed by a WNT off phase effected by addition of a WNT inhibitor
(Wnt-C59) for 48 h, crucial for the cardiac specification of iPSC
(Fig. 4 A, growth factor concentrations listed in Table 2). Aggregates
seeded on day 0 develop progressively into spheroids through the week
of cardiac induction to form beating cardiac spheroids in the case of
UKBi005-A (Fig. 4B). Initial trial of the standard protocol (SP) estab-
lished for differentiation in the CERO 3D with the diseased UKKi018-A
line (Fig. 4B) resulted in non-beating spheroids, necessitating an opti-
misation of the protocol. During the optimisation process, several as-
pects were investigated including the concentration of small molecule
inhibitors and the temporal application of key pathway agonists / in-
hibitors important in cardiac lineage development. The optimised pro-
tocol (OP; growth factor concentrations listed in Table 2) is more robust
across different iPSC lines; for example, UKKi018-A failed to generate
beating spheroids with the standard differentiation protocol (n = 3) but
with the optimised protocol robustly forms 86.2% beating spheroids by
day 7 of differentiation (n = 2). Interestingly, this optimised protocol
increases the percentage of beating spheroids generated from
UKBi005-A from 63.5% up to 98.5% (n = 6 and n = 3, respectively)
(Fig. 4 C). Such a detailed and robust optimisation is critical to allow
efficient cardiomyocyte differentiation from many different iPSC lines
without the need for cell line specific protocol alterations, which are cost
and time consuming. The optimised protocol also greatly reduces vari-
ation in the number of beating spheroids generated (seen as reduced
standard deviation bars). Another critical factor is generating high
numbers of cardiomyocytes in a cost-efficient manner. Here, yield (i.e.
the number of cardiomyocytes generated versus the number of iPSCs
seeded) is consistently high at > 150%. These cardiomyocytes were
assessed by flow cytometry to show around 98% cardiac troponin
(cTNT) expression (Fig. 4E). A high co-expression of proliferation
marker Ki-67 (Fig. 4E) indicates immaturity of these day 8 car-
diomyocytes. Mature cardiomyocytes progressively lose their prolifer-
ative potential and show low levels of Ki-67. Gene expression also
consistently shows a typical early cardiomyocyte identity with no
elevated expression of mesodermal markers (EOMES and MESP-1).
ISL-1, an early cardiomyocyte marker, is expressed at day 7 with low
variability indicating a robust differentiation in the bioreactor (Fig. 4 F).
Highly expressed are sarcomeric proteins (ACTN2, MYH7 and TNNT2),
which are essential for the cytoskeletal organisation and cardiac
functionality.
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3.4. Differentiation of iPSCs into hepatocyte-like cells

The differentiation protocol from iPSCs via definitive endoderm and
hepatic progenitor cells to hepatocyte-like cells in 2D was successfully
translated to the suspension bioreactor (see Fig. 5A) to form hepatic
organoids. As shown in Fig. 5B, the forming aggregates became more
compact and dense between day 3 and 4 days of the differentiation
process in 3D. From day 4 onwards, their size slowly increases until the
final differentiation day (day 21), coupled with a decrease in number of
organoids over the same timeframe (Fig. 5C). Fig. 5D shows represen-
tative images of the morphological changes of the forming organoids
along the cultivation period of 21 days.

3.5. Summary of expansion and differentiation capacity

In order to summarise the different proliferation potential of iPSC
and differentiation capacities in the neuronal and cardiac lineages, we
listed the number of harvested cells per 1 million seeded iPSCs for all
approaches and formats. The results can be found in Table 7. We
observed the highest output during the neuronal differentiation with a
fold change of approximately 10 times within only 2 days, followed by
the iPSC expansion in 2D and on MC with single cells within 7 days.
While hepatic differentiation was accomplished in the CERO 3D, the aim
was to generate intact hepatic organoids. Therefore, these organoids
were not dissociated into single cells for cell counting. A comparison of
the 2D and 3D hepatic differentiation approach is presented in Altmaier
et al. [44].

4. Discussion
4.1. 3D expansion of undifferentiated iPSCs

Here we have shown that the upscaled expansion of iPSCs can be
achieved using three different 3D approaches. The selection of an
approach should ideally be informed by the aims of the investigator.
Without ROCK inhibition, iPSC adherence to MCs may be low, partic-
ularly if the generated cell clumps are too small or if agitation rates are
too high, resulting in growth- and adhesion-prohibitive shear stresses.
Even when optimal-sized cell clumps are inoculated on MCs under
adhesion-permissive agitation rates, cell clumps tend to attach to MCs
heterogeneously. This does not impact on the possibility of undifferen-
tiated cell expansion on MCs. However, this approach does require
careful microscopic examination by trained and experienced operators
to determine an optimal time-point for passaging to prevent excessive
growth on MCs that may result in spontaneous differentiation or
decrease cell viability. Another drawback of heterogeneous cell attach-
ment may be the reproducibility or efficiency of downstream differen-
tiation applications. Therefore, such an approach could be considered
when ROCK inhibition severely affects downstream applications such as
cell differentiation. Future development of this method could investigate
the use of alternative chemical dissociation reagents that result in more
homogeneously sized cell clumps, which are of sufficient size to attach
to MCs quickly and efficiently.

By applying a single cell suspension and ROCK inhibition, cell
attachment to MCs is more homogeneous and cell yields can be
increased to a large extent compared to clumps (>3x fold). Additionally,
coating of the MCs can be varied and adapted to individual needs and
the culture format mimics the in vivo environment at its best. Alginate
microcarriers could also be used to add further functionalities to opti-
mise the workflow, e.g. controlled release of growth factors or smooth
detachment of cells through switchable surfaces. A drawback of such an
approach is the increase in number of handling steps to ensure cells
adequately adhere to or detach from MCs. This can be overcome by
culturing the cells as aggregates without the use of MCs. These aggre-
gates can be formed easily and are relatively homogeneously sized, and
aggregate size can be modulated by varying culture parameters, such as
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Fig. 4. Cardiac differentiation of iPSCs as 3D spheroids. A: Workflow of the cardiac differentiation from iPSCs up to cryopreservation of 8 days early cardiomyocytes.
B: Morphology of spheroids from the two cell lines UKBi005-A and UKKi018-A over 7 days for the referenced (standard) and optimised protocol imaged by phase
contrast microscopy (Scale bar: 500 pm). C: Percentage of beating spheroids for both cell lines and protocols (70-100 aggregates per replicate, performed in trip-
licates, n = 3 batches) (error bars represent SD). D: Cell output of the differentiation of both cell lines as relative yield in % (SP: n = 6 (UKBi005-A), n = 1 (UKKi018-
A); OP: each n = 3). E: Flow cytometry analysis of the cardiac cells with cTNT/TNNT2 (cardiac marker) and Ki-67 (proliferation marker) for day 8 cells (n = 3). F:
qPCR analysis of typical early Cardiomyocyte gene expression at day 7 of the line UKBi005-A for five specific markers (ACTN2, EOMES, MESP-A, MYH7, TNNT2, ISL-
1) (n = 3) data given as fold change compared to iPSCs at the dO; error bars represent 95% confidence intervals).
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Fig. 5. A: Schematic overview of the differentiation protocol from iPSCs to hepatocyte-like cells. B: Development of the organoid size throughout the differentiation
(n = 3). C: Number of organoids produced in 20 ml (n = 3). D: Representative microscopic images during the development of hepatic organoids.

cell seeding densities and agitation rates. High reproducibility and ease
of handling were outstanding in this approach. When such approaches
involving ROCK inhibition are used, the high number of surviving cells
results in a faster culture period until they are ready to harvest. How-
ever, there is a risk of accumulating genomic aberrations as cells are
pushed to survive even in the stressful single cell state. Care should
therefore be taken to ensure that cells do not overgrow MCs, or that cell
aggregates do not exceed a certain size whereby nutrient and gas
diffusion limits can adversely affect growth and viability of cell aggre-
gates. Once such limits have been determined, they can be used to define
end-points of a culture period, where cells can then be applied in other
downstream processes such as differentiation or dissociated for
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cryopreservation and banking. Scalable workflows of iPSC expansion as
presented here produce enough cells for e.g. toxicological screening (see
output capacity in Table 7).

4.2. Neuronal differentiation

Besides iPSC expansion, we evaluated the upscaling capacity of the
neuronal differentiation with doxycycline induction of NGN2-edited
iPSC lines (Fig. 3B). Compared to conventional growth-factor based
differentiation approaches (e.g. dual SMAD inhibition [51-53]), the
overexpression of the lineage-determining transcription factor NGN2
allows an accelerated differentiation and yields a more homogenous and
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Table 7
Output capacity during iPSC expansion and differentiation from 1 x 10° cells
seeding:.

Cell type Seeded 2D 3DonMC 3Das
cells aggregates
iPSC Clumps 5.9 x 23x10° -
expansion 106
(7 days later) Single 1.0 x 1.0 x 107 7.6 x 10°
Cells 107
iPSC-derived Single 7.0 x 8.1 x10° 9.5 x 10°
neurons Cells 106
(2 days later)
iPSC-derived Single - - UKBi005-A:
cardiomyocytes Cells 1.5 x 10°
(7 days later) UKKi018-A:
8.7 x 10°

reproducible population [45] after only two days of differentiation in a
2D condition as well as in 3D (with and without MC). Proliferation in 2D
cultures continued until day 5, even though to a lower extent, as cells
started to get post-mitotic. A similar increase in the cell amount was
present in 3D conditions. Here, we observed a growing diameter of ag-
gregates and an increased cell confluence on microcarriers. However,
the cells could not be detached from the MCs or dissociated from the
aggregates properly to reach a single cell suspension resulting in
underestimated cell counts. Although not yet investigated, we presume
that the strength of intercellular contacts in 3D approaches exceeds the
physical interactions in planar 2D cultures. A stronger mechanical
detachment of the cells or the use of reagents like the EB dissociation Kit
(Miltenyi Biotec, Germany) may represent a suitable alternative, but
harsh dissociation conditions might affect the viability of the cells, their
integrity and re-attachment capacity. Although high standard deviations
in cell count were observed across all conditions, both qPCR analyses on
day 2 and day 5, as well as ICC staining three days post-thaw confirmed a
reproducible differentiation of iPSC into neurons that express classical
lineage-specific markers such as TUBB3, MAP2 and MAPT (Fig. 3C and
D). Overall, the differentiation efficiency in 3D approaches was undis-
tinguishable from 2D cultures highlighting the potential of our 3D
protocols for a large-scale production of neurons. Besides the better
medium/volume ratio and mimicking of the in vivo environment, 3D
culture on MCs also takes the advantage of a cell-matrix interaction and
has flexibility in how the growth surface can be coated.

With the translation of the 2D neuronal differentiation protocol to
the 3D culture format in laboratory scale, we could reach an important
milestone in the production of high quantities of good quality, iPSC-
derived neuronal cells for toxicity, functionality, and more complex
model testing.

4.3. Cardiac differentiation

Differentiating iPSCs to cardiomyocytes has been accomplished by
several labs. Nevertheless, the challenge of using a single protocol for
several iPSC lines, healthy as well as diseased, requires a titration of
factors for every new cell line used for any published protocol. This
study compares a standard protocol adapted from Fischer et al. [47]
with an optimised protocol that triggers differentiation in a
non-responding disease-associated cell line. The optimised protocol
enables generation of cardiomyocytes from ‘hard to differentiate’ iPSC
lines in addition to increasing beating spheroid generation in cell lines
that respond well to the standard protocol. This potentiates the appli-
cation of this optimised protocol to develop and distribute car-
diomyocyte products from many donors in a rapid and cost-efficient
manner, supporting goals for sustainability. A direct upscale of iPSCs to
cardiomyocytes was observed only in the healthy cell line (UKBi005-A)
with at least a 1.5-fold increase (Table 7) in cell quantity compared to
the number of input iPSCs. With the standard protocol, both the healthy
and the disease-associated cell line (UKKi018-A) resulted in similar total
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cell quantities but with a clear difference in the proportion of beating
spheroids; interestingly, with the optimised protocol, while both cell
lines showed a reduction in cell yield compared to the standard protocol,
the proportion of beating spheroids was increased dramatically in both
cell lines. Further cell lines are being tested for their performance with
the optimised protocol. The cardiomyocytes obtained at day 8 have
several desirable features including high ¢cTNT expression, early mRNA
detection of specific cardiac cytoskeletal markers, spontaneous beating
and high proliferative capacity. This deems them immature, yet their
rapid proliferation facilitates their upscaling at the cardiomyocyte level,
fuelling efforts for large-scale production of a more mature car-
diomyocyte population. Day 8 early cardiomyocytes recover quickly
after thawing and can be grown on tissue culture surfaces coated with
laminin or fibronectin (Supplementary figure 1). On day 8, car-
diomyocytes cannot be tested for electrophysiological properties as
spheroids, hence they are cultivated further. For future further func-
tional characterisation of these cardiomyocytes, recordings of their field
potential duration could be measured after a week of culture on
micro-electrode arrays. A week or two after 2D cultivation, mature
cardiomyocytes suitable for functional assays and toxicity testing may
be obtained. On day 25, mature electrophysiologically stable car-
diomyocytes could also be subjected to compounds from the CiPA study
[54], to evaluate the presence of all ion channels required for
functionality.

4.4. Hepatic differentiation

The iPSC-derived hepatocyte-like cells have the potential to serve as
an alternative source for primary human hepatocytes (PHH). PHHs have
been successfully applied as in vitro models e.g. for the assessment of
hepatotoxicity, but their number is limited and they exhibit a narrow
application window due to poor performance in lab conditions. In
contrast, iPSC-derived hepatic cells differentiated and cultivated as
three-dimensional multicellular aggregates cope well in culture and
often show an improved hepatic phenotype because the physiological
environment is mimicked [55]. We show here that the generation of
hepatic organoids in scalable suspension-based bioreactors is possible
from iPSCs via definitive endoderm to hepatocyte-like cells after 21 days
of differentiation. As the microscopic images of the developing hepatic
organoids show (Fig. 5D), their level of compactness changes
throughout the cultivation process. This addresses the discrepancy be-
tween a minor increase in organoid size after day 8 of differentiation
(Fig. 5B) and the reduced number of the organoids generated (Fig. 5C).
Most likely, the morphological change is caused by the transition from
stage 2 to stage 3 medium, when the cells further mature and switch
from the hepatic progenitor to the hepatocyte-like state. Since the
strength of intracellular contacts in an organoid quickly increase along
the hepatic maturation, their dissociation and thus the assessment of
yield on single cell basis is not applicable. The decrease in organoid
number along the differentiation and maturation process is most likely
caused by aggregation of two or more organoids. In order to avoid such
aggregation and to more tightly control the organoid size, an increase of
the rotation speed with size progression is indicated. The influence of
resulting increased shear force to the functionality of hepatic organoids
needs to be evaluated in further studies. The functionality of the pro-
duced organoids has been assessed via metabolic activity, as well as
immunocytochemical staining and qPCR analysis of relevant hepatic
markers. Data can be seen in the article Altmaier et al. [44] in this
journal’s issue. The strength of this reported hepatic organoid produc-
tion lies in the more physiological three-dimensional character to pro-
mote cell’s functionality (e.g. CYP3A4 expression) and the potential of
scalability of the cultivation technique by parallelisation to meet the
increasing numbers requested in biomedical research.
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5. Conclusions

In this paper, we have presented the establishment and optimisation
of different expansion and differentiation protocols starting from several
different iPSC lines. These iPSC lines are catalogued and made available
through the European Bank for induced pluripotent Stem Cells (EBiSC).
All approaches were performed in the identical bioreactor system,
showing the flexibility and adaptability of the device for individual
needs, as well as providing insights into approaches for upscaling the
production of undifferentiated and differentiated cells in such 3D cul-
ture formats. High quantities of iPSCs and iPSC-derived progeny (up to
10x fold change) could be harvested and matured in these 3D culture
formats, thereby demonstrating the feasibility of using these robust
protocols to reproducibly generate a variety of cell types for toxicity
screening and compound testing.
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