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ABSTRACT

Cardiovascular diseases (CVDs) impair the quality of life of patients and are responsible for
millions of deaths every year. While treatments can already mitigate some symptoms and protect the
heart following myocardial infarction, the death of cardiomyocytes is so far irreparable due to their limited
proliferation. Human induced pluripotent stem cells (hiPSCs) can self-renew and differentiate into all cell
types of the human body, and they can be reprogrammed from the patients’ cells. As such, hiPSCs can
potentially be applied for the development of novel treatments for a myriad of CVDs. For that purpose,
methods for their scalable and robust expansion and cardiac differentiation must be developed. The
single-use Vertical-Wheel bioreactors (VWBRSs) apply a novel and gentle agitation mechanism and are
available at laboratory and production scales. As such, they have the potential to be applied for clinical-
scale biomanufacturing of hiPSC-derived cardiomyocytes.

This thesis aimed at developing a protocol for integrated expansion and cardiac differentiation
of hiPSCs as aggregates in 100 mL VWBRs, as well as characterising these bioreactors in terms of
oxygen mass transfer. Initially, the expansion under various different conditions was tested, namely in
terms of different feeding strategies—repeated batch and fed-batch—and dextran sulfate (DS)
supplementation. In optimal conditions (repeated batch and DS supplementation), a maximum cell
density of (2.3 £ 0.2) x 10° cells'mL-" was achieved in 5 days, representing a 9.3 + 0.6-fold increase
relatively to the inoculum. Following the optimisation of the expansion stage, and based on previous
reports, the conditions were adjusted to maximise the cardiac differentiation. By applying continuous
control of WNT signalling, a maximum 73.3% cardiomyocytes could be obtained following 15 days of
differentiation. In order to predict the effect of larger scales on the culture, namely in terms of agitation
and oxygen mass transfer, a computational fluid dynamics model was developed and validated with
experimental data. This model predicted the mixing profile inside the 100 mL VWBR, as well as the
volumetric mass transfer coefficient (k a) of the system at different agitation velocities.

The results obtained show that the VWBR can sustain aggregate expansion and cardiac
differentiation of hiPSCs. Although more extensive studies and optimisation are required, this system
shows promise for the biomanufacturing of hiPSC-derived cardiomyocytes under Good Manufacturing

Practices for the development of hiPSC-based cardiac therapies, or for pharmacological applications.
Keywords

human induced pluripotent stem cells; cardiomyocytes; cardiac differentiation; Vertical-Wheel

bioreactors; computational fluid dynamics






REsSUMO

As doencgas cardiovasculares (CVDs) limitam a qualidade de vida dos pacientes e sao
responsaveis por milhdes de mortes todos os anos. Embora os tratamentos possam mitigar alguns
sintomas e proteger o coragéo apoés enfarte do miocardio, a morte de cardiomiécitos &, até ao momento,
irreparavel devido a sua limitada capacidade de proliferagdo. As células estaminais pluripotentes
induzidas humanas (hiPSCs) tém a capacidade de se auto-renovarem e de se diferenciarem em todos
os tipos de células do corpo humano, e podem ser reprogramadas a partir das células dos préprios
pacientes. Portanto, as hiPSCs poderdo potencialmente ser aplicadas no desenvolvimento de
tratamentos inovadores para uma miriade de CVDs. Com este intuito, metodologias para a sua
expanséo e diferenciacao cardiaca de forma escalonavel e robusta terdo que ser desenvolvidas. Os
biorreatores Vertical-Wheel (VWBRSs), descartaveis, tém um inovador e gentil sistema de agitacéo, e
encontram-se disponiveis as escalas de laboratério e de produgao. Assim sendo, tém potencial para
serem aplicados na biomanufatura a escala clinica de cardiomiécitos derivados de hiPSCs.

O ambito desta tese foi o desenvolvimento de um protocolo integrado para expansdo e
diferenciagdo cardiaca de hiPSCs enquanto agregados em VWBRs de 100 mL, bem como a
caracterizagédo destes reatores em termos de transferéncia de massa de oxigénio. Inicialmente, foi
testada a expanséo sob varias condigbes, nomeadamente em termos de estratégias de alimentagao —
descontinua repetida (repeated batch) e semi-continua — e suplementagdo com sulfato de dextrano
(DS). Nas condigdes o6timas (alimentagado descontinua repetida e suplementagdo com DS), foi atingida
uma densidade celular maxima de (2,3 £ 0,2) x 108 células-mL-" em 5 dias, representando um aumento
de 9,3 + 0,6 vezes face ao inéculo. Apos a otimizagcdo da etapa de expansdo, e com base em estudos
prévios, as condi¢des foram ajustadas com o intuito de maximizar a diferenciagao cardiaca. A utilizagéo
de uma estratégia de controlo continuo da via de sinalizagcdo WNT levou a obtengdo de um maximo de
73,3% de cardiomiécitos apds 15 dias de diferenciagdo. De forma a prever o efeito do aumento de
escala na cultura, nomeadamente no que respeita a agitagao e a transferéncia de massa de oxigénio,
um modelo de dindmica de fluidos computacional foi desenvolvido e validado com dados experimentais.
Este modelo pdde prever o perfil de agitagéo no interior do VWBR de 100 mL, assim como o coeficiente
volumétrico de transferéncia de massa (k_ a) do sistema a diferentes velocidades de agitagao.

Os resultados obtidos demonstram que o VWBR pode sustentar a expanséao e diferenciacao
cardiaca de hiPSCs enquanto agregados. Embora seja necessario realizar estudos e otimizagbes mais
extensos, este sistema revelou-se promissor para a biomanufatura de cardiomiécitos derivados de
hiPSCs sob Boas Praticas de Fabrico para o desenvolvimento de terapias cardiacas baseadas em

hiPSCs, assim como para aplicagbes farmacolégicas.
Palavras-chave

células estaminais pluripotentes induzidas humanas; cardiomiécitos; diferenciacdo cardiaca;

biorreatores Vertical-Wheel; dindmica de fluidos computacional
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permission. Copyright 2021, EISEVIEI. .........coiii oo e e e e e st e e e e e e e e eans 9

Figure 1.6 — Representation of the metabolism of differentiated tissues and proliferative tissues. Cells in
differentiated tissues rely on oxidative phosphorylation for their energy demand when in the presence
of oxygen. In its absence, the cells switch to a glycolytic metabolism, with a notorious smaller yield in
ATP. Conversely, proliferative tissues predominantly rely on glycolysis, even in the presence of oxygen
(Warburg effect). From Vander Heiden et al. (2009). Reprinted with permission from AAAS. Copyright

2009, American Association for the Advancement of SCIENCE..........cooiiveiiiiieiii e 10

Figure 1.7 — Medium feeding regimes in bioreactors. A In batch mode, the culture medium is added to
the bioreactor at the beginning of the culture, with no supplementary feeding throughout. B A repeated

batch strategy consists on repeated medium exchanges (typically every 24 h), where the spent medium
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is replaced by fresh medium. C In fed-batch, the culture medium is supplemented throughout the culture,
either continuously or at repeated intervals. D Perfusion feeding strategies consist of continuous
withdrawal of spent medium and replenishment with fresh medium, maintaining the volume of the
culture. The cells are maintained in culture through a cell retention system, which may be internal or
external to the bioreactor. From Kropp et al. (2017). Reproduced under the terms of the Creative
Commons CC-BY-NC-ND license. Copyright 2017, The AUthOrs..........ooooiiiiiii 13

Figure 1.8 — Process pipeline for the production and clinical application of a stem cell product (either
autologous or allogeneic). European Medicines Agency legislation established good manufacturing
practices to be applied from the initial cell isolation and processing to the product fill and finish, while
also requiring a clear definition on the storage and shipping conditions of the finished cell product. We
note that the figure depicts a general stem cell product pipeline and, although most processes already
at clinical scale do not perform yet differentiation in the bioreactors. However, we believe the field will
move towards that direction as using planar platforms will be hardly feasible at a clinical scale. From
Nogueira et al. (2021a). Reproduced under the terms of the Creative Commons CC-BY license.
Copyright 2021, The AULNOIS. ....uuviiiiei e e e e e e e e e e e e e e san b e a e e e e e e e s e sanbeaeeeaaens 18

Figure 1.9 — Schematics of a stirred-tank bioreactor vessel and controller unit. From Nogueira et al.
(2021a). Reproduced under the terms of the Creative Commons CC-BY license. Copyright 2021, The
U 1 o ) = S 21

Figure 1.10 — Schematics of a fixed bed bioreactor. From Nogueira et al. (2021a). Reproduced under
the terms of the Creative Commons CC-BY license. Copyright 2021, The Authors...........cccccevcieeennes 23

Figure 1.11 — Schematics of a hollow fibre bioreactor system and close-up of the hollow fibre module.
From Nogueira et al. (2021a). Reproduced under the terms of the Creative Commons CC-BY license.
Copyright 2021, The AULNOIS. ....uuiiiiiiiee e e e e e e e e e e e e e s b e e e e e e e e e s e sanbeaeeeeaeas 24

Figure 1.12 — Schematics of a rotary cell culture system. A Rotator base with one vessel. B At low
rotation speeds, the cells will settle along the bottom of the vessel. C At very high rotational speeds, the
cells will be subjected to a predominant centrifugal force, driving them towards the outer wall of the
vessel. D At a certain velocity range, the cells will be in suspension, in a simulated microgravity
environment. From Nogueira et al. (2021a). Reproduced under the terms of the Creative Commons CC-
BY license. Copyright 2021, The AULNOTS. ..........uuiiiiiieee e e e e e e e e e e e 26

Figure 1.13 — Schematics of a rotating bed bioreactor. From Nogueira et al. (2021a). Reproduced under
the terms of the Creative Commons CC-BY license. Copyright 2021, The Authors.........cccc..coounneee. 27

Figure 1.14 — Schematics of a rocking motion bioreactor. The back-and-forth rocking motion of the base
will lead to the formation of waves inside the vessel, allowing for an efficient mixing. From Nogueira et
al. (2021a). Reproduced under the terms of the Creative Commons CC-BY license. Copyright 2021,
I L= U1 T 7S 28

Figure 1.15 — Schematics of a Vertical-Wheel bioreactor. A 100 mL vessel with base. B 3 L vessel with
embedded controller. From Nogueira et al. (2021a). Reproduced under the terms of the Creative
Commons CC-BY license. Copyright 2021, The AUthOrS. .........cc.eoiiiiiiiiii e 30
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Figure 1.16 — Physiology of the heart and bodily circulation. Oxygenated blood (red) enters the left atrium
(LA) from the pulmonary veins and is pumped towards the left ventricle (LV). Following ventricular
contraction, the blood is pumped to aorta and distributed to the tissues through the systemic arteries.
Deoxygenated blood (blue) is returned to the heart through the systemic veins and the venae cavae.
Blood enters through the right atrium (RA), the right ventricle (RV), and is pumped to the lungs through
the pulmonary arteries. Gas exchange occurs at the alveoli, replenishing the blood in oxygen and
allowing for its recirculation to the body. From Sun and Kontaridis (2018). Reproduced with permission.
CopYright 20718, EISEVIET. ...ttt e e et e e e e e e e st e e e e e e e s e saabaseeeaeeesesanbraeeeeaens 37

Figure 1.17 — Heart development. The cardiac crescent is formed by cells migrated from the mesoderm.
As the embryo folds, the cardiac crescent will form the heart tube. Following looping of the heart tube
and septation, the heart acquires its mature form. From Chemello et al. (2020). Reproduced with

permission. Copyright 2020, EISEVIET. .........uuiiiiiiiieiieee et e e e e e e e e e s e senreaeeeaee s 38

Figure 1.18 — Overview of the canonical TGF signalling pathway. Following activation, the TGFf
receptors (TBRs) phosphorylate SMADs, which will act on transcriptional regulation of specific genes
and/or on processing of miRNA for gene regulation. From Akhurst and Hata (2012). Reprinted by

permission from Springer Nature: Nature Publishing Group, Nature Reviews Drug Discovery, Copyright

Figure 1.19 — Overview of the FGF signalling pathway. Following ligand binding, the phosphorylation of
kinase domains and docking of adaptor proteins will activate the RAS-RAF-MAPK, PI3K-AKT, signal
transducer and activator of transcription (STAT) and phospholipase Cy (PLCy) pathways. Regulation of
target genes may be performed at a transcriptional level or via miRNAs. From Turner and Grose (2010).
Reprinted by permission from Springer Nature: Nature Publishing Group, Nature Reviews Cancer,
(070] o) V74T | o1 L1 TR PR 43

Figure 1.20 — Overview of the canonical WNT signalling pathway. When the pathway is inactive, -
catenin (Bcat) is phosphorylated by casein kinase (CK) 1 and glycogen synthase kinase (GSK) 3. After
phosphorylation, B-catenin is recognised for ubiquitination and degraded. Groucho binds to T-cell factor
(TCF), inhibiting the transcription of target genes. Activation of the WNT signalling pathway will lead to
Axin docking away from the destruction complex, and thus impede [-catenin degradation. As such, -
catenin will translocate to the nucleus, displacing Groucho and allow for transcription of the WNT target

genes. From Clevers (2006). Reproduced with permission. Copyright 2006, Elsevier......................... 44

Figure 1.21 — Overview of cardiomyocyte maturation. The increased workload caused by post-natal
human growth and development is compensated by heart growth, initially by hyperplasia and then by
hypertrophy. With the higher oxygen availability in the post-natal period, the oxidative capacities of the
heart increase and the metabolism shifts from glycolysis to oxidation, with an increased preference
towards fatty acid use. Cardiomyocytes also mature at a structural level, with increased intracellular
organisation through time. Images shown for the intracellular organisation level show A, B 3-day-old
and C, D 63-day-old cardiomyocytes from mouse papillary muscle, demonstrating an increased

structural organisation with time. From Piquereau and Ventura-Clapier (2018). Reproduced under the
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terms of the Creative Commons CC-BY licence. Copyright 2018, Piquereau and Ventura-Clapier.

Adapted from Piquereau et al. (2010). Reproduced with permission. Copyright 2010, The Authors. .. 52

Figure Il.1 — Workflow of the expansion of hiPSCs as aggregates in VWBRs. Following 2D culture in
tissue culture plates, hiPSCs were dissociated into single cells with Accutase and inoculated into the
PBS MINI 0.1 bioreactor, where they formed aggregates. The culture was evaluated through daily
sampling and analysis of the cells after culture. From Nogueira et al. (2019). Reproduced under the
terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/). Copyright 2019, The Authors. ...........cccoviiiiiiiiinene 89

Figure 1.2 — Results of the expansion of TCLab and Gibco hiPSCs with mTeSR1 in the PBS MINI 0.1
bioreactor. At day 0, the reactor was inoculated with 1.5 x 107 cells (2.5 x 105 cells-mL-") and 80% of
the culture medium was changed daily starting from 48 h post-inoculation. A-D Representative images
of cell aggregates harvested from the bioreactor, analysed through brightfield microscopy at days 1 and
7 of culture for A TCLab and C Gibco hiPSCs (scale bars = 250 ym) and through fluorescence
microscopy at day 7 of culture culture for B TCLab and D Gibco hiPSCs following staining with calcein
AM (scale bar = 100 uym). E Growth kinetics of the cells, in terms of total cell number and fold increase.
F-l Aggregate size dynamics of the cells, in terms of F average aggregate diameter, G coefficient of
variation, and aggregate size distribution profiles of a representative experiment at days 1, 4 and 7 post-
inoculation for H TCLab and | Gibco hiPSCs. J-L Supernatant analysis of J glucose consumption and
K lactate production, and L yield of lactate from glucose. From Nogueira et al. (2019). Reproduced
under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/). Copyright 2019, The Authors. ..........ccccoeiiiiiiiinennne 94

Figure II.3 — Results of the expansion of TCLab hiPSCs with mTeSR3D in the PBS MINI 0.1 bioreactor.
Atday 0, the reactor was inoculated with 1.5 x 107 cells (2.5 x 10° cells'-mL-") and 6.7 mL of feed medium
was added daily starting from 48 h post-inoculation, with a full medium change at day 4. A-B
Representative images of cell aggregates harvested from the bioreactor, analysed through A brightfield
microscopy at days 1 and 7 of culture (scale bars = 250 ym) and B fluorescence microscopy at day 7
of culture following staining with calcein AM (scale bar = 100 um). C Growth kinetics of the cells, in terms
of total cell number and fold increase. D-F Aggregate size dynamics of the cells, in terms of D average
aggregate diameter, E coefficient of variation, and F aggregate size distribution profiles of a
representative experiment at days 1, 4 and 7 post-inoculation. G-I Supernatant analysis of G glucose
consumption and H lactate production, and | yield of lactate from glucose. From Nogueira et al. (2019).
Reproduced under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/). Copyright 2019, The Authors. ...........cccooiiiiiinene 96

Figure Il.4 — Results of the expansion of TCLab hiPSCs with mTeSR1 and mTeSR3D supplemented
with dextran sulfate (T1+DS and T3D+DS, respectively) in the PBS MINI 0.1 bioreactor. At day 0, the
reactors were inoculated with 1.5 x 107 cells (2.5 x 10° cells'-mL-') and starting from 48 h post-
inoculation, medium changes were performed according to the corresponding feeding regime. A-D
Representative images of cell aggregates harvested from the bioreactor, analysed through brightfield
microscopy at days 1 and 7 of culture in A T1+DS and C T3D+DS (scale bars = 250 ym) and through
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fluorescence microscopy at day 7 of culture in B T1+DS and D T3D+DS following staining with calcein
AM (scale bars = 100 um). E Growth kinetics of the cells, in terms of total cell number and fold increase.
F-1 Aggregate size dynamics of the cells, in terms of F average aggregate diameter, G coefficient of
variation, and aggregate size distribution profiles of representative experiments at days 1, 4 and 7 post-
inoculation for H T1+DS and | T3D+DS. J-L Supernatant analysis of J glucose consumption and K
lactate production, and L yield of lactate from glucose. mTeSR1 (T1) and mTeSR3D (T3D) data are
shown for comparison. From Nogueira et al. (2019). Reproduced under the terms of the Creative
Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/). Copyright
2019, The AULNOIS. ... ettt e e e e oot e e e e e e s a bbbt e et e e e e e s ababeeeeaeeeesannnreees 97

Figure Il.5 — Characterisation of the hiPSCs following expansion in the PBS MINI 0.1 bioreactor. A-B
Immunocytochemistry staining for pluripotency markers OCT4, SOX2, TRA-1-60 and SSEA-4 of A cell
aggregates harvested from the PBS MINI 0.1 bioreactor at day 7 post-expansion (scale bars = 100 ym),
and B of cells which were dissociated with Accutase and replated on 2D tissue culture plates (scale
bars = 100 ym). C Immunocytochemistry staining of cells harvested from the bioreactor and left to form
EBs for 5 weeks. The cells were stained for germ layer markers TUJ1 (ectoderm), a-SMA (mesoderm)
and SOX17 (endoderm; scale bars = 50 ym). D-E Immunocytochemistry staining of cells harvested from
the bioreactor and differentiated to D cardiomyocytes and E neural progenitors (scale bars = 50 uym).
Cardiomyocytes were stained for cTNT, while neural progenitors were stained for PAX6 and NESTIN.
F Flow cytometry analysis of cells harvested from the bioreactor after 7 days of expansion in the PBS
MINI 0.1 bioreactor. The cells were labelled for pluripotency (OCT4 and TRA-1-60) and early
differentiation (SSEA-1) markers. G gRT-PCR analysis of cells prior to (day 0) and following (day 7)
expansion in the PBS MINI 0.1 bioreactor. The cells were tested for pluripotency (OCT4 and NANOG)
and germ layer (SOX1, T/BRACHYURY and SOX17, representing ectoderm, mesoderm and endoderm,
respectively) marker expression. RNA levels are relative to expression of GAPDH and were computed
as 2-2CT. From Nogueira et al. (2019). Reproduced under the terms of the Creative Commons Attribution

4.0 International License (http://creativecommons.org/licenses/by/4.0/). Copyright 2019, The Authors.

Figure 11.6 (Sl) — Statistical analysis of hiPSC growth curves. A set of two different culture conditions is
presented in each graph: A mTeSR1 vs mTeSR1+DS; B mTeSR3D vs mTeSR3D+DS; C mTeSR1+DS
vs mTeSR3D+DS. Differences between conditions, at a given day, were considered statistically
significant at **p < 0.01 and ***P < 0.0071. .....uuiiiiiiiii it e e e e e 104

Figure 1.7 (SI) — Flow cytometry analysis of hiPSCs cultured in the VWBR under the different conditions
tested: A mTeSR1; B Gibco hiPSC line, mnTeSR1; C mTeSR3D; D mTeSR1+DS; E mTeSR3D+DS. For
each condition, representative images of a 2D dot plot showing population gating and histograms of

OCT4, TRA-1-60 and SSEA-1 analyses, including negative controls (grey) are shown. ................... 105

Figure 11.8 (Sl) — Number of hiPSC aggregates at day 1 under the different culture conditions tested.
Samples (700 pL) harvested from the VWBR at day 1 were placed in a 24-well tissue culture plate and,
using an optical microscope, pictures were taken, capturing all the aggregates present. Images were

then analysed to count the total number of aggregates in the sample, which allowed to estimate the
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number of aggregates in the whole vessel. A total of two samples from two different runs were analysed
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Figure 1.9 (SI) — Cell viability analysis. hiPSC aggregates cultured for A 3 and B, C 7 days in the VWBR,
with mTeSR1+DS, were harvested, incubated with calcein AM (2 pymol-L-") and ethidium homodimer (4
pumol-L-'; Sigma-Aldrich) for 30 min and visualised using a confocal microscope. Maximum intensity
projections are shown (scale bars = 100 uym). Aggregates at day 7 were also dissociated, stained with
the LIVE/DEAD Fixable Far Red Dead Cell Stain Kit (Thermo Fisher), according to the manufacturer
instructions and analysed by flow cytometry. Representative images of D a 2D dot plot showing
population gating and E a histogram of a sample analysis (orange), including the positive control (a
50/50 mix of live cells and dead cells obtained by thermal shock) (grey). Three independent samples

were analysed and percentage of live cells is shown as mean £ SEM...........cccoooiiiiiiiiiin e, 106

Figure 11.10 (SI) — Negative control of the antibody stainings performed in Figure I1.5C. Differentiated
cells were stained for OCT4 (secondary antibody: goat anti-mouse IgG-AlexaFluor 546), which is not

present in these cells (scale bar = 50 JIM). ...oc.eiiiiiiiiie e e 107

Figure Ill.1 — Comparison of the efficiency of cardiac differentiation of hiPSCs as aggregates in static
conditions via the classic GiWi protocol and the GiWicont protocol, in terms of the expression of cardiac-
specific marker cTNT at differentiation day (dd) 15. One sample (n = 1) was analysed for the GiWi
protocol and three independent samples (n = 3) were analysed for the GiWicont protocol. Percentage of

CTNT?* cells is Shown @S Mean £ SEM. . ...oue et e e e e e e aeaan 117

Figure lll.2 — Effect of Pluronic F-68 (PF68) supplementation on the expression of pluripotency markers
OCT4 and SOX2 by hiPSCs growing as aggregates in ultra-low attachment tissue culture plates under

static conditions. One sample (n = 1) was analysed for all conditions. ............ccccceviviiii i 118

Figure Ill.3 — Comparison of the efficiency of cardiac differentiation of hiPSCs as aggregates in static
and dynamic (with and without Pluronic F-68 (PF68) supplementation) conditions via the continuous
GiWi protocol, in terms of the expression of cardiac-specific marker cTNT at differentiation day (dd) 15.

One sample (n = 1) was analysed for all CONAItIONS..........c..oiiiiiiiii e 119

Figure Ill.4 — Results of the integrated expansion and differentiation of Gibco hiPSCs in the PBS MINI
0.1 bioreactor. At day 0, the reactors were inoculated with 3.0 x 107 cells (5.0 x 105 cells-mL~") and
starting from 72 h post-inoculation, differentiation was performed according to the respective condition.
A-B Representative images of cell aggregates harvested from the bioreactor, analysed through
brightfield microscopy at A days 1, 2 and 3 of expansion (scale bars = 250 um) and B differentiation day
(dd) 15 for conditions #1 through #3 (scale bars = 100 ym). C Growth kinetics of the cells throughout
expansion, in terms of total cell number and fold increase. D-E Aggregate size dynamics of the cells, in
terms of D average aggregate diameter and E coefficient of variation. F Flow cytometry analysis of cells
harvested from the bioreactor after 3 days of expansion and 15 days of differentiation in the PBS MINI
0.1 bioreactor. The cells were analysed for cardiac specific marker cTNT. Five different replicates (n =

5) were analysed for the growth and aggregate kinetics and three different replicates (n = 3) for flow
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cytometry of condition #1. In these cases, the results are shown as mean + SEM. One sample (n = 1)

was analysed for all Other FESUILS. ...........oiiii i e e 121

Figure 111.5 — qRT-PCR analysis of cells prior to (day 0) and following (day 3) expansion, and at
differentiation days (dd) 1, 3 and 5 in the PBS MINI 0.1 bioreactor. The cells were tested for A
pluripotency (OCT4 and NANOG), B germ layer (SOX1, T/BRACHYURY and SOX17, representing
ectoderm, mesendoderm and endoderm, respectively) and C cardiac (/ISL7 and NKX2.5) marker

expression. RNA levels are relative to expression of GAPDH and to day 0 and were computed as 2-

Figure IV.1 — Variation of the average A volumetric oxygen mass transfer coefficient (k_a) and B oxygen
mass transfer coefficient (k, ) with the agitation speed obtained through the sulfite oxidation method for
the PBS MINI 0.1, PBS MINI 0.5, and non-baffled and baffled 100 mL spinner flasks. ..................... 136

Figure IV.2 — Heatmaps of the velocity field in a vertical cross section the PBS MINI 0.1 MAG vessel A
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Figure IV.3 — Variation of the average volumetric oxygen mass transfer coefficient (k a) with the

agitation speed and estimations obtained through the CFD model. ..........cccceviiiviiiiiicee, 137
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AIM OF STUDIES AND THESIS OUTLINE

Cardiovascular diseases are the leading cause of death in the world and, in the surviving cases,
are responsible for a significant decrease in the quality of life of the surviving patients. Although a
number of preventive drugs, as well as therapies aiming to protect the heart and/or restore blood flow
post—myocardial infarction already exist, regenerating the adult heart is still very difficult. In fact, adult
cardiomyocytes are post-mitotic, and their death en masse following an infarction event leads to their

replacement by fibrotic tissues.

In 2006, the ground-breaking development of methods of reprogramming somatic cells to an
embryonic-like state revolutionised medicine. Human induced pluripotent stem cells (hiPSCs) are able
to self-renew and to differentiate into all cell types of the body. As such, it is now possible to obtain
quasi-embryonic cells from adult tissues, which is not only advantageous due to their differentiation
potential, this also allows for the generation of patient-specific cells envisioning diverse applications,

including drug screening and disease modelling, as well as Regenerative Medicine.

Naturally, the number of cells required for either of these applications will have to be developed
in large-scale systems which allow for their bioproduction under Good Manufacturing Practices.
Bioreactors present many desirable characteristics, being 3D, scalable systems which allow for
monitoring and control of the culture and permit the application of different medium feeding strategies.
In particular, the Vertical-Wheel bioreactors (VWBRSs), by PBS Biotech, apply a large vertical impeller,
combining radial and axial agitation, which, along with the U-shaped bottom of the vessel, allow for
efficient agitation of the culture with minimal power input. Furthermore, the vessels are single-use,
limiting contamination, and are available at many scales, from 100 mL to 80 L, allowing their use from
lab scale studies to large scale process development. As such, VWBRs have the potential to be used
for the production of hiPSC-derived cardiomyocytes aiming at studying cardiovascular diseases or,

prospectively, for in vivo cardiac regeneration.

The objective of this thesis was to develop a protocol for integrated expansion and differentiation
of hiPSCs in Vertical-Wheel bioreactors, as well as to characterise this system in terms of oxygen mass
transfer, envisaging the scale-up of the protocol towards more clinically compatible scales. Specifically,

this thesis aimed to answer the following research questions:

1. Can the VWBR sustain integrated hiPSC expansion and cardiac differentiation? What
are the optimal conditions for this bioprocess?

2. Which engineering characteristics distinguish the VWBR from other bioreactor systems?
Specifically, are the hydrodynamics and oxygen mass transfer of the bioreactor suitable
for hiPSC culture?

With the intent of answering these questions, this thesis was structured as follows:

Chapter | initially introduces some concepts regarding stem cells, in particular human
pluripotent stem cells (hPSCs). Then, general concepts for their culture in bioreactors, along with the

state-of-the-art in single-use bioreactor for stem cells are discussed. A description of human heart

XXVi



development is presented, along with its translation to in vitro protocols for cardiac differentiation of
hPSCs. Finally, strategies for purification and maturation of hPSC-derived cardiomyocytes are reviewed.

Chapter Il details the development of a protocol for expansion of hiPSCs in VWBRSs, applying
different feeding strategies (repeated batch and fed-batch), and testing the effect of anti-aggregation
and anti-apoptosis molecule dextran sulfate (DS). The repeated batch approach led to the highest fold
expansion, particularly when combined with DS supplementation.

Following the establishment of the expansion conditions, Chapter Ill describes initial attempts
of inducing cardiac differentiation of hiPSCs in VWBRs. It was possible to generate hiPSC-derived
cardiomyocytes, however, considerable cell death was observed. As such, this protocol still requires
optimisation, nevertheless, it was a first step towards achieving a robust protocol for cardiac
differentiation of hiPSCs in VWBRSs.

Chapter IV details some initial results in the characterisation of the PBS MINI 0.1 VWBR, in
terms of velocity profiles and volumetric oxygen mass transfer coefficient (k_a), along with experimental
validation of the results. Implementation of this model at higher scales will allow for the development of
scale-up strategies for the hiPSC culture being optimised at a 60 mL working volume.

Finally, Chapter V provides general conclusions about the overall work, some future work which

has to be developed, as well as possible future trends for the field.
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CHAPTERIL.

INTRODUCTION

The contents of this chapter were partially based on the following publications:

Nogueira, D. E. S., C. A. V. Rodrigues and J. M. S. Cabral (2021). Emerging strategies for
scalable human induced pluripotent stem cell expansion and differentiation. Methods in iPSC
Technology. A. Birbrair, Elsevier: 163-185. Reproduced with permission. Copyright 2021, Elsevier.

Nogueira, D. E. S., J. M. S. Cabral and C. A. V. Rodrigues (2021). Single-Use Bioreactors
for Human Pluripotent and Adult Stem Cells: Towards Regenerative Medicine Applications.
Bioengineering (Basel) 8(5): 68. Reproduced under the terms of the Creative Commons CC-BY
license. Copyright 2021, The Authors.






1.1. Stem cells

The expression “Regenerative Medicine” dates back to at least 1992 (Kaiser 1992), but its
concept, the regeneration of tissues and cells damaged by ageing, injury or disease, can be found as
far back as Greek mythology (Schneider 2004, Power and Rasko 2008). Enraged by Prometheus’s
betrayal, Zeus chained him to a rock and had his liver being eaten by an eagle every day, while it would
fully regenerate every night. While Regenerative Medicine is not yet this efficient, landmark discoveries
in stem cell biology and bioengineering in the past few years are leading to exciting advances that may
revolutionise the field in the next decades.

Stem cells do not have a specialised function but, at the same time, are of crucial importance
for human development and homeostasis. In fact, an individual loses about 0.5% of their human cells
per day (Bianconi et al. 2013, Sender et al. 2016, Liu et al. 2018b), as such, the long lifespans
characteristics of humans can only be achieved by stem cell-based cellular mechanisms which
replenish these cells at the same rate as they die. This is possible through the two main and unique
characteristics of stem cells—the ability to self-renew and to differentiate.

The self-renewal of stem cells is their capacity to generate, among the daughter cells formed
during division, one which is identical to the parental cell. In vivo, independently of the stem cell division
being symmetrical (forming two daughter stem cells), or asymmetrical (generating one stem cell and
one differentiated cell) the stem cell pool is always maintained, thus sustaining the homeostasis of the
body (He et al. 2009, Fuchs and Chen 2013).

As for the differentiation, it consists of the transformation of the stem cell into a specialised,
functional cell, such as a cardiac, neural or blood cell. Intermediate, progenitor cells are also generally
formed throughout this differentiation process. The types of progeny a stem cell can generate depend
on its differentiation potential (Zakrzewski et al. 2019) (Figure 1.1).

Totipotent cells generate all cell types of an organism, along with extraembryonic tissues which
support it, including the placenta and the umbilical cord. As such, by itself, a totipotent cell can generate
a whole organism. The zygote, and its subsequent divisions, are totipotent.

Pluripotent stem cells can also generate all cell types of an organism, but are unable to form the
extraembryonic tissues. Embryonic stem cells (ESCs) are pluripotent and are obtained from in vitro
culture of cells from the inner cell mass (ICM) of the blastocyst. Somatic cells can also be reprogrammed
to a quasi-pluripotent state (induced pluripotent stem cells (iPSCs)), which will be discussed further on
section 1.1.1.

Multipotent stem cells have the potential to differentiate into at least two different cell types.
Many adult stem cells, such as haematopoietic stem/progenitor cells or mesenchymal stromal cells, are
multipotent.

Unipotent stem cells have the most limited differentiation potential, and can generate a single
type of terminally differentiated cell. Spermatogonial stem cells, for instance, only differentiate into
sperm.

The first major description of stem cells dates from 1961, when Till and McCulloch investigated
the proliferative ability of adult mouse bone marrow (BM) cells when injected in isologous hosts (Till and

McCulloch 1961). Since then, almost six decades of stem cell research have allowed for countless
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Figure 1.1 — Overview of the differentiation potential of stem cells. The zygote is totipotent, as it is able to generate
a full individual. ESCs are isolated from the ICM of the blastocyst, and they are pluripotent as they can generate
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tissues. iPSCs, obtained from reprogramming of somatic cells, are similar to ESCs. Adult stem cells are either
multipotent, generated a limited number of different cell types, or unipotent if they can only generate one cell type.
These cells terminally differentiate into the somatic cells which compose the tissues. From Menon et al. (2016).
Reproduced under the terms of the Creative Commons CC-BY license. Copyright 2016, The Authors.

advances in the field, including the ability to use these cells for the benefit of human health. Human
pluripotent stem cells (hPSCs), which will be discussed in the following sections, are of particular

interest, due to their extensive differentiation potential.

1.1.1. Pluripotent stem cells

Following fecundation, the zygote successively divides and develops (Figure 1.2). As it develops,
it eventually forms the blastocyst, a structure composed of an outer layer of cells, the trophoblast, and
an ICM. The trophoblast generates the extraembryonic structures, such as the placenta, which will
support the embryo and allow it to develop in utero. Meanwhile, the ICM will form the gastrula, which is

composed of three layers, the endoderm, mesoderm and ectoderm. Each of these layers will eventually
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differentiate into distinct types of somatic cells, which will develop in various biological systems and,
eventually, a complete, mature individual (Gerri et al. 2020, Ghimire et al. 2021). As such, by culturing
cells from the ICM in vitro, it is possible to obtain human embryonic stem cells (hESCs), which can
differentiate into all cell types of the body.

Mouse embryonic stem cells (MESCs) were first derived in 1981 and were shown to be able to
differentiate both in vitro, and in vivo via tumour formation (Evans and Kaufman 1981, Martin 1981).
Later, in 1998, Dr James Thomson and co-workers successfully reported the first isolation of hESCs,

and their maintenance in culture for 5 months (Thomson et al. 1998). This symbolised a major



breakthrough for medicine, as these cells not only provided new insights in embryonic development
(reviewed in Heemskerk and Warmflash (2016)), they also represented a new source of cells for organ
models on a dish (Clevers 2016, McCauley and Wells 2017) as well as potential for Regenerative
Medicine (llic and Ogilvie 2017).

However, despite its importance, the pluripotency of hESCs is also problematic for in vivo
applications, due to the possibility of forming benign tumours (teratomas) when transplanted to a host
(Blum et al. 2009). As such, transplanted derivatives of these cells must be completely depleted of
undifferentiated hESCs prior to use. Moreover, hESC isolation requires the destruction of human
embryos, which is ethically problematic and restricts the use of these cells in various countries
(Matthews and Morali 2020).

In 2006, Takahashi and Yamanaka first reported the derivation of mouse iPSCs (miPSCs)
(Takahashi and Yamanaka 2006) (earning Dr Shinya Yamanaka the Nobel Prize in Physiology or
Medicine in 2012), which was followed by the generation of human iPSCs (hiPSCs) in 2007 by the labs
of both Dr Shinya Yamanaka (Takahashi et al. 2007) and Dr James Thomson (Yu et al. 2007). These
cells are derived from somatic cells, by reprogramming them to a pluripotent state via administration of
a combination of factors expressed by hESCs, such as OSKM (octamer-binding transcription factor
(OCT) 4, (sex-determining region Y)-box transcription factor (SOX) 2, Krippel-like factor (KLF) 4,
C-MYC), NANOG, LIN28, etc.

The reprogramming of somatic cells to hiPSCs has already been achieved with several different
approaches (Figure 1.3). The factor delivery may be performed through retroviral (Takahashi et al. 2007,
Yu et al. 2007) or lentiviral (Warlich et al. 2011) transduction—infecting only dividing cells or all cells,
respectively—, or by a transposase/transposon system (piggyBac) (Woltjen et al. 2009). In all of these
cases, the transgene is integrated in the genome of the host cells. Naturally, this poses an important
security concern, in particular concerning the administration of oncogenic factors such as C-MYC, as
such, a myriad of non-integrating methods have since been developed. Transduction using
adenoviruses (Zhou and Freed 2009) and Sendai viruses (Nishimura et al. 2011) allows for persistent
gene expression for cellular reprogramming, but with the possibility of removing the viral genome. Factor
delivery may also be performed via transfection with plasmids (Si-Tayeb et al. 2010) or minicircles (Jia
et al. 2010) (the latter lacking bacterial DNA), avoiding the use of viruses. Other viable non-integrating
options are reliant on RNA (messenger RNA (mRNA) (Warren et al. 2010) or micro RNA (miRNA)
(Anokye-Danso et al. 2011)), proteins (Kim et al. 2009) or small molecules (Li and Rana 2012). The
choice of the reprogramming method to use will naturally be dependent on the application (with non-
integrating methods preferrable for in vivo applications), on their efficiency, time and cost, and on

specificities of the cells to be reprogrammed.

The use of hiPSCs allows for the harnessing of pluripotency while overcoming the ethical issues
involved with embryo manipulation. As such, there are substantially less restrictions associated with
these cells. Moreover, since they are derived from somatic cells, hiPSCs allow to overcome issues
related with recipient/donor variability, such as rejection or graft-versus-host disease. In fact, the advent

of hiPSCs was an important achievement for “precision medicine”, a new paradigm in medicine
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Authors.

consisting in the development of diagnostic mechanisms and therapies tailor-made to the needs of each

specific individual (Mirnezami et al. 2012, Collins and Varmus 2015).

Conversely, hiPSCs can maintain some epigenetic memory of their differentiated state, such as
methylation profiles, which can restrict or lead their differentiation potential to a specific lineage. These
“primed” hiPSCs can, however, be converted to a “naive” state (Yagi et al. 2017), with an increased

growth and differentiation potential (described in more detail in section 1.1.2.6).

1.1.2. Large-scale culture of human pluripotent stem cells

Pharmacological applications of hiPSCs are evolving towards high-throughput systems, such
as labs-on-a-chip (Neuzi et al. 2012, Chan et al. 2013), allowing for parallel testing of various conditions,
which may require high numbers of cells. The use of hiPSCs and derivatives in Regenerative Medicine
will also require mechanisms of reproducible and controlled large-scale production of these cells under
Good Manufacturing Practices (GMP) (Figure 1.4). Specifically, about 10°—10° cells are expected to be

required for regeneration of organs such as the heart or the liver (Zweigerdt 2009).

Traditional hiPSC culture relied on 2D culture platforms, such as tissue culture plates or T-flasks,
where the cells grow as a monolayer to confluency before being passaged. This scale-out strategy is
feasible if small numbers of cells are required. However, since the number of plates or flasks increases
with each successive passage, it rapidly becomes labour-intensive and impractical at a production scale.
Furthermore, culturing cells on non-physiological 2D systems (e.g., culture plates) affects factors such
as cell structure or sensitivity to signalling and apoptosis, ultimately having a decisive effect on cell fate
(Krtolica et al. 2007, Baker and Chen 2012). These limitations have promoted the research of alternative

culture platforms for hiPSC expansion, such as bioreactors.
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Bioreactors provide many culture possibilities which are advantageous for quality manufacturing
of hiPSCs. These culture platforms are equipped with agitation mechanisms in order to ensure the
homogeneity of the system and an even distribution of nutrients and oxygen. Many bioreactors are
available from bench to industrial scales, allowing for scalability of the culture without increasing the
number of vessels. Moreover, bioreactors normally contain several probes to monitor essential culture
parameters (e.g., temperature, pH, dissolved oxygen, concentration of specific nutrients and
metabolites), and control systems which act automatically to maintain these parameters within a desired
range. Finally, bioreactor cultures are compatible with a variety of medium feeding strategies, from
repeated batch (commonly used in 2D static cultures), to fed-batch (Schwedhelm et al. 2019) and
perfusion (Serra et al. 2010, Kropp et al. 2016), which may provide additional process improvements
and cellular outcomes. Nevertheless, traditional stirred-tank bioreactors (STBRs) were optimised for
applications where the cells are not the final product. Therefore, the need for new bioreactors arises;
these should be optimised for the specific needs of hiPSCs, allowing for their undifferentiated expansion,

and/or exploring specific cues which may induce the cells into differentiation.

Unlike hiPSCs, differentiated cells are not naturally proliferative (Ruijtenberg and van den
Heuvel 2016, Liu et al. 2019), leading to the importance of optimising the undifferentiated expansion
phase. Besides bioreactor geometry, other parameters such as the culture medium, the oxygen

concentration and the pH, also have an effect on the overall performance of the culture and may
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influence both hiPSC expansion and differentiation (Figure 1.5). This section will detail some of the
factors which affect the growth of hiPSCs and should be taken into consideration to design a bioreactor

culture.

1.1.2.1. Microenvironment

The microenvironment in which the cells are expanded, particularly factors such as temperature,
pH, osmolarity or atmosphere, is vital to guarantee not only cell viability, but also the success of specific
differentiation strategies.

Cell culture is routinely performed at 37 °C, the normal temperature of the human body. The
medium pH and osmolarity should be maintained at adequate values to promote undifferentiated cell
growth, with the pH being typically kept at the physiological value of 7.4, and the osmolarity at about
290-350 mOsm L-' (Ludwig et al. 2006b, Chen et al. 2011b, Rajala et al. 2011). Notably, some studies
suggest hiPSC expansion to be optimal at other pH values, as low as 7.1 (Ludwig et al. 2006b, Kuo et
al. 2020). The rapid growth of proliferative cells, such as hiPSCs, is supported by glycolysis even in the
presence of oxygen, in a phenomenon known as the Warburg effect (Vander Heiden et al. 2009, Varum
et al. 2011) (Figure 1.6). One of the by-products of glycolysis is lactate, and its accumulation with hiPSC

proliferation leads to a gradual decrease in pH over time. If the culture pH decreases substantially
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beyond physiological values, hiPSC growth is impaired (Liu et al. 2018a). For this reason, cells are
cultured in a 5-10% CO2 atmosphere which, in combination with the high concentrations of sodium
bicarbonate present in most hiPSC culture media, mitigates the pH decrease effect of lactate. Bioreactor
systems can provide more advanced pH control by addition of base when the bicarbonate/CO- buffering
effect is not sufficient.

Although many studies describe cell culture in an air/CO2 atmosphere, with an oxygen
concentration of about 20%, in vivo, the embryo is subjected to an hypoxic environment (about 3%
oxygen (Burton and Jaunaiux 2001)), likely as a protection against oxidative stress. Therefore, culture
of hPSCs under hypoxia (2-6% O2) has been shown to lead to a more robust maintenance of
pluripotency (Ezashi et al. 2005, Fynes et al. 2014) and increased genomic stability (Forsyth et al. 2006),
as well as improved expansion in suspension culture (Serra et al. 2010). Moreover, oxygen control has
also been demonstrated to improve specific differentiation outcomes; for instance, hypoxia (4% O:) has
been described to enhance cardiac differentiation in bioreactors (Niebruegge et al. 2009), whereas
hyperoxia (60% O2) was shown to lead to increased pancreatic differentiation (Hakim et al. 2014).
Despite these results, the effect of oxygen in hPSC cultures is still shrouded in some controversy and
requires further study. For instance, and contrast with other studies, Chen and co-workers observed

hypoxia to impair the growth rate of hiPSCs with no significant impact in the maintenance of pluripotency
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(Chen et al. 2009). In aggregate culture systems, this analysis is even more complex as due to
diffusional limitations, there is a gradient of oxygen concentrations towards the centre of the aggregates
even in controlled cultures at atmospheric oxygen (Van Winkle et al. 2012, Wu et al. 2014). As such,
there is no clear consensus on how oxygen control may impact the bioprocessing of hiPSCs, but new
advances in the field, such as more detailed metabolomic and transcriptomic analysis, as well as
characterising the oxygen distribution profiles under various atmosphere compositions, will undoubtedly

provide more insights on the ideal conditions for expansion and differentiation of these cells.

1.1.2.2. Culture media

One of the most important aspects in hiPSC culture is the culture medium. Besides maintaining
a suitable pH and osmolarity, the culture medium provides the necessary nutrients for cell expansion
(e.g., sugars, amino acids, lipids) and growth factors which maintain the cells in an undifferentiated
state. Many formulations for hiPSC maintenance are commercially available, including mTeSR1,
mTeSR Plus, TeSR2, mTeSR3D, TeSR-E8, TeSR-E8 3D (all from STEMCELL Technologies), Essential
8 (E8), E8 Flex, StemPro, StemFlex (all from Thermo Fisher Scientific), NutriStem (Biological Industries)
and PluriSTEM (Millipore).

Dulbecco’s Modified Eagle’s medium (DMEM)/F 12 is the most common basal medium for hiPSC
culture, as it was shown to perform better for expansion of these cells in comparison to other basal
media (Chen et al. 2011b). This medium is comprised of DMEM, a formulation for mammalian cells with
high concentrations of nutrients, and Ham’s F12, an optimised formulation for serum-free culture of
Chinese Hamster Ovary (CHO) cells. Although DMEM/F12 supplies many of the nutrients the cells
require for their growth, including glucose, vitamins and amino acids, this medium cannot sustain hiPSC
growth by itself. For that reason, hiPSC culture media contain additional supplements which improve
cell survival, growth and maintenance of pluripotency. mTeSR1, one of the most widespread media for
hiPSC expansion, supplements the basal DMEM/F12 with 18 additional components, including bovine
serum albumin, vitamins, antioxidants, minerals, lipids and growth factors (Ludwig et al. 2006a, Ludwig
et al. 2006b, Ludwig and Thomson 2007). Although this formulation uses animal-derived components,
which are a source of contamination and are susceptible to lot-to-lot variations, it was a deliberate choice
for the medium to be more affordable for routine use; a xeno(geneic)-free commercial version, TeSR2,
is also available. Another commonly described medium for hiPSC expansion is E8, which is completely
xeno-free and chemically-defined (Chen et al. 2011b). This medium is comprised of only eight
components, including the basal medium DMEM/F12, sodium bicarbonate, insulin (essential in cell
proliferation and glucose metabolism), transferrin (for iron transport and cellular oxygen uptake),
ascorbic acid (for enhanced proliferation), selenite (for protection against oxidative stress), and growth
factors basic fibroblast growth factor (bFGF) and transforming growth factor (TGF) B1 (which act
together in the maintenance of pluripotency) (Nakashima and Omasa 2016, Kuo et al. 2020).

The culture medium is one of the driving costs in hiPSC culture. Commercial media, such as
mTeSR1 and E8, are priced at over €450 per litre. Additionally, bFGF, one of the growth factors which
is present in these media due to its requirement for maintenance of pluripotency, rapidly degrades at

37 °C, enforcing daily medium changes even for low density cultures. As hiPSC expansion processes
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approach industrial scales, reducing the cost of media and ensuring new formulations compatible with
less frequent feeding are challenges that still need to be overcome. Some recent formulations, such as
mTeSR Plus or E8 Flex, allow for less frequent medium exchanges by stabilising bFGF, reducing its
degradation at 37 °C. Other formulations, such as mTeSR3D and TeSR-E8 3D, were designed
envisaging culture of hiPSC as three-dimensional aggregates, reducing the overall cost of the process
by using a fed-batch regime. Also, the composition of mMTeSR1 and E8 media are completely disclosed
and can be manufactured in-house, ensuring a lower cost, especially if the growth factors, which are the
most expensive components of these media, are also produced in the laboratory. More recently, Kuo
and co-workers described B8 (Kuo et al. 2020), a novel medium formulation based on E8, with re-
optimised concentrations of each component, and with the addition of neuroregulin (NRG) 1 for
enhanced cell growth. Moreover, this formulation utilises a more potent and thermostable bFGF variant,
bFGF-G3, which eliminates the requirement of medium replacement between cell passages. This
medium, which was tested for 100 passages without affecting pluripotency, can be manufactured with
basic laboratory skills, with production costs of about €15 per litre, thus representing an important
achievement for the large-scale bioreactor culture of hiPSCs.

Complementing the commercially available medium formulations, some studies describe
additional improvements which may enhance hiPSC culture. Most notably, inhibitors of the Rho-
associated, coiled-coil containing protein kinase (ROCK) have widespread use for the initial survival of
single cell and/or low density hPSC cultures (Watanabe et al. 2007, Li et al. 2009). More recently, Lipsitz
and co-workers described the use of dextran sulfate (DS) (Lipsitz et al. 2018a). Polysulfated compounds
such as DS have been traditionally applied in the biopharmaceutical industry (e.g., for insect (Dee et al.
1997) and CHO cells (Hyoung Park et al. 2016)) for their anti-aggregation effect, via surface charge
modulation, as well for their anti-apoptotic activity (Dee et al. 1997, Zanghi et al. 2000).

1.1.2.3. Medium feeding regimes

One additional factor which has a major influence on the performance of a bioreactor culture is
the medium feeding regime. Most commonly, the culture medium must be replaced at fixed time
intervals, in a repeated batch approach, reminiscent of 2D cultures. A repeated batch feeding scheme
is simple to implement, however, it leads to large variations in culture parameters, such as pH and
nutrient/metabolite concentrations, at each medium change, which may be detrimental for cell growth.
For this reason, alternative feeding strategies have been employed to mitigate these sudden changes
in the culture environment (Figure 1.7).

With the advent of media optimised for fed-batch culture, this feeding regime has started to be
explored as an alternative for traditional repeated batch cultures (Schwedhelm et al. 2019). In this case,
the medium is not replaced and, instead, a concentrated supplement with nutrients/growth factors is
added to the culture, greatly reducing the stress of frequent modification of the culture environment.
Furthermore, this strategy also allows for the accumulation of paracrine factors which may be beneficial
for cell growth. However, the low refresh rate of nutrients, along with the accumulation of toxic
metabolites, such as lactate, over various days of culture, require cell passaging every 3/4 days in order

not to compromise cell growth and metabolism.
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Perfusion feeding strategies consist of continuous withdrawal of spent medium and replenishment with fresh
medium, maintaining the volume of the culture. The cells are maintained in culture through a cell retention system,
which may be internal or external to the bioreactor. From Kropp et al. (2017). Reproduced under the terms of the
Creative Commons CC-BY-NC-ND license. Copyright 2017, The Authors.

Another feeding regime which has already been described for hiPSC growth is cyclic perfusion
(Kempf et al. 2014), a variation of the repeated batch approach where only a small portion of the medium
is replaced at fixed and frequent time intervals. This ensures a regular flux of nutrients and removal of
metabolites, while reducing the magnitude of the variations in the culture. In a perfusion strategy, this
medium flux is continuous, with a constant removal of spent medium and feeding of fresh medium, all
while ensuring retention of the cells in the culture vessel, using devices such as spin filters (Serra et al.
2010, Kropp et al. 2016). Bioreactor operation under perfusion avoids drastic changes in the culture, as
the evolution of parameters such as pH or concentrations are constant and gradual. This system, which
more closely resembles a physiological environment, was shown to lead to a 47% higher final cell
density in comparison to repeated batch approaches, for a maximum of (2.85 + 0.34) x 10° cells-mL™"

in 7 days (Kropp et al. 2016). Implementing perfusion may be technically more demanding than other
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feeding strategies, however, this feeding regime is compatible with automation, which may bring added

value to the development of process-scale hiPSC-derived products.

1.1.2.4. 3D cell culture formats

The transition from 2D cultures to 3D is not straightforward, and, thus, different approaches for
hiPSC culture in suspension have arisen, either 1) using microcarriers for cell adhesion, 2) allowing the
cells to self-organise as aggregates, or 3) encapsulating the cells in a biomaterial. All of these systems
have their advantages and drawbacks, as such, the selection of the system to employ will depend on

factors such as the desired cell type, the bioreactor configuration or the final application of the cells.

1.1.2.4.1. Microcarriers

2D cell cultures are based on the adhesion of cells to a material, often mediated by a substrate,
such as complex extra-cellular matrix protein mixtures (e.g., Matrigel or Geltrex, both derived from
Engelbreth-Holm-Swarm mouse tumours), or recombinant human proteins (e.g., laminin or vitronectin).
Consequently, the simplest approach to translate these cultures to 3D would be to promote the
adherence of cells to matrix-coated particles.

Microcarriers are small particles (e.g., ~ 100—-255 ym diameter for spherical microcarriers) with
low density (~ 1.02-1.32 g/L), allowing them to remain in suspension in an agitated culture setting.
Microcarriers can be classified according to their porosity; while in solid/microporous microcarriers the
cells adhere and grow in their surface, macroporous microcarriers allow for cell growth inside the pores,
thus increasing the available surface area for cell growth. The great majority of published studies of
microcarrier-based expansion of hPSCs employ solid or microporous microcarriers, although expansion
of hESCs in macroporous microcarriers has already been described (Storm et al. 2010). A variety of
microcarriers of different materials are commercially available, including polystyrene, dextran, cellulose,
gelatine or glass (extensively reviewed elsewhere (Chen et al. 2011a, Chen et al. 2013)). These
microcarriers can be coated with matrices used for 2D culture to promote cell adhesion (e.g., Matrigel
(Nie et al. 2009, Leung et al. 2011, Bardy et al. 2013, Fan et al. 2014, Ting et al. 2014), laminin (Heng
et al. 2012, Lam et al. 2015), vitronectin (Heng et al. 2012, Fan et al. 2014, Badenes et al. 2016,
Rodrigues et al. 2018)). In addition to expansion, differentiation of hPSCs in microcarriers has also been
described, into cell types such as cardiomyocytes (Ting et al. 2014), neural progenitors (Bardy et al.
2013) and endodermal cells (Lock and Tzanakakis 2009).

Microcarriers provide a large surface-to-volume ratio for cell growth. Moreover, since the cells
grow on the surface of the microcarriers, in direct contact with the culture medium, diffusional limitations
are reduced. Conversely, the cells are highly susceptible to shear stress due to agitation-derived
phenomena, such as bead collisions and small turbulent eddies (Croughan et al. 1987, Cherry and
Papoutsakis 1988).

At the end of the culture, the cells need to be detached from the microcarriers, generally via
enzymatic dissociation, and separated via size-based methods, such as filtration. This harvest
procedure may be damaging to the cells and impact their viability. As such, new microcarrier types have

been developed, whose composition allows for a gentle separation of the cells from the microcarriers.
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Rodrigues and co-workers describe the use of dissolvable microcarriers coated with Synthemax Il, a
peptide containing the RGD sequence of vitronectin (Rodrigues et al. 2019). When the cells are to be
harvested, these microcarriers can be degraded with ethylenediaminetetraacetic acid (EDTA) and
pectinase, overcoming the need of a filtration step. The usage of these microcarriers for hiPSC
expansion in spinner flasks allowed the recovery of 92 + 4% of the cells at the end of culture, a two-fold
increase over conventional polystyrene microcarriers. Another possible approach consists in using
microcarriers which, by their characteristics, could forgo a harvesting step altogether. Newman and
McBurney detail the growth and differentiation of mouse embryonic carcinoma cells on laminin-coated
poly-(D,L lactic co-glycolic acid) microcarriers (Newman and McBurney 2004). Given the degradability
and biocompatibility of these microcarriers, they can be transplanted into a patient, eliminating the
requirement for cell-microcarrier separation even for therapeutic approaches. Furthermore, the
composition of these microcarriers allowed the encapsulation and gradual release of differentiation-
inducing growth factors. In particular, the encapsulation of retinoic acid promoted cell differentiation into
neurons, in a higher proportion than cultures with soluble retinoic acid. The use of microcarriers as
delivery vehicles of molecules that may influence stem cell fate is also an interesting strategy for

microcarrier-based bioprocesses for hiPSC manufacturing.

1.1.2.4.2. Cell aggregates

Promoting cell adhesion to a matrix is a simple approach to translate the know-how in 2D
cultures to 3D. However, while in suspension, hiPSC aggregate spontaneously, even without external
matrices. Therefore, an alternative approach to the use of microcarriers is to inoculate bioreactors with
single cells or cell clumps and allow them to form aggregates. This approach constitutes a simplification
of the cell expansion process by not only reducing the amount of materials required (which may also
simplify the overall GMP compliance of the process), but also by reducing the load of the downstream
processing in comparison with microcarrier cultures.

Aggregates gradually increase in size as the culture progresses and cells expand. The
expansion in aggregate sizes promotes the formation of gradients (e.g., nutrients, cytokines, oxygen) in
their interior, due to diffusion from the surface to the centre. As the aggregates grow larger, the
availability of medium components for the innermost cells diminishes, possibly leading to undesired
effects such as spontaneous differentiation or necrosis as the aggregate diameter increases beyond
300-400 pm (Van Winkle et al. 2012, Wu et al. 2014). Overcoming these phenomena requires tight
monitoring of aggregate sizes during culture and frequent passaging, by aggregate dissociation and
inoculation to new vessels. Aggregation may be controlled by the bioreactor agitation, as higher agitation
speeds will convey more shear, thus reducing the aggregate size. To complement the effect of agitation,
non-physical aggregation control methods may also be applied, such as the aforementioned DS (Lipsitz
et al. 2018a). In addition to avoiding diffusion limitations, aggregate size control is also of importance
for hiPSC differentiation, as specification of some lineages has been shown to be more efficient on a
tight range of aggregate sizes (Bauwens et al. 2008, Olmer et al. 2018, Branco et al. 2019).

Initial studies on hPSC aggregate culture were geared towards the optimisation of the culture

conditions, including the use of either rapamycin (Krawetz et al. 2010) or heat shock treatment (Singh
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et al. 2010) in addition to ROCK inhibitor to improve cell survival and/or expansion. Later studies
described the expansion of these cells for various serial passages (Chen et al. 2012), including in xeno-
free conditions (Abbasalizadeh et al. 2012, Wang et al. 2013). Hunt and co-workers proved the
importance of both the inoculation density and the agitation rate in the expansion of hESCs as
aggregates using a factorial design approach (Hunt et al. 2014). More recently, hPSC culture as
aggregates has been combined with other strategies in order to further improve the process, namely
through perfusion (Kropp et al. 2016) and oxygen control (Abecasis et al. 2017), and by culture in novel
bioreactor systems (Schwedhelm et al. 2019, Borys et al. 2020). Differentiation of hPSC aggregates into
cardiac (Halloin et al. 2019), neural (Serra et al. 2009) and hepatic (Freyer et al. 2016) lineages, in
bioreactors, has already been achieved. Moreover, cell differentiation as aggregates constitutes a
reliable platform for the generation of organoids, which are self-assembled cellular structures with
characteristics resembling the structure and organisation of a specific organ (Fatehullah et al. 2016).
For instance, the generation of brain (Qian et al. 2016, Silva et al. 2020b), cardiac (Drakhlis et al. 2021,
Hoang et al. 2021), kidney (Przepiorski et al. 2018) and retina (Ovando-Roche et al. 2018) organoids

derived from hiPSC aggregates has already been described.

1.1.2.4.3. Encapsulation

Most protocols of hPSC expansion in bioreactors use a microcarrier or aggregate approach.
However, in both cases, the shear stress conveyed by the agitation remains a problem which may
negatively impact the cells. Microencapsulation of cells in a biomaterial, such as a hydrogel, is a
promising strategy to not only protect the cells from shear stress, but also to provide cues which may
promote cell self-renewal or differentiation into a specific lineage (Dixon et al. 2014, Lenzini et al. 2019).
The method for cell harvesting at the end of culture depends on the biomaterial used for encapsulation,
but may consist on temperature or pH shift (Li et al. 2016, Rodrigues et al. 2017), or on enzymatic
degradation of the biomaterial (Lou et al. 2014). Alternatively, if the cells are to be used for Regenerative
Medicine applications, some cell-biomaterial composites can potentially be transplanted directly to a
patient (Du et al. 2014, Huang and Jiang 2018). A number of different materials have already been
shown to successfully accommodate hPSC expansion and/or differentiation, including alginate (Jing et
al. 2010, Serra et al. 2011, Dixon et al. 2014, Hunt et al. 2017), cellulose (Lou et al. 2014), collagen
(Dixon et al. 2014), fibrin (Goetzke et al. 2019) and poly(N-isopropylacrylamide) (PNIPAAm)-
polyethylene glycol (PEG) (Rodrigues et al. 2017, Lin et al. 2018).

To this date, a limited number of studies describe dynamic suspension culture of encapsulated
hPSCs. Serra and co-workers describe alginate encapsulation of hESCs, as single cells, as aggregates,
and attached to microcarriers, along with expansion in spinner flasks and subsequent cryopreservation
(Serra et al. 2011). While culture of hESCs encapsulated as single cells was unviable, encapsulation of
hESCs on microcarriers led to the best overall results. Exponential growth was observed for 19 days
and cryopreservation of these cells led to increased viability after thawing. Overall, hRESC encapsulation
improved the performance of both dynamic suspension culture and post-thawing cell recovery. Cardiac
differentiation of hESCs encapsulated in poly-L-lysine-coated alginate in spinner flasks has also been

detailed (Jing et al. 2010), with over 30% of the cells expressing cardiac markers after 15 days.
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1.1.2.5. Single-use bioreactors for stem cell biomanufacturing

Despite all the advances in stem cell products for human use, regulation by agencies such as
the European Medicines Agency (EMA) and the US Food and Drug Administration (FDA) is a critical
concern. EudraLex (available online at https://ec.europa.eu/health/documents/eudralex, accessed on
the 10" of April 2021) details the legislation for pharmaceutical products in the European Union, and
Volume 4, in particular, details the guidelines for GMP for medicinal products for human and veterinary
use. These GMP apply to various steps of the life of a stem cell product, from the cell bank establishment
and maintenance, to the manufacturing, downstream processing, fill and finish (Figure 1.8). Among other
things, GMP guidelines aim to avoid product contamination, thus requiring the sterilisation of the
reagents and materials. Whenever possible, cleaning in place (CIP) and steaming in place (SIP) should
be applied to sterilise materials between batches. The same regulation also permits and suggests the
use of single-use technologies (EudraLex Volume 4, Part IV). In particular, the bioreactor parts which
directly contact the cells can be disposable, which minimises the risk of contamination, and overrides
the need for their sterilisation, thus reducing the time between batches and allowing a faster process
pipeline and, thus, a higher productivity.

The following sections will detail some single-use bioreactor platforms which have already been
successfully applied in the biomanufacturing of stem cells. Although not all of these systems have been
used for hPSC culture, they are nevertheless presented due to their potential for prospective
manufacturing of these cells. A summary of the results obtained in these bioreactors is presented in
Table I.1.

1.1.2.5.1. Single-use stirred tank bioreactors

STBRs have been one of the most commonly used set-ups for the manufacturing of a variety
of products, such as viruses or recombinant proteins, in a multitude of cell types including bacterial,
insect, plant or animal cells (van Lier et al. 1990, Velez-Suberbie et al. 2013, Raven et al. 2015,
Schmideder and Weuster-Botz 2017). STBRs typically employ a glass or stainless-steel vessel, along
with one or multiple impellers distributed along the height of the bioreactor and ensuring efficient
agitation of the medium (Figure 1.9). Depending on the frailty of the cells, different impellers can be
employed—Rushton turbines are suitable for more resistant cell types, such as bacteria, while animal
cells, which are more shear-sensitive, require gentler mechanisms of agitation such as marine or
pitched-blade impellers. In fact, shear stress is a common point of contention in the translation of stem
cell culture to 3D, due to its effect in cell fate (reviewed in Stolberg and McCloskey (2009), Earls et al.
(2013)). Nevertheless, there is a notorious lack of studies in this regard, with only a few reports of
phenomena such as agitation-induced hPSC differentiation (Leung et al. 2011), as well as priming of
human mesenchymal stromal cells (hMSCs) towards an osteogenic fate through high shear stress
(Yourek et al. 2010). The decades of STBR use in the biopharmaceutical industry ensure these
bioreactors are now very well characterised, in terms of agitation profiles, shear stress, power dissipation
and oxygen mass transfer, with well-established empirical correlations, as well as defined criteria for
scale-up (Ozbek and Gayik 2001, Nienow 2009, Liu et al. 2016). In STBRs, however, the existence of

“hot-spots” of high shear forces has been described as well as “dead zones" where mixing is inferior or
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Figure 1.8 — Process pipeline for the production and clinical application of a stem cell product (either autologous or
allogeneic). European Medicines Agency legislation established good manufacturing practices to be applied from
the initial cell isolation and processing to the product fill and finish, while also requiring a clear definition on the
storage and shipping conditions of the finished cell product. We note that the figure depicts a general stem cell
product pipeline and, although most processes already at clinical scale do not perform yet differentiation in the
bioreactors. However, we believe the field will move towards that direction as using planar platforms will be hardly
feasible at a clinical scale. From Nogueira et al. (2021a). Reproduced under the terms of the Creative Commons
CC-BY license. Copyright 2021, The Authors.

almost inexistant. This heterogeneous mixing profile may give cues for undue cell differentiation and/or

apoptosis due to the high shear itself or cell settling and formation of very large cell aggregates.
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Figure 1.9 — Schematics of a stirred-tank bioreactor vessel and controller unit. From Nogueira et al. (2021a).

Reproduced under the terms of the Creative Commons CC-BY license. Copyright 2021, The Authors.

The STBR can be easily converted into a single-use system, by replacing parts which contact
the cells with disposable equipment, such as the vessel itself, the impeller and the probes. Examples of
commercially available single-use STBRs which have already been successfully applied for stem cell
culture are described in Table 1.2. Together, these systems cover from a 10 mL laboratory scale to a

200 L production scale.

Table 1.2 — Examples of single-use stirred tank bioreactor systems with successful use for stem cell culture. From
Nogueira et al. (2021a). Reproduced under the terms of the Creative Commons CC-BY license. Copyright 2021,
The Authors.

Bioreactor Company Impeller Working volume range
BioBLU® Eppendorf Eight-blade or pitched-blade 100 mL-40L
Mobius® CellReady EMD Millipore Marine (scoping) 1.0-24 L
Ambr® Sartorius Stedim Biotech  Pitched-blade or Rushton 10-250 mL
BIOSTAT® CultiBag STR Plus Sartorius Stedim Biotech Three- or six-blade 12.5-200 L
UniVessel® SU Sartorius Stedim Biotech Three-blade 600mL-20L

Kropp and co-workers have described the expansion of hiPSCs as aggregates in BioBLU
bioreactors (125 mL working volume), using different feeding strategies. By applying a perfusion
strategy, where constant withdrawal of wasted medium and replenishment of fresh medium are
performed (retaining the cells inside the vessel), the cell yield was improved by 47% in comparison to a
repeated batch approach, with a discrete medium exchange every 24 h. The authors obtained a final
density of (2.85 + 0.34) x 108 cells-mL-", although with a shift to a metabolism more reliant on oxidative
phosphorylation (Kropp et al. 2016). Kwok and colleagues expanded hiPSCs as aggregates in Mobius
CellReady bioreactors at a 1.5 L scale, generating a total of 2 billion cells (Kwok et al. 2018). hPSC
differentiation in STBRs is also possible—Halloin and co-workers have adapted a standard cardiac
differentiation protocol and report the generation of about 1 x 10% cardiomyocytes-mL~" at both 100 mL

and 350-500 mL scales, with purity above 90%. The bioreactors used in this study are available with
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both single-use and reusable vessels, which should allow for easy transition of protocols developed on
one of those formats to the other (Halloin et al. 2019).

Microcarrier-adherent hMSC expansion has also been described, in Mobius CellReady,
Univessel SU and CultiBag STR bioreactors. Schirmaier et al. optimised adipose tissue (AT)—derived
hMSC culture at a 2 L scale, followed by a scale-up experiment to 35 L, and were able to maintain a
similar cell density at both scales—(0.27 + 0.02) x 10° cells'mL-" and 0.31 x 108 cells-mL-", respectively
(Schirmaier et al. 2014). Lawson and co-workers attempted BM-hMSC culture at a 50 L scale, obtaining
1.28 x 10'° cells in 11 days of culture (Lawson et al. 2017).

While obtaining high cell numbers is vital for production of cells to be used in a clinical setting,
bioprocess optimisation is preferably performed in a high-throughput platform. Ratcliffe and colleagues
performed human haematopoietic stem/progenitor cell (hHSPC) expansion in the Ambr 15 bioreactor
system, a fully-automated and controlled platform entailing 24 vessels with 15 mL maximum volume,
allowing for the simultaneous testing of many different conditions. By optimising culture parameters,
including inoculation density, oxygen tension and medium feeding, the authors could obtain a maximum
density of 1.37 x 107 cells'mL-" in 11 days (Ratcliffe et al. 2012). This platform was also used for
optimisation of BM-hMSC expansion with microcarriers in serum-free medium, resulting in over 8.1 x
10% cells'mL-" and a 10-fold increase in reproducibility in comparison to serum-containing, manual
culture (Rafig et al. 2017).

1.1.2.5.2. Fixed bed bioreactors

Fixed bed bioreactors are a common staple of the food and wastewater industry due to their
set-up—a vessel filled with a macroporous material or large beads to which cells and/or enzymes may
be attached, and through which the liquid phase is passed through continuously (Figure 1.10). In fact,
many studies have already described the use of fixed bed bioreactors for applications such as
production of biodiesel (Watanabe et al. 2001, Salum et al. 2010) and biohydrogen (Chang et al. 2002),
and various aspects of wastewater treatment (Kim and Logan 2000, Chen et al. 2005). Beyond the
possibility for these applications, fixed bed bioreactors also have some characteristics which have led
to their use for culture of anchorage-dependant mammalian cells. The geometry and set-up of these
bioreactors confer a large surface-to-volume ratio, allowing for a smaller footprint compared to stirred-
tank bioreactors and enabling a much higher volumetric productivity. Depending on their mechanism,
fixed bed bioreactors may also be naturally compatible with a perfusion feeding regime, and, due to the
lack of agitation, the shear stress conveyed to the cells is low. The lack of an impeller is, simultaneously,
a disadvantage, due to allowing for the formation of concentration gradients (of nutrients, metabolites,
growth factors, oxygen, etc.) inside the bioreactor. Moreover, cell harvesting until the end of the culture
is impossible, rendering cell growth monitoring notably difficult. Nevertheless, fixed bed bioreactors have
seen use for applications such as viral production in mammalian cells (Rajendran et al. 2014, Powers
et al. 2016, Valkama et al. 2018), and even hHSPC expansion (Meissner et al. 1999).

Single-use fixed bed bioreactors require both a single-use vessel and cell adhesion matrix.
Weber and co-workers have developed a small-scale disposable fixed bed bioreactor system using a 3

mL plastic syringe, connected to two 250 mL flasks for medium feeding and for waste, and equipped
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]
Figure 1.10 — Schematics of a fixed bed bioreactor. From Nogueira et al. (2021a). Reproduced under the terms of
the Creative Commons CC-BY license. Copyright 2021, The Authors.

with a small oxygen sensor in the outflow. This bioreactor system was used for the culture of alginate-
encapsulated hMSC-TERTSs. These cells are hMSCs transfected with telomerase, which compensates
the telomere shortening which occurs during mitosis, thus enabling for more population doublings in
comparison to unaltered hMSCs (Simonsen et al. 2002). The encapsulated hMSC-TERTs were not
proliferative, but could be maintained in culture for at least 500 hours with increasing viability (Weber et
al. 2007). The same group also described larger-scale fixed bed bioreactor systems—using 60 mL glass
syringes, and glass tubes between two stainless-steel plates (serving as lid and bottom) for a volume of
300 mL. These bioreactors were filled with 2 mm diameter non-porous borosilicate glass spheres which
served as surface for cell adhesion and made use of non-invasive oxygen sensors both at the inlet and
the outflow. At the 300 mL scale, the authors were able to produce 6.2 x 108 h(MSC-TERTS after 167.3
hours of culture, however, only 50% to 60% of the inoculated cells attached to the borosilicate spheres
(Weber et al. 2010). Mizukami and colleagues have used a commercial fixed bed bioreactor system—
FibraStage® bottles (discontinued) loaded with Fibra-Cel® disks, both from Eppendorf (previously from
New Brunswick Scientific) for the expansion of human cord blood-derived hMSCs. The bellows at the
base of the bottle control the medium level by compression and expansion. With one 500 mL FibraStage
bottle, the authors could produce (4.15 + 0.81) x 108 cells in 7 days of culture (Mizukami et al. 2013).

1.1.2.5.3. Hollow fibre bioreactors

Hollow fibre bioreactors are composed of numerous capillary tubes inside an outer shell, which,
similarly to fixed bed bioreactors, confer them a high surface area with a low footprint (Figure 1.11). In
hollow fibre bioreactors, the cells adhere to the surface of the capillaries, either on the intracapillary (IC)
or the extracapillary (EC) loop. Medium and reagents may be pumped through the loop in which the
cells are adhered to, contacting them directly. The capillary membrane is semipermeable, thus also
enabling diffusion of dissolved gases and small molecules (e.g., glucose, lactate) through it, and allowing
for mass exchange between the cells and the fluids perfused through the other loop (Barckhausen et al.

2016). Once more, the lack of an impeller reduces the shear stress conveyed to cells, especially due to
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the two-loop system and the possibility of indirect mass transfer. However, the growth of cells inside the
hollow fibre bioreactors is hard to monitor due to the impossibility of cell harvesting until the end of
culture. Having a membrane-based system also renders these bioreactors particularly susceptive to
fouling—as the capillary membrane pores clog, either due to the cells or other solids, mass transfer
through the capillaries becomes increasingly difficult (MacDonald et al. 2001). The high cell densities
which can be obtained in a hollow fibre reactor, along with the resulting high product titres, have led this
configuration to be attractive for the production of recombinant proteins, monoclonal antibodies and
viruses (Yazaki et al. 2001, Jardin et al. 2008, Tapia et al. 2014), while also seeing use for wastewater
treatment (Pankhania et al. 1994, Gimenez et al. 2011) and biocatalytic reactions (Krastanov et al. 2007,
Wang et al. 2016). Furthermore, hollow fibre bioreactors have already been applied for the bioproduction
of stem cells for clinical trials (Tirughana et al. 2018).

Intracapillary
! loop
1

/ Extracapillary
loop

Figure .11 — Schematics of a hollow fibre bioreactor system and close-up of the hollow fibre module. From Nogueira
etal. (2021a). Reproduced under the terms of the Creative Commons CC-BY license. Copyright 2021, The Authors.

Regarding single-use hollow fibre bioreactors for stem cell expansion, many studies describe
the use of the Quantum® Cell Expansion System (QES; Terumo BCT). This closed and fully automated
system is composed of about 11,500 hollow fibres, providing a 2.1 m? surface area for cell growth (the
same as 120 T-175 flasks) with a 0.3 m? footprint.

Roberts and co-workers have harvested up to 5.4 x 108 hESCs in 5 days in the QES, achieving
1.8-fold the cell density of T-25 flasks in an equivalent time, while reducing medium consumption per
unit area in 68% (Roberts et al. 2012). Mesquita and colleagues demonstrated hiPSCs could be
expanded in the QES, and that laminin coating of the IC area was more favourable (both in terms of the
maximum cell number and the time require to achieve it) for cell growth over vitronectin, possibly due to
a stronger interaction of laminin with the QES fibres. Furthermore, to overcome some of the monitoring
limitations of the bioreactor system, the authors correlated the total number of cells with the produced
lactate, allowing them to estimate the growth curve of the hiPSCs. After 6-7 days of culture, the authors
obtained an average of (6.9 £ 0.9) x 108 cells with laminin coating (Paccola Mesquita et al. 2019).
Tirughana et al. described the production of GMP-grade human neural stem cells (hNSCs) in the QES.
These hNSCs were modified to produce the prodrug-activating enzyme cytosine deaminase. A total of
1.4-3 x 10° of these cells could be obtained in one QES in 7-10 days, allowing for the production of an
FDA-approved clinical lot (1.5 x 1070 cells) in 7 parallel bioreactors in 9 days, which was then used in a

phase | trial with 7 brain tumour patients. The same cell line was additionally modified by adenoviral
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transduction in the QES to produce a modified carboxylesterase, and 1.5-1.8 x 10° cells could be
recovered after 8 days. Using 5 QES in parallel, a clinical lot of 8 x 10° transduced hNSCs was produced
for a future study regarding the treatment of metastatic neuroblastoma patients (Tirughana et al. 2018).

The QES has already been extensively described for the culture of hMSCs of various sources—
AT (Haack-Sgrensen et al. 2016, Haack-Sgrensen et al. 2018, Mizukami et al. 2018b), BM (Nold et al.
2013, Russell et al. 2018, Mennan et al. 2019), umbilical cord matrix (UCM) (Mizukami et al. 2018a,
Mennan et al. 2019, Vymetalova et al. 2020) and periosteum (Lambrechts et al. 2016). Of these studies,
Haack-Sgrensen and co-workers were able to obtain the highest cell number. The authors performed a
comparison of two media—foetal bovine serum (FBS) or human platelet lysate (hPL)-supplemented—
for the derivation of hMSCs from an inoculum of the stromal vascular fraction of human subcutaneous
abdominal fat, over the course of two passages in the QES. Overall, this study revealed hPL to be more
favourable for cell growth. In the first passage, hPL increased cell yield by 5-fold and in half of the
expansion time when compared to FBS (9 days for hPL vs 17 days for FBS). Both supplements led to
comparable growth in the second passage, but with a higher difference in the expansion time (6 days
for hPL vs 21 days for FBS). FBS is an animal-derived supplement, which complicates the approval
process in the case of a clinical-grade process. In contrast, hPL is of human origin, being free of
xenogeneic components. Nevertheless, this supplement may also suffer from batch-to-batch variability
(Bieback et al. 2019). At the end of culture, up to 5.5 x 108 AT-MSCs were obtained in 9 days from
stromal vascular fractions and 6.1 x 108 AT-MSCs were recovered after the first passage, following 6
days in culture (Haack-Serensen et al. 2018). Russell and colleagues have performed a cost
breakdown, comparing automated hMSC expansion in the QES with manual culture for the production
of 100 doses of 108 cells (for a clinical trial with 100 patients). The automated system allowed for savings
of about 49% in reagents and consumables, having an estimated cost of about $108,000 for 100 doses
while hands-on work could be reduced from 361.6 hours (in a 24.0 week production time, thus requiring
two technologists) to 35.0 hours (for a 20.0 week production, demanding a single technologist) (Russell
et al. 2018). Mizukami et al. performed a more thorough cost-of-goods analysis, comparing a multilayer
vessel, a stirred tank bioreactor, a packed bed bioreactor and a QES. While the QES resulted in a higher
cell proliferation rate, expansion fold and harvesting efficiency, its high consumable and equipment cost
led it to be predicted as the least cost-effective option. In fact, for the QES to compete with the other
systems at an economical level, it would require a 7-fold increase in harvesting density, along with an
85% consumable and equipment cost reduction and a 28% in medium cost savings (Mizukami et al.
2018a).

1.1.2.5.4. Rotary cell culture systems

The advancements in space travel in the past years have led to significant research in the effects
of microgravity in humans, and more specifically, in some cell types. While cell culture has already taken
off to space (Wnorowski et al. 2019), microgravity can also be simulated on Earth. The rotary cell culture
system (RCCS) is a bioreactor developed by NASA which can be used to culture cells in a microgravity
environment (Figure 1.12). In this bioreactor system, the cells are inoculated in a high aspect ratio

cylindrical vessel, which is completely filled with medium. The vessel rotates horizontally and will cause
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the medium inside to rotate as well. If operating at a certain range of speeds, after some time, the
medium will rotate at the same velocity as the vessel itself, unlike in other bioreactor systems where the
fluid is moving in reference to the vessel walls (e.g., agitated liquid and still vessel walls). This minimises
the effect of the Earth’s gravity on the particles inside the vessel, resulting in an effective gravitational
force of 102 x g (Lelkes et al. 1998). Moreover, the particles inside the vessel have an almost null
terminal velocity, and, as such, move with the medium upon the rotational axis, with limited movement
alongside other axes — a cell will return to approximately the same location upon each complete vessel
rotation. As such, the cells can be cultured in suspension in a laminar regime, thus, with minimal shear
stress (< 5 x 102 Pa), further reduced by the lack of a headspace, and, consequently, no formation of
air bubbles (Tsao et al. 1992, Lelkes et al. 1998, Hammond and Hammond 2001). Ensuring both these
effects will require the rotation of the RCCS in a limited velocity range — a low rotation speed will not
overcome the Earth’s gravitational force, causing the cells to settle, while high rotation will result in a
predominant centrifugal force which will drive the cells towards the outer wall (Figure 1.12B-D).
Furthermore, while the low shear stress conveyed by the RCCS limits the extent of shear-mediated cell
damage, it also limits mass transfer by convection. In fact, in the RCCS, diffusive mass transfer prevails,
which may lead to the formation of microenvironments of low nutrient concentration and high waste

accumulation in the vicinity of the cells (Cowger et al. 1999, Hammond and Hammond 2001).
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Figure 1.12 — Schematics of a rotary cell culture system. A Rotator base with one vessel. B At low rotation speeds,
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the cells will settle along the bottom of the vessel. C At very high rotational speeds, the cells will be subjected to a
predominant centrifugal force, driving them towards the outer wall of the vessel. D At a certain velocity range, the
cells will be in suspension, in a simulated microgravity environment. From Nogueira et al. (2021a). Reproduced

under the terms of the Creative Commons CC-BY license. Copyright 2021, The Authors.

Single-use RCCS operate using disposable vessels, or cassettes, as these are the only part of
the bioreactor which directly contacts the cells. Single-use RCCS systems are available commercially
from Synthecon, but only at a 10 mL and 50 mL scale, limiting their scalability.

Chiang and co-workers have employed the RCCS for hESC-derived hNSC culture and observed
the effect of simulated microgravity in the development of these cells. RCCS culture led to increased 3-
adrenoreceptor expression and subsequent mitochondrial function of hNSCs, with increased
mitochondrial mass and ATP production. Moreover, the proliferation of the hNSCs was increased,
leading to a final density of ~ 5 x 105 cells'mL-" after 3 days, a 2-fold increase over the static control
(Chiang et al. 2012). The culture of adult BM-hMSCs in these bioreactors has also been described. Cells

were harvested from BM and seeded in the RCCS in chondrogenic medium. The results were compared
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with a standard protocol of cartilage production in conical tubes. After 2 weeks, RCCS culture led to
about 3-fold larger (diameter-wise) and 10-fold heavier cellular constructs in relation to conical tubes,
with a 1.5-fold higher glycosaminoglycan/DNA ratio and with histological and immunohistological
characteristics of hyaline cartilage (Sakai et al. 2009).

1.1.2.5.5. Rotating bed bioreactors

Rotating bed bioreactors apply rotation to the previously-described fixed bed system — the cells
adhere to plates, which rotate inside the vessel (Figure 1.13). These bioreactors can be operated at full
volume, or similarly to roller bottles, by not filling the vessel totally, and allowing for the cells to
intermittently contact the medium and the headspace. Rotating bed bioreactors share most advantages
and disadvantages of fixed bed bioreactors—both provide a large surface-to-volume ratio, are
compatible with perfusion and convey low shear stress to the cells, while cell harvesting and monitoring
cannot be performed during the culture. Rotating bed bioreactors, however, can provide some more
homogeneity to the contents of the vessel by means of rotation employed. Applications of these systems
also include biocatalysis (Lan et al. 2013, Abdella et al. 2016) and wastewater treatment (Jafari et al.

2015, Pourakbar et al. 2018), and it has already seen use in mammalian cell culture (Suck et al. 2007).
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Figure 1.13 — Schematics of a rotating bed bioreactor. From Nogueira et al. (2021a). Reproduced under the terms
of the Creative Commons CC-BY license. Copyright 2021, The Authors.

Zellwerk GmbH has developed the disposable rotating bed Z®RP 2000 H and Z®RP 8000 H
bioreactor systems, providing 2000 cm2 and 8000 cm? of cell attachment area, respectively. These
bioreactors consist of a cylindrical vessel containing a bed of polycarbonate plates which rotate through
the action of a magnetic drive. Their set-up allows for operation under a perfusion feeding regime.
Moreover, they are equipped with a sampling device for supernatant analysis as well as pH and oxygen
sensors connected to a control unit. The single-use parts comprise the vessel, tubing system and
measuring devices (Reichardt et al. 2013, Neumann et al. 2014).

Neumann and colleagues characterised the Z®RP 2000 H bioreactor and applied it for UCM-
hMSC expansion. The authors verified homogenisation of the culture under normal operating conditions

for both a half-full (70 mL) and full (120 mL) vessel, and the Bodenstein number was characteristic of a
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stirred-tank reactor-type mixing even for the lowest mixing speed and full volume. After 5 days of culture,
a total of (2.46 £ 0.24) x 107 hMSCs could be obtained at a 125 mL scale, maintaining hMSC
immunophenotype and trilineage differentiation potential (Neumann et al. 2014). Reichardt et al. applied
rotating bed bioreactors with a 6000 cm? surface area and a 340 mL working volume for human umbilical
cord artery cells (HUCACSs), harvesting (3.48 £ 0.55) x 108 cells in 9 days, albeit with full depletion of
glucose at some timepoints (despite the perfusion feeding regime). The authors compared bioreactor
culture to maintenance in static T-25 flasks and estimated 311 of these flasks would be required to
achieve the same cell numbers, encompassing an over 3-fold increase in medium volume necessary
(about 12.1 L versus 3.83 + 0.69 L in the bioreactor) (Reichardt et al. 2013).

1.1.2.5.6. Rocking motion bioreactors

Rocking motion bioreactors were first described in 1998 (Singh 1999) and were established as
an alternative to STBRs in the culture of insect and mammalian cells for processes such as production
of viruses and recombinant proteins. These bioreactors rely on an impeller-free agitation mechanism
where the vessel, a plastic bag, is placed on the top of a base which moves in a back-to-forth rocking
motion. The agitation causes the formation of waves in the air-liquid interface, ensuring efficient mixing,
with a high mass transfer and no particle settling, while also avoiding high shear stress (Figure 1.14)
(Kalmbach et al. 2011, Marsh et al. 2017). Cell damage is further avoided by the lack of a sparging
mechanism and associated bubble formation. While the shear stress generally increases with the
agitation velocity, at certain agitation speeds a resonance phenomenon is observed, causing unusual
behaviour such as higher vorticity and shear stress. Zhan et al. observed that, for a half-filled 10 L
rocking motion bioreactor, agitation at 15 rpm led to an approximation to the natural frequency of the
bioreactor (calculated by approximating its shape to a perfect ellipse), causing higher turbulence than
agitation at 22 rpm and 30 rpm (Zhan et al. 2019). As such, during process development with this
bioreactor system, it is important to estimate the natural frequency and avoid choosing a rocking velocity

close to this frequency.

Figure 1.14 — Schematics of a rocking motion bioreactor. The back-and-forth rocking motion of the base will lead to

the formation of waves inside the vessel, allowing for an efficient mixing. From Nogueira et al. (2021a). Reproduced

under the terms of the Creative Commons CC-BY license. Copyright 2021, The Authors.

Rocking motion bioreactors were first developed as single-use, employing a disposable culture
bag. Rocking motion bioreactors commercially available include the Xuri Cell Expansion System
(previously WAVE Bioreactor™) and Cellbag™ vessels from Cytiva, and the Biostat® RM and Flexisafe®
RM bags (replacing CultiBag) from Sartorius, and cover working volumes from 50 mL up to 500 L.

Davis and co-workers have cultured both hESCs and hiPSCs as aggregates in the Xuri Cell
Expansion System, with perfusion and non-perfusion Cellbags, at various scales—150 mL, 250 mL and

1 L—and also performed consecutive passage experiments. The authors also optimised the culture
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conditions and were able to obtain up to 9.5-fold expansion in 4 days. Serial passaging from 250 mL to
1 L under optimised conditions led to a 39.2-fold expansion (~ 3.9 x 10° cells in 8 days), while passages
from two sequential 150 mL bioreactors to 250 mL and to 1 L in non-optimised conditions resulted in a
cumulative 280-fold increase in cell number (~ 1.7 x 10" cells in 16 days). The authors also estimated
how operating these bioreactors under automated perfusion, besides allowing a closed process and
ensuring sterility, could lead to a substantial increase in cell yield per spent medium—from 4.2 x 10°
cells/mL in 6-well plates to 1.5 x 108 cells/mL in 1 L perfusion bioreactors (Davis et al. 2018).

hMSC expansion in rocking motion bioreactors has also been demonstrated by different groups.
Nguyen and colleagues were able to expand these cells for 100 days in bioreactors with a 200 mL
working volume, maintaining hMSC viability and chondrogenic and osteogenic differentiation potential.
A maximum of (2.64 + 0.18) x 108 cells were counted on day 40. However, despite a decrease to (8.7
2.1) x 107 cells by day 90, the authors did not observe dead cells through a LIVE/DEAD assay and
speculated the decrease in countable cell number to be attributed not to cell death, but to hMSC
migration to the inside of the microcarrier pores (Nguyen et al. 2019). Da Silva et al. observed some cell
deposition in Cellbags, which resulted in stagnated cell growth, and designed an acrylic grid which would
allow for the Cellbag to remain in contact with the base for temperature control, but would also raise the
Cellbag wall, avoiding cell deposits. The authors also verified some deposits at the Cellbag wall due to
the microcarriers sticking to it. The adhesion phase was first performed in spinner flasks, then in the
modified Cellbags in dynamic conditions, and in static with reduced volume. The latter conditions led to
the best overall cell expansion, with a final yield of 2.56 x 108 UCM-hMSCs in 600 mL (da Silva et al.
2019). The same group then compared the expansion of these cells in the modified Cellbags (600 mL
working volume) and 500 mL spinner flasks. Neither platform impacted hMSC tri-lineage differentiation
potential nor differently regulated biological systems, however, spinner flask culture was more efficient,
both in terms of final cell number and in the time at which the maximum was achieved. Maximum cell
yields of (4.65 + 0.14) x 108 cells in 6 days and 1.32 x 108 cells in 11 days were obtained for the spinner
flask and the rocking motion bioreactor, respectively (da Silva et al. 2020).

Timmins and colleagues have used rocking motion bioreactors for production of red blood cells
(RBCs) from umbilical cord blood (UCB)-derived hHSPCs. By controlling the cell density at regular
intervals, the authors obtained an average 2.25 x 108—fold increase in cell number in 33 days—a
production averaging 4.5 x 10" RBCs in a culture of up to 1 L of working volume, and allowing to harvest
560 units of RBCs per UCB donation (Timmins et al. 2011).

1.1.2.5.7. Vertical-Wheel bioreactors

As mentioned in section 1.1.2.5.1, stirred tank bioreactors are the gold standard in traditional
bioprocessing approaches, but are undesirable for stem cell culture due to the high levels of shear stress
their agitation mechanism conveys. While most other bioreactor systems already mentioned avoid the
issue by not employing an impeller, this impairs mass transfer and may compromise the homogeneity
of the culture. The Vertical-Wheel™ bioreactors (VWBRSs), introduced by PBS Biotech, were designed
to provide a homogeneous culture environment while using a more gentle and efficient agitation

mechanism (Figure 1.15) (Croughan et al. 2016). The vessels contain a large vertical wheel, which
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format results in both radial and axial agitation. Moreover, the U-shaped bottom of the vessel avoids
“dead zones” underneath the impeller, thus limiting cell settling. Overall, this results in a more efficient
mixing, allowing for low agitation speeds to be used and, consequently, less shear stress to be conveyed
to the cells. Furthermore, the large size of the impeller allows for the dissipation of its rotational energy
over a substantial area, thus resulting in narrower gradients of energy dissipation rate, with maximum
values of 20-25% compared to horizontal-blade impellers (Croughan et al. 2016). These bioreactors
can have two different agitation mechanisms: in AirDrive VWBRSs, agitation is controlled by bubble
sparging, which are captured in specific zones of the vertical wheel, allowing for its motion; in MagDrive
VWBRs, agitation is driven by magnetic coupling between magnets present in the vertical impeller and
in the base unit. These bioreactors were developed to be single-use and are available in various scales,
from 100 mL to 80 L (MagDrive) or from 3 L to 500 L (AirDrive), and feature an imbedded automatic
controller starting from the 3 L units (Figure 1.15). The characterisation of VWBRSs is so far limited and,
as such, no empirical correlations for bioreactor scale-up are yet available, but reports of computational
fluid dynamics (CFD)-based hydrodynamic modelling have already been published (Croughan et al.
2016, Borys et al. 2021).

A B

Figure 1.15 — Schematics of a Vertical-Wheel bioreactor. A 100 mL vessel with base. B 3 L vessel with embedded

controller. From Nogueira et al. (2021a). Reproduced under the terms of the Creative Commons CC-BY license.
Copyright 2021, The Authors.

hiPSC culture in VWBRSs has already been described, culturing the cells attached to vitronectin-
coated microcarriers (maximum yield of (1.0 £ 0.1) x 108 cells in 9 days at an 80 mL scale, and (2.6
0.5) x 108 in 8 days using a 300 mL working volume (Rodrigues et al. 2018)). Borys and colleagues
tested hiPSC expansion in 100 mL VWBR and found normoxic conditions using repeated batch to lead
to a higher cell growth than experiments with hypoxia (3%) and/or batch conditions. By performing a
low-density inoculation with pre-formed aggregates, they obtained up to (6.3 + 0.4) x 108 cells in 6 days,
and about 2.1 x 10'2 cells in 28 days, over the course of 4 consecutive passages (Borys et al. 2020).
The same group then optimised the culture protocol, in terms of inoculation (pre-formed aggregates vs.
single cells) and agitation speed, as well as harvesting enzyme and exposure time. With the optimised

conditions, a maximum of (6.5 £ 0.6) x 108 cells could be obtained, which could be passaged to 500 mL
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volume vessels (Borys et al. 2021). In all cases, the expression of pluripotency markers and
differentiation potential of the cells were found to be maintained. In a recent study, Silva and colleagues
have demonstrated cerebellar differentiation of hiPSCs in VWBRs. The dynamic culture system was
shown not only to maintain cell viability for at least 80 days of differentiation, but also both to enhance
extracellular matrix formation and to activate angiogenesis-related pathways in comparison to the static
control (Silva et al. 2021). This spontaneous onset of angiogenesis, in particular, is a very promising
development, as in vitro organoids are generally limited in this regard and necessitate alternative

strategies for blood vessel formation (Kim et al. 2016).

Various studies also describe hMSC expansion in VWBRSs. Yuan and colleagues developed a
method for scalable BM-hMSC aggregation (Yuan et al. 2018). The authors designed thermal
responsive PNIPAAmM microcarriers to which cells could attach at 37 °C, and be detached from at the
end of expansion by incubation at 23 °C. Following thermal detachment and microcarrier removal from
the vessel, the cells would be left to spontaneously aggregate. The authors performed cell expansion,
harvesting and aggregation in both spinner flasks and VWBRs. In the spinner flask, the harvesting
resulted in mainly single cells which did not aggregate even after 24 h. Expansion in the VWBRs at a
60 mL scale led to a production of 6.8 x 10° cells in 4 days, which could be harvested in 10 min at 23
°C and could form aggregates, with comparable diameter and cell viability to an microwell plate—based
protocol, as well as with a similar immunomodulation and cytokine secretion. Lembong and co-workers
also describe BM-hMSC expansion in VWBRs, using a xeno-free, fed-batch approach. Following
optimisation of the cell and microcarrier concentration, as well as the agitation, the fed-batch and
microcarrier addition strategies, and harvesting process (speed, quench hold time and solution
temperature) the authors could obtain 1.8-5.5 x 107 cells across hMSCs of five different donors after 5
days in a 92 mL working volume (Lembong et al. 2020). Another report of xeno-free UCM- and AT-
hMSCs expansion in VWBRs led to the production of (5.3 + 0.4) x 107 and (3.6 + 0.7) x 107 cells,
respectively, in 7 days and with a 100 mL working volume. Furthermore, the VWBR was established as
an economical alternative to T-175 flasks, as a cost analysis estimated a reduction of the process cost
per dose, from $17,000 to $11,100 for UCM-hMSCs and from $21,500 to $11,100 for AT-hMSCs (de
Sousa Pinto et al. 2019). Similar conditions were used for production of extracellular vesicles (EVs) from
BM-, AT- and UCM-hMSCs expanded in 100 mL working volume VWBRs. EVs comprise a prospective
therapy for a variety of diseases, either by their own characteristics or as drug delivery vehicles. Up to
(5.3 £ 5.5) x 107 hMSCs were obtained after the culture (which ranged from 7 to 11 days depending on
the cell donor and source). All three cell sources led to EV production in higher amounts when compared
to static cultures (averaging 5.7 + 0.9—fold higher production), with a maximum average of (6.9 + 1.7) x
10° particles/mL for UCM-hMSCs. The purity of these EVs was also improved and more consistent
between runs in comparison to static culture (de Almeida Fuzeta et al. 2020). Finally, BM-hMSCs have
also been expanded at a 2.2 L scale, in AirDrive VWBRs. About 6.6 x 108 cells could be obtained after
14 days of culture, with a similar cell concentration to 250 mL STBRs, although with a significantly lower
percentage of apoptotic cells, as well as less human leukocyte antigen (HLA)-DR expression (3% in
VWBRs vs 30% in STBRs). This lower HLA-DR expression, in particular, is promising for the

development of allogenic cell therapies (Sousa et al. 2015).
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1.1.2.5.8. Challenges of single-use bioreactor-based processes

The various examples of single-use bioreactors presented have shown that these platforms can
provide an answer to the limitations of reusable bioreactor systems for biomanufacturing of stem cells
for Regenerative Medicine applications. In fact, disposable hollow fibre bioreactors have already been
used in this context (Tirughana et al. 2018), and promising results on stem cell expansion and/or
differentiation in other platforms, such as STBRs, rocking motion bioreactors and VWBRs may lead into
clinical trials with stem cells and derivatives produced in these bioreactors in the near future. The choice
of bioreactor will depend on various factors, as each bioreactor has a subset of advantages and
limitations (summarised in Table 1.3), however, the overall development of processes with single-use
bioreactors also provides some challenges, independently of the platform of choice.

Reusable bioreactors necessitate resistant materials for their components, such as glass and/or
stainless steel, in order to prolong their lifetime even under many successive/long cultures and various
autoclaving or steaming cycles. The disposable parts of single-use bioreactors can employ less-
resistant materials, such as polymeric compounds, as they need only to be used for one culture process.
However, their sterilisation with y-radiation and their use under culture conditions can lead to the
degradation of these polymers, which then leach to the culture medium. Marghitoiu and colleagues
identified 53 different extractables from four different single-use vessels (Marghitoiu et al. 2015). One of
these, bis(2,4-di-tert-butylphenyl)phosphate (BdtBPP), is of special concern. BdtBPP results from the
degradation of tris(2,4-di-tert-butylphenyl)phosphate (TBPP), an agent which is commonly added to
polyolefins to protect them from oxidation by high temperatures or ionising radiation. BdtBPP was found
to be a very potent inhibitor of cell growth (Hammond et al. 2013, Hammond et al. 2014, Liu et al. 2014),
with a half-maximal effective concentration (ECso) for viable cell density between 0.12 mg/L and 0.73
mg/L across 9 different CHO cell lines, while up to 2 mg/L could be extracted from single-use vessels
(Hammond et al. 2013). Notably, as the ageing of single-use vessels leads to a reduction in the
leachable compounds, some vessels where cell growth was impaired by the presence of BdtBPP could
sustain normal cell growth after some time (Jurkiewicz et al. 2014). Nevertheless, due the possibility of
leaching-mediated impaired cell growth, extensive tests on the vessel extractables and care in the use
of compounds such as TBPP are of crucial importance. The lesser resistance of the single-use
bioreactors in comparison to reusable systems may also limit the scale at which cultures can be
performed — at very high scales, the vessels may not be able to withstand the liquid volume and rupture.
While this is not a problem for autologous therapies, especially if high-density cultures can be performed,
the establishment of off-the shelf products may be more difficult.

Single-use bioreactors also present an important sustainability issue. In fact, the disposal of
possibly hundreds or thousands of single-use vessels over the lifetime of a process will contribute to a
higher footprint, as these vessels, due to having harboured expanding cells, are treated as biological
waste and cannot be recycled, being incinerated or sent to landfills. The manufacturing, packaging,
sterilisation and shipping of these bioreactors also pose sustainability constraints, as these steps have
to be constantly repeated throughout the process. However, a set of life cycle analyses of monoclonal
antibody and adenoviral vaccine production in reusable and single-use systems actually concluded the

single-use process to be more environmentally sustainable. In fact, the major environmental impact of
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Table 1.3 — Advantages and limitations of single-use bioreactors as a whole and specific single-use platforms. From

Nogueira et al. (2021a). Reproduced under the terms of the Creative Commons CC-BY license. Copyright 2021,

The Authors.
Platform Advantages Drawbacks/limitations
Risk of leachables—possible
Compatible with GMP guidelines cell growth impairment
Pre-sterilised—no CIP and SIP necessary Maximum scale limited by
. Closed systems—minor contamination risk material resistance
Single-use

bioreactors

Reduced downtime and higher productivity
Lower overall environmental impact than
reusable systems

Lower initial investment

Environmental impact of vessel
manufacturing, packaging,
shipping and disposal
throughout the whole process
High running costs

Stirred tank

Vast know-how and characterisation

Available at many different scales

Availability of empirical correlations and criteria
for variable estimation and scale-up

Variety of agitation mechanisms

Some are naturally compatible with perfusion

High overall shear stress
Heterogeneity of shear stress
distribution—existence of hot-
spots and stagnated zones

Low shear stress

Formation of concentration
gradients

Fixed bed High surface-to-volume ratio and small footprint Cell harvesting only possible at
Naturally compatible with perfusion the end of the culture
Difficult cell monitoring
Formation of concentration
gradients
Low shear stress Cell harvesting only possible at
High surface-to-volume ratio and small footprint the end of the culture
Hollow fibre Semipermeable membrane system, allowing for Difficult cell monitoring
indirect mass exchange Susceptibility to fouling
Naturally compatible with perfusion Expensive operation
Available only at a single scale
(2.1 m?)
Low shear stress Formation of concentration
Rotary cell Simulated microgravity environment gradients

culture system

No air bubbles
Some are naturally compatible with perfusion

Available only at small scales
(up to 50 mL)

Rotating bed

Low shear stress

High surface-to-volume ratio and small footprint
Intermittent contact with medium and
headspace

Naturally compatible with perfusion

Cell harvesting only possible at
the end of the culture
Difficult cell monitoring

Rocking motion

Efficient mixing with low shear stress

No air bubbles

Some are naturally compatible with perfusion
Available at many different scales

Resonance phenomenon—
spike of shear stress at certain
rocking velocities

Some cell deposition and
microcarrier sticking to vessel
walls

Vertical-Wheel

Efficient mixing with low shear stress

Vessel format avoids cell settling at the beneath
the impeller

Narrow gradients of energy dissipation rate
Available at many different scales

Naturally compatible with perfusion starting
from the 3 L scale

Still not well-characterised
Small-scale (100 mL and 500
mL) bioreactors not controlled
and incompatible with perfusion
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traditional systems lies on the sterilisation, specifically, on the water for injection and clean steam
requirements. Conversely, the end of life of disposable systems was found not to be significant in
comparison to the impact of both their production and of the bioprocess operation. As such, overall,
single-use bioreactors were considered by the authors a “greener” approach, but their environmental
impact can be reduced even further by, for instance, ensuring the bioproduction facility is as close as
possible to the site of vessel manufacturing, and by promoting the recycling of any non-contaminated
parts, namely, the packages and wrapping (Pietrzykowski et al. 2013). Furthermore, this study focused
on traditional biological processes, as such, it still remains unanswered if the same conclusions can be

extrapolated to the bioproduction of stem cells with its associated specificities.

The transition to disposable systems is also of economic concern (Levine et al. 2013, Rogge et
al. 2015). While disposable vessels are less expensive than their reusable counterparts, resulting in a
smaller initial investment, the need for new vessels for each bioreactor run may lead to higher running
costs through the process lifetime. The differences in single-use bioreactor process cost will depend not
only on the lower initial investment and higher consumable cost, but also on other factors such as the
time saved in sterilisation cycles and the potential lower risk of contaminated batches. Furthermore,
processes with single-use bioreactors may face smaller regulatory hurdles, reducing the time-to-market,
and, consequently, the pay-back and pay-out times. The evaluation of the most financially attractive
process will require a thorough economic analysis. Even with this analysis, the choice will depend on
what the final goals are—for instance, to obtain a higher profit in the lifetime of the process or to break

even with the initial costs at the earliest opportunity.

1.1.2.6. Emerging trends in human induced pluripotent stem cell culture

Since the first derivation of hiPSCs in 2007, these cells have held much promise in the impact
they could have on medical practices, especially concerning precision medicine approaches. While the
ability to mass-expand hiPSCs in bioreactors, using strategies such as those here described, was
certainly an important achievement in this regard, there is still a long path to be treaded before the use

of these cells is commonplace.

One important point lies in the cells themselves. hiPSCs have been described to retain some
epigenetic memory of their pre-reprogramming state, such as methylation profiles, which can impact
their differentiation potential and skew it towards the cell type of origin (Nishino et al. 2011, Tesarova et
al. 2016). This enforces the usage of specific primed hiPSC lines to obtain a desired cell type with a
high yield. Alternatively, following reprogramming, hiPSCs can be led towards a more naive state of
pluripotency, featuring ICM-like gene expression and hypomethylation (reviewed in Yagi et al. (2017)).
Lipsitz and co-workers describe a four-inhibitor formulation which leads primed hPSCs towards a naive
state (Lipsitz et al. 2018b). Naive cells were shown to expand 5.7 + 0.2-fold higher than primed cells in
bioreactors, without loss of pluripotency or karyotypic abnormalities. Similar conclusions were obtained
by Rohani and colleagues following a culture medium—induced transition to a naive state—higher growth
rates (~ 1.5-fold) and enhanced aggregation. The authors also observed a robust expression of naive

pluripotency markers and hallmarks of X chromosome reactivation (Rohani et al. 2020). Thereupon, the

34



usage of naive hiPSCs may not only facilitate differentiation methodologies, but also improve the cell
numbers which are harvested at the end of culture.

One additional strategy, which was described to improve stemness of mESCs, is the subjection
of the cells to a microgravity environment. The phenomena which lead to increased stemness are still
not well known but may include microgravity-induced activation of specific signalling pathways, such as
wingless-related integration site (Wnt) 1, improved nutrient consumption and lower shear stress. The
effect of microgravity on differentiation, however, is still controversial. Indeed, while it has been
described to inhibit cell terminal differentiation in both directed and spontaneous differentiation of
mESCs (Blaber et al. 2015, Lei et al. 2018b), other studies detail improved differentiation into pancreatic
lineages (Wang et al. 2012b) and retina organoids (DiStefano et al. 2018) on microgravity bioreactors,
as well accelerated neural differentiation of hESCs (Come et al. 2008). Moreover, temporary exposure
of hPSC-derived cardiac progenitor cells (CPCs) to microgravity has been shown to increase final
cardiomyocyte purity and yield, the latter up to 4-fold in comparison to normal gravity culture (Jha et al.
2016). Therefore, while more detailed studies of microgravity in pluripotency and differentiation are still
required, particularly on human cells, the usage of microgravity bioreactors for hiPSC culture may not
only eventually improve the quality of cells to some extent, but also provide important insights on the
behaviour of living organisms in space.

Regardless of the overall strategy, the transition of any of these methodologies from the
laboratory to an industrial, manufacturing scale will require the design of robust bioprocesses with a tight
quality control. This has led regulatory agencies to promote the implementation of Quality by Design
(QbD) processes (Lipsitz et al. 2016). This approach combines scientific knowledge with risk analysis
in order to determine a design space where the process can operate without affecting the final product
quality. As the knowledge about the process increases, it can be modified iteratively. Therefore, while
traditional processes require extensive quality control at a product level, the QbD framework employs
quality control throughout the production, reducing the risk of unsuitable products and ultimately
resulting in a less expensive and more robust bioprocess. Advancements in machine learning may also
contribute to the development of robust bioprocessing technologies, by exploring interactions between
the cells and their environment which are not immediately evident, and how those are directly translated
in stem cell behaviour (Joutsijoki et al. 2016, Orita et al. 2019, Williams et al. 2020). Finally, the
implementation of fully automated processes is also of importance in the establishment of robust

bioprocesses as a means of minimising operator variability and errors (Kulik et al. 2016).

I.2. Heart development and cardiac differentiation

The heart is one of the most important organs in the human body. It functions as a mechanical
pump—after being filled with blood, the heart contracts and the blood is readily delivered through arteries
to the rest of the body.

The human heart has a four-chambered structure, being composed of two atria, at the top and
two ventricles, at the bottom (Weinhaus and Roberts 2005). The left and right chambers are separated
by a septum, avoiding mixture of the blood in both sides, and a one-way valve borders the atrium and

the ventricle and prevents blood backflow. The heart wall is divided in three layers—the endocardium,
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the myocardium and the epicardium (from the innermost to the outermost layer). Surrounding the heart
is a liquid-filled sac termed pericardium. The contractions of the heart are mostly a function of the cardiac
muscle cells, or cardiomyocytes, which are the main type of cell which comprises the myocardium.
Amongst these cells, some neuron-like cells, the pacemaker cells, ensure a synchronous and stable

contraction along the whole heart.

The main function of the heart is to ensure proper oxygenation and nutrient supply to the various
cells of the body (Weinhaus and Roberts 2005) (Figure 1.16). Oxygenated, or atrial, blood is supplied
from the lungs through the pulmonary vein and enters the left atrium of the heart. As the atria contract
(atrial systole), the arterial blood moves towards the left ventricle, passing through a one-way valve
which impedes backflow to the atrium. Following the atrial systole, a ventricular systole displaces the
blood from the heart to the rest of the body through a complex arterial system. This will allow the cells
to receive oxygen and nutrients, and to dispose of carbon dioxide and toxic metabolites. Following both
contractions, the heart will relax (diastole), After oxygen and nutrient exchange, the now-venous blood
will return to the heart through the veins and enter the right atrium. Following atrial systole, the blood
will pass the valve to the right ventricle, and after ventricular systole, the venous blood will be transported
to the lungs through the pulmonary arteries. Gas exchange occurs through the alveoli, ensuring the
blood is depleted of carbon dioxide and enriched in oxygen. This arterial blood will travel back to the left

atrium via pulmonary veins and the cycle begins anew.

A healthy heart generally contracts at a rate of 60—100 bpm (Clarke et al. 1976, Abba and Garba
2020). This rate can, however, be influenced by activity, as strenuous physical effort will increase the
beating (and respiratory) rate, ensuring a higher oxygen supply to the muscles, and, consequently, a
higher ATP production (Cheng et al. 2008), whereas resting periods are characterised by a slower
beating and respiratory rate, as only a basal activity of the body needs to be maintained (Cajochen et
al. 1994). Blood pumping will, evidently, result in a higher strain in the walls of the blood vessels, due to
the higher mechanical pressure applied. Regular control of the arterial pressure and of the beating rate
(normally measured on the left arm, wrist, or leg) is important to ensure the health of the circulatory

system and diagnose and act upon problems.

While the heart has a crucial function for maintenance of the body, it is as fragile as it is
important. In fact, cardiomyocytes have an extremely limited proliferation ability (Bergmann et al. 2009,
Mollova et al. 2013, Hesse et al. 2018), as such, when the heart is damaged, the dead muscle cells are
replaced by fibrous tissue, forming a non-muscular scar which limits the blood-pumping ability of the
heart (Richardson et al. 2015). As such, cardiovascular diseases (CVDs) represent a serious threat and
severely limit the quality of life of afflicted patients. Moreover, they have remained for many years the
leading cause of death in the world (https://www.who.int/news-room/fact-sheets/detail/the-top-10-
causes-of-death, accessed on the 25" of May 2021). Their prevalence is not expected to decrease in
the following years due to an increasing incidence of risk factors, such as obesity, high cholesterol
intake, sedentarism, alcohol consumption and smoking (Virani et al. 2021). In fact, some of these factors
have been exacerbated due to the lockdown and limitations imposed by the ongoing COVID-19

pandemic.
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Figure 1.16 — Physiology of the heart and bodily circulation. Oxygenated blood (red) enters the left atrium (LA) from
the pulmonary veins and is pumped towards the left ventricle (LV). Following ventricular contraction, the blood is
pumped to aorta and distributed to the tissues through the systemic arteries. Deoxygenated blood (blue) is returned
to the heart through the systemic veins and the venae cavae. Blood enters through the right atrium (RA), the right
ventricle (RV), and is pumped to the lungs through the pulmonary arteries. Gas exchange occurs at the alveoli,
replenishing the blood in oxygen and allowing for its recirculation to the body. From Sun and Kontaridis (2018).
Reproduced with permission. Copyright 2018, Elsevier.

While a cure for damaged hearts is still not available, several treatments can be used to attempt
to restore some of its function and/or to overcome debilities in blood pumping. Drugs such as B-blockers
(role in slowing heart rate, reduction of infarct size and prevention of arrythmias (Becker and Gore 1991,
Kim et al. 2020)), anticoagulants (Homma et al. 2012, Onwordi et al. 2018) or aspirin (avoids platelet
aggregation (Vane 1971, Hennekens et al. 1997)) have shown a positive effect on heart protection
following myocardial infarction. In some situations, surgical intervention may be necessary, for instance,
to reduce blood vessel obstruction via stenting or coronary angioplasty (Weaver et al. 1997, Zhu et al.
2001, Scheller et al. 2003), to perform a coronary bypass, allowing for an alternative pathway over
compromised vessels for blood flow (Jones et al. 2009), or to implant a cardiac pacemaker to overcome
defects in the cardiac conduction system (Gordon et al. 1998, Merin et al. 2009). The most severe cases
may require a full cardiac transplantation, thus replacing the damaged heart with a functional one,
stemming from recent corpses. However, cadaveric hearts are not readily available and may lead to
complications related with donor-host incompatibility, including rejection. Moreover, transplantation is
not an option for a variety of patients as a result of other underlying pathologies (Deng 2002). As such,
scientists have long searched for alternatives to transplantation, and that answer may have been found
in hPSCs. Achieving cardiac differentiation of hPSCs requires an understanding of the in vivo
mechanisms involved in the heart formation, as such, the following section will detail how this occurs in

the embryo, followed by some strategies to recapitulate these phenomena in vitro.
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I.2.1. Human cardiogenesis

This section will describe some of the steps involved in cardiac formation in the embryo (Figure
1.17), with greater detail on the steps leading to the heart tube formation, as these are of particular
importance in understanding how to recapture cardiac differentiation in vitro. A comprehensive

description of the whole process of human cardiac development is available by Buijtendijk et al. (2020).
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Figure 1.17 — Heart development. The cardiac crescent is formed by cells migrated from the mesoderm. As the
embryo folds, the cardiac crescent will form the heart tube. Following looping of the heart tube and septation, the

heart acquires its mature form. From Chemello et al. (2020). Reproduced with permission. Copyright 2020, Elsevier.

After fecundation and formation of the zygote, this cell undergoes successive divisions until
forming the morula, a cell sphere comprising about 16 cells. At this point, the cells will start to organise
and differentiate, forming an outer cell layer, the trophoblast, and an ICM. The ICM then forms an
embryonic disc composed of two layers, the epiblast and the hypoblast (primitive ectoderm and
endoderm, respectively).

Cardiac development can be considered to start with the gastrulation, at the third week of
embryogenesis. In this stage, the primitive streak, a midline structure in the epiblast, is formed. This
leads the epiblast cells along the primitive streak to detach and migrate, forming a new layer, the
mesoderm, between the previous two. This three-layered structure is termed gastrula, and from its three
layers, the ectoderm, mesoderm and endoderm, different types of somatic cells will be formed. In the
mesoderm, WNT signalling maintains these cells undifferentiated. Some of the mesodermal cells
migrate to the anterior embryo, where WNT signalling is inhibited, allowing for their cardiac differentiation
via bone morphogenic protein (BMP) signalling. These cells are termed first heart field (FHF) cells and
can be differentiated to cardiomyocytes and smooth muscle cells. The FHF cells form the cardiac
crescent, which expresses transcription factors insulin gene enhancer protein (ISL) 1 and NK2
homeobox 5 (NKX2.5), and which is bordered by BMP inhibitors and fibroblast growth factors (FGFs)
secreted by the neural tube and the endoderm, respectively. Primitive cardiomyocytes then being to
contract and to electrically couple, initiating myocardial formation. At the same time, some of the cells

which have migrated to the anterior embryo have undergone epithelial-to-mesenchymal transition and
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begin endocardial formation between the precardiac mesoderm and the endoderm. At the end of the
third week of cardiac development, the embryo starts to fold, and the cardiac crescent originates a heart
tube, comprised of two to three layers of cardiomyocytes and an inner layer of endocardial cells,
separated by extracellular matrix (ECM; cardiac jelly).

At the fourth week of embryonic development, the heart tube begins to bend. Some of the cells
which have remained in the mesoderm, rapidly proliferating through canonical WNT signalling, will at
this stage migrate and differentiate into cardiomyocytes, integrating and expanding the folding heart
tube. These cells are termed second heart field (SHF) cells, and, besides cardiomyocytes and smooth
muscle cells, can also generate endothelial cells. The successive bending of the heart tube then leads
to ventricular and then atrial formation, and the left and right chambers are then divided by septation, to
avoid the mixture of arterial and venous blood. The septation process also starts the formation of the
heart valves, which impede blood backflow. The cardiac conduction system develops concomitantly with
the chambers, allowing the electrical impulse to be propagated to the individual cardiomyocytes through
Purkinje fibres, and the heart to start to function properly.

Following all of these processes, the heart is already functional. However, its development is
not restricted to the in-utero phase. In fact, the heart continues to mature over childhood, adolescence

and early adulthood. This process is further detailed in section 1.2.4.

1.2.2. In vitro protocols for cardiac differentiation of human pluripotent stem cells

A variety of protocols for hPSC differentiation have already been described, by applying some
of the lessons gathered from human cardiogenesis. The efficiency of these protocols is generally
measured in terms of expression of cardiac-specific genes, including cardiac troponins T (cTNT) and |
(cTNI), myosin heavy chain (MHC) or myosin light chain (MLC) 2, in both its atrial (MLC2a) and ventral
(MLC2v) isoforms.

1.2.2.1. Embryoid bodies

Embryoid bodies (EBs) are aggregates resulting from spontaneous differentiation of hPSCs and
are formed by self-aggregation of these cells in low-attachment platforms and culture in medium with
FBS for 2 weeks or more. hPSC differentiation as EBs results in cells from the three germ layers of
embryonic development, which allows it to potentially generate cardiomyocytes.

The first report of EB formation using hESCs dates from 2000, from Itskovitz-Eldor and co-
workers. The authors detected a minority of spontaneously contracting EBs and performed a-actinin
staining, confirming the cardiac identity of their cells (ltskovitz-Eldor et al. 2000). The same group later
performed a more thorough characterisation of the EB-generated cardiomyocytes. A maximum of 8.1%
of the EBs exhibited contractile zones (29.4% of these areas staining positively for cTNI), with
increasingly sarcomeric organisation throughout the differentiation time and with electrophysiological
characteristics of cardiomyocyte tissue (Kehat et al. 2001).

Since these first reports, other authors introduced some improvements in the standard EB

protocol in an attempt to increase its cardiogenic potential. Laflamme and co-workers performed
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implantation of hESC-derived cardiomyocytes in uninjured rat hearts. The authors employed a Percoll
gradient centrifugation step at day 21 of differentiation to increase purity to ~ 15% cardiomyocytes, as
well as a heat shock treatment (30 min at 43 °C) 24 h prior to graft implantation to improve cell survival.
This heat shock treatment additionally increased graft size three-fold (Laflamme et al. 2005). Mohr et al.
used microwells to control EB size and obtained the highest percentage of contracting EBs (~ 18-20%),
as well as higher cardiac gene expression (2- to 4-fold higher than the control) when specifying EB
diameter at 300—400 pym, despite similar expression of MLC2a with 100 ym and 300 ym EBs (Mohr et
al. 2010). The cardiomyogenic potential of hPSC differentiation as EBs could be further improved by
combining this protocol with other strategies, such as addition of growth factors and/or small molecules
(Xu et al. 2002, Kattman et al. 2011, Kempf et al. 2011, Ren et al. 2011, Wei et al. 2012, Kamakura et
al. 2013, Mehta et al. 2014, Qiu et al. 2017), or the culture on/encapsulation in hydrogels (Hazeltine et
al. 2014, Puig-Sanvicens et al. 2015). In fact, Burridge and colleagues attained up to 89% cTNI*
cardiomyocytes combining hypoxia in the first 4 days of differentiation, mesoderm induction with BMP4
and bFGF in medium with polyvinyl alcohol (PVA) between days 0 and 2, FBS supplementation at day
2-4, and EB adhesion and insulin supplementation from day 4-9 (Burridge et al. 2011). One patrticularly
innovative protocol focused on the mitochondrial alterations throughout differentiation — while hPSC
mitochondria are generally spherical with few cristae, the mitochondria of somatic cells are filamentous
and contain many cristae. In fact, the metabolism of these two cell types is very distinct; whereas hPSCs
support proliferation through glycolysis, somatic cells rely on oxidative phosphorylation for their energy
needs, and thus require a more robust mitochondrial network. As such, treatment of hiPSC EBs with
M1, a small molecule which promotes mitochondrial fusion, was shown to promote spontaneous cell
differentiation, in particular to the cardiac lineage (2- to 3-fold increase in percentage of beating EBs),

without changes in endoderm and ectoderm markers (Lees et al. 2019).

1.2.2.2. Inductive co-culture

The ectoderm and endoderm play important roles in human cardiogenesis, mainly through the
secretion of growth factors which localise and border the CPCs and control their differentiation. As it
follows, harnessing the potential of these germ layers for in vitro culture could allow for cardiac
differentiation with limited to no additional stimuli.

Mummery and co-workers performed co-culture of hESCs with either visceral endoderm cells
or liver parenchymal-like cells. These two cell types present similar protein secretion profiles and
promoted cardiac differentiation of hESCs, resulting in 35 + 10% of wells with beating areas, with a
majority of the formed cardiomyocytes having a ventricular-like action potential (Mummery et al. 2003).
It was later shown that the feeder layer on which hPSCs were expanded prior to co-culture had an
impact on cardiac differentiation—mouse embryonic fibroblasts supported both undifferentiated hPSC
expansion and cardiac induction to greater effect than human feeders (Pekkanen-Mattila et al. 2012).
Cyclosporin-A, an immunosuppressant, was also detailed to improve upon differentiation of hiPSCs via
co-culture, allowing for a 4.3-fold increase in the percentage of beating areas when applied at day 8.
These beating colonies could then be maintained for over 10 months following replating (Fujiwara et al.
2011).
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Co-culture of hiPSCs with already—cardiac differentiated cells was also proven to promote
cardiac differentiation of the former. Chu and colleagues found that covering monolayer hiPSCs with a
layer of hiPSC-derived cardiomyocytes would generate about 3% cTNT™ cells with two different cell
lines, which had a very distinct cardiac differentiation efficiency using the WNT signalling protocol
(described in section 1.2.2.4). Curiously, simultaneous culture of both cell types did not result in cardiac
induction (Chu et al. 2020).

1.2.2.3. TGFB and FGF signalling

The TGFB signalling pathway (Figure 1.18) is highly conserved between multicellular organisms
and involved in a variety of cellular processes, including proliferation, migration, differentiation and
apoptosis, although it is overexpressed in a variety of diseases (e.g., cancer). The TGFf superfamily
includes notorious cytokines such as activins, Nodals and BMPs (Akhurst and Hata 2012, Kubiczkova
et al. 2012). FGF signalling (Figure 1.19) is also highly conserved between species, and has a role on
both progenitor cell behaviour, as well as the homeostasis of the adult tissues (Turner and Grose 2010,
Ornitz and Itoh 2015). Both these signalling pathways can act at a transcriptional level, or via miRNA
processing.

The TGFB and FGF signalling pathways play crucial roles in the development of the human
heart. In fact, BMP signalling is responsible for initial differentiation of FHF fields, and secretion of BMP
inhibitors and FGF by the layers adjacent to the cardiac crescent spatially restrict this structure. In vitro
activation of these signalling pathways using growth factors in a temporally localised manner has been
shown in various reports to be able to directly conduct hPSCs towards a cardiac fate.

Initial cardiac mesoderm specification using growth factors is generally performed by medium
supplementation of two members of the TGFB superfamily—activin A and BMP4—concomitantly with
or followed by bFGF. Starting from day 4/5 of differentiation, cardiac differentiation may be further
enhanced via WNT inhibition (with growth factors or small molecules) and supplementation with vascular
endothelial growth factor (VEGF). Re-supplementation with bFGF after about one week of differentiation
was described to enhance the proliferation of the resulting cardiac cells (Mima et al. 1995, Yang et al.
2008). Some studies also describe this protocol under a hypoxic environment, which can mimic the
oxygen tension to which the embryo is subjected (Yang et al. 2008, Kamakura et al. 2013, Thavandiran
et al. 2013, Pesl et al. 2014, Weinberger et al. 2016, Ohashi et al. 2019, Souidi et al. 2021), although
very low oxygen tensions may negatively affect cardiac differentiation and cause DNA damage and
cellular senescence (Gaber et al. 2013). Directed cardiac differentiation with growth factors in 2D is
moderately efficient, having been reported to generate over 30% cTNT* cells (Laflamme et al. 2007,
Carpenter et al. 2012). 3D differentiation protocols have been shown to generate populations with much
higher cardiomyocyte content, with about 80% cTNT* cells being generated in 250 mL bioreactors
(Matsuura et al. 2012), and forced aggregation in microwell plates resulting in up to 95% cTNT™* cells
following differentiation (Pesl et al. 2014).

Other reports established some additional improvements on the growth factor-based cardiac
differentiation protocol. Applying a similar methodology to their previous spontaneous differentiation

report, Laflamme and colleagues subjected hESC-derived cardiomyocytes to a heat shock treatment,
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Figure 1.18 — Overview of the canonical TGF signalling pathway. Following activation, the TGFf receptors (TBRs)
phosphorylate SMADs, which will act on transcriptional regulation of specific genes and/or on processing of miRNA
for gene regulation. From Akhurst and Hata (2012). Reprinted by permission from Springer Nature: Nature

Publishing Group, Nature Reviews Drug Discovery, Copyright 2012.

which, along with the use of Matrigel and a pro-survival cocktail, allowed the cardiomyocytes to engraft
infarcted rat hearts and attenuate the disease progression (Laflamme et al. 2007). BMP inhibition by
NOGGIN and subsequent retinoic acid inhibition at the mid-differentiation stage improved 2D cardiac
differentiation with a cardiomyocyte yield of 64.7 + 0.9%. Intriguingly, retinoic acid signalling could be
modulated to promote the generation of different subtypes of cardiomyocytes — atrial for its activation
and ventricular with its inhibition (Zhang et al. 2011). Molecules which were also shown to improve
cardiac differentiation include G-protein coupled receptor apelin (involved in mesodermal cell migration)
(Wang et al. 2012a) and trichostatin A (inhibits histone deacetylases, which would otherwise repress
cardiac transcription factors GATA-binding protein (GATA) 4, myocyte-specific enhancer factor (MEF)
2C and NKX2.5) (Lim et al. 2013).
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Figure 1.19 — Overview of the FGF signalling pathway. Following ligand binding, the phosphorylation of kinase
domains and docking of adaptor proteins will activate the RAS-RAF-MAPK, PI3K-AKT, signal transducer and
activator of transcription (STAT) and phospholipase Cy (PLCy) pathways. Regulation of target genes may be
performed at a transcriptional level or via miRNAs. From Turner and Grose (2010). Reprinted by permission from
Springer Nature: Nature Publishing Group, Nature Reviews Cancer, Copyright 1969.

1.2.2.4. WNT signalling

WNT signalling (Figure 1.20) is a highly conserved pathway, responsible for embryonic
development and adult tissue homeostasis. Canonical WNT signalling relies on B-catenin. When this
pathway is not activated, B-catenin is phosphorylated by glycogen synthase kinase (GSK) 3 and
subsequently degraded. Upon WNT activation, the mechanisms of -catenin phosphorylation are
stopped, allowing for translocation of B-catenin to the nucleus and activation of target genes (Clevers
2006, Komiya and Habas 2008, Patel et al. 2019).

Similarly to the signalling pathways mentioned in the previous section, WNT signalling is

inextricably involved in human cardiogenesis. Its role was found to be biphasic—while canonical WNT
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Figure 1.20 — Overview of the canonical WNT signalling pathway. When the pathway is inactive, B-catenin (Bcat) is

phosphorylated by casein kinase (CK) 1 and glycogen synthase kinase (GSK) 3. After phosphorylation, $-catenin
is recognised for ubiquitination and degraded. Groucho binds to T-cell factor (TCF), inhibiting the transcription of
target genes. Activation of the WNT signalling pathway will lead to Axin docking away from the destruction complex,
and thus impede B-catenin degradation. As such, B-catenin will translocate to the nucleus, displacing Groucho and
allow for transcription of the WNT target genes. From Clevers (2006). Reproduced with permission. Copyright 2006,

Elsevier.

signalling is involved in mesoderm formation and in the rapid proliferation of mesodermal cells, it also
prevents their differentiation; cardiac commitment requires the migration of some of these cells to the
anterior embryo, where WNT signalling is inhibited. In vitro, the same effects are observed, as WNT
activation is necessary for mesoderm specification (as the lack of factors which mimic the primitive
streak leads to ectoderm differentiation (Paige et al. 2010)), but the following differentiation into cardiac
mesoderm lineages requires the inhibition of canonical WNT signalling.

Paige and co-workers developed some studies regarding the role of WNT signalling on hESC
differentiation. They report that endogenous canonical WNT signalling is necessary for activin A— and
BMP4-mediated cardiac differentiation, as the cardiogenic potential of hESCs was well-correlated with
the upregulation of canonical WNT genes WNT1, WNT3a and WNT8a. Initial addition of WNT inhibitor
Dickkopf-related protein (DKK) 1 would impair this differentiation, while exogenous WNT3a could
improve it, and rescue it in the cell lines with less cardiogenic potential. Following mesoderm formation,
DKK1 supplementation could improve cardiac differentiation by 70% (Paige et al. 2010). Lian and
colleagues applied this stage-specific WNT modulation to develop a more robust hPSC cardiac
differentiation protocol. This protocol relies only on medium supplementation with small molecules—
GSK3 inhibitor CHIR99021 (CHIR) for the first day of differentiation and an inhibitor of WNT
production/response (IWP/IWR) between days 3 and 5. The initial WNT activation was also shown to
regulate activin/NODAL and BMP signalling, further evidencing the role of the crosstalk of all these
signalling pathways in cardiac differentiation. Overall, the GSK3 inhibition/WNT inhibition (GiWi) protocol
could generate up to 98% cTNT* cells in 15 days in 2D culture, with a yield of 15 cardiomyocytes/hPSC,
without the necessity of expensive growth factors (Lian et al. 2012, Lian et al. 2013a). The same group

also described the importance of insulin throughout the cardiac differentiation protocol. While both hPSC
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self-renewal and cardiomyocyte proliferation rely on insulin, this protein was also shown to impair
cardiac mesoderm specification via canonical WNT signalling, with this effect varying depending on the
type of protocol—the GiWi protocol was only negatively affected, by 40%, when insulin was added on
day 1 (Lian et al. 2013b).

The GiWi protocol has also already been described for 3D cardiac differentiation of hPSCs.
Correia and co-workers performed cardiac differentiation of hiPSCs during 6-8 days in 2D, followed by
a forced aggregation strategy in microwell plates and culture in orbital suspension. This protocol was
compared to a fully 2D differentiation. The 3D strategy improved the cardiomyocyte purity of the resulting
population—as the aggregation of cells with analogous surface proteins is facilitated, thus allowing for
the formation of cardiomyocyte-enriched spheroids—with over 70% expression in cardiomyocyte
markers identified for various independent hESC and hiPSC lines. Furthermore, this approach also
resulted in an enhanced maturation. In fact, cardiomyocytes generated in 3D conditions showed
differences in amino acid metabolism, a shift in transcriptome and fluxome from glycolysis to oxidative
phosphorylation (OXPHQOS), and improved electrophysiology (Correia et al. 2018). Branco and
colleagues used microwell plates to form hiPSC aggregates with a controlled size, observing the
differentiation to be ideal with 3 days of culture prior to differentiation, along with a starting aggregate
diameter of 289 + 12 um, generating over 90% cTNT* cells. The authors also performed a transcriptomic
analysis which gave insight on how 2D and 3D cardiac differentiation differ. Namely, 3D differentiation
leads to a hypoxic environment inside the aggregates which, in turn, acts in important cardiac pathways
(e.g., TGFB/NODAL) and favours glycolysis, striking a balance between pluripotency maintenance and
mesendoderm priming. Furthermore, a more thorough structural and functional maturation of the

cardiomyocytes was observed (Branco et al. 2019).

Kempf and co-workers expanded and differentiated hPSCs as aggregates in 100 mL
bioreactors, using a cyclic perfusion feeding regime for expansion. While batch cultures led to the
upregulation of genes correlated with negative regulation of growth, cyclic perfusion resulted in the
upregulation of BMP2, a gene of the TGF superfamily. While cyclic perfusion resulted in less cells in 2
days (60 million vs 79 million with batch) and in a slower upregulation of mesodermal genes T-box
transcription factor (TBX) 2 and mesoderm posterior (MESP) 1, it also resulted in upregulation of cardiac
genes ISL1 and NKX2.5 and, consequently, in cardiac differentiation, which was not observed in
aggregates from batch cultures. Following differentiation, an average of 4.0 x 107 cardiomyocytes could
be recovered (62.9 £ 7.3% cTNT" cells), a majority with a ventricular-like action potential (Kempf et al.
2014). Laco et al. performed differentiation of hiPSCs attached to microcarriers in 300 mL bioreactors,
with oxygen tension controlled at 30%. By the end of cell expansion, after 5 days, the authors could
obtain 6.0 £ 1.2 x 108 cells, while differentiation resulted in 2.2 £ 0.4 x 10° cardiomyocytes with over
80% of the total cells expressing cTNT. Following a 4-day lactate selection step and 4 days in recovery
medium, the purity in cTNT was increased to over 96%, with a final cardiomyocyte yield of 1.9 x 10°
(Laco et al. 2020).

In a variation from the traditional GiWi protocol, Tsao and colleagues employed a “self-
differentiating” material, allowing for minimal operator handling throughout the process. The use of

uncoated and poly(lactic-co-glycolic acid) (PLGA)-coated silica particles, allowing for burst release of

45



CHIR and gradual release of IWP-2, respectively, allowed for mimicry of the traditional GiWi protocol,
and requiring only exchange of medium without molecules. This protocol led to the generation of 30.3 £
1.9% cTNT* cells in 15 days, a slight reduction over the differentiation with dissolved molecules, but
allowing for this method to be a viable alternative (Tsao et al. 2018).

The GiWi protocol is typically performed using the chemically defined Roswell Park Memorial
Institute (RPMI) 1640 medium, supplemented with B-27 (minus insulin for up to the first week of
differentiation), an undefined and xenogeneic supplement with 21 components. Naturally, the transition
to a simpler, defined and xeno-free medium formulation would greatly improve the protocol in terms of
cost, reproducibility and prospective transition to the clinic. This motivation led Burridge and colleagues
to subtract the components of B-27, one at a time, and observe how each removal affected cardiac
differentiation. Interestingly, stripping B-27 of all its components except for ascorbic acid 2-phosphate
(which absence led to complete cell death) could still sustain cardiac differentiation, although with
reduced cell yield. The optimal medium developed by the authors (chemically-defined medium, 3
components; CDM3), contains only RPMI 1640, ascorbic acid and recombinant human albumin (instead
of its bovine variant found in B-27), and could generate about 85% cTNT* cells. Furthermore, this xeno-
free medium can be combined with defined matrices for a fully chemically defined process. While laminin
allows for long-term cellular adhesion, due to its prohibitive cost, vitronectin is a more attractive matrix,
in spite of requiring frequent passaging and replating (Burridge et al. 2014). CDM3 was also shown to
support cardiac differentiation of hPSCs as aggregates in suspension culture. Prior to differentiation, the
aggregates were expanded in E8 for 2 days, as this expansion time was found to improve subsequent
cardiac commitment. By applying continuous WNT control (i.e., inhibiting WNT signalling directly after
its activation, between days 1 and 3 of differentiation), Halloin et al. could produce over 90%
cardiomyocytes in 500 mL bioreactor systems, with a density of about 1 x 10% cardiomyocytes-mL-"
(Halloin et al. 2019).

1.2.2.5. Direct control of gene expression

Cell differentiation is a very complex process, governed by a multitude of systems, but is
associated with, and a consequence of, changed gene expression (by the action of internal or external
stimuli). While the differentiation protocols described in the previous sections serve as stimuli to induce
endogenous changes in gene expression (through cell-cell interactions or by modulating cell signalling),
it is also possible to deliver genes to a cell (for instance through viral transduction), allowing for a tighter
control of its fate and forgoing other stimuli. In fact, reprogramming of somatic cells to hiPSCs relies on
this principle—delivery of a mixture of pluripotency genes such OCT4, SOX2, KLF4 and C-MYC can
lead a fully differentiated cell to an embryonic-like state (Takahashi et al. 2007). Dixon and colleagues
have assayed combination of 15 genes in terms of their potential to cardiac differentiate hESCs (a
reporter cell line tagged with myosin heavy chain (MYH) 6—-monomeric red fluorescent protein (mRFP))
without additional exogenous stimuli. The full genetic cocktail was successful in the formation of a-
actinin® cells. The authors then identified four core factors—GATA4, TBX5, NKX2.5 and BAF60c
(GTNB)—which absence severely compromised cardiac differentiation, but which sole presence (i.e.

without additional genes) led to the highest number of mRFP* cells of all the tested combinations.
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Cardiac specification of hESCs required at least 5 days of GTNB expression. More thorough studies
found GTNB to specify hESCs towards mesendoderm, with further differentiation towards muscle
lineages and, more specifically, cardiomyocytes. Up to 12.1% cTNI* cells could be obtained following
28 days of differentiation (Dixon et al. 2011).

Gene expression can also be controlled by the action of miRNAs. These small, non-coding
RNAs regulate genes at the post-transcription level, with each miRNA regulating several different
mRNAs (Wilson et al. 2010). Different cell states have different miRNA “fingerprints”, and the
identification of the miRNome associated with specific lineages, along with their targets, may give
important insights on how cell differentiation is controlled at the post-transcriptional level, which, in turn,
may clue on the development of novel in vitro protocols. miR-1 has been identified in the heart, and is
thought to lead to the downregulation of genes from non-cardiac mesoderm. In fact, its overexpression
in spontaneous differentiation was shown to lead to up-regulation of myosin heavy chain at the end of
differentiation (Wilson et al. 2010, Garate et al. 2018). Rasekhi and co-workers explored the possibility
of obtaining cardiomyocytes from hiPSCs by lentiviral transduction of miR-1 and treatment with pro-
cardiogenic molecule 5’-azacitidine. This combined strategy led to the higher expression of cardiac
markers post-differentiation, with an about 4000-fold increase in cardiac-specific gene troponin T
(TNNT) 2 in comparison to the untreated control (Rasekhi et al. 2017).

1.2.2.6. Matrix sandwich

Culture of adherent cells is generally mediated by an ECM, such as Matrigel, which is used to
coat the tissue culture plates. The choice of ECM impacts stem cell behaviour (Guilak et al. 2009), and
also, as described by Zhang et al., how it is presented to the cells. In fact, culturing the cells on top of a
matrix forces them with an apical-basal polarity, but overlaying hPSCs cultured on Matrigel with an
additional Matrigel layer, and combining it with a growth factor CD protocol was shown to promote EMT,
as observed by the presence of cells with a migratory mesenchymal phenotype. Furthermore, this
protocol reduces cell death post-activin A addition and can generate up to 98% cTNT* cells after 30
days (with a yield of 11 cardiomyocytes/hPSC), with increased maturation in comparison to traditional
protocols (Zhang et al. 2012). The cardiogenic potential of this protocol can be further increased by the
addition of BMP antagonist GREMLIN (GREM) 2, which controls cardiac laterality and differentiation
into cardiomyocytes in vivo. BMP inhibition in general led to increased proliferation of CPCs, while only
GREM2 (via c-Jun N-terminal kinase (JNK) signalling) promoted faster cardiac differentiation as well as

the formation of more contractile areas (Bylund et al. 2017).

1.2.3. Purification of human pluripotent stem cell-derived cardiomyocytes

With the major breakthroughs in cardiac differentiation of hPSCs of the last years, it is already
possible to generate cardiomyocytes with high purity (over 90%). Nevertheless, should undifferentiated
hPSCs remain following the differentiation protocol (potentially, even as little as 10 cells (Cunningham

et al. 2012)), these may form teratomas after transplantation to a host. Even when not considering this
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risk, the presence of non-cardiac cells on a graft or in a cell model may cause an aberrant behaviour.

As such, purification of the cell product is of crucial importance, regardless of its use.

1.2.3.1. Density centrifugation

The earliest report of purification of hPSC-derived cardiomyocytes relied on density
centrifugation. In this methodology, the authors established a discontinuous Percoll gradient (two layers
with different Percoll concentrations) to which the cells were loaded. Following centrifugation, the cells
split into four fractions—above the least dense Percoll layer (fraction 1), within the least dense Percoll
layer (fraction Il), at the interface of both layers (fraction Ill) and within the densest Percoll layer (fraction
IV). The cardiomyocyte content (starting from 17 £ 4% soluble (s) MHC* cells derived from hESC EBs)
increased with the density of the layer, with fractions | and Il containing 3-5% of soluble MHC (sMHC),
fraction Il having a sMHC content of 36 + 3%, and 70 £ 5% of the cells in fraction IV being sMHC* (Xu
et al. 2002). The relative simplicity of this protocol led to some other early studies applying it for
cardiomyocyte enrichment (Laflamme et al. 2005, McDevitt et al. 2005, Laflamme et al. 2007), however,

its non-specificity led it to being replaced by other purification methodologies.

1.2.3.2. Drug-based purification

Different cell types respond differently to drugs—a molecule which affects one cell type
(positively or negatively) may have little to no impact on another. These differences in cell response may
be taken advantage of in order to ablate contaminant cell types.

Doxorubicin is a chemotherapeutic agent which can inhibit the growth and proliferation of cancer
cells—since hPSCs have similar growth characteristics, this drug can also cause their death.
Furthermore, low doses of doxorubicin (but which could remove ~ 90% of contaminant hESCs following
differentiation) were shown not to interfere with the viability, structure, gene and protein expression or
electrophysiology of hESC-derived cardiomyocytes (Chour et al. 2021).

When this difference in cellular response does not occur naturally, it can be enforced by genetic
modifications. Anderson and colleagues attempted two different strategies based on genomic alterations
to enrich hESC-derived cardiomyocyte populations. On the first strategy, the authors used a herpes
simplex virus thymidine kinase (HSVtk)/ganciclovir (GCV) suicide gene system. The treatment of HSVtk-
transfected cells with GCV leads to the phosphorylation of this antibiotic and its incorporation in de
novo—-produced DNA chains, culminating in cellular death. As such, supplementing the post-
differentiation culture with GCV allows for selective cell ablation—while the non-proliferating
cardiomyocytes will remain in culture, contaminant cell types which are proliferative will be killed. The
authors’ second approach relied on cellular expression of an antibiotic-resistance gene associated with
a cardiac-specific gene—in this case, puromycin resistance from the MYH6 promoter. In this case, cells
expressing MYHE6 (i.e., cardiomyocytes) were protected from puromycin, while the remainder of the cell
population could be removed by culture supplementation with this antibiotic. Starting from a cell
population with 6.3 £ 3.4% a-actinin* cells, the authors could enrich it to 33.4 + 2.1% or 91.5 £ 4.3% of

cells expressing this protein with GCV or puromycin-based selection, respectively (Anderson et al.
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2007). Naturally, antibiotic-based selection can be performed with other gene-antibiotic combinations,
such as Zeocin™ resistance associated with the myosin light chain (MYL) 2 promoter (selecting

ventricular cardiomyocytes only) (Chow et al. 2013).

1.2.3.3. Fluorescence- and magnetic-activated cell sorting

Two very powerful methodologies for cell purification are fluorescence-activated cell sorting
(FACS) and magnetic-activated cell sorting (MACS). FACS sorts cells based on their fluorescence—the
cells are excited a laser and are attributed a negative or positive charge to the cells depending on
whether or not they are fluorescent, which, after passage through electromagnetic plates, allows for
their deflection onto distinct collection points. By using fluorophore-conjugated antibodies which label
specific proteins at the surface of the cells, it is possible to sort the cells based on the expression of
these proteins. A similar type of separation can be performed with MACS. By labelling the cells with
antibodies linked to magnetic particles and by loading the cells to a column under the influence of a
magnetic field, it is possible to retain the cells in the column. Elution is performed by removing the
column from the influence of the magnetic field. In both cases, selection can be positive—by labelling a
marker expressed by the cells of interest—or negative—when contaminant cell types are labelled
instead, thus depleting them from the loaded cell mixture.

During the time of the first studies on purification of cardiomyocytes, the knowledge of cardiac-
specific surface proteins was very limited. As such, those studies relied on reporter cell lines, genetically
modified with an enhanced green fluorescent protein (eGFP) gene in the locus of a cardiac-specific
gene, allowing for fluorescent detection and sorting of cells expressing that gene, even if it encodes for
an intracellular protein. This has allowed for FACS of cardiomyocytes based on the presence of MLC2v
(Huber et al. 2007), a-MHC (Ritner et al. 2011) and NKX2.5 (also amenable for CPC purification) (Elliott
etal. 2011). The use of the NKX2.5¢GFPw reporter cell line shed light on two prospective surface markers
which could allow for cardiomyocyte separation without requiring genetic modification. In fact, over 70%
of the eGFP* cells at day 14 were vascular cell adhesion molecule (VCAM) 1* and/or signal regulatory
protein (SIRP) a* (Elliott et al. 2011), allowing for cardiomyocyte selection by FACS and/or MACS using
these markers (Dubois et al. 2011, Uosaki et al. 2011). Surface markers which have already been tested
for purification at the CPC stage include hyperpolarisation-activated cyclic nucleotide-gated channel
(HCN) 4 (Spater et al. 2013), glial cell line-derived neurotrophic factor receptor (GFR) a2 (Ishida et al.
2016), kangai (KAI) 1 (Takeda et al. 2018) and platelet-derived growth factor receptor (PDGFR) a alone
(Fukushima et al. 2020), or in tandem with kinase insert domain receptor (KDR) (Kattman et al. 2011).
In an example of negative selection, Dubois and colleagues stripped differentiating EBs at day 20 from
the majority of SIRPa- cells by sorting for expression of thymus cell antigen (THY) 1, platelet endothelial
cell adhesion molecule (PECAM) 1, PDGFRp and integrin (ITG) a1—labelling fibroblasts, endothelial
cells, smooth muscle cells and other non-myocyte cells, respectively (Dubois et al. 2011).

An alternative FACS-based method for cardiomyocyte purification which does not rely on cell
markers has been presented by Hattori and co-workers. hPSC-derived cardiomyocytes have a high
mitochondrial content, allowing them to be distinguished from contaminant cell types using mitochondrial

labelling dyes. Due to its non-toxicity and fast washout from the cells, tetramethylrhodamine methyl ester
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percholate (TMRM) was elected by the authors for mitochondrial dyeing, and following FACS, over 99%
of the collected cells were cardiomyocytes and comprised 60-90% of the a-actinin* cells prior to sorting
(Hattori et al. 2010). Another approach used molecular beacons—hairpin structures with both a
fluorophore and a quencher with specificity towards a specific mMRNA sequence. Upon hybridisation with
the target mRNA, the fluorophore and the quencher are distanced, allowing for fluorescence-based
sorting of the cells. The authors targeted either TNNT2 or MYH6/7 expression, finding one of the
molecular beacons for MYH6/7 (MHC1-MB) to yield the highest signal-positive cell ratio. By applying
purification by FACS with this molecular beacon, the authors could purify a starting population of ~ 40%
of cTNI* cells to about 97% of these cells (Ban et al. 2013).

1.2.3.4. miRNA switches

As mentioned in section 1.2.2.5, each cell type has a specific miRNA fingerprint, and the
identification of cardiac-specific miRNAs has been taken advantage of to induce hPSC cardiac
differentiation. Miki and co-workers have harnessed these distinct miRNA signatures for purification of
hPSC-derived cardiomyocytes. The authors designed miRNA-responsive, synthetic modified mRNA
switches (miRNA switches), which translation depended on their target miRNA. Transfection of cells
with blue fluorescent protein (BFP)-tagged miR-1-, miR-208a- and miR-499a-5p-switches could
enhance the purity of a 24.4 + 2.1% cTNT* population (at day 20 of EB differentiation with growth factors)
to over 95% via FACS, with the miR-208a-switch equally sorting day 8 hPSC-derived cardiomyocytes.
When these switches were combined with apoptosis inducer Bim, they could selectively ablate non-
target cells. In fact, miR-1- and miR-208a-Bim-switches successfully generated about 90% cTNT* cells
in three different cell lines, without necessitating fluorescent sorting and with no alteration in the
expression profile of the cells. Notably, the authors also generated miRNA switches which could purify

endothelial cells, hepatocytes and insulin-producing cells, highlighting their versatility (Miki et al. 2015).

1.2.3.5. Metabolic selection

Differentiation of hPSCs to cardiomyocytes is accompanied by a metabolic shift. The rapid
proliferation of hPSCs is sustained by a predominantly glycolytic metabolism, allowing to meet both
energetic and biomass demands (Vander Heiden et al. 2009, Varum et al. 2011), whereas the non-
proliferative cardiomyocytes opt for OXPHQOS, allowing for a more thorough conversion of the substrate
to energy. Possible carbon and energy sources for cardiomyocytes include glucose, lactate and fatty
acids, granting these cells some metabolic flexibility for their high energy demand. In fact, foetal
cardiomyocytes predominantly rely on lactate as their energy source (Piquereau and Ventura-Clapier
2018).

This unique metabolic characteristic of cardiomyocytes has led to the development of a
metabolic-based purification protocol. Tohyama et al. observed how, following spontaneous
differentiation of hPSCs as EBs, the cells could be cultured in medium lacking glucose but containing
lactate, and how that would lead to the death of non-myocytes. Remarkably, this enriched a starting

population of 8.1 + 2.9% cardiomyocytes to 98.3 + 0.9% (measured through a-actinin expression), with
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a recovery yield of 74.4 £ 12.1%. Furthermore, moderate (4 mM) lactate concentrations did not affect
the culture pH—Iactate consumption was rapid owing to the high activity of the tricarboxylic acid cycle
(Tohyama et al. 2013). The high efficiency, low cost, technical simplicity and the unnecessity of genetic
modification of the cells have established lactate metabolic selection as a desirable method for hPSC-
derived cardiomyocyte purification, regardless of the differentiation protocol, with described final
cardiomyocyte content of over 80% (Burridge et al. 2014, Hemmi et al. 2014, Fuerstenau-Sharp et al.
2015, Qian et al. 2016, Pei et al. 2017, Tohyama et al. 2017, Friedman et al. 2018, Lei et al. 2018a,
Nose et al. 2018, Horikoshi et al. 2019, Fang et al. 2020, Laco et al. 2020, Nemade et al. 2020). Notably,
replacing lactate by fatty acids and 3,3’,5-triiodo-L-thyronine resulted in a similar purification, while
simultaneously inducing cardiomyocyte maturation (Horikoshi et al. 2019) (discussed in more detailed
in section 1.2.4.2).

1.2.4. Maturation of human pluripotent stem cell-derived cardiomyocytes

In vivo cardiac development is a lengthy process, starting with mesoderm formation at the
second week of embryogenesis (Buijtendijk et al. 2020), and persisting after birth with cardiomyocyte
maturation (Mollova et al. 2013). This maturation occurs at several levels (Figure 1.21). Structurally, adult
cardiomyocytes are rod shaped, with aligned sarcomeres and potential multinucleation (England and
Loughna 2013, Gunthel et al. 2018). While atrial cardiomyocytes express both MLC2a and MLC2v, adult
ventricular cardiomyocytes only express MLC2v (England and Loughna 2013). The heart also matures
electrophysiologically along time. A correctly developed conduction system, which allows for a
synchronous contraction of the heart chambers, relies on the maturation of the calcium handling of the
cells and their electrical coupling—a deficient development of this conduction system can lead to
arrythmias (Christoffels and Moorman 2009, Buijtendijk et al. 2020, Sutanto et al. 2020). Cardiomyocyte
metabolism also changes through time—their proliferative ability decreases (Mollova et al. 2013), and
these cells become more reliant on fatty acid oxidation for their energy requirements (in opposition to
the predominantly lactate-based mechanism of foetal cardiomyocytes) (Piquereau and Ventura-Clapier
2018), with a more robust mitochondrial mechanism (Pohjoismaki and Goffart 2017). This also relates
to the mechanisms through which the whole heart grows and develops along time—uwhile the initial
development of the heart occurs through hyperplasia (the continued multiplication of its cells), as the
cardiomyocytes lose the ability to proliferate, heart growth instead occurs through hypertrophy (an
increase in the individual cell volume) (Piquereau and Ventura-Clapier 2018). In fact, throughout the first
20 years of human life, the cardiomyocyte volume was described to increase about 8.6-fold (Mollova et
al. 2013). In short, in vivo development and maturation of the cardiac system is a complex and prolonged
process. As such, differentiating hPSCs into mature cardiomyocytes in vitro, with the intent of correctly
replicating the adult heart for disease models or to avoid arrhythmic phenomena upon transplantation,
is a difficult undertaking. A putative protocol for this effect would need to recapitulate years-long
development phenomena in a considerably short (weeks or months) culture time. Nevertheless, many
studies have already worked on accelerating the generation of hPSC-derived cardiomyocytes with
mature characteristics. The maturation is generally evaluated on several terms, including morphology

(shape, sarcomere alignment), phenotype (expression of MLC2 isoforms) action potentials, response to
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Figure 1.21 — Overview of cardiomyocyte maturation. The increased workload caused by post-natal human growth
and development is compensated by heart growth, initially by hyperplasia and then by hypertrophy. With the higher
oxygen availability in the post-natal period, the oxidative capacities of the heart increase and the metabolism shifts
from glycolysis to oxidation, with an increased preference towards fatty acid use. Cardiomyocytes also mature at a
structural level, with increased intracellular organisation through time. Images shown for the intracellular
organisation level show A, B 3-day-old and C, D 63-day-old cardiomyocytes from mouse papillary muscle,
demonstrating an increased structural organisation with time. From Piquereau and Ventura-Clapier (2018).
Reproduced under the terms of the Creative Commons CC-BY licence. Copyright 2018, Piquereau and Ventura-

Clapier. Adapted from Piquereau et al. (2010). Reproduced with permission. Copyright 2010, The Authors.

drugs and proliferative ability. The following sections describe strategies which have already been

applied for hPSC-derived cardiomyocyte maturation.
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1.2.4.1. Prolonged culture

The most evident mechanism to achieve cardiomyocyte maturity is to prolong the culture time.
Kamakura and colleagues differentiated hiPSCs into cardiomyocytes with an EB-based protocol with
growth factors and maintained these cardiomyocytes in culture for one year. Throughout the year-long
culture, the beating rate of the cardiomyocytes slowed down, and their area increased. The MLC2v*/
MLC2a* cell ratio also gradually increased (up to 60%) and mature sarcomeric structures (M-bands)
were formed, but were still in a minority. In fact, the authors report a heterogenous maturation profile
even after 360 days in culture, but nevertheless improved in comparison to 30-day cardiomyocytes
(Kamakura et al. 2013). Fukushima and co-workers also observed structural maturation of hiPSC-
derived cardiomyocytes (from a growth factor— and small molecule—based protocol and with MACS
purification at day 5) over long-term (200 days) culture, with accompanying loss of proliferative ability.
Furthermore, most of these cardiomyocytes exhibited ventricular-like action potentials (96% at day 91)
(Fukushima et al. 2020). While the cells could benefit from increased maturation via an even further
extended culture time, from a biomanufacturing perspective, especially if the intent is to obtain mature
patient-derived cells, it would be preferred to apply other maturation approaches which could decrease

the required hPSC-to-mature cardiomyocyte time.

1.2.4.2. Medium supplementation

Specific medium supplementation strategies have also been shown to drive hPSC-derived
cardiomyocytes to a more mature phenotype, including supplementation with foetal bovine serum (in
opposition to serum replacement) (Bettiol et al. 2007), apolipoprotein A-1 (Ng et al. 2011), trichostatin
A (Lim et al. 2013) and ascorbic acid (Cao et al. 2012). Ascorbic acid, in particular, was shown to have
an improved effect during mid-stage cardiac differentiation (days 2-6)—more specifically through
collagen synthesis—mediated cardiac progenitor cell proliferation (Cao et al. 2012)—and has been used
in many reports since (Spater et al. 2013, Mehta et al. 2014, Friedman et al. 2018, Yassa et al. 2018),
including as one of three components of a simple and chemically-defined medium formulation for cardiac
differentiation (Burridge et al. 2014). Medium supplementation can also direct cellular metabolism—by
feeding the cells with a fatty acid—rich, glucose-free medium, cardiomyocytes can be simultaneously
enriched and led towards a fatty acid metabolism—based phenotype, characteristic of adult
cardiomyocytes. In fact, this purification and maturation protocol led to the formation of more structurally
mature cardiomyocytes, with a rod shape, sarcomeric organisation and a high number of mitochondria
(Horikoshi et al. 2019). High fatty acid concentrations, however, may induce lipotoxicity. Medium
supplementation with galactose may prevent this lipotoxicity and enhance the oxidative metabolism of
cells. In fact, culture of hiPSC-derived cardiomyocytes in glucose-free and galactose- and fatty acid—
supplemented medium showed increased OXHPOS activity and structural and electrophysiological

maturation of the cells (Correia et al. 2017).

53



1.2.4.3. Matrix composition and presentation

The extracellular matrix plays a crucial role in stem cell lineage specification, not only by its
composition, but also by its stiffness and presentation (Guilak et al. 2009). The cardiac ECM has already
been documented (Rienks et al. 2014, Silva et al. 2020a), which can give cues on to how to adapt it to
in vitro culture. Arshi et al. showed that cardiac differentiation is promoted by stiff matrices (~ 10 kPa) in
both hESCs and mESCs, also with enhanced maturation. In fact, although this was only tested for
murine cells, mESC-derived cardiomyocytes were able to electrically couple with neonatal
cardiomyocytes (Arshi et al. 2013). Electrically-conductive matrices are also important for cardiomyocyte
maturation—as hPSC-derived cardiomyocytes lack a conduction system, using a conductive matrix,
such as graphene, has the potential to improve cell-cell electrical communication and enhance structural
and functional maturation of the generated cardiac tissue as a whole (Wang et al. 2017). Transiently
culturing the cells between two matrix layers—a matrix sandwich (described in more detail in section
I.2.2.6)—can also improve the maturation of the resulting cardiomyocytes. In fact, 30-day
cardiomyocytes generating with this protocol are comparable to cardiomyocytes from 60-90 days of EB

differentiation (though still with an embryonic phenotype) (Zhang et al. 2012).

1.2.4.4. Culture format

As it was extensively described in section 1.1.2, 3D culture is advantageous in various manners,
especially when considering cellular production at a clinical scale. It was also recently shown that cardiac
differentiating hiPSCs as aggregates results in a hypoxic microenvironment, which, in turn, promotes
the activation of pathways important in cardiogenesis (Branco et al. 2019). Simultaneously, 2D culture
impairs cardiac maturation due to deficient activation of hypertrophic signalling (responsible for the
growth of adult cardiac tissue) (Friedman et al. 2018). Naturally, transitioning 3D cardiac differentiation
to bioreactors would be greatly advantageous to not only induce the hypoxic-mediated maturation, but
also to generate a cell number more compatible with Regenerative Medicine and pharmacological
applications (Kempf et al. 2014, Halloin et al. 2019). hPSC-derived cardiomyocytes can also be cultured
as cardiac tissues on pillars (engineered heart tissues), allowing for their physical stimulation. This
intensity training was shown to lead to enhanced morphological characteristics, in terms of size and
shape, although the functional maturation, which was nonetheless observed in terms of characteristics

such as metabolism and calcium handling, was not as robust (Ronaldson-Bouchard et al. 2018).

1.2.4.5. Electrical stimulation

The rate of heart contractions is controlled by the generation of periodical electrical stimuli by
specialised pacemaker cells (Baruscotti et al. 2010, Weisbrod et al. 2016). Mimicking this pacemaker
cell-mediated electrical stimulation in vitro might drive hPSC-derived cardiomyocytes towards a more
mature phenotype. Simple approaches, such as stimulation with electrodes (Hernandez et al. 2016) and
on aligned fibres (Mohammadi Amirabad et al. 2017), were already shown to have a positive effect on
hPSC differentiation. Nunes and colleagues developed “biowires”, by cultivation of hiPSC-derived

cardiomyocytes on sutured collagen gel and subsequent electrical stimulation. This culture methodology
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increased both the structural and electrophysiological properties of the cells (Nunes et al. 2013).
Cardiomyocyte maturation may be further developed by combination of electrical stimulation with
engineered topographies. Richards and co-workers reported that the incorporation of conductive
nanowires in hiPSC-derived cardiac spheroids, which by itself was shown to allow the formation of an
electrically conductive network (Tan et al. 2015), could also be combined with electrical stimulation to
further cell communication and mature said electrical network even more (Richards et al. 2016).
Vaithilingam and colleagues performed electrical stimulation of hPSC-derived cardiomyocytes on a 3D
printed meant to mimic stacked myofibrils. This combined approach resulted in an improved structural
maturation of the cardiomyocytes, with increased sarcomere length and alignment (Vaithilingam et al.
2019). Electrical stimulation may also be applied to engineered heart tissues, promoting the formation
of a stronger and denser cardiomyocyte network. Incidentally, gene expression analysis revealed an
upregulation of genes involved in inflammatory response, likely as a protection against the oxidative

stress generated by the electrical stimulation (Hirt et al. 2014).
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CHAPTERIII.
STRATEGIES FOR THE EXPANSION OF HUMAN INDUCED
PLURIPOTENT STEM CELLS AS AGGREGATES IN

VERTICAL-WHEEL BIOREACTORS

The contents of this chapter were based on the following publication:

Nogueira, D. E. S., C. A. V. Rodrigues, M. S. Carvalho, C. C. Miranda, Y. Hashimura, S.
Jung, B. Lee and J. M. S. Cabral (2019). Strategies for the expansion of human induced pluripotent
stem cells as aggregates in single-use Vertical-Wheel bioreactors. J Biol Eng 13: 74. Reproduced
under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/). Copyright 2019, The Authors.

85






I1.1. Introduction

hPSCs, due to their ability to self-renew and to generate cells derived from the three germ layers,
have a great potential for drug discovery, disease modelling and, ultimately, Regenerative Medicine
applications (Shi et al. 2017, Rowe and Daley 2019). hiPSCs, first derived in 2007 from reprogramming
of adult somatic cells (Takahashi et al. 2007, Yu et al. 2007), are not only less ethically prohibitive than
hESCs, but also open the way for personalised medicine approaches (ltzhaki et al. 2011, Sayed et al.
2016).

One of the greatest constraints in using these cells, or their derivatives, for biomedical
applications is their expansion to clinically-relevant numbers, which can reach 10° cells per patient for
Regenerative Medicine settings (Zweigerdt 2009). Traditional planar cell culture platforms, such as
tissue culture plates, are unsuited for these large-scale applications (Rodrigues et al. 2011b).
Alternatively, bioreactors provide a 3D, scalable environment and are compatible with different medium
feeding strategies, which can improve cell growth. In fact, planar culture platforms require a “repeated
batch” strategy for medium change, where the medium is replaced at fixed time intervals, causing drastic
variations in culture parameters such as pH or the concentration of nutrients, growth factors or
metabolites. In contrast, bioreactors open the potential for alternative feeding strategies, such as fed-
batch, where concentrated medium is added without replacing the contents of the culture vessel, or
perfusion, where there is constant withdrawal of spent medium and replenishment of fresh medium
(Bauwens et al. 2005, Kropp et al. 2016).

Early studies on the suspension culture of hPSCs as aggregates in bioreactors focused on the
optimisation of the process (Krawetz et al. 2010, Singh et al. 2010, Chen et al. 2012, Hunt et al. 2014)
including the establishment of xeno-free conditions (Wang et al. 2013). More recently, Kropp and
colleagues expanded hiPSCs in single-use, instrumented bioreactors, and were able to increase cell
yield in 47% when applying a perfusion feeding strategy over repeated batch culture, obtaining a cell
density of (2.85 + 0.34) x 10° cells-mL~" (Kropp et al. 2016). These studies, however, were performed
using common bioreactor systems, such as stirred tank bioreactors, which were developed and
extensively used for manufacturing traditional biological products, where the quality of the cells is not
the major concern. These bioreactors may not constitute the best solution for hPSC culture as they often
require high agitations speeds in order to keep cell aggregates efficiently in suspension, with high shear
rates conveyed to the cells by the impeller. As such, new bioreactor configurations are being developed
to overcome these problems and allow for large-scale stem cell culture.

One example of a novel bioreactor system is the single-use VWBR, available on a wide range
of scales, from 100 mL to 80 L. The agitation in these bioreactors is provided by a large vertical impeller,
which, combined with the U-shaped bottom of the vessel, allows for a better homogenisation of the
vessel contents with reduced power input. Consequently, cells are exposed to lower shear stress levels,
when compared to traditional alternatives (Croughan et al. 2016).

The VWBR has already been used for some stem cell-related applications, including for the
growth of hMSCs (Sousa et al. 2015, Yuan et al. 2018, de Sousa Pinto et al. 2019) and, recently, it was
proven to allow for the scalable expansion of hiPSCs on microcarriers in xeno-free conditions (Rodrigues

et al. 2018). While microcarriers provide a surface for the cells to adhere to, thus easing transition from
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2D cultures, the cells need to be detached at the end of the culture, increasing the load of the
downstream processing and affecting cell quality. Culturing the cells as aggregates may provide a
simpler and potentially more cost-effective process for large-scale hiPSC production (Krawetz et al.
2010, Serra et al. 2012). Moreover, with the VWBR, agitation can be used to control aggregate size, as
large aggregates (> 300 pm) are subjected to diffusion problems to their centre, causing undue cell
differentiation or death (Wu et al. 2014). To minimise aggregate variability, however, there is a need for
additional strategies for size control beyond physical forces. Polysulfated compounds are commonly
used in the biopharmaceutical industry, not only for their ability to reduce cell aggregation by modulating
charges in their surface, but also for their anti-apoptotic effect on cells (Dee et al. 1997, Zanghi et al.
2000). DS, in particular, has been employed for various cell systems, such as insect (Dee et al. 1997)
or CHO cells (Hyoung Park et al. 2016). Most notably, DS was recently reported to promote these effects
on hPSCs without loss of pluripotency (Lipsitz et al. 2018), thus, the use of this molecule in bioreactor

systems may improve the outcomes in terms of cell expansion.

In this work, hiPSCs were expanded as aggregates in VWBRs (PBS MINI 0.1), with a working
volume of 60 mL (Figure 11.1). The results were validated using a second cell line, evidencing the
robustness of this culture system. In order to maximise the potential of this culture set-up, the novel
VWBR was also combined with a fed-batch strategy, which has been seldom described for hiPSC
culture (Schwedhelm et al. 2019), as well as with DS, which allowed to greatly increase the cellular
growth in the reactor. The work here performed demonstrates that hiPSCs can be cultured as
aggregates in the VWBRs, opening the path for current GMP-compliant protocols for expansion, and

prospectively, differentiation of hiPSCs for clinical applications.

I1.2. Materials and methods

11.2.1. hiPSC culture and maintenance

This work was performed using two different hiPSC lines. The F002.1A.13 cell line, (TCLab—
Tecnologias Celulares para Aplicagdo Médica, Portugal), referred to in the text as “TCLab”, was
reprogrammed from human healthy fibroblasts (46, XX), through retroviral transduction of human genes
OCT4, SOX2, C-MYC and KLF4. The Gibco® human episomal induced pluripotent stem cell line
(Thermo Fisher Scientific, USA), referred to in the text as “Gibco”, was derived from CD34* cord blood
through EBNA-based episomal transfection of factors SOX2, OCT4, KLF4, C-MYC, NANOG, LIN28 and
SV40 T antigen. The hiPSCs were cultured on 6-well tissue culture plates coated with Matrigel (1:100;
Corning, USA), in mTeSR1 culture medium (STEMCELL Technologies, Canada), and kept in a
humidified incubator at 37 °C and 5% CO.. Culture medium was refreshed daily, and the cells were
routinely passaged after reaching 80% confluence at a split ratio of 1:4, using EDTA (Thermo Fisher
Scientific) (Beers et al. 2012). Briefly, cells were washed twice and left to incubate for 5 min with EDTA
(0.5 mmol-L-" in Dulbecco’s phosphate-buffered saline, DPBS; Thermo Fisher Scientific). Afterwards,

EDTA was removed and the cells were rinsed and collected by pipetting with culture medium before
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Figure 1.1 — Workflow of the expansion of hiPSCs as aggregates in VWBRSs. Following 2D culture in tissue culture
plates, hiPSCs were dissociated into single cells with Accutase and inoculated into the PBS MINI 0.1 bioreactor,
where they formed aggregates. The culture was evaluated through daily sampling and analysis of the cells after
culture. From Nogueira et al. (2019). Reproduced under the terms of the Creative Commons Attribution 4.0

International License (http://creativecommons.org/licenses/by/4.0/). Copyright 2019, The Authors.

plating in new Matrigel-coated tissue culture plates. Cultures did not exceed four passages prior to

bioreactor inoculation.

11.2.2. Bioreactor inoculation and operation

For this work, the PBS MINI 0.1 MAG VWBRs, which hold a maximum volume of 100 mL, were
used. The working volume was selected to allow complete covering of the impeller wheel (initial working
volume = 60 mL). Cells from 80% confluent 6-well tissue culture plates were incubated for 1 h in
mTeSR1 supplemented with 10 ymol-L-' ROCK inhibitor Y-27632 (STEMCELL Technologies) prior to
harvesting with Accutase. Briefly, cells were washed once with DPBS and incubated for 7 min at 37 °C
in Accutase (Sigma-Aldrich, USA). The cells were harvested and mechanically dissociated into single
cells with a micropipette, and diluted with culture medium, following centrifugation at 210 x g for 3 min
and resuspension in culture medium (MTeSR1 or mTeSR3D, STEMCELL Technologies) supplemented
with Y-27632. The hiPSCs were counted with a haemocytometer, using the trypan blue dye exclusion
test, and seeded in the bioreactor at a density of 2.5 x 105 cells'mL-". Culture medium with Y-27632
was added until reaching the working volume. For culture in mTeSR1, the medium was changed after
48 h to mTeSR1 without Y-27632, and from then on, 80% of the volume was changed daily. For culture
in mTeSR3D, cells were initially cultured in seed medium, and, starting from 48 h post-inoculation, 6.7
mL of feed medium were added daily. At day 4, the medium was replaced with fresh seed medium, and
from then on, 6.7 mL of feed medium were once again added daily until the end of culture. When used,
DS (Sigma-Aldrich) was supplemented only on day 0 at a concentration of 100 ug-mL~" (Lipsitz et al.
2018). Bioreactor cultures were maintained for 7 days and the stirring was continuously maintained at

30 rpm to keep the aggregates in suspension.
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Culture sampling was performed daily. Two samples of 700 uL were collected with the reactor
under agitation, and photos of the aggregates were captured with an inverted optical microscope (Leica
DMI3000B/Nikon Digital Camera Dxm1200F) for later measurement. At least 50 aggregates were
captured and analysed per timepoint. The area of the aggregates in each photo was determined using
the FIJI software (Schindelin et al. 2012, Rueden et al. 2017), and their diameter was computed,

considering the aggregates to be approximately spherical, as

d= [— (1.1)
m
with A as the area of the aggregate. The dispersion in aggregate size was determined as the coefficient

of variation, defined as

Cy=—— (11.2)

with SDy as the standard deviation and p, as the average of the diameter for each condition. The
aggregates were incubated with Accutase and mechanically dissociated into single cells as previously
described. Viable cells were counted with a haemocytometer. Cell viability was over 90% at all culture
days. Fold increase in cell number at a given time point was calculated as the ratio

Fr= X 1.3
=% (1.3)

with X as the number of cells at the considered time point, and X, as the initial number of cells.

The viability of cells in the aggregates was assayed by incubation with 2 pmol-mL-" of calcein
AM during 20 min and observation of the stained aggregates under a fluorescence microscope (Leica
DMI3000B/Nikon Digital Camera Dxm1200F).

At the end of culture, hiPSC aggregates were incubated for 1 h in culture medium supplemented
with Y-27632 following incubation with Accutase and mechanical dissociation into single cells, as
previously described, and replating on Matrigel-coated tissue culture plates at a density of 5 x 104

cells-cm2.

11.2.3. Glucose and lactate analysis

Culture supernatants were collected every day prior to and following medium exchange, and
centrifuged at 360 x g for 10 min to remove dead cells and debris. The cell-free supernatants were
analysed using an YSI 7100MBS Multi Channel Biochemistry Analyser (Yellow Spring Instruments,
USA) for concentrations of glucose and lactate. The apparent yield of lactate from glucose was
calculated for each day as

AlLac

Lac/Gle = AG|G (1.4)

with ALac as the production of lactate and AGIc as the consumption of glucose during a given day of

culture.
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1.2.4. Flow cytometry

Throughout culture, cells were collected from the PBS MINI 0.1 and analysed for the expression
of pluripotency and differentiation markers. The protocols for staining are described elsewhere for both
intracellular (Rodrigues et al. 2011a) and surface markers (Rodrigues et al. 2018). For intracellular
staining, an antibody for OCT4 (1:300; Millipore, USA) was used, and goat anti-mouse IgG-AlexaFluor
488 (1:300; Thermo Fisher Scientific) was used both as a secondary antibody and as a negative control.
The gate was selected to contain only 1% of false positives (i.e. 1% of the negative control samples).
For surface staining, cells were labelled with antibodies for tumour rejection antigen (TRA)-1-60 (1:10,
PE-conjugated; Miltenyi Biotec, Germany) and stage-specific embryonic antigen (SSEA)-1 (1:20; FITC-
conjugated, BioLegend, USA). The gate was selected to contain only 1% of false positives (i.e. 1% of
the unstained samples). The cell samples were analysed with a FACSCalibur flow cytometer (Becton
Dickinson, USA) and acquisition of the data was performed with the Cell Quest software (Becton
Dickinson). For data analysis, Flowing Software (University of Turku, Finland) was used. A minimum of

10,000 events were analysed for each sample.

11.2.5. Immunocytochemistry

Both replated cells and aggregates were stained using previously described protocols for both
intracellular (Rodrigues et al. 2011a) and surface markers (Rodrigues et al. 2018). For intracellular
staining of hiPSCs, antibodies for OCT4 (1:150; Millipore) and SOX2 (1:200; R&D Systems, USA) were
used, and goat anti-mouse IgG-AlexaFluor 546 (1:500; Thermo Fisher Scientific) was used as a
secondary antibody. For surface staining of hiPSCs, cells were labelled with antibodies for TRA-1-60
(1:135, StemGent, USA) and SSEA-4 (1:135; StemGent) with the secondary antibody goat anti-mouse
IgM-AlexaFluor 546 (1:500; Thermo Fisher Scientific) or goat anti-mouse IgG-AlexaFluor 546 (1:500),
respectively. Staining of EBs was performed with antibodies for neuron-specific class Il B-tubulin (TUJ1)
(1:1,000; Covance, USA), a—smooth muscle actin (SMA) (1:200; Dako, Denmark), and SOX17 (1:100;
R&D Systems). Staining following directed differentiation was performed with ¢cTNT (1:200; Thermo
Fisher Scientific) for cardiac differentiation, and paired box protein (PAX) 6 (1:400; Covance) and
NESTIN (1:400; R&D Systems) for neural differentiation. Secondary staining was performed with goat
anti-mouse IgG-AlexaFluor 546 (1:500), goat anti-rabbit IgG-AlexaFluor 546 (1:500, Thermo Fisher
Scientific) or goat anti-mouse IgG-AlexaFluor 488 (1:500; Thermo Fisher Scientific). In all cases, nuclei
were counterstained by incubation with 4',6-diamidino-2-phenylindole (DAPI) (1.5 ug-mL-"; Sigma-
Aldrich) for 5 min. Stained cells were analysed under a fluorescence microscope.

11.2.6. gqRT-PCR

Total RNA from frozen cell pellets was extracted using the High Pure RNA Isolation Kit (Roche,
Switzerland). Following quantification in a NanoVue™ Plus spectrophotometer (GE Healthcare, USA),
1 ug of RNA was converted to complementary DNA (cDNA) using the High-Capacity cDNA Reverse
Transcriptase Kit (Life Technologies). Reactions were run in triplicate using NZYSpeedy qPCR Green
Master Mix, ROX plus (NZYTech, Portugal), and primers specific for OCT4, NANOG, SOX1,
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T/BRACHYURY and SOX17 in a StepOne Plus Real-Time PCR System (Thermo Fisher Scientific). Ct
values for each condition were normalised against the corresponding expression of the housekeeping
gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH), generating ACt. RNA levels were

computed as 22CT,

11.2.7. Differentiation potential assays

1.2.7.1. Spontaneous differentiation

The differentiation potential of hiPSCs was evaluated through the EB assay. Following
harvesting of cells from the PBS MINI 0.1, they were replated on 6-well ultra-low attachment tissue
culture plates (Corning) in mTeSR1 supplemented with Y-27632. After 24 h, the medium was changed
to EB medium, containing KnockOut (KO)-DMEM supplemented with 20% FBS, 1% (V/V) Minimum
Essential Medium (MEM) non-essential amino acids, 1 mmol-L-' L-glutamine and 1% (V/V)
penicillin/streptomycin (all from Thermo Fisher Scientific), which was refreshed every 2 days during 4
weeks. After differentiation, the EBs were dissociated using 0.05% Trypsin-EDTA (Thermo Fisher
Scientific) and plated on a 24-well tissue culture plate coated with 15 ug-mL-" poly-ornithine (Sigma-
Aldrich) and 20 pg-mL-" laminin (Sigma-Aldrich). EB medium was changed every 2 days during 1 week,
after which the cells were stained for TUJ1, a-SMA and SOX17.

11.2.7.2. Directed differentiation

Directed differentiation into both cardiomyocytes and neural progenitors was performed.
Cardiac differentiation was performed through temporal modulation of the WNT signalling pathway (Lian
et al. 2012, Lian et al. 2013). Briefly, hiPSCs were plated on a 12-well Matrigel-coated tissue culture
plate at a density of 1.0 x 105 cells-cm-2. After reaching 100% confluence, the medium was changed to
RPMI/B27-ins (RPMI 1640 medium (Thermo Fisher Scientific), supplemented with 1x B-27 minus insulin
(Thermo Fisher Scientific)), with 6 umol-L-! of CHIR (StemGent). After 24 h, the medium was changed
to RPMI/B27-ins. At day 3, a half-medium change was performed with RPMI/B27-ins supplemented with
IWP-4 (StemGent) to a final concentration of 5 umol-L-", which was removed with the medium change
at day 5. Starting from day 7, the medium was changed every 3 days to RPMI/B27 (RPMI 1640 medium
supplemented with 1x B-27 (Thermo Fisher Scientific)) until day 15, when the cells were fixed and
stained for cTNT. Neural induction was performed through the dual-SMAD inhibition protocol (Chambers
et al. 2009, Fernandes et al. 2015). Briefly, hiPSCs were plated on a 24-well Matrigel-coated tissue
culture plate at a density of 5.0 x 10* cells-cm2. After reaching 100% confluence, the medium was
changed to N2B27, a 1:1 mixture of DMEM/F12 and Neurobasal medium with 1x N-2 and 1x B-27,
respectively (all from Thermo Fisher Scientific), supplemented with 10 pmol-L-" of SB431542 (Sigma-
Aldrich) and 100 nmol-L-' of LDN193189 (StemGent). Complete medium was refreshed daily for 12
days, after which the cells were fixed and stained for PAX6 and NESTIN.
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11.2.8. Statistical analyses

At least three biological replicates were performed for each experiment. Data are expressed as
the mean = standard error of the mean (SEM). Statistical analyses were performed using GraphPad
Prism 6 (GraphPad Software, USA). Statistical significance was determined by two-way ANOVA
followed by Tukey’s multiple comparisons test. Differences were considered statistically significant at
*p <0.05, **p < 0.01 and ***p < 0.001.

11.3. Results

1.3.1. VWBRSs allow the expansion of hiPSCs as aggregates

A protocol for expansion of hiPSCs as aggregates in the VWBRs was adapted from similar
reports for other types of bioreactors (Kropp et al. 2016). For initial experiments, mTeSR1 was selected
as the culture medium, due to being a feeder-free and serum-free medium, which has already been
well-documented for the expansion of hiPSCs (Ludwig et al. 2006a, Ludwig et al. 2006b). The PBS MINI
0.1 MAG bioreactor was used with an initial working volume of 60 mL, just enough to cover the vertical
wheel, to ensure the optimised hydrodynamic profile of the VWBR (Croughan et al. 2016). Preliminary
tests were performed to determine the minimum stirring speed, which leads to efficient suspension of
the aggregates throughout the culture time. Stirring was thus set at 30 rpm since at lower speeds

aggregate sedimentation in the bottom of the vessel was observed.

For these initial experiments, two different cell lines were tested (TCLab and Gibco). In these
culture conditions, the cells were able to form aggregates which grew throughout time (Figure 11.2A, C)
and were kept viable through 7 days of culture (Figure 11.2B, D). For three independent bioreactor runs,
the results were found to be reproducible, in terms of growth kinetics, aggregate size and metabolic
profiles. The average growth curve obtained for this culture set-up is depicted in Figure II.2E. A
maximum of (1.2 £ 0.1) x 10° cells'mL~" and (1.0 £ 0.2) x 108 cells:-mL-" were obtained at day 7 post-
inoculation with the TCLab and Gibco cell lines, respectively. The average diameter of cell aggregates
was gradually increased to respective averages of 409 £ 25 ym and 338 + 27 ym at day 7 (Figure I.2F).
The dispersion of each experiment was measured through the coefficient of variation (Figure 11.2G). For
the TCLab cell line, the coefficient of variation was at its highest at day 1 (39 * 5%), but generally
decreased to ~ 30% in the last days of culture. For the Gibco cell line, it consistently remained below
25%. Aggregate diameter distributions at days 1, 4 and 7 are shown for a representative experiment in
Figure 11.2H, I. Culture medium supernatant analysis revealed that glucose levels were never depleted
below 35% of fresh medium values (Figure 11.2J), and lactate did not accumulate to concentrations over
16 mM (Figure 11.2K). The yield of lactate from glucose remained between ~ 1.7 and ~ 2.1 throughout
culture (Figure 11.2L). These results overall show the implemented culture system to be robust, with

similar results obtained for two different hiPSC lines.
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Figure 11.2 — Results of the expansion of TCLab and Gibco hiPSCs with mTeSR1 in the PBS MINI 0.1 bioreactor.
At day 0, the reactor was inoculated with 1.5 x 107 cells (2.5 x 105 cells-mL-") and 80% of the culture medium was
changed daily starting from 48 h post-inoculation. A-D Representative images of cell aggregates harvested from
the bioreactor, analysed through brightfield microscopy at days 1 and 7 of culture for A TCLab and C Gibco hiPSCs
(scale bars = 250 ym) and through fluorescence microscopy at day 7 of culture culture for B TCLab and D Gibco
hiPSCs following staining with calcein AM (scale bar = 100 um). E Growth kinetics of the cells, in terms of total cell
number and fold increase. F-l1 Aggregate size dynamics of the cells, in terms of F average aggregate diameter, G
coefficient of variation, and aggregate size distribution profiles of a representative experiment at days 1, 4 and 7
post-inoculation for H TCLab and | Gibco hiPSCs. J-L Supernatant analysis of J glucose consumption and K lactate
production, and L yield of lactate from glucose. From Nogueira et al. (2019). Reproduced under the terms of the
Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/). Copyright
2019, The Authors.
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1.3.2. Fed-batch feeding sustains hiPSC growth but with lower cell expansion

than repeated batch

Following the proof-of-concept experiments, demonstrating the use of the PBS MINI 0.1 for the
expansion of two different hiPSC lines, different culture conditions were evaluated. In the previous
experiments, mTeSR1 was used in repeated batch mode where, from day 2 onwards, 80% of the
medium was changed daily. This approach results in significant variations in the culture parameters
(e.g., glucose and lactate, as shown in Figure 11.2G, H), which can have a negative effect on cell growth.
However, while critical glucose and lactate concentrations were never reached with this feeding regime,
daily medium changes are necessary in order to replenish components required to maintain the
pluripotency of the cells, such as bFGF and TGFB. mTeSR3D is an alternative formulation to mTeSR1,
optimised for cell growth in suspension as the necessary growth factors are replenished through daily
addition of a concentrated supplement. Thus, this fed-batch regime can allow for sustained maintenance
of pluripotency factors, while causing less severe changes in other culture parameters.

Aggregate formation with mTeSR3D was observed (Figure 11.3A), and these aggregates
remained viable until the end of culture (Figure 11.3B). Despite the intrinsic advantages of this feeding
regime, culture in mTeSR3D presented a similar, albeit lower, cell growth profile when compared to
mTeSR1 (Figure I1.3C), with a maximum of (8.8 £+ 1.6) x 10° cells'mL~" at day 7. With mTeSR3D,
aggregate diameter averaged 367 + 18 um at day 7 (Figure 11.3D) with a coefficient of variation between
~ 25-40% (Figure 11.3E) and following the distribution shown in Figure 11.3F. These values were similar
to those obtained with mTeSR1.

Expectedly, the fed-batch regime led to a more thorough consumption of glucose (Figure 11.3G)
without complete depletion (~ 50% prior to the medium change at day 4 and ~ 30% at day 7). Higher
accumulation of lactate (Figure 11.3H) was also observed, to a maximum of 19.3 mM at day 7, within the
generally-considered inhibitory threshold for hPSCs of 15-20 mM (Chen et al. 2010, Horiguchi et al.
2018). The yield of lactate from glucose (Figure I1.31) was maintained between ~ 1.8 and ~ 2.0 in the
first 5 days of culture, indicating an essentially glycolytic metabolism. In fact, the growth of hiPSCs is
sustained by rapid consumption of glucose via conversion to lactate (glycolysis) even in the presence
of oxygen, in a phenomenon known as the Warburg effect (Vander Heiden et al. 2009, Varum et al.
2011). At days 6 and 7, the yield of lactate from glucose decreased to 1.64 + 0.03 and 1.37 + 0.07,
suggesting an increasing shift to OXPHOS. Nevertheless, this feeding regimen seems to be sufficient
for the hiPSC maintenance, while minimising the variations in the culture environment to which the cells

are subjected.

11.3.3. DS supplementation improves cell yield

As an attempt to improve cell growth while reducing aggregate size and size variability, both
culture media used in this study, mTeSR1 and mTeSR3D, were tested with DS supplementation in the
VWBRs. DS-supplemented media allowed the hiPSCs to form aggregates and their viability at day 7
was not compromised (Figure 11.4A-D). Growth curves (Figure 1l.4E and Figure 1.6 (Sl)) show the

hiPSCs to grow exponentially from 24 h of culture, reaching the maximum at day 5 for mTeSR1+DS or
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Figure 1.3 — Results of the expansion of TCLab hiPSCs with mTeSR3D in the PBS MINI 0.1 bioreactor. At day 0,
the reactor was inoculated with 1.5 x 107 cells (2.5 x 10° cells‘mL~") and 6.7 mL of feed medium was added daily
starting from 48 h post-inoculation, with a full medium change at day 4. A-B Representative images of cell
aggregates harvested from the bioreactor, analysed through A brightfield microscopy at days 1 and 7 of culture
(scale bars = 250 ym) and B fluorescence microscopy at day 7 of culture following staining with calcein AM (scale
bar = 100 um). C Growth kinetics of the cells, in terms of total cell number and fold increase. D-F Aggregate size
dynamics of the cells, in terms of D average aggregate diameter, E coefficient of variation, and F aggregate size
distribution profiles of a representative experiment at days 1, 4 and 7 post-inoculation. G-I Supernatant analysis of
G glucose consumption and H lactate production, and | yield of lactate from glucose. From Nogueira et al. (2019).
Reproduced under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/). Copyright 2019, The Authors.

day 6 with mTeSR3D+DS, following which the cell density stagnated or decreased, respectively.
Supplementation with DS led to a higher maximum fold expansion with both media, 9.3 £ 0.6 ((2.3
0.2) x 106 cells'mL-") for mTeSR1+DS and 8.4 + 0.1 ((1.79 + 0.03) x 10° cells'-mL-") for mTeSR3D+DS,
representing a 97% and 106% increase in the number of cells versus the respective media without DS.
Additionally, since the maximum in the number of cells is obtained 1 to 2 days earlier, these conditions
also led to higher volumetric productivities of (4.6 £ 0.3) x 105 cells-mL-"-d-" and (2.99 £ 0.05) x 105
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Figure 1.4 — Results of the expansion of TCLab hiPSCs with mTeSR1 and mTeSR3D supplemented with dextran
sulfate (T1+DS and T3D+DS, respectively) in the PBS MINI 0.1 bioreactor. At day 0, the reactors were inoculated
with 1.5 x 107 cells (2.5 x 10° cells'-mL~") and starting from 48 h post-inoculation, medium changes were performed
according to the corresponding feeding regime. A-D Representative images of cell aggregates harvested from the
bioreactor, analysed through brightfield microscopy at days 1 and 7 of culture in A T1+DS and C T3D+DS (scale
bars = 250 ym) and through fluorescence microscopy at day 7 of culture in B T1+DS and D T3D+DS following
staining with calcein AM (scale bars = 100 um). E Growth kinetics of the cells, in terms of total cell number and fold
increase. F-1 Aggregate size dynamics of the cells, in terms of F average aggregate diameter, G coefficient of
variation, and aggregate size distribution profiles of representative experiments at days 1, 4 and 7 post-inoculation
for H T1+DS and | T3D+DS. J-L Supernatant analysis of J glucose consumption and K lactate production, and L
yield of lactate from glucose. mTeSR1 (T1) and mTeSR3D (T3D) data are shown for comparison. From Nogueira
et al. (2019). Reproduced under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/). Copyright 2019, The Authors.

97



cells'mL-"-d-" for mTeSR1+DS and mTeSR3D+DS, respectively, having increased 170% and 149%
from non-supplemented media.

The maximum aggregate sizes obtained at the plateau were 346 + 11 um and 347 + 39 um,
respectively (Figure 11.4F), with coefficients of variation of about 20% (Figure 11.4G). Interestingly, the
effect of DS on aggregate size was not significant during the exponential growth phase of culture.
Individual aggregate diameters are also similar between both supplemented media, following
comparable distributions for all culture days (Figure 11.4H, ).

Considerable glucose depletion was found for both media, with as little as 28% and 8% of fresh
medium values at day 7 for mTeSR1+DS and mTeSR3D+DS, respectively (Figure 11.4J), and lactate
was built-up until nearly 20 mM (Figure 11.4K). For mTeSR1+DS, following a yield of lactate from glucose
of ~ 2.5 at day 1, it stabilised between 1.5 and 1.6 towards the end of culture. For mTeSR3D+DS, this
yield was maintained at ~ 2.0 for the initial days of culture, but decreased substantially starting from day
3, reaching a minimum of ~ 0.7 (Figure 11.4L). This value indicates the metabolism to, most likely, have
shifted to being predominantly OXPHOS, in particular with mTeSR3D+DS.

1.3.4. VWBRs do not compromise the pluripotency of the cells

Although the main purpose of expansion in a bioreactor system is to obtain large numbers of
cells, it is important to guarantee that the process does not compromise cell quality, in particular hiPSC
pluripotency. For that purpose, hiPSC aggregates were harvested from the PBS MINI 0.1 after culture
and stained for both intracellular (OCT4 and SOX2) and surface (TRA-1-60 and SSEA-4) pluripotency
markers. Figure 11.5A shows representative images, demonstrating the presence of these markers after
7 days of expansion. Cell aggregates were also dissociated into single cells with Accutase and replated
on Matrigel-coated 2D tissue culture plates. These cells were able to form hiPSC colonies in these
conditions and representative images show expression of the aforementioned markers (Figure 11.5B).
Assessment of the differentiation potential of the expanded cells was performed via the EB assay (Figure
11.5C), where the cells stained for markers of the three germ layers — TUJ1 (ectoderm), a-SMA
(mesoderm) and SOX17 (endoderm), after 5 weeks of spontaneous differentiation. Expanded hiPSCs
were also shown to be able to form both cardiomyocytes (Figure 11.5D) and neural progenitors (Figure
I1.5E) following directed differentiation in 2D.

Quantification of pluripotency and differentiation marker expression was performed through both
flow cytometry and quantitative real-time polymerase chain reaction (QRT-PCR) analyses. Flow
cytometry analyses (Figure 11.5F and Figure I1.7 (Sl)) revealed that, for all conditions, following 7 days
of expansion in the VWBR, expression of pluripotency markers OCT4 and TRA-1-60 was always above
90% and expression of early differentiation surface marker SSEA-1 was maintained at less than 10%.
Before and after expansion, total RNA was extracted from cell samples and the expression of
pluripotency (OCT4 and NANOG) and differentiation genes, namely SOX7 (ectoderm), T/BRACHYURY
(mesoderm) and SOX77 (endoderm), were assayed through qRT-PCR (Figure 11.5G). Expression of
pluripotency genes OCT4 and NANOG was high and not significantly different between days 0 and 7,
while the expression of the differentiation markers was maintained low. In general, all these results point

out the VWBR not to compromise the pluripotency of the cells throughout the expansion process.
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Figure 1.5 — Characterisation of the hiPSCs following expansion in the PBS MINI 0.1 bioreactor. A-B
Immunocytochemistry staining for pluripotency markers OCT4, SOX2, TRA-1-60 and SSEA-4 of A cell aggregates
harvested from the PBS MINI 0.1 bioreactor at day 7 post-expansion (scale bars = 100 uym), and B of cells which
were dissociated with Accutase and replated on 2D tissue culture plates (scale bars = 100 pm). C
Immunocytochemistry staining of cells harvested from the bioreactor and left to form EBs for 5 weeks. The cells
were stained for germ layer markers TUJ1 (ectoderm), a-SMA (mesoderm) and SOX17 (endoderm; scale bars =
50 pm). D-E Immunocytochemistry staining of cells harvested from the bioreactor and differentiated to D
cardiomyocytes and E neural progenitors (scale bars = 50 ym). Cardiomyocytes were stained for cTNT, while neural
progenitors were stained for PAX6 and NESTIN. F Flow cytometry analysis of cells harvested from the bioreactor
after 7 days of expansion in the PBS MINI 0.1 bioreactor. The cells were labelled for pluripotency (OCT4 and TRA-
1-60) and early differentiation (SSEA-1) markers. G qRT-PCR analysis of cells prior to (day 0) and following (day
7) expansion in the PBS MINI 0.1 bioreactor. The cells were tested for pluripotency (OCT4 and NANOG) and germ
layer (SOX1, T/BRACHYURY and SOX17, representing ectoderm, mesoderm and endoderm, respectively) marker
expression. RNA levels are relative to expression of GAPDH and were computed as 22€T. From Nogueira et al.
(2019). Reproduced under the terms of the Creative Commons Attribution 4.0 International License

(http://creativecommons.org/licenses/by/4.0/). Copyright 2019, The Authors.
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11.4. Discussion

Therapeutic or pharmacological applications of hiPSCs require high numbers of cells. High cell
densities of hPSCs have been previously attained using spinner flasks and stirred tank bioreactors, both
using microcarriers as a culture support, or growing the cells as self-forming aggregates. However, some
characteristics of these reactors, namely the low efficiency to keep in suspension particles such as cell-
loaded microcarriers or cell aggregates, or the consequent high shear stress conveyed to the cells by
the impeller at high stirring speeds, have led to research on more suitable bioreactor configurations for
hPSC growth.

The work here described is intended to establish, in the PBS MINI VWBR, the culture of hiPSCs
as floating aggregates. The largest barrier for the usage of this culture format is the aggregate size
control (Wu et al. 2014). Since in bioreactors aggregate size is influenced by shear stress (Sen et al.
2002), the VWBR is expected to provide a significant advantage, as its novel agitation mechanism leads
to a more homogeneous shear stress distribution than observed in stirred tank bioreactors (Croughan
et al. 2016), contributing to a decrease in aggregate size variability and avoiding the formation of very
large aggregates.

An overview of the results, already described in the previous section, is shown in Table II.1.
Initial experiments with the VWBR have shown it to allow for the growth of hiPSCs with mTeSR1, with
high reproducibility between different bioreactor runs and among two cell lines (Figure 11.2). Cell density
values and volumetric productivities were also amongst those reported in spinner flasks and traditional
reactors, as well as higher than other studies reported in VWBRs (Table 11.2). Culture performance can
also be favourably compared with hiPSC culture on microcarriers in the VWBR (Rodrigues et al. 2018),
where similar cell densities and volumetric productivities were obtained with the same cell line. Despite
this, the culture set-up is barely optimised, as around 60% of the cells did not aggregate in the first 24 h
of culture and therefore further optimisation should be possible to improve the present results.

Besides the promising results obtained with mTeSR1, a fed-batch feeding regime with
mTeSR3D medium was tested as a means of mitigating the drastic parameter variations characteristic
of a repeated batch approach, and allowing for the accumulation of growth-inducing paracrine factors
(Kropp et al. 2016). The fed-batch strategy (Figure 11.3) resulted in similar growth profiles and aggregate
diameter distributions to repeated batch cultures but the high cell densities at the end of culture along
with the slow replenishment of glucose and low dilution of lactate may have led to alterations in the
metabolism of the cells. Proliferative cells, such as hiPSCs during their exponential growth, favour
glycolysis for fast glucose uptake and to produce all of the molecules required for cell division (Vander
Heiden et al. 2009, Varum et al. 2011). In fact, during the early days of culture, cells were metabolising
glucose mainly through glycolysis, indicated by a yield of lactate from glucose close to 2. The lower
yield observed at the end of culture suggests a metabolic shift to OXPHOS, which has already been
reported in stirred bioreactor cultures of hiPSC (Kropp et al. 2016). Still, to our knowledge, this is only
the second successful report indicating the viability of a fed-batch feeding strategy for the dynamic
suspension culture of hiPSCs (Schwedhelm et al. 2019), and its optimisation could greatly increase the
performance and the economic viability of this regime. A rough cost estimation based on these results

led to the conclusion that mTeSR3D can provide about 10% reduction in the cost of medium spent per
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cell obtained. As such, the selection of the optimal medium for culture should be weighted considering

the importance of both the cost and the performance.

The VWBR was shown to sustain the growth of hiPSCs with two different feeding regimes and
to compare favourably with traditional bioreactor systems. However, given that the maximum cell density
obtained was (1.2 £ 0.1) x 10° cells-mL-" and that Regenerative Medicine applications can require 10°
cells, it was considered important to develop strategies to increase the cell yield in the reactor.
Additionally, the average size of the aggregates in all conditions exceeded 300 um, which is problematic
due to the diffusion limitations to the centre of the aggregate. A promising strategy that was found for
both increased cell yield and aggregate size control was the supplementation of the culture media with
DS. This compound was already reported to have these effects on hPSC aggregates (Lipsitz et al. 2018)
due to its anti-apoptotic activity and surface charge modulation, without compromising pluripotency. In
fact, DS supplementation increased cell yields in about two-fold and reduced the period of exponential
growth, allowing for faster cultures (Figure 11.4). At day 1, we did not observe a reduction in aggregate
sizes with DS supplementation (Figure 11.4F) but our results suggest that a higher absolute number of
aggregates was formed in the presence of DS ( (Sl)). In this regard, we may hypothesise that the
increase in cell number resulted from an initial formation of a higher number of aggregates that

expanded to a comparable size of those cultured in the non-supplemented media.

The results obtained thus clearly favour DS supplementation of media over its absence, due to
the boost in culture performance without any observed negative effect over the hiPSCs. In these
conditions, the fed-batch system had a lower overall performance when compared to mTeSR1, in terms

of maximum cell yield, productivity and even in the effect on the metabolic activity of the cells.

It is important to note that the pluripotency and viability of the cells cultured under the optimal
condition, mTeSR1+DS, was not affected in the VWBR (Figure 11.5). Indeed, after 7 days of culture, cells
continued to express pluripotency markers, were able to form EBs, containing representatives of the
three germ layers and to generate both cardiomyocytes and neural progenitors following directed
differentiation into these lineages. At the end of the culture, cell aggregates reached over 300 pm in
diameter, indicating some of the larger aggregates to be prone to diffusional limitations of nutrients and
oxygen. While this could translate to necrosis in the centre of the aggregate, calcein AM/ethidium
homodimer staining and confocal microscopy analysis as well as LIVE/DEAD flow cytometry ( (Sl)) show
that dead cells are present in minority, and that there is no clear dead mass in the centre of the
aggregate. Nevertheless, more prolonged culture of these cells would likely require dissociation and
passaging to new culture vessels in order to maintain their viability and pluripotency over longer periods
of time. Increasing the agitation at later days of culture could also reduce the diameter of the aggregates,

allowing for better diffusion, while also contributing to a reduction in the variation in diameter size.

This study shows that VWBR can be considered a viable alternative for the growth of hPSCs,
generating cell densities well within the range of those obtained with other types of bioreactors (Table
11.2), while maintaining pluripotency. Nevertheless, there are still some challenges to tackle with this
culture set-up. Namely, the process is still ill-optimised and a design of experiments (DoE) approach
could be employed as a means of maximising the cellular growth and controlling cell aggregation for

prospective integrated differentiation approaches inside the bioreactor. The cell yield obtained in this

102



study was 2.3 x 108 cells'mL-", after 5 days, using a repeated batch feeding strategy. Kropp and co-
workers (Kropp et al. 2016) described a 47% increase in cell yield when the repeated batch feeding was
replaced by perfusion, in miniaturised bioreactor systems, allowing for a maximum cell density of (2.85
+ 0.34) x 106 cells'mL-" following 7 days in culture. Herein, the feeding modes used led to glucose
depletion and lactate accumulation at later days of culture, especially in the fed-batch culture with
mTeSR3D+DS, which may have hindered the achievement of higher cell densities. Operation of the
PBS MINI 0.1 VWBR with perfusion is not straightforward but its implementation (either in this model or,
prospectively, in higher volume models) would probably allow for higher cell densities to be obtained.
Nevertheless, the cell density obtained with the present culture methodology was very close to that
obtained by Kropp and co-workers with perfusion and, moreover, in comparison with that same study,
our process started from half the cell density and reached the maximum cell density in less time (5 days
vs 7 days). The use of in silico models to predict cell behaviour and adjust feeding could increase
obtainable cell densities even further, as this strategy was already applied for hiPSC culture in
miniaturised STBRs, leading to a final cell density of 3.5 x 107 cells-mL-" (Manstein et al. 2021).

The PBS MINI 0.1 is a scaled-down bioreactor model, designed for process development and
optimisation and not for cell production for clinical/industrial use. Assuming that 10° cells are required
for organ regeneration (e.g., heart or liver (Zweigerdt 2009)), if the highest cell density obtained in this
study, (2.3 £ 0.2) x 108 cells'mL~", could be maintained at higher scales, a bioreactor with a working
volume of about 450 mL would be enough to meet the needs for one person. The availability of VWBR
up to 80 L allow to envisage the use of higher volume models to generate cells for allogeneic settings
while smaller-scale vessels (e.g., PBS 3), could be suited for an autologous cell product. Independently
of the application, it is important to note that the scale-up of hPSCs is often prohibitive due to medium
costs and, as such, it is crucial to carefully plan how to perform it, namely in terms of which criteria to
apply (constant power input per volume, tip speed, mixing time or oxygen transfer, for instance).
Previous studies already proved the PBS MINI 0.5, which can hold up to 500 mL, to be compatible with
the growth of hiPSCs attached to microcarriers (Rodrigues et al. 2018) and as aggregates (Borys et al.
2021). As such, it would be important to also scale-up cell growth as aggregates, in order to generate a

number of cells compatible with clinical and/or pharmacological applications.

I1.5. Conclusions

One of the main bottlenecks in the usage of hPSCs in clinical or pharmacological applications
is their expansion to large quantities, while maintaining their characteristics. Bioreactors provide major
advantages over planar culture platforms, namely in terms of scalability, control and homogeneity, but
are still not fully optimised for stem cell growth, as the shear stress caused by the impeller can greatly
damage these cells. The VWBRSs can mitigate this problem due to their more efficient mixing and gentler
agitation set-up. The work here described is one of the first accounts of the usage of the PBS MINI
VWBR for hPSC expansion as floating aggregates. This system overall has the potential to comply
easily with GMP due to the single-use bioreactor system and the lack of matrices of any kind for cell
adherence. The conjunction of mMTeSR1 medium with DS led to a maximum increase of 9.3 + 0.6-fold

over the inoculum after only 5 days of culture, while not compromising the pluripotency of the cells.
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Although there are still some challenges to face with this system, namely the usage of xeno-free media,
the conversion to perfusion in order to potentially generate larger numbers of cells, and, finally, the

scale-up to larger bioreactors, this study provides compelling evidence in the applicability of the VWBRs

for the growth of hPSCs for diverse biomedical applications.

11.6. Supplementary information
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Figure 11.6 (Sl) — Statistical analysis of hiPSC growth curves. A set of two different culture conditions is presented
in each graph: A mTeSR1 vs mTeSR1+DS; B mTeSR3D vs mTeSR3D+DS; C mTeSR1+DS vs mTeSR3D+DS.

Differences between conditions, at a given day, were considered statistically significant at **p < 0.01 and
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Figure 11.8 (SI) — Number of hiPSC aggregates at day 1 under the different culture conditions tested. Samples (700
uL) harvested from the VWBR at day 1 were placed in a 24-well tissue culture plate and, using an optical
microscope, pictures were taken, capturing all the aggregates present. Images were then analysed to count the

total number of aggregates in the sample, which allowed to estimate the number of aggregates in the whole vessel.

A total of two samples from two different runs were analysed for each condition.
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Figure 11.9 (Sl) — Cell viability analysis. hiPSC aggregates cultured for A 3 and B, C 7 days in the VWBR, with

mTeSR1+DS, were harvested, incubated with calcein AM (2 umol-L~") and ethidium homodimer (4 pmol-L-"; Sigma-
Aldrich) for 30 min and visualised using a confocal microscope. Maximum intensity projections are shown (scale
bars = 100 um). Aggregates at day 7 were also dissociated, stained with the LIVE/DEAD Fixable Far Red Dead
Cell Stain Kit (Thermo Fisher), according to the manufacturer instructions and analysed by flow cytometry.
Representative images of D a 2D dot plot showing population gating and E a histogram of a sample analysis
(orange), including the positive control (a 50/50 mix of live cells and dead cells obtained by thermal shock) (grey).

Three independent samples were analysed and percentage of live cells is shown as mean + SEM.
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Figure 11.10 (SI) — Negative control of the antibody stainings performed in Figure 11.5C. Differentiated cells were
stained for OCT4 (secondary antibody: goat anti-mouse 1gG-AlexaFluor 546), which is not present in these cells

(scale bar = 50 ym).
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EXPANSION AND CARDIAC DIFFERENTIATION OF
HUMAN INDUCED PLURIPOTENT STEM CELLS IN
SINGLE-USE VERTICAL-WHEEL BIOREACTORS—AN

INTEGRATED APPROACH
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l1l.1. Introduction

CVDs, such as heart failure, have remained the leading cause of death for many years
(https://www.who.int/news-room/fact-sheets/detail/the-top-10-causes-of-death, accessed on the 25" of
May 2021), and their incidence can only be expected to rise due to the prevalence of risk factors such
as obesity, sedentarism and smoking (Virani et al. 2021). These diseases represent a substantial
socioeconomic burden and there is still not an appropriate response for them—existing therapies aim
to reduce their impact by facilitating blood flow, but the loss of cardiomyocytes upon myocardial
infarction is difficult to impossible to revert due to the limited regeneration capacity of these cells
(Bergmann et al. 2009, Mollova et al. 2013, Hesse et al. 2018).

The discovery of hPSCs—cells which can self-renew indefinitely, and can differentiate into all
cell types of the human body—has been an important advancement for the development of new
strategies for heart repair. While hESCs are ethically problematic due to their isolation requiring the
destruction of human embryos (Matthews and Morali 2020), hiPSCs (Takahashi et al. 2007, Yu et al.
2007) are a very promising source of cells on-demand for Regenerative Medicine, overcoming not only
the ethical problems of isolation, but also, if derived from the patients’ own cells, avoiding rejection upon
transplantation. Furthermore, hiPSCs can also be used for drug screening and disease modelling,
including in a precision medicine context, aiming for personalised therapies (ltzhaki et al. 2011, Sayed
et al. 2016, Shi et al. 2017, Rowe and Daley 2019). Any of these applications, however, will necessitate
a scalable and reproducible biomanufacturing protocol to generate the large numbers of cardiomyocytes
required (Zweigerdt 2009).

Classical biological processes have long relied on bioreactors for the production of proteins,
viruses, etc. (van Lier et al. 1990, Velez-Suberbie et al. 2013, Raven et al. 2015, Schmideder and
Weuster-Botz 2017), due to providing 3D, scalable environments compatible with process monitoring
and control, as well as a variety of feeding strategies. This extensive knowledge in the operation of
STBRs has already seen application for hPSC biomanufacturing processes (Kropp et al. 2016, Kwok et
al. 2018, Halloin et al. 2019), but it has also shown these bioreactors are not ideal due to the large shear
stress “hot spots” close to the impeller and the “dead zones” with stagnant conditions. Either of these
phenomena may be responsible for spontaneous cell differentiation or death (Stolberg and McCloskey
2009, Earls et al. 2013). This has led to the development of novel bioreactor systems, with agitation

systems more compatible with the growth of shear-sensitive cells, including hPSCs.

The VWBRs, by PBS Biotech, are novel systems which employ a large vertical impeller,
combining radial and axial agitation, along with a U-shaped bottom. These unique characteristics allow
for a homogeneous shear stress distribution profile, without the evidence of “hot spots” or “dead zones”,
thus allowing for efficient mixing of the cells with low power input (Croughan et al. 2016). Furthermore,
these bioreactors are single use, which reduces the risk of contamination. VWBRs have already been
applied for hMSC expansion (Sousa et al. 2015, Yuan et al. 2018, de Sousa Pinto et al. 2019, de Almeida
Fuzeta et al. 2020, Lembong et al. 2020), as well as hiPSC expansion, both with the cells attached to
microcarriers (Rodrigues et al. 2018) and as aggregates (Borys et al. 2020, Borys et al. 2021). More

recently, long-term cerebellar differentiation of hiPSCs has also been proven to be possible in these
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bioreactor systems, with clear advantages over static conditions (Silva et al. 2021). As such, these
bioreactors have the potential to be applied for cardiac differentiation of hiPSCs.

Cardiac differentiation protocols have seen many advancements in recent years, with the GiWi
protocol, first reported by Lian and co-workers, being regarded as a reliable, efficient and cost-effective
method for generation of hiPSC-derived cardiomyocytes (Lian et al. 2012, Lian et al. 2013). This protocol
initially employs a GSK3 inhibitor in order to activate the WNT signalling pathway and direct the cells
towards a mesendodermal fate. Afterwards, WNT signalling is inhibited in order to permit the generation
of cardiac mesoderm and, subsequently, cardiomyocytes. This protocol has also been applied in 3D
conditions (Kempf et al. 2014, Laco et al. 2020), with recent reports detailing the positive effect of 3D in
terms of the maturation of the generated cardiomyocytes (Correia et al. 2018, Branco et al. 2019). A
two-day gap between GSK3 inhibition and WNT inhibition is generally employed, but this may lead to
the differentiation of the initial mesendodermal cell pool in non-cardiogenic primitive streak-like cells. In
an attempt to increase the differentiation potential of this protocol, Halloin and colleagues have
researched continuous WNT control, with WNT inhibition directly following GSKS3 inhibition. This
continuous GiWi (GiWicont) protocol was shown to more efficiently direct hiPSCs towards a cardiac fate,
and to be able to generate about 1 x 10® cardiomyocytes-mL-" in 500 mL bioreactors (Halloin et al.
2019).

In this work, hiPSC cardiac differentiation was performed for the first time in VWBRs. An
integrated approach was used, with expansion as aggregates followed by cardiac differentiation in the
same bioreactor system, the PBS MINI 0.1 with a working volume of 60 mL. Despite the need for some
optimisation, it was shown that VWBRs have the potential to support hiPSC cardiac differentiation, with
the possibility of generating a population of over 70% cardiomyocytes. This is an important step towards
the development of hiPSC cardiac differentiation protocols under GMP, envisaging the use of these cells

in pharmacological and Regenerative Medicine settings.

I1l.2. Materials and methods

11.2.1. hiPSC culture and maintenance

This work was performed using the Gibco® human episomal induced pluripotent stem cell line
(Thermo Fisher Scientific, USA), which was derived from CD34* cord blood through EBNA-based
episomal transfection of factors SOX2, OCT4, KLF4, C-MYC, NANOG, LIN28 and SV40 T antigen. The
hiPSCs were cultured on 6-well tissue culture plates coated with Matrigel (1:100; Corning, USA), in
mTeSR1 (STEMCELL Technologies, Canada) or E8 (Thermo Fisher Scientific) culture medium, and
kept in a humidified incubator at 37 °C and 5% COz. Culture medium was refreshed daily, and the cells
were routinely passaged after reaching 80% confluence at a split ratio of 1:4, using EDTA (Thermo
Fisher Scientific) (Beers et al. 2012). Briefly, cells were washed twice and left to incubate for 5 min with
EDTA (0.5 mmol-L-' in DPBS; Thermo Fisher Scientific). Afterwards, EDTA was removed and the cells
were rinsed and collected by pipetting with culture medium before plating in new Matrigel-coated tissue

culture plates. Cultures did not exceed four passages prior to bioreactor inoculation.
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lll.2.2. Cardiac differentiation condition screening

For an initial screening of conditions for cardiac differentiation, cells from 80% confluent 6-well
tissue culture plates were incubated for 1 h in mTeSR1 or E8 supplemented with 10 umol-L-' ROCK
inhibitor Y-27632 (STEMCELL Technologies) prior to harvesting with Accutase (Sigma-Aldrich, USA).
Briefly, cells were washed once with DPBS and incubated for 7 min at 37 °C in Accutase. The cells were
harvested and mechanically dissociated into single cells with a micropipette, and diluted with culture
medium, following centrifugation at 210 x g for 3 min and resuspension in mTeSR1 or E8 supplemented
with Y-27632. The hiPSCs were counted with a haemocytometer, using the trypan blue dye exclusion
test, and seeded in the AggreWell 800 microwell plates (STEMCELL Technologies) according to the
manufacturer’s instructions at 9.75 x 105 cells per well. After 24 h and 48 h, medium was changed to
mTeSR1 or E8 without Y-27632. 72 h post-seeding, the cell aggregates were seeded onto 6-well ultra-
low attachment tissue culture plates, in RPMI 1640 (Thermo Fisher Scientific), supplemented with 1x B-
27 minus insulin (Thermo Fisher Scientific) (RPMI/B27-ins), with CHIR (StemGent) at varying
concentrations and either with or without 0.1% Pluronic F-68 (Thermo Fisher Scientific). This timepoint
was set as day 0 of differentiation. For dynamic conditions, the plates were left under the action of orbital
agitation at 70 rpm. After 24 h, the medium was changed to RPMI/B27-ins and replaced every two days
until day 7 of differentiation. 5 pmol-L-" IWP-4 (StemGent) was added either at day 1 or day 3 and
removed in the next medium change. Starting from day 7, the medium was changed every 3 days to
RPMI 1640 medium supplemented with 1x B-27 (Thermo Fisher Scientific) (RPMI/B27) until day 15,

when the cells were fixed and stained for cTNT.

11.2.3. Bioreactor inoculation and operation

For this work, the PBS MINI 0.1 MAG VWBRs, which hold a maximum volume of 100 mL, were
used. The working volume was selected to allow complete covering of the impeller wheel (initial working
volume = 60 mL). Cells from 80% confluent 6-well tissue culture plates were incubated for 1 h in
mTeSR1 supplemented with 10 pymol-L-' Y-27632 prior to harvesting with Accutase and resuspension
in mTeSR1 supplemented with Y-27632 and 0.1% Pluronic F-68. The hiPSCs were counted with a
haemocytometer, using the trypan blue dye exclusion test, and seeded in the bioreactor at a density of
5.0 x 10% cells'mL-'. mTeSR1 with Y-27632 and Pluronic F-68 was added until reaching the working
volume. After 48 h, medium was changed to mTeSR1 without Y-27632 and Pluronic F-68. 72 h post-
seeding, the medium was replaced by RPMI/B27-ins, with CHIR at varying concentrations. This
timepoint was set as day 0 of differentiation. After 24 h, the medium was changed to RPMI/B27-ins and
replaced every two days until day 7 of differentiation. 5 ymol-L-' IWP-4 (StemGent) was added either at
day 1 or day 3 and removed in the next medium change. Starting from day 7, the medium was changed
every 3 days to RPMI/B27, until day 15, when the cells were fixed and stained for cTNT. Stirring was
continuously maintained at 30 rpm to keep the aggregates in suspension.

Culture sampling was performed daily. Two samples of 700 pyL were collected with the reactor
under agitation, and photos of the aggregates were captured with an inverted optical microscope (Leica

DMI3000B/Nikon Digital Camera Dxm1200F) for later measurement. At least 100 aggregates were
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captured and analysed per timepoint. The area of the aggregates in each photo was determined using
the FIJI software (Schindelin et al. 2012, Rueden et al. 2017), and their diameter was computed,

considering the aggregates to be approximately spherical, as

g= |*A (11.1)
T
with A as the area of the aggregate. The dispersion in aggregate size was determined as the coefficient

of variation, defined as

Cy=—— (I11.2)

with SDy as the standard deviation and p, as the average of the diameter for each condition. The
aggregates were incubated with Accutase and mechanically dissociated into single cells as previously
described. Viable cells were counted with a haemocytometer. Cell viability was over 90% at all culture
days. Fold increase in cell number at a given time point was calculated as the ratio

X

Fl= 5 (I11.3)

with X as the number of cells at the considered time point, and X, as the initial number of cells.

lll.2.4. Flow cytometry

Throughout culture, cells were collected from the PBS MINI 0.1 and analysed for the expression
of pluripotency and differentiation markers. The protocols for staining are described elsewhere for both
pluripotency markers (Rodrigues et al. 2011) and for cTNT (Branco et al. 2019). Antibodies for OCT4
(1:300; Millipore, USA), SOX2 (1:150; R&D Systems, USA) and cTNT (1:250; Thermo Fisher Scientific)
were used, and goat anti-mouse IgG-AlexaFluor 488 (1:300; Thermo Fisher Scientific) served both as
a secondary antibody and as a negative control. The gate was selected to contain only 1% of false
positives (i.e. 1% of the negative control samples). The cell samples were analysed with a FACSCalibur
flow cytometer (Becton Dickinson, USA) and acquisition of the data was performed with the Cell Quest
software (Becton Dickinson). For data analysis, Flowing Software (University of Turku, Finland) was

used. A minimum of 10,000 events were analysed for each sample.

ll1.2.5. qRT-PCR

Total RNA from frozen cell pellets was extracted using the High Pure RNA Isolation Kit (Roche,
Switzerland). Following quantification in a NanoVue™ Plus spectrophotometer (GE Healthcare, USA),
1 ug of RNA was converted to cDNA using the High-Capacity cDNA Reverse Transcriptase Kit (Life
Technologies). Reactions were run in triplicate using NZYSpeedy qPCR Green Master Mix, ROX plus
(NZYTech, Portugal), and primers specific for OCT4, NANOG, T/BRACHYURY, ISL1, NKX2.5, SOX1,
and SOX177 in a StepOne Plus Real-Time PCR System (Thermo Fisher Scientific). Ct values for each

condition were normalised against the corresponding expression of the housekeeping gene GAPDH,
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generating ACt. ACt values were then normalised to day 0 values, generating AACT. Relative quantities

were computed as 2-2CT,

11l.3. Results

lll.3.1. Screening of cardiac differentiation conditions

The development of an integrated protocol for hiPSC expansion and cardiac differentiation in
VWBRSs started by testing, in static conditions, different variations of the GiWi protocol reported in the
literature. Most of the previous studies using the GiWi protocol apply GSKS3 inhibition during the first day
of differentiation and canonical WNT inhibition between days 3 and 5 (Lian et al. 2012, Lian et al. 2013,
Kempf et al. 2014, Branco et al. 2019, Laco et al. 2020). Continuous WNT control, with GSKS inhibition
directly followed by WNT inhibition, has recently been found to greatly improve cardiac differentiation
(Halloin et al. 2019) and therefore this protocol was compared with the “classic” GiWi (Figure Ill.1). In
fact, the results obtained confirmed the best performance of the GiWicont protocol, leading to a 3.2-fold
increase in cardiomyocyte percentage following differentiation (from 15.0% to an average of 48.4%).
While the cardiac differentiation efficiency of the GiWi protocol was substantially lower than the reported
by Branco and colleagues (over 90%; Branco et al. (2019)), the authors maintained the cells in microwell
plates until day 7 of differentiation, while we only used microwell plates for the initial cell expansion and

performed the full differentiation in ultra-low attachment tissue culture plates.

60 -
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Figure Ill.1 — Comparison of the efficiency of cardiac differentiation of hiPSCs as aggregates in static conditions

via the classic GiWi protocol and the GiWicont protocol, in terms of the expression of cardiac-specific marker cTNT
at differentiation day (dd) 15. One sample (n = 1) was analysed for the GiWi protocol and three independent samples

(n = 3) were analysed for the GiWicont protocol. Percentage of cTNT" cells is shown as mean + SEM.

Following this analysis and before moving to the VWBR, a preliminary study in dynamic
conditions was performed. For this purpose, different conditions for cardiac differentiation of hiPSCs as
aggregates were assayed, using tissue culture plates on orbital shakers. Our previous work regarding
the expansion of this cell line in the VWBR led to the generation of aggregates with an average diameter
of 190 £ 9 um after 3 days of expansion (Figure 11.2), which is below the optimal range (Branco et al.
2019) to start the cardiac differentiation protocol. In order to improve cell survival in the short expansion

phase, and to increase aggregate size towards the optimal range, supplementation of the expansion
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medium with Pluronic F-68, widely used as a shear protectant (Tharmalingam et al. 2008, Manstein et
al. 2021), was evaluated. However, before using this supplement in differentiation cultures, the effect of
three different concentrations of Pluronic F-68 in hiPSC pluripotency was assayed in aggregates
cultured under static conditions. None of the conditions tested affected the expression of pluripotency
markers, with the percentage of cells expressing OCT4 and SOX2 remaining above 97% and comparing
favourably to the non-supplemented control (Figure 111.2). A concentration of 0.10% Pluronic F-68 was
thus selected for subsequent experiments, as this concentration is also reported in other studies
(Manstein et al. 2021).
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Figure 1ll.2 — Effect of Pluronic F-68 (PF68) supplementation on the expression of pluripotency markers OCT4 and
SOX2 by hiPSCs growing as aggregates in ultra-low attachment tissue culture plates under static conditions. One

sample (n = 1) was analysed for all conditions.

In the next step, the effect of three variables on cardiac differentiation efficiency was tested
under dynamic conditions: 1) culture medium used in the expansion phase (E8 and mTeSR1); 2) the
effect of Pluronic F-68 supplementation during aggregate formation; 3) CHIR concentration at
differentiation day 0 (5 pM, 8 yM and 11 pM). Static cultures, where initial aggregate formation was
performed in microwell plates followed by differentiation in ultra-low attachment tissue culture plates,
were used as a reference condition. Dynamic cultures were fully performed in ultra-low attachment
tissue culture plates on orbital shakers. In both cases, the pre-differentiation expansion phase was set
at 3 days. An overview of the results is found in Figure 111.3.

In static conditions, following expansion with E8, the highest cardiac differentiation efficiency
(43%) was observed for 8 yM CHIR. Dynamic cultures only generated cardiomyocytes (33%) with 5 uM
CHIR and without Pluronic F-68 supplementation. All other dynamic cultures of cells expanded with E8
generated less than 3% cTNT* cells.

For mTeSR1, maximum cardiac differentiation in static conditions occurred with 8 yM and 11
MM CHIR (56%). In dynamic culture, with 5 pM of CHIR and without Pluronic F-68 supplementation,
62% cTNT™* cells were obtained at the end of the protocol. The presence of Pluronic F-68 led to the
same results. Supplementation with 8 yM and 11 uM of CHIR caused the differentiation to be
precociously interrupted due to excessive cell aggregation.

Despite the failed differentiation for other CHIR concentrations, dynamic culture outperformed
static culture in the 5 uM CHIR condition. Furthermore, expansion in mTeSR1 was found to be more

favourable, either with or without Pluronic F-68 supplementation. As such, expansion with mTeSR1
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(supplemented with Pluronic F-68 for 2 days) and initial differentiation with 5 yM CHIR were selected as

the reference conditions for differentiation in bioreactors.
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Figure 11l.3 — Comparison of the efficiency of cardiac differentiation of hiPSCs as aggregates in static and dynamic
(with and without Pluronic F-68 (PF68) supplementation) conditions via the continuous GiWi protocol, in terms of
the expression of cardiac-specific marker cTNT at differentiation day (dd) 15. One sample (n = 1) was analysed for

all conditions.

11.3.2. VWBRs allow for integrated expansion and cardiac differentiation of
hiPSCs

An integrated expansion and differentiation protocol was attempted in VWBRSs, using the
conditions found to be optimal in tissue culture plates as a starting point. Naturally, given the distinct
microenvironment in the transition from plates to bioreactors (e.g., the impeller-mediated agitation), the
optimal culture conditions in the VWBR might be different, as such, other protocols were tested as
alternatives in parallel. The following sets of conditions were assayed (with n = 3 for condition #1 and n

= 1 for the remaining):

Table Illl.1 — Sets of conditions tested for differentiation of hiPSCs in VWBRSs.

Condition # CHIR concentration (uM) IWP-4 timing
1 5 d1-3
2 11 d1-3
3 5 d3-5

An overview of the results obtained for the various conditions is found in Figure IIl.4. The cells
were able to aggregate and grow throughout the 3-day expansion phase (Figure 111.4A). Following a 3-
day expansion phase, an average of (7.4 + 0.9) x 10° cells-mL~" were obtained, representing a 1.5
0.2-fold increase relatively to the inoculum (Figure 111.4C). Day 3 hiPSC aggregates averaged 298 + 25
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um of diameter (Figure 111.4D), with a coefficient of variation of 19 + 2% (Figure 11l.4E). Differentiation
was started with the hiPSCs at this stage, under the different conditions presented in Table IIl.1, with
each of the conditions generating aggregates with different morphologies (Figure I11.4B). Spontaneously
contracting aggregates were observed only following differentiation under conditions #1 and #2 (GiWicont
with different IWP-4 concentrations), but not with condition #3 (GiWi). Flow cytometry results (Figure
I11.4F) were concordant with this observation, with condition #3 failing to generate cTNT* cells, condition
#2 resulting in 2.5% cTNT* cardiomyocytes and an average cTNT* population of 30 + 22% stemming
from differentiation in condition #1 (with one replicate resulting in 73.3% cTNT* cells). It should be noted,
however, the need of performing replicates of both conditions #2 and #3 in order to perform a more

proper comparison between the cardiomyogenic potential of the three protocols.

111.3.3. Gene expression profiles in differentiating hiPSCs

Due to the promising yet weakly reproducible results of the cardiac differentiation in VWBRSs,
the initial stages of the condition #1 process were characterised through qRT-PCR (Figure 111.5).
Expression of pluripotency genes OCT4 and NANOG was stable through the expansion and the first
day of differentiation but rapidly declined after WNT inhibition. Following CHIR exposure,
mesendodermal marker T/BRACHYURY was upregulated 20-fold, and its expression remained stable
until day 5 of differentiation. SOX77 and SOX7 were mostly downregulated throughout the process, but
their expression was ~ 3-fold higher than in the inoculum by day 5 of differentiation. A 234-fold increase
in the expression ISL1, a known SHF CPC marker (Cai et al. 2003, Bu et al. 2009), and a 4-fold increase
in cardiac marker NKX2.5, were observed by day 5 of differentiation, indicating the cardiac commitment

of at least part of the cell population.

Il11.4. Discussion

hiPSC-derived cardiomyocytes represent an important source of cells for diverse biomedical
applications and for precision medicine approaches, but the high numbers of those cells required for
these applications can only be reliably obtained using bioreactors. The unique agitation characteristics
of the VWBRs render them advantageous for the culture of shear-sensitive cells such as hiPSCs and
derivatives. As such, this work explored an integrated hiPSC expansion and cardiac differentiation
process in those bioreactors, by adapting previously described, efficient cardiac differentiation protocols.

Prior to the establishment of a bioreactor protocol, the differentiation was optimised at a small
scale in culture plates. The GiWi protocol was selected for cardiac differentiation due to its high efficiency
and simplicity. This protocol employs an initial activation of the WNT signalling pathway by GSK3
inhibition, followed by canonical WNT inhibition. Between both phases, the cells are cultured without
small molecules. This protocol was found to be able to produce over 90% cTNT* cells, even in a 3D
environment (Correia et al. 2018, Branco et al. 2019). Nevertheless, some inconsistency in cardiac
differentiation can be found between distinct runs and/or cell lines, motivating a new approach—the
GiWicont protocol, which applies successive activation and inhibition of WNT signalling. This novel

system was described as generating over 90% cardiomyocytes in bioreactor culture
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Figure Ill.4 — Results of the integrated expansion and differentiation of Gibco hiPSCs in the PBS MINI 0.1
bioreactor. At day 0, the reactors were inoculated with 3.0 x 107 cells (5.0 x 10° cells'mL~") and starting from 72 h
post-inoculation, differentiation was performed according to the respective condition. A-B Representative images
of cell aggregates harvested from the bioreactor, analysed through brightfield microscopy at A days 1, 2 and 3 of
expansion (scale bars = 250 ym) and B differentiation day (dd) 15 for conditions #1 through #3 (scale bars = 100
um). C Growth kinetics of the cells throughout expansion, in terms of total cell number and fold increase. D-E
Aggregate size dynamics of the cells, in terms of D average aggregate diameter and E coefficient of variation. F
Flow cytometry analysis of cells harvested from the bioreactor after 3 days of expansion and 15 days of
differentiation in the PBS MINI 0.1 bioreactor. The cells were analysed for cardiac specific marker cTNT. Five
different replicates (n = 5) were analysed for the growth and aggregate kinetics and three different replicates (n =
3) for flow cytometry of condition #1. In these cases, the results are shown as mean + SEM. One sample (n = 1)

was analysed for all other results.
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Figure ll.5 — gRT-PCR analysis of cells prior to (day 0) and following (day 3) expansion, and at differentiation days
(dd) 1, 3 and 5 in the PBS MINI 0.1 bioreactor. The cells were tested for A pluripotency (OCT4 and NANOG), B
germ layer (SOX1, T/BRACHYURY and SOX17, representing ectoderm, mesendoderm and endoderm,
respectively) and C cardiac (/ISL7 and NKX2.5) marker expression. RNA levels are relative to expression of GAPDH

and to day 0 and were computed as 22T,

(Halloin et al. 2019). We compared both protocols for differentiation of hiPSCs as aggregates in culture
plates and found that the GiWicont protocol could increase cardiac differentiation efficiency over 3-fold in
comparison to the traditional protocol (Figure IIl.1). In fact, the continuous WNT control may avoid the
differentiation of mesendodermal cells into a wide variety of downstream lineages, instead directing
them towards cardiac mesoderm. These “cardiac-primed” cells can then generate cardiomyocytes with
a notably increased efficiency in comparison to a general primitive streak-like population (Halloin et al.
2019).

A 3-day expansion phase, prior to differentiation, was established based on a previous report,
and an aggregate diameter close to the described as optimal (289 + 12 ym) was also targeted (Branco
et al. 2019). However, our previous work with expansion of the used cell line in the VWBR led to the
generation of aggregates with an average diameter of 190 = 9 um after 3 days of expansion. We opted
to increase the inoculation density to 5.0 x 105 cells'-mL~", as well as to supplement the culture medium
with Pluronic F-68, a known shear-protecting agent (Tharmalingam et al. 2008, Manstein et al. 2021),
in order to attempt to increase the average aggregate size to about 300 ym. hiPSCs in static culture
supplemented with Pluronic F-68 maintained the expression of pluripotency markers on a range of
concentration up to 0.20% (Figure 111.2).

It was then necessary to assay if Pluronic F-68 could have a positive impact on cardiac
differentiation (Figure 111.3). Furthermore, we compared different expansion culture media (E8 or
mTeSR1) and different CHIR concentrations. Finally, the effect of static vs dynamic conditions was also
tested. mTeSR1 outranked E8 in almost every condition. While the use of E8 would be advantageous
due to being xeno-free, the differentiation was also performed with a medium containing animal-derived

components (RPMI/B27). As such, at this initial stage of optimisation of cardiac differentiation, mTeSR1
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was selected as the expansion medium. Nevertheless, as a xeno-free alternative to mTeSR1, TeSR2
could have been selected. Static differentiation of mTeSR1-expanded hiPSCs was not very dependent
on CHIR concentration at the tested range. Conversely, dynamic differentiation only showed promising
results with 5 yM CHIR. Dynamic cultures lead to a more homogeneous cell culture microenvironment,
avoiding the formation of gradients of nutrients, growth factors or other molecules. It is then expected
that the cells are exposed to a higher local CHIR concentration in a dynamic environment. This higher
local CHIR concentration may have caused the abnormal cell aggregation. In this condition, Pluronic F-

68 did not present apparent inhibition of cardiac differentiation, so it was maintained.

Following the initial condition screening, three different protocols for integrated expansion and
cardiac differentiation in VWBRs were tested (Figure I11.4). The 3-day growth phase could expand the
cells 1.5 = 0.2-fold, and, as expected, a higher inoculation density combined with Pluronic F-68
supplementation could increase the average aggregate diameter, to 298 + 25 ym. We expected these
conditions to be optimal for cardiac differentiation. In fact, the base protocol—the GiWicont protocol with
a 5 yM CHIR concentration—could generate up to 73.3% cardiomyocytes. However, the other two
bioreactor runs were less successful, with a global average of 30 + 22% cTNT* cells at the end of
differentiation. As expected, increasing the CHIR concentration to 11 uM or applying the conventional
GiWi protocol seemingly resulted in impaired and non-existent cardiac differentiation, respectively.
However, only one replicate was performed for either of these conditions, and more replicates would be
required in order to extract meaningful conclusions. All protocols share notable cell disaggregation
following IWP-4 supplementation, leading to an average 80% cell loss in comparison to the inoculum.
During their in vivo specification, cardiac-generating cells deriving from the primitive streak undergo an
epithelial-to-mesenchymal transition, acquiring a migratory profile (Buijtendijk et al. 2020). A similar
change in cellular characteristics in vitro may be responsible for this cell disaggregation. Nevertheless,
this protocol will have to be optimised in order to minimise this excessive cell loss, as this greatly impairs
the potential of clinical-scale generation of cardiomyocytes. To improve cell survival, reduction of the
shear stress at this stage (lower agitation speeds) or medium supplementation with molecules such as
ROCK inhibitors could be explored. As this effect was observed following supplementation with IWP-4,
independently of its timing (addition at day 1 or 3), its concentration could be varied or alternative WNT
inhibitors (such as IWP-2 (Lian et al. 2012, Kempf et al. 2014), IWR-1 (Dahlmann et al. 2013, Pei et al.
2017, Correia et al. 2018) or WNT-C59 (Burridge et al. 2014, Han et al. 2020)) could be used. As an
alternative, following the report that the medium feeding regime throughout expansion may influence
the outcome of cardiac differentiation—with aggregates resulting from repeated batch culture failing to
differentiate and cyclic perfusion—cultured aggregates resulting in up to 85% cardiomyocytes—a
perfusion strategy could also be performed during expansion in the VWBRs in order to attempt to

increase cardiac differentiation and to limit cell death (Kempf et al. 2014).

gRT-PCR analysis (Figure 111.5) of the GiWicont protocol with 5 uM CHIR revealed some aspects
of a successful cardiac differentiation—mesendodermal induction (upregulation of T/BRACHYURY at
differentiation day 1) as well as cardiac commitment of at least a part of the cell population (upregulation
of ISL1T and NKX2.5 at differentiation day 5). Intriguingly, however, although expression of

T/BRACHYURY is expected to decrease following its initial spike as the cells commit to specific
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mesendodermal lineages (Lian et al. 2012, Kempf et al. 2014, Laco et al. 2020), in this case, it remained
constant until day 5 of differentiation. This suggests some of the cells remain uncommitted even
following WNT inhibition, which might indicate some priming towards other mesodermal lineages. Also
unexpectedly, endodermal marker SOX77 and ectodermal marker SOX7 are mildly upregulated at day
3/5 of differentiation, respectively. The presence of non—cardiac primed cells might justify the substantial
cell death under cardiomyogenic conditions. Although more biological replicates are required to
strengthen any conclusions, together, these data also indicate the need for a change in the expansion
and/or initial differentiation phase to more efficiently direct hiPSCs towards cardiac mesoderm.
Nevertheless, these results also confirm the cardiac commitment, if partial, of the cell population, by day

5 of differentiation.

l1.5. Conclusions

CVDs present a major socioeconomic burden to society, with a lack of efficient answers to them.
While the solution might lie in hiPSC-derived cardiomyocytes, methods for their scalable and
reproducible bioproduction are required. While bioreactors are advantageous due to providing a 3D
environment compatible with bioprocess monitoring and control, the stirred tank models are optimised
for traditional bioproducts where the quality of the cells is not the major concern. The novel agitation
system of the VWBRs aims at mitigating shear-induced negative effects on cell growth, allowing for the
culture of shear-sensitive cells such as hiPSCs. Furthermore, the disposable vessels of this bioreactor
system present an advantage for clinical applications due to the minimised risk of culture contamination.
Although substantial optimisation is yet required, this work is the first report of integrated expansion and
cardiac differentiation of hiPSCs in VWBRSs. It was found that differentiation through continuous WNT
control led to more promising results than the traditional GiWi protocol. A maximum of 73.3% cTNT*
cardiomyocytes could be obtained at the end of culture, despite a considerable variation between runs
and substantial cell death (averaging 80% of the inoculum). Moreover, the expression of CPC markers
at day 5 of differentiation was observed by qRT-PCR. We conclude that optimisation of the culture
parameters is necessary envisaging the development of a robust bioprocess. In particular, different
culture medium feeding regimes during the expansion phase should be evaluated as well as different
small molecule (e.g., CHIR) concentrations and the use of xeno-free media throughout the protocol.
This work showed the feasibility of using VWBRSs for the production of hiPSC-derived cardiomyocytes,

paving the way for a scalable bioprocess to enable their clinical use.
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CHAPTER IV.
CHARACTERISATION OF THE OXYGEN MASS
TRANSFER IN VERTICAL-WHEEL BIOREACTORS

THROUGH COMPUTATIONAL FLUID DYNAMICS
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IV.1. Introduction

The discovery and isolation of stem cells marked a major breakthrough for medicine. Their ability
to self-renew and to differentiate allow for the generation of various cell types in vitro and on demand.
hPSCs are particularly promising due to their potential to generate all types of cells of the body. While
the use of hESCs is limited by ethical constraints surrounding the destruction of human embryos
(Matthews and Morali 2020), hiPSCs (Takahashi et al. 2007, Yu et al. 2007) are generated from somatic
cells, not only avoiding those ethical issues, but also allowing a rejection-free and/or precision medicine
approach when using the patients’ own cells (Sayed et al. 2016, Shi et al. 2017).

Naturally, using hiPSCs for applications such as Regenerative Medicine, drug screening or
disease modelling will require high numbers of these cells, possibly 10° (Zweigerdt 2009). Obtaining
these high numbers of cells will require scalable systems capable of supporting their expansion.
Bioreactors have been regarded as promising platforms for hiPSC expansion and differentiation (Kropp
et al. 2016, Kwok et al. 2018, Halloin et al. 2019) due to providing a 3D environment, compatible with
monitoring and control, as well as distinct feeding medium strategies. However, STBRs were designed
for traditional biological applications, where the cells are not the final product. In STBRs, the shear stress
close to the impeller is considerable and may damage shear-sensitive cells, such as hiPSCs (Stolberg
and McCloskey 2009, Earls et al. 2013), while stagnated zones far from the influence of the impeller
may also be observed.

The shift in paradigm from cells as a factory to cells as a product has necessitated the
development of novel bioreactor systems with more gentle and efficient agitation mechanisms. The
VWBRs (from PBS Biotech) employ a large vertical impeller, which combination of radial and axial
mixing, along with the U-shaped bottom of the vessel, allows for efficient cell suspension with reduced
power input (Croughan et al. 2016). Furthermore, these bioreactors are available from bench scale
(starting from 100 mL) up to production scale (with a maximum volume of 80 L). These advantages have
already led to the use of the VWBR for culture of h(MSCs (Sousa et al. 2015, Yuan et al. 2018, de Sousa
Pinto et al. 2019, de Almeida Fuzeta et al. 2020, Lembong et al. 2020) and hiPSCs (Rodrigues et al.
2018, Borys et al. 2020, Borys et al. 2021). However, due to the relative recency of the VWBRSs, they
are not yet fully characterised. As such, scaling up the culture might require a trial-and-error approach,
wasting time and resources with each reoptimisation at a new scale. Oxygen transfer, in particular, is a
concern, as the increase in scale may be associated with a need for sparging in order to satisfy the
oxygen demand of the cells.

CFD is a powerful tool, which allows to model complex bioreactor geometries under a variety of
operational conditions. Furthermore, due to the discretisation (i.e., division into finite elements) of the
system, the desired data (e.g., liquid velocity or oxygen concentration profiled) can be obtained locally,
allowing for a more thorough understanding of the behaviour inside the bioreactor. CFD can, thus, be
applied to characterise a bioreactor at various scales, facilitating the development of criteria for scaling
up the culture, greatly reducing the required optimisation experiments.

This work aimed at characterising the VWBR in terms of oxygen mass transfer, in order to

understand if cell culture at high densities might be limited by oxygen. A model was developed for the
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100 mL VWBR and the volumetric oxygen mass transfer coefficient (k a) was found to be in agreement
with experimental data for agitation speeds between 10 and 40 rpm. The overarching goal, a
characterisation of oxygen transfer at higher scales, was not yet achieved, but the implementation of
the 100 mL bioreactor model herein developed at the 500 mL scale and beyond will impart critical
information for the development of manufacturing scale bioprocesses for hiPSC expansion and

differentiation.

IV.2. Materials and methods

IV.2.1. CFD model

In this work, the PBS MINI 0.1 MAG VWBR was characterised using CFD. The 3D model of the
vessel, kindly provided by PBS Biotech, was meshed using OpenFOAM 8 (The OpenFOAM Foundation,
UK). The mesh was comprised of 1.15 x 10°¢ cells. The CFD simulations were also performed in
OpenFOAM 8. No-slip boundary conditions were defined at the vessel walls, and a partial slip (20%)
condition was set for the liquid surface. Impeller rotation was simulated by setting a moving reference
frame. The system was considered to be isothermal (21 °C) and isobaric (1 atm), and Henry’s law was
considered to be applicable. The properties of the medium were set as those of pure water. The interface
was set in equilibrium and saturated in oxygen, with the oxygen mass transfer limited by diffusion (two-
film theory (Doran 1995)).

The flux of mass transfer of a component A is described by Fick’s law as (Doran 1995)

N dC
JA:_A:_D A

a v (IvV.1)

with N, as the rate of mass transfer, a as the specific area (area of mass transfer/liquid volume), Dpg
as the diffusivity of A in B, C, as the concentration of A and y as the distance. The rate of mass transfer
at the liquid/gas interface can be written as

Na = kGa(CA,G - CA,Gi) = kLa(CA,Li - CA,L) (IV.2)

with kg and k_ as the gas phase and liquid phase mass transfer coefficients, Cyg and C, as the
concentration of A in the bulk gas and the bulk liquid and C, g; and C, |; as the concentration of A in the
interface for the gas and for the liquid. This rate may also be expressed considering a global mass

transfer coefficient, as well as a global driving force, as
Na=Kca(Cac - Cac) =Kia(CaL - Car) (IV.3)
where Kg and K| are the global mass transfer coefficients for the gas phase and for the liquid phase,
and C/*A,G and C;,L are the concentration of A in equilibrium with the liquid phase and with the gas phase.
C;yL can be obtained through Henry’s law (Sander 2015):
CaL=H:p, (IV.4)
where H is Henry’s law constant for the system at a given temperature and p,, is the partial pressure of

Ain the gas phase. Since oxygen has limited solubility in water, the resistance to mass transfer is mostly
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in the liquid film, and K can be approximated to k. As such, the oxygen transfer rate (OTR) from the

gas phase to the liquid phase can be written as

OTR=ka(C -C.) (IV.5)

Mass transfer by the modelled turbulence was included as an increase in diffusivity (Dhg):

D% = DAg + Dag (IV.6)

with Df\fé as the effective diffusivity and DXy as the molecular diffusivity. The turbulent diffusivity was

explicitly computed as (Tominaga and Stathopoulos 2007)

Vi

- (IV.7)

Dhs =
with v! as the turbulent kinematic viscosity and Sc' as the turbulent Schmidt number (which was
considered to be 0.7).

For the simulation, a large eddy simulation (LES) model was used. LES solves the turbulence
at large scales, while small scales (of dimensions lower than the smallest cells) are approximated
through a turbulence model. LES results in a 3D, time-dependant solution, less computationally
expensive than direct numerical simulation. LES relies on spatial filtering of the Navier-Stokes equations,

with spatial filtering of a function f(x;,t) defined as (Revstedt et al. 1998)

+o0

0= | 60q-x)(x)0 (IV.8)

with x as the distance, t as the time and G as a filter function. With this spatial filtering, the Navier-Stokes
equations become
au;
— = V.9
3Xi 0 ( )
for the conservation of mass and
an _ 8U, 1 8;_) 0 8U, 8Tij —

E+uja_)(j:-aa—xi+va—xja—xj-axj + i (|V10)

for the conservation of momentum. In these equations, u is the velocity, p is the density, p is the pressure

and F is a source term. T1;, the sub-grid scale stress tensor, is computed as

j

Tj = Uil - Ui (IV.11)

The turbulent scales below the cut-off length (A) were modelled using a wall-adapting local

eddy-viscosity (WALE) model (Ducros et al. 1998), where the kinematic viscosity is computed as
3

gdgd)2
vi=(C,D)? _(Sis)” - (IV.12)
(848y)2(sisf)*
where C,, is a constant (0.325) and where
1 1
d_ =2, =2 =2
Sij = E(gij * gij) - 399k (IV.13)
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i~ 2 (IV.14)
g =5,9y (IV.15)
5= (%, % IV.16
i 2 8XJ 8Xi ( ’ )

with Sﬁ as an operator based on the square of Qij, the gradient velocity tensor; §; as the Kronecker delta

function and §ij as the strain rate tensor of the resolved scales.

The time step was chosen to keep the Courant-Friedrich-Lewy number below 1. Post-
processing was performed using ParaView 5.6.3 (Kitware, USA).

To validate the model, the bioreactor was filled with deoxygenated water and the dissolved
oxygen concentration was measured with an oxygen sensor. The k a was estimated with the relation

(Scargiali et al. 2010)
Po,(t) = P, (1-e™2Y) (IV.17)

with Po, @s the partial oxygen pressure and pf;: as the partial oxygen pressure at saturation.

IV.2.2. Sulfite oxidation method

For an initial comparison of the oxygen mass transfer in different agitated vessels, the sulfite

oxidation method was used. In the presence of a catalyser (e.g., cu®' ions), sulfite ions in solution are

oxidised to sulfate according to the reaction (Ruchti et al. 1985)

1
SO% + 502 — SoZ (IV.18)

This reaction is fast, ensuring the C is near-zero, and its velocity is controlled by the OTR from
the gas phase to the liquid phase. Under these conditions, and considering Equations IV.5 and 1V.18,
the OTR becomes

OTR=k a.C = 1d[SO%]
B ST

(IV.19)

allowing for k_a estimation from the variation in sulfite concentration. This sulfite concentration can be
queried by addition to an iodine solution, as sulfite reacts with iodine according to the reaction (Szekeres
1974)

SOZ +1, + HyO — SO +2H" +2r (IV.20)
The excess iodine is titrated with thiosulfate, through the following reaction:

25,07 +1, — S,0% +2I (IV.21)

The vessels were filled with distilled water (80 mL for the PBS MINI 0.1 and the spinner flasks
and 300 mL for the PBS MINI 0.5), and 50 mM of sodium sulfite (Sigma-Aldrich, USA) and 1 mM of
copper sulfate (PanReac AppliChem, Spain) were added. Following solubilisation, and at regular
intervals (~ 1 h for the first 6 h, after 24 h and, for the PBS MINI 0.5, after 48 h), 1.0 samples were
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collected from the bioreactors and immediately added to a mixture of 1.0 mL of iodine/iodide solution
(0.1 M; Sigma), 2 mL of 2 N HCI (Thermo Fisher Scientific, USA) and 18.5 mL of distilled water. The
excess iodine was titrated with 0.03 M thiosulfate (Honeywell, USA), until the solution, initially brown,

was clear.

IV.2.3. Maximum cell density estimation

The rate at which oxygen is consumed by the cells, or the oxygen uptake rate (OUR) is defined
as (Doran 1995)

OUR=q, - X (IV.22)

where do, is the specific oxygen consumption rate and X is the cell density. The culture becomes limited

by oxygen when the rate at which it is consumed by the cells is greater than the rate of its transfer from
the gas phase to the medium (OUR > OTR). In these conditions, where all of the oxygen transferred to
the medium is immediately consumed by the cells, the dissolved oxygen concentration can be
considered to be zero. As such, combining the expressions for the OTR (Equation 1V.5) and for the OUR
(Equation 1V.22), and setting C_ to zero, the maximum cell density before oxygen limitations, X4y,

becomes:

kia-C

Xmax =

(IV.23)
9o,

IV.3. Results

IV.3.1. Initial analysis of oxygen mass transfer in agitated systems

Prior to developing the CFD model, an initial study of the oxygen mass transfer on different
agitated systems (PBS MINI 0.1 and 0.5, and 100 mL spinner flasks) was performed through the sulfite
oxidation method (Figure 1V.1). Amongst the four different systems tested, the k_a was found to be
highest for the baffled spinner flask, followed by the non-baffled spinner flask, the PBS MINI 0.1 and the
PBS MINI 0.5. When comparing the k., the PBS MINI 0.1 and 0.5 were found to be more efficient than

both spinner flask systems.

IV.3.2. Velocity profiles of the VWBR

Envisaging a more thorough understanding of the oxygen mass transfer in the VWBRs, a CFD
simulation was performed. Initial studies were performed at the operational conditions used in Chapters
Il and Il — the PBS MINI 0.1 MAG vessels working at 30 rpm. Post-processing analysis was performed
after reaching a pseudo-steady state.

Figure 1V.2 depicts the modelled velocity field heatmaps in a vertical cross section of the 100
mL VWBR. This velocity analysis indicates both the zones with lower agitation velocity (dark blue), as

well as those under higher mixing (red). Expectedly, a higher local velocity (up to 7.0 x 102 m-s~') is
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Figure IV.1 - Variation of the average A volumetric oxygen mass transfer coefficient (k_a) and B oxygen mass
transfer coefficient (k. ) with the agitation speed obtained through the sulfite oxidation method for the PBS MINI 0.1,
PBS MINI 0.5, and non-baffled and baffled 100 mL spinner flasks.
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Figure IV.2 — Heatmaps of the velocity field in a vertical cross section the PBS MINI 0.1 MAG vessel A without and
B with tracers.

observed around the outer wheel, as an aftermath of the impeller movement. At the top of the vessel,
the velocity is considerably lower, especially in the topmost corners. As such, these areas might be
considered dead zones, which can potentially be overcome by not filling the vessel completely.
Throughout the remainder of the vessel, the velocity is mostly stable (green areas, with a velocity of
about 3.5 x 102 m's™"), due to the efficient mixing provided by the large impeller and its unique
combination of radial and axial agitation. In fact, as observed in Figure IV.2B, the liquid is pushed by the

vertical wheel towards the top-centre of the vessel, ensuring a substantial mixing even in this area.

IV.3.3. Oxygen mass transfer in the VWBR

Following the simulation of the velocity field in the VWBR, the average k a was estimated for
various rotation speeds and compared to experimental data, obtained via oxygen measurement with a
sensor (Figure 1V.3). The k_a was found to linearly increase with the agitation speed, and the CFD model
was able to accurately predict the k a for a range of agitation speeds from 10 rpm to 40 rpm, with a

considerable deviation (~ 19%), among the values tested, only for an agitation of 20 rpm.
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Figure IV.3 - Variation of the average volumetric oxygen mass transfer coefficient (k_a) with the agitation speed

and estimations obtained through the CFD model.

The k_a in the PBS MINI 0.1 calculated in this study allows to estimate the maximum density of

cells that the system is expected to support before cell growth is limited by oxygen availability (Table

IV.1). This estimation was performed using the modelled k a at 30 rpm, considering 1) bioreactor
aeration through the headspace only, with atmospheric air and 2) the medium properties are identical

to water. The maximum cell concentration was computed (Equation 1V.23) for different specific oxygen

consumption rates described in the literature, and was estimated to be among 4.5 x 105 cells-mL-" to

5.0 x 107 cells-mL-".

Table IV.1 — Estimation of the maximum cell density which can be obtained in the PBS MINI 0.1 bioreactor before

oxygen limitations, and parameters used for this calculation.

Parameter Value Reference
ki a (s™") 22 %10 This work
H for water/oxygen at 37 °C
1.1 %105 Sander (2015)
(mol-m-3-Pa-")
C’ (mol'm=) 2.3 x 10" Equation IV.4

do, (mol-cell-'-s~")
OTR/OUR4x (Mol-m=3-s~1)

Xmax (cells'mL-1)

1.0 x 10-18-1.1 x 10716

51 %106

4.5 x 10°-5.0 x 107

Varum et al. (2011), Zhang et

al. (2012), Turner et al. (2014)

Equation IV.5

Equation IV.23

IV.4. Discussion

While hiPSCs hold substantial promise for the treatment of various diseases, including CVDs,
their potential can only be harnessed if platforms for their reliable expansion at clinical scale are used.
While the 100 mL VWBRs have already shown promise for hiPSC expansion (Chapter Il) and cardiac
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differentiation (Chapter l1ll), the bioproduction of the high numbers of cells required for biomedical use
require scale-up to at least 500 mL or 3 L bioreactors. A thorough characterisation of the bioreactor
systems at various scales using CFD will allow for the application of evidence-based criteria for this

scale-up process.

This work aimed at characterising the VWBRs in terms of oxygen mass transfer. Following the
creation and refinement of the mesh, the velocity field inside the bioreactor was simulated (Figure IV.2).
The velocity profiles obtained were found to be in concordance with a previous report of hydrodynamic
modelling of the PBS MINI 0.1 (Borys et al. 2021). These results showing efficient mixing in 100 mL
bioreactor vessel, with higher local velocity trailing the movement of the vertical wheel, as well as minor
dead zones in the upper corners of the vessel. The presence of these dead zones could be mitigated or
avoided by using lower volumes. In fact, our previous experiments of hiPSC culture in these bioreactors
(Chapters Il and lll) were performed in a 60 mL volume, just enough to fully cover the vertical wheel.
However, understanding exactly how this affects the bioreactor hydrodynamics (namely, if there are still
any dead zones or if the lower volume leads to more areas with higher local velocity) will require
modelling under these conditions. Nevertheless, the combination of radial and axial agitation results in
a lemniscate velocity profile (Figure IV.2B), resulting in a better homogeneity in comparison to the purely
or mostly axial profile from traditional STBRs. In fact, the velocity profiles of spinner flasks and STBRs
present a notorious difference between the local velocity next to the impeller and the bulk of the
bioreactor, even when multiple impellers are applied and agitating at high speed (Taghavi et al. 2011,
Azargoshasb et al. 2016, Borys et al. 2019). This increased homogeneity is beneficial for routine culture,
and especially important for differentiation approaches, where both local molecule/factor concentrations

are crucial, as well as a low dispersion of aggregate sizes (Bauwens et al. 2008, Chen et al. 2015).

With an estimation of the hydrodynamic profile in the 100 mL VWBR, the k_a was then estimated
by CFD and compared to experimental data. The CFD simulations resulted in a close fit to the
experimental data, with only a significant deviation for the 20 rpm stirring speed. The k, a at 30 rpm was
estimated at 2.2 x 10~* s~'. Equivalent volume bioreactors are reported with k, a around 0.1 s!, however,
unlike the PBS MINI vessels, those bioreactors are sparged and measurements were performed at
substantially higher stirring (Gill et al. 2008).

The sulfite oxidation method relies on the oxidation of sodium sulfite to sodium sulfate under the
presence of a catalyst (such as Cu?*) to compute the k_a of a system (Cooper et al. 1944). While this is
a simple protocol, the values of k; a obtained through this method may be overestimated, as such, other,
more precise approaches, such as the dynamic method, are preferred (Van't Riet 1979). In fact, a k_ a
of 5.8 x 10~* s~' was obtained through the sulfite method for the PBS MINI 0.1 at 30 rpm, a 164%
overestimation of this value. Nevertheless, given the lack of information in the literature ascertaining the
k_a of non-sparged agitated systems, the sulfite method was applied for an initial analysis of the oxygen
mass transfer in the PBS MINI 0.1 (80 mL working volume) and 0.5 (300 mL working volume), as well
as baffled and non-baffled 100 mL spinner flasks (80 mL working volume). Under these circumstances,
the PBS MINI 0.1 was found to have comparable, albeit lower, k a to both baffled and non-baffled
spinner flasks. Comparison of the k| reveals an opposite scenario—the highest values for the PBS MINI

VWBRSs. As such, while the agitation of the PBS MINI 0.1 appears to improve the oxygen mass transfer,
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the specific surface area is smaller, leading to an impaired volumetric oxygen transfer. With the increase
in scale, from the PBS MINI 0.1 to the PBS MINI 0.5, the specific area, and consequently the k a, was
found to decrease. It is expected that the increased towards higher scales might reduce the k_a even
further, as such, the VWBRSs starting from the 3 L vessel are sparged.

The value of k_a estimated through CFD was used for an approximation on the maximum cell
density the culture could sustain before oxygen limitations. This occurs at the point where the oxygen
consumed by the cells (measured through the OUR) is greater than the oxygen transfer from the
gaseous phase to the liquid (OTR). Depending on the value used for the specific oxygen consumption
rate, the maximum cell concentration was estimated at 4.5 x 105-5.0 x 107 cells'mL-"'. hiPSC expansion
as aggregates typically results in cell densities of 105-108 cells:-mL-" (Table II.2), as such, oxygen
starvation in the PBS MINI 0.1 is a concern. Furthermore, it may help explain our limitations in expanding
hiPSCs to over 2.5 x 108 cells-mL~" (Figure 11.4). Nevertheless, the qo2 values described in the literature
for hPSCs are very distinct (with a difference of two orders of magnitude). The rate of oxygen
consumption in various mammalian cell types was found to vary mostly between 10-'8—10-'% mol-cell-
1-.s~1 and to correlate positively with cell size and protein content (Wagner et al. 2011). In fact, qoz values
above 10-'® mol-cell-''s-' were generally observed only for highly specialised cells such as
cardiomyocytes (Sridharan et al. 2008) and hepatocytes (Foy et al. 1994). As such, hPSCs are expected
to have lower oxygen consumption rates, not only due to their small size and complexity, but also their
reliance on glycolysis (Vander Heiden et al. 2009, Varum et al. 2011). Using an intermediate value
(about 2.5 x 107 mol-cell-'-s~' as reported by Zhang et al. (2012)) would result in a calculated maximum
cell density of 2.0 x 10% cells'mL-'. A more robust estimation of Xmax would benefit from qo2
measurements for our cells in our expansion conditions. Furthermore, the estimated maximum cell
concentration was based on a series of assumptions, including no k a variation with temperature and
water properties for the medium, which may not reflect a real culture scenario. The main advantage of
having established a CFD model to describe the bioreactor in terms of oxygen mass transfer is its
usability for the characterisation under culture conditions. At a later stage, the cells can also be
considered in the model, to provide more realistic results in terms of oxygen transfer in the bioreactor.

The final objective of this work will be the characterisation of oxygen mass transfer in VWBRs
at various scales. This characterisation will constitute a powerful tool to guide the scale-up of VWBR
culture and, in particular, to predict the bioreactor aeration strategy, The model was already
implemented at the 100 mL scale, and allowed to obtain a more intricate knowledge of this bioreactor,

laying the ground for studies at the 500 mL scale and beyond.

IV.5. Conclusions

Most studies on hiPSC culture in bioreactors already reported are limited to laboratory scales.
Considering the high costs of hiPSC culture media, scale-up to production volumes would ideally be
performed with thorough information on the associated differences in the hydrodynamic behaviour of
the vessel. While empirical scale-up equations exist for traditional bioreactors, due to the recency of
VWBRSs, they are not yet sufficiently studied in this regard. This work aimed at developing a CFD model

which could characterise the VWBR in terms of oxygen mass transfer, specifically the k a, at various
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scales. After establishment and optimisation of the model, for the PBS MINI 0.1, the k a was found to
be in agreement with experimental data, and estimated at 2.2 x 10 s~ for a 30 rpm agitation speed.
This successful implementation of the model at the 100 mL scale will ease the model implementation at
higher scales, allowing for a more detailed knowledge of the differences in oxygen mass transfer with
the scale-up and, prospectively, for the development of correlations which may allow for a scale-up of
the culture with minimal trial-and-error and, consequently, with minimal losses of time and reagents for

optimisation.
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For many years, CVDs have been the group of diseases which claimed the most lives in the
world. According to the World Health Organization (WHO), ischaemic heart disease, in particular, has
been responsible 16% of all deaths in 2019 (https://www.who.int/news-room/fact-sheets/detail/the-top-
10-causes-of-death, accessed on the 25" of May 2021). Naturally, given the increasing incidence of

these diseases, new answers for them must be developed.

This thesis aimed at developing an integrated protocol for expansion and cardiac differentiation
of hiPSCs in 100 mL VWBRs, as well characterising the oxygen mass transfer in these bioreactors,
envisaging a scale-up of these protocol to larger scales. Aiming towards this objective, the work was
divided into three smaller parts: expansion (Chapter Il), cardiac differentiation (Chapter Ill) and

bioreactor characterisation (Chapter IV).

Considering future implications of this work, namely in terms of prospective clinical applications,
an aggregate culture system was envisioned. In fact, culturing the cells as aggregates forgoes the use
of external matrices, which reduces downstream steps (in comparison to culture on microcarriers or
encapsulated in a biomaterial where the cells may have to be separated from the matrix) and facilitates
the GMP compliance of the process, due both to the lack of an external matrix and to the process step
reduction. Another step towards GMP compliance is the use of VWBRs—being single-use, closed

systems, contamination of the culture is limited.

In order to develop an expansion process in the VWBRSs, different strategies were attempted,
namely, a fed-batch feeding strategy and supplementation with DS. Aggregate culture of hiPSCs in
VWBRs was successful, and supplementation of the media with DS led to a two-fold increase in cell
number, to a maximum of (2.3 £ 0.2) x 108 cells'mL-", which is especially advantageous for Regenerative
Medicine or for pharmacological applications as an organ may contain 10° cells (Zweigerdt 2009).
Applying a perfusion feeding strategy could possibly result in even higher cell densities (Kropp et al.
2016), especially if combined with in silico modelling to predict an optimal set of conditions for cell culture
(Manstein et al. 2021). While the 100 mL VWBR vessels are not naturally compatible with perfusion,
this feeding strategy is possible in vessels starting from 3 L (which, volume-wise, would also be more

appropriate for biomanufacturing of the cells for clinical settings).

An integrated protocol for hiPSC expansion and cardiac differentiation was then developed. The
expansion conditions first established on Chapter Il had to be revised to achieve an aggregate diameter
of about 300 um in 3 days (Branco et al. 2019). For this purpose, the inoculation density was doubled
(to 5.0 x 10° cells'mL-"), the medium was supplemented with Pluronic F-68 (due to its shear-protecting
effect (Tharmalingam et al. 2008)), and DS was not added (due to possible aggregate size reduction).
Day 3 aggregates had an average diameter of 298 + 25 ym and were differentiated with the GiWicont
protocol. Cardiomyocyte percentages after differentiation varied substantially between replicates, from
0% to 73.3% and about 80% of the initial cells were lost throughout differentiation. Furthermore, while
some extent of cardiac commitment was observed through qRT-PCR, the presence of non-cardiac
mesendoderm was also suggested. These results indicate optimisation still is required in order to ensure
the robustness of the protocol, for instance, in terms of ideal aggregate size and small molecule
concentration (which may be different from static conditions), as well as the expansion phase, which

may benefit from a change to a perfusion or cyclic perfusion feeding (Kempf et al. 2014). Nevertheless,
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the results also indicate this integrated protocol is, in fact, viable, at least with the tested cell line. After
obtaining a more optimal set of conditions, the resulting cardiomyocytes may benefit from a purification
and maturation protocol, for instance, by culture in glucose-depleted, fatty acid—rich medium (Horikoshi
et al. 2019).

Both the expansion and differentiation protocols were performed using media with xenogeneic
components. The generation of cells for in vivo applications will require either a removal of the animal
components or, preferably, culture in completely xeno-free media. The formulation of some of these
media is completely disclosed, allowing for their production in-house. In fact, some protocols
successfully use E8 produced in-house for hPSC expansion (Burridge et al. 2015, Halloin et al. 2019).
Cardiac differentiation in the xeno-free medium CDM3 was already achieved, both in 2D (Burridge et al.
2014) and in bioreactors (Halloin et al. 2019). Combining these two media for integrated expansion and
cardiac differentiation of hiPSCs would not only provide a xeno-free protocol for cardiomyocyte
generation, it would also greatly reduce the costs of the culture—a point which still limits stem cell-
based applications at a clinical scale. The extent of cost reduction would naturally depend on the

performance differences between the xeno-free and xenogeneic media.

Naturally, when increasing the scale of the bioreactor, the culture environment also changes,
necessitating an adaptation of some of the parameters, most notably, the agitation and the aeration.
The CFD model developed in Chapter IV aimed at characterising the oxygen mass transfer environment
in the PBS MINI 0.1. The average k a of the system could be estimated through CFD, and was
comparable to experimental data. The establishment of this model and its adaptation towards higher
scales, will allow to study how the culture microenvironment changes throughout the scale-up process,
and to predict which adaptations have to be performed in order to obtain equivalent culture conditions.
Obtaining an initial set of conditions in silico will allow for substantial time and resource savings when
scaling up the integrated expansion and cardiac differentiation protocol, in comparison to an empirical

trial-and-error approach.

Although this thesis represents a work-in-progress, it was the first report of cardiac differentiation
of hiPSCs in VWBRs and represented an important step towards achieving a protocol for cardiomyocyte
production under GMP-compatible conditions. As a robust protocol is developed, more information will
be gathered about the process, specifically, in how the culture conditions affect the final cardiomyocyte
yield. Understanding these relations will be crucial towards implementing a QbD approach. By moving
the quality control to the process itself and not just the final product, QbD will be determining in
generating a more robust bioprocess and ultimately saving time and costs (Lipsitz et al. 2016). Another
important tool for this purpose is machine learning, which was already shown to predict failed batches

at day 5 of differentiation with over 80% accuracy and precision (Williams et al. 2020).

As the field advances, more exciting developments in cardiovascular research may allude to
novel protocols which can better replicate the in vivo cardiogenesis in a short time. Reducing the protocol
duration is crucial when targeting precision medicine applications—the time between patient cell
isolation and administration of the final cell product must be as short as possible to minimise the risk of
death. The development of efficient cardiac differentiation systems, which may ideally forgo, or at least

limit the need for purification and maturation, will definitely mark major breakthroughs towards tackling
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the ever-rising prevalence of CVDs in the world. These more efficient systems may result from a
combination of methods described in section 1.2. With the advent of reports of successful hiPSC cardiac
differentiation in bioreactors (Halloin et al. 2019, Laco et al. 2020), and following promising in vivo data
with hESC-derived CPCs (Menasché et al. 2018), clinical trials with hiPSC-derived cardiomyocytes are
expected to follow in the near future.

There still is a long path until a widespread use of hiPSC-based cell products in medicinal
practices. Nevertheless, especially when considering the recency (14 years) of hiPSC technology, a
significant portion of that path has already been treaded. As more is known about the complexity of the
human body, and as it is being translated to in vitro culture, Regenerative Medicine is closer than ever

to being more than just a promise, and Prometheus’s regenerating liver more than just a myth.
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