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Abstract

Cultivated meat represents a transformative innovation in the agffood sector, with the
potential to decouple protein production from livestock farming and drastically reduce the
environmental, ethical, and biosafety costs associated with conventional nedlowever, the
field remains constrained by major technical and economic challenges, most notably the
reliance on expensive growth factorbased culture systems and the limited scalability of
primary cells. In this thesis, | present a modular and fully engeered human induced
pluripotent stem cell (hiPSC) platform, GERALT (Genetically Enhanced Renewal and
Autonomous Lineage Transdifferentiation), optimized for the largescale, serurafree
production of skeletal muscle tissue, to pave the way to the constrien of a molecular
mechanism transferable to livestock animal cells. By integrating tools from synthetic biology,
genome engineering, and stem cell technology, this work addresses key bottlenecks in both the
expansion and differentiation phases of cellulaagriculture. First, | developed a growth factog
independent culture system by constitutively expressing a stabilized version ddANOGrom a
genomic safe harbor locus. This strategy enables loitgrm maintenance of hiPSCs in
chemically defined medium wiE T 00 4' &y OODPDPI Ai AT OAGET T h OAAOAE
scalability. Singlecell transcriptomic profiling confirmed the maintenance of pluripotency and
repression of neuroectodermal drift under these minimal conditions after over 40 days of
culture. In parallel, | optimized a costeffective, homebrew medium compatible with feeder
free and weekendfree workflows, enabling robust culture and genome engineering in scalable
formats. Next, | established an inducible postranscriptional silencing platform based on
artificial micro RNAs (miRE) to suppress &ogenousNANOGxpression in a precise, reversible,
and scalable manner. This circuit was coupled to the controlled expressionfyOD 1o enable
forward programming into skeletal muscle. The resulting hiBC line synchronously activates
myogenesis and represses exogenous pluripotency upon doxycycline exposure, yielding >98%
homogeneous skeletal myocytes in just 7 days. | further optimized the circuit architecture by
embedding the miRE element into a synthéc intron within the MYODL1 transcript, thereby
minimizing potential interference between RNA processing and translation. Engineered cells
were successfully adapted to suspension culture in defined media, maintaining pluripotency
and forward programming cgpacity. Upon induction, they formed muscle fibers with robust
expression of sarcomeric genes. The platform was also benchmarked for its metabolic
robustness, demonstrating tolerance to variable glucose levels, a key parameter for industrial
production. Finally, | streamlined the genetic engineering strategy into asingle T AOOR OOEOAA
ini TAo AT T OO0OOAO AMYOD iirokid IR-E &nd fludiesdertt reporter. We
anticipate that this strategy will be translated to pig cells for cellular agricultre purposes.
Altogether, this thesis establishes GERALT as a scalable and genetically encoded platform for
growth factorzindependent stem cell expansion and directed myogenesis, offering a concrete
path toward industrially viable and speciesadaptable celular agriculture.
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Chapter 1: General Introduction

1.1. Cultivated meat: an overview of challenges and potential

1.1.1 Environmental and ethicalbackgrounds

The global food system is undergoing a period of intense scrutiny and transformation due to
mounting concerns over environmental degradation, food security, public health, and animal
welfare. Livestock farming, which supports the growing demash for animal-based protein,
contributes significantly to greenhouse gas (GHG) emissions, land degradation, freshwater
depletion, and biodiversity loss. It is estimated that animal agriculture accounts for
approximately 14.5% of anthropogenic GHG emissions, figure comparable to the entire
transportation sectorl. Moreover, industrial livestock operations are major drivers of
deforestation and contribute to the eutrophication of water bodies through nutrient runoff. As
the global population is projected to each nearly 10 billion by 2050, as projected by the United
Nations, with a corresponding increase in protein demand, it has become evident that
conventional meat production systems are environmentally and ethically unsustainable in the
long term.

1.1.2 Principles and cell sources for cultivated meat

As a response to these environmental and ethical challenges, cellular agriculture has given rise
to cultivated meat, a biotechnologybased approach to producing animal protein
withoutlivestock farming. In this context, cultivated meat, also known as cultured meat or cell
based meat, has emerged as a promising alternative. Rather than raising and slateying
animals, cultivated meat is produced by culturing animal cellsin vitro in a controlled
environment2. This approach decouples meat production from livestock farming, with the
potential to drastically reduce the environmental footprint of meat consmption while
addressing ethical concernassociated with animal slaughter and industrial farming practices.

The fundamental principle behind cultivated meat involves isolating a small number of
progenitor cells from an animal (typically stem cells omyogenic precursor cells), expanding
them through proliferation, and directing their differentiation into muscle and fat tissues that
replicate the organoleptic and nutritional properties of traditional meat. These cells are
typically grown in bioreactors using culture media supplemented with nutrients, growth
factors, and other components that support cellular development and tissue maturation (Figure
1.1). Multiple types of stem and progenitor cells have been explored for cultivated meat
applications, induding adult muscle satellite cells, mesenchymal stem cells (MSCs), embryonic
stem cells (ESCs), and induced pluripotent stem cells (iPSCs). Each cell type offers distinct
advantages and limitations, which will be discussed in detail in the next section.



Cultured meat production
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Figure 1.1 Cultured meat production process overview.

The three main steps involve: (1) isolation and expansion of stem cells, (2) scalp in bioreactors, and (3)
differentiation into structured tissue using scaffolds.

Reproduced from Tuomisto (2018} under the Creative Commons Attribution 4.0 Unported Licence (CC BY 4.0),
https://creativecommons.org/licenses/by/4.0/.

1.1.3 Limitations of conventional media and the rise of recombinant alternatives

Despite the many advantages that this new technology cloloffer, cultivated meat faces several
scientific, technical, and economic challenges that currently hinder its largecale
commercialization. A major technical bottleneck is the reliance on complex, animdeérived,
and expensive culture media formulatios. For many years, stem cell cultivation has been
constrained by the reliance on animaberived components. A prominent example is fetal
bovine serum (FBS), which is harvested from bovine fetuses collected from pregnant cows
during slaughter, as well as beine serum albumin (BSA), which is extracted from bovine blood
plasma. Both components, long considered essential for effective stem cell culture, are
fundamentally incompatible with the core principles of cultivated meat. More broadly, they also
raise ethical and scientific concerns even in academic research, due to their origirin addition



to their ethical issues, they are chemically undefined and exhibit bateto-batch variability,
leading to inconsistencies and a lack of robustness in experimentalgiocols.

These considerations have led, in recent years, to the development and adoption of
recombinant proteins as ethical and chemically defined alternatives to animalerived
components in cell culture systems. Recombinant proteins used in cultivatedeat, such as
COl xOE EAAOI OO jA8c8h &' &ch )' &Zph % &q AT A 1A
albumin), are produced using a range of expression systems selected for their scalability, eost
efficiency, and suitability for foodgrade applications (Table 1.1). Prokaryotic systems,
particularly Escherichia coli are widely adopted due to their rapid growth, wellestablished
protocols, and low production costs. Despite the absence of pesanslational modifications
and frequent formation of inclusion bodies, E. coliremains suitable for several proteins that
retain activity in their non-glycosylated form, including FGF2 and insuli®. Yeast expression
systems, such asPichia pastoris offer a favorable balance between cost and complexity,
enabling eficient secretion, correct disulfide bond formation, and limited glycosylation. This
ET Al OAAO EECEZUEAI A DPOIT AOAOQET 178 lingect Eefls| t¥picallyAT AOI ET
Sf9 or Hib lines infected with recombinant baculovirus, are employed wherhigher-order
folding or specific maodifications are required, though they are generally less cestfective and
less scalable than microbial hos& Plantbased systems, especialldicotiana benthamiana are
gaining attention for their ability to produce functional recombinant proteins at scale using
transient expression systems, with case studies reporting successful expression of human
albuminio and bioactive growth factors as TGFLil, Mammalian cell lines, such as CHO or
HEK293, are rarely used in this astext due to high production costs and the lack of necessity
for human-like glycosylation in food applications. For instance, HEK293 cells can produce high
titers of properly glycosylated erythropoietini2, while CHO cells, though scalable and
regulatory-trusted, are more expensive and used for therapeutic biologigs Finally, celtfree
protein synthesis systems, based on bacterial or eukaryotic lysates, offer a rapid and flexible
platform for low -volume protein production, particularly suitable for prototyping or localized
manufacturing strategieg4.15. Despite these remarkable technological advances, these reagents
not only continue to represent a major cost driver, often accounting for over half of the raw
material expenses in cell culture medi&, but ako introduce batchto-batch variability and
potential risks of biological contamination.



Expression

Advantages

Limitations

Suitability for
Cultivated Meat

System
E. coli (prokaryotic)

Pichia pastoris

Sf9 / Hi-5 + baculovirus

Nicotiana benthamiana

CHO / HEK293

Bacteria

Yeast

Insect cells

Plant

Mammalian cells

Fast growth, high yield,
low cost, simple
protocols

Secretion of soluble
proteins, some PTMs,
scalable fermentation

Proper folding, some
PTMs, scalable to
bioreactor scale

Edible host, low cost,
scalable, fast transient
expression

Full human-like PTMs,
high fidelity

No glycosylation,
frequent inclusion
bodies, refolding often
required

Hyperglycosylation
possible, requires codon
optimization

Higher cost than
yeast/bacteria, slower
growth

Loweryield per mass,
risk of plant-specific
glycosylation

Very high cost, slow
growth, unnecessary for

High (for non-
glycosylated proteins
like FGF2, insulin)

High (for albumin,
growth factors, ete.)

Moderate (for
structurally complex
proteins)

Increasing (albumin,
insulin, FGF2 under
investigation)

Low (not economically
viable and relevant for

mostfood proteins food applications)
Cell-free systems Lysates (bacterial or Fast, modular, no cell High cost per mg, low Low-Moderate
eukaryotic) culture required scalability (excellent for
prototyping, less for
production)

Table 1.1 comparison of expression systems for recombinant proteins production.

Despite these limitations, significant efforts are being directed toward thelevelopment of

chemically defined, serumEOAA | AAEAh AO xAO Al 1T Aw&1 1 DERBORADBI T
Stout et al., in 2022. This medium is created to be chemically defined and serfi@e for the

cultivation of bovine satellite cells?. Beefy9 replaces fetal bovine serum with a defined cocktail

of recombinant proteins(including albumin, insulin, transferrin, and FGF2), essential nutrients,

and small molecules, maintaining cell proliferation and myogenic potential over multiple

passages. While initibproduction costs remain relatively high, the authors suggest that scale

up and component optimization could make such formulations increasingly viable for

industrial applications.

1.1.4 Toward cost reduction through cell engineering

Although the optimization of media formulations represents a crucial advancement, mounting
evidence suggests that cell line engineering may ultimately serve as the most transformative
lever for reducing production costs. In particular, the ability to program cells to producéheir
own growth factors through autocrine signaling loops could drastically reduce the dependence
on costly recombinant supplements. Recent reviews underscore this approach as a key
innovation required to achieve industrial feasibility and cost parity with conventional meat
products!8l9, For example, Stout et glin 2024 demonstrated that genetically engineered
bovine satellite cells expressing FGF2 can sustain proliferative capacity in the absence of certain
exogenous supplementation, offering a powdul proof-of-concept for this strategy©. Of note,
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one of the genes overexpressed to achieve this effect WEKRAS a weltknown oncogene
specifically introduced in its oncogenic G12V mutant formAlthough these cells are not
intended for regenerative medicine or clinical applications, and thus the risk of tumorigenicity

is not directly relevant, manipulation of oncogenic pathways should be approached with
caution. From a scientific and public trust perspective, the use of such genes could undermine
the perceived safety, transparency, and authenticity of future products in the cultivated meat
sector. It is therefore advisable to prioritize alternative strategies that avoid oncogene
activation while maintaining efficacy.

1.1.5 Bioprocess design: bioreactarand scaffold systems

Alongside cellular and molecular optimization, largescale bioprocess design plays a pivotal
role in determining the feasibility and quality of cultivated meat production. From a
technological standpoint, the cultivation of cells in bioreactors must be optimized for
parameters such as oxygen transfer, shear stress, and nutrient perfusion to ensure cell viability
and differentiation efficiency?122, In the context of cultivated meat, several bioreactor
configurations are employed at different stages of the production workflow (Table 1.2). Stirred
tank bioreactors (STRs) remain the gold standard for largecale expansion due to their well
characterized mixing profiles, scalability, and compatibility with realtime process
monitoring23. However, the mechanical agitation used in STRs introduces shear forces that can
compromise sensitive cells, particularly in suspension culture or when using microcarrie?s.
Under optimized conditions, microcarrier-associated cell densities in STRgpically range from
1z p p Y 5.RAEckingO@fnave bioreactors, based on oscillating disposable bags, offer
lower shear environments and could be suitable during earhgtage proliferation, though
specific studies in cultivated meat remain limited Airlift and bubble-column reactors, which
utilize gas flow to drive mixing and oxygenation, are energetically efficient and shear
protective, although limited by lower oxygen transfer rates compared to mechanically agitated
systemgs. In contrast, perfuson-based systems, particularly hollowfiber bioreactors, are
CAETET ¢ AOOAT OETIT & O OEAEO AAEI EOU O OOOOAET
cells/mL)27 while maintaining a stable and lowshear environment. These systems provide
continuous nutrient exchange and waste removal, enabling cell proliferation and
differentiation under near-physiological conditions. While perfusion systems are increasingly
considered ideal for the differentiation stage, their complexity, cost, and limited scalability have
thus far restricted widespread industrial adoptiores. Fixedbed and packedbed bioreactors are
also employed for structured tissue production, offering a statiscaffold environment suitable
for spatially controlled differentiation under low shear. However, they pose challenges in terms
of scalability, harvesting, and nutrient distribution?930. Taken together, bioreactor selection
must account for the evolvingneeds of each production phase. Most cultivated meat workflows
employ a two-stage strategy, with expansion occurring in STRs or wave systems, and terminal
differentiation conducted in perfused or scaffoldsupported low-shear environmengl. As
process intersification advances, the role of perfusion systems is expected to become
increasingly central in the scalable and costffective manufacture of complex tissue products.
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Bioreactor

Type

Max Cell
Density

Mixing
Mechanism

Shear Stress

Scalability

Application

(cells/mL)

Stirred-Tank (STR) Mechanical impeller  1-5 x 10° Moderate to high High Expansion
(suspension or
microcarrier)

Rocking/Wave Rocking motion 1-2x10° Low Moderate Expansion (early

(wave-induced) stages)

Airlift/Bubble Gas flow (bubbling) <1 x 10° (typical) Low Moderate Low-shear

Column suspension growth

Hollow-Fiber Medium perfusion >1x 107 Very low Low-Moderate Terminal

(Perfusion) through fibers differentiation, high-
density perfusion

Fixed-Bed/Packed- Medium flow ~1 %107 (localized) Low Low Structured tissue

Bed through static formation

scaffold

Table 1.2 Different bioreactor systems

After the expansion and differentiation, thecreation of structured tissues that mimic the texture
and appearance of meat products remains a formidable challenge, often addressed through the
use of scaffolds, 3D bioprinting, and coulture systems2.33, Indeed, since the final product must
resemble @nventional meat as closely as possible in order to serve as a viable alternative,
considerable efforts have been devoted to texturizing and refining the consistency and
appearance of cultivated meat. In particular, conventional meat reaches our tablesanwide
variety of forms that go far beyond the classic steak cut one might initially imagine; much of the
i AAO xA AT 100 A EO POT AAOOGAA | OOAE AO AOOCAOON
foods (such as tortellini, bao, or dumplings). Similarlygultivated meat should be produced in
different formats for different applications. When aiming to recreate more structurally complex
products, such as whole cuts, efforts are increasingly focused on 3D bioprinting. This technique
allows for the layer-by-layer assembly of muscle and fat in a precisely organized manner,
enabling the fabrication of a meat cut tailored to specific structural and compositional
requirements. In this approach, cells are often used directlys part of a foodgrade bic-ink after
suspension cultivation in bioreactor$435. To be printable, cells need a structural template for
their deposition: scaffolds. Scaffolds lie at the core of research into the appropriate structure of
cultivated meat, and are not only used for bioprintingbut are also widely used directly inside
bioreactors, especially in the differentiation phase. This approach, encompassing a wide range
of techniques and materials, is based on the understanding than, vivo, cells are constantly in
contact with the extracellular matrix (ECM), which has emerged over the past decades as a key
component for, among its numerous functions, proper stem cell proliferation and
differentiation 3637, In addition to providing essential biochemical cues for these and other
processes, the ECM offers a physical substrate for cell adhesion, characterized by specific
mechanical properties. Scaffolds are designed to mimic this function: they provide a physical
framework in which cells can encounter structural and biochemical feares analogous to those

of the native ECM8,

12



There are numerous types of scaffolds (Table 1.3), and the first major distinction arises from
their intended use: whether the scaffold is meant to be part of the final product, thus requiring
it to be edible and food-grade, or whether it serves merely as a temporary support during the
initial stages of cell growth and must be removed before consumption. Edible scaffolds are
particularly desirable for streamlining production and simplifying downstream processing and
are often based on planterived biomaterials such as textured soy protein, cellulose, or
alginate-based hydrogels, which have been shown to support high seeding densities and
maturation capacity of bovine satellite cell®. These materials are genally biocompatible,
biodegradable, and in some cases add nutritional value, although their mechanical properties
may require enhancement through physical or enzymatic crosslinking to match muscle
stiffness#04L, Animakderived materials like collagen and glatin, while technically edible and
commonly used in food products, may raise concerns regarding consumer acceptance,
regulatory compliance, or ethical sourcing. Nevertheless, their biochemical similarity to native
ECM and strong support for muscle diff@ntiation have made them prevalent in earlystage
research?243, In contrast, nonredible scaffolds are synthetic polymers such as polylactic acid
(PLA) and polyglycolic acid (PGA). While these materials offer superior control over structure
and reproducibility 44, they must be either removed before consumption or degraded into nen
toxic by-products. A third category, often used during scalep phases, includes microcarriers,
microspheres that serve as anchoring substrates for adherent cells in suspension taunés.
These can be designed to be either removed, degraded, or incorporated into the final product if
made from foodsafe materials. Although fooegrade microcarriers are still under development,
their use enables highdensity culture and efficient cell pansion in bioreactors, making them

a promising tool for industrial-scale productiorfs. Interestingly, recent studies have
demonstrated that edible and biocompatible materials, such as those derived from fungi, can
be successfully used as microcarriers,hereby eliminating the need for degradation or
separation from the cultured cells at the end of the proces§ Finally, decellularized plant
scaffolds, such as spinach leaves or apple hypanthium, are being explored for their natural
vascularlike architecture and sustainability: for example, it has been demonstrated that
decellularized spinach leaves retain their vein network, supporting bovine satellite cell viability
(~99%) and early muscle differentiation (~25% Myosin Heavy Chain expression) over 14
days*’. While these matrices lack mammalian biochemical cues, surface modification strategies
may improve their compatibility with muscle or fat progenitors, but they must be carefully
employed ascurrent strategies revolve around the use of collagen, fibrondm, and other
animal-derived sourceg8. Their potential for mimicking tissue perfusion makes them

13



particularly interesting for producing thicker, more structured

Plant-derived Cellulose, soy protein, zein, Edible and sustainable; low Weak mechanical
pectin, starch cost; biocompatible; may properties; often require
add nutritional value crosslinking for support
Animal-derived Collagen, gelatin, fibrin, Highly bioactive; excellent  Ethically controversial;
hyaluronic acid, chitosan ECM mimicry; supports expensive; less scalable
myogenesis
Synthetic PLA, PGA, PLGA Highly reproducible; Non-bioactive; lower
tunable architecture; biocompatibility; must be
scalable edible or removed
Microcarriers Synthemax™, Cytodex™, High surface-to-volume Non-edible versions require
polystyrene, alginate beads ratio; scalable; bioreactor-  removal; edible versions
compatible not yet commercial
Decellularized plant Spinach leaves, apple Natural vasculature; Lack mammalian
scaffolds hypanthium, jackfruit biocompatible; eco-friendly biochemical cues; may need
functionalization

Table 1.3 Scaffold alternatives and comparison
1.1.6 Regulatory and societal landscape

As discussed, each step in the cultivated meat production pipeline, from cell line development
and medium formulation to bioreactor design and scaffold integration, presents distinct
technical and biological challeges. While these bottlenecks are independent in nature, they are
deeply interdependent in practice: progress in downstream stages is contingent upon solving
upstream constraints. Without scalable and robust cell systems, for instance, there is little value
in optimizing media compositions or bioreactor conditions. Overcoming these cascading
limitations is therefore essential to unlocking the full potential of cultivated meat
biomanufacturing. Nevertheless, the translation of cultivated meat from research tmarket
also requires addressing nortechnical dimensions, particularly regulatory oversight and
public perception.

On the regulatory front, cultivated meat is being evaluated by food safety authorities around
the world. In recent years, regulatory approvh has been granted for cultivated chicken
products in Singapore and the United States, setting important precedents for future market
entry. In 2020, Singapore became the first country globally to authorize the commercial sale of
a cultivated meat product specifically, cultured chicken developed by GOOD Meat (a subsidiary
of Eat Just). This landmark decision established an international benchmark and demonstrated
the feasibility of regulated cultivated meat production and distribution.

In the United States the regulatory pathway is jointly managed by the Food and Drug
Administration (FDA) and the United States Department of Agriculture (USDA), under a formal
agreement established in 2019. According to this framework, the FDA is responsible for
evaluating the safety of the cell line, culture process, and production system up to the point of
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harvest. Once cells are harvested, oversight transitions to the USDA, which regulates
processing, labeling, and facility inspections under the Federal Meat and Poultrysjyection

Acts. In November 2022, the FDA completed its first prearket consultation for a cultivated

i AAO pOiT AOAOh AT T Al OAET ¢ OEAO 5POEAA &1 1 A0S
issuing a "no further questions" letter. A similar approval wagiranted to GOOD Meat in March
2023 for its cultivated chicken, followed by a third clearance in March 2025 for Mission Barns,
which developed cultured pork fat. Most recently, in May 2025, the FDA completed a
AT 1 001 OAGEITT A& O 7EI A&lnp A&é fiist AD tléariad OrfaSeafGoi1 1 1T 1 h
DOl AOAO AAOEOAA &EOI i ATEI AT AAI 1T AOI OOOA8 4EAOA
with cellular agriculture technologies and its willingness to engage transparently with

companies under the currat regulatory model. However, FDA clearance alone does not

authorize commercial sale: companies must, as discussed, also obtain a USDA grant of
inspection for their production facilities and secure approval for product labeling. Together,

this two-step process ensures that cultivated meat products meet the same safety and labeling
standards as conventional animablerived foods, and set a regulatory precedent that other

countries are likely to follow as the field advances toward global commercialization.

p>2
(@}

In the European Union, cultivated meat falls under the scope of the Novel Food Regulation (EU)
2015/2283, which was significantly revised in 2024 to facilitate innovation in food
biotechnology. Among the updates were the introduction of regulatory sandboxestreamlined
procedures for high-priority dossiers, and increased coordination between the European Food
Safety Authority (EFSA) and the European Commission to accelerate the approval timeline.
Under the current framework, cultivated meat products must unérgo a centralized premarket
authorization process that includes a scientific safety assessment by EFSA, followed by a
decision from the European Commission in consultation with Member States. To date, no
cultivated meat product has been approved for sale the EU, although several companies have
entered the regulatory pipeline. In July 2024, Gourmegnow Parima) submitted the first-ever
cultivated meat dossier to the European Commission for a cultivated foie gras product, marking
a historic regulatory milestone. This was followed by Mosa Meat, which submitted a dossier for
cultivated beef in early 2025. Aleph Farms, while not yet filing a formal application in the EU,
began regulatory procedures in Switzerland in 2023, whose food safety framework isoslely
aligned with EU standards, and has signaled intent to apply in both the EU and UK. Although the
EU regulatory process is rigorous and scieneleased, it remains comparatively slower than that

of Singapore or the United States. The 2024 revision to tidovel Food Regulation is expected
to reduce bottlenecks and clarify expectations for cebased products, but nationalevel
divergences, especially regarding labeling, political positioning, and consumer acceptance,
continue to influence the pace of adagpon. For example, Italyand Hungary have adopted
restrictive stances, while the Netherlands and Belgium are openly supportive of piksicale
cultivated meat tastings and innovation funding The outcome of ongoing dossiers will be
critical in defining Europe's role in the global cultivated meat landscape.
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2019 2020 2022 2023
FDA-USDA Joint GOOD Meat Approved in FDA Clears Upside Food FDA Clears GOOD Meat
Regulatory Framework Singapore (Chicken) (Chicken)
2024 2025 2025
EU Novel Food Regulation FDA Clears Wildtype Mosa Meat Submits
Updated, and Gourmey Submits (Salmon) Dossiers to EU

Foie Gras Dossier to EU

Figure 1.2 Timetable of major regulatory events in cultivated meat sector. Created with Canva

Public perception also plays a pivotatole. While younger generations and environmentally
conscious consumers may be more inclined to adopt cultivated meat, broader acceptance will
depend on factors such as taste, texture, price parity, labeling, and transparent communication
about the production process®.

Despite these challenges, the cultivated meat industry is rapidly advancing. According to the
Good Food Institute (GFI), more than 150 companies globally are actively working on cultivated
meat technologies, and cumulative investments haveugassed $3 billion USD as of 2024
Startups and research institutions are exploring innovations in cell line development,
bioprocess optimization, tissue engineering, and synthetic biology to bring down costs and
scale production.

In summary, cultivated meat represents a transformative opportunity to reshape the global

protein supply chain, offering a pathway toward a more sustainable, ethical, and resilient food
system. However, realizing this vision will require coordinated efforts in stem cell biology

bioengineering, media development, and public policy to overcome current limitations and
drive the technology from lab bench to dinner plate.

16



1.2 Induced pluripotent stem cells as a foundation for scalable
muscle biomanufacturing

1.2.1 Stencell hierarchies and differentiation potential

Stem cells are undifferentiated cells with the capacity to setenew and to generate one or more
specialized cell types. Their defining features include clonogenicity (the ability to give rise to
identical progeny through mitosis) and potency, which refers to the breadth of cell types they
can produce. Based on their differentiation potential, stem cells are typically classified into four
categories: totipotent, pluripotent, multipotent, and unipotent

0 Totipotent cells, such as the zygote and early blastomeres, can give rise to all
embryonic and extraembryonic tissues, including the placenta.

0 Pluripotent cells can generate all embryonic cell types derived from the three germ
layers (ectoderm, mesoderm, endoderm), but not extraembryonic lineages.

0 Multipotent cells, like hematopoietic stem cells (HSCs), are lineagestricted and can
only give rise to a limited set of related cell types.

0 Unipotent cells are capable of differentiating into a sigle cell type but retain self
renewal capacity, such as muscle satellite cells.

The concept of pluripotency became experimentally tractable in the early 1980s, when Evans
and Kaufman (1981) and Martin (1981) independently derived embryonic stem cells (ESCs
from the inner cell mass (ICM) of premplantation mouse blastocysts. These cells were shown
to retain in vitro pluripotency and to contribute to all embryonic lineages when injected into a
host blastocyst, paving the way for the development of chimerianimalss! 52. Nearly two
decades later, Thomson et al. (1998) successfully isolated human ESCs from surpfusitro
fertilized embryos, marking a turning point in regenerative medicinés .

Pluripotent stem cells (PSCs) are cultured cell lines that captura vitro, the developmental
state of the pregastrulation mammalian epiblast. Their defining hallmark is pluripotency, the
ability to give rise to derivatives of all three embryonic germ dyers (ectoderm, mesoderm,
endoderm) while lacking the capacity to contribute to extraembryonic trophoblast or to
generate an entire organism autonomously. Functionally, pluripotency is demonstrated by
directed in vitro differentiation, teratoma formation in vivo, and, in the mouse, by gerdine
contribution after blastocyst injection51.5254

During early embryogenesis, the naive epiblast of the prienplantation blastocyst undergoes a
rapid transition to a post-implantation epiblast that is transcriptionally primed for lineage
induction. PSC culture conditions can arrest cells at distinct points along this continuum, giving
rise to at least three experimentally defined pluripotent states: naive, formative, and primed.
Although all three states retainpluripotent differentiation capacity, they differ markedly in
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signalling requirements, epigenome configuration, and competence windows for gertayer
induction 55257,

Pluripotency In-vivo Key Signalling Epigenetic
State Analogue Transcription Requirements Features
(mouse Factors
embryo)
Naive E3.5-E4.5ICM OCT4, NANOG, LIF/STAT3, 2i (MEK Global DNA
KLF2/4, ESRRB & GSK3 inhibitors)  hypomethylation,
both X
chromosomes
active
Formative E5.5-E6.5 epiblast OCT4, 0TXZ, FGF/ERK moderate, Intermediate
TFAP2C, KLF5 low LIF methylation, onset
of X inactivation
Primed E6.5-E7.5 epiblast 0OCT4, SOX2,ZIC2/3 HighFGF2 + Activin Full DNA
A remethylation, X-

inactivation
complete (female
lines)

Table 1.4 comparison of pluripotency states

4 EdvimAl Al T COAOG 1 EOOAA ET OEA OAAT A OAEAO O AAEET AA AAOAITI
been widely used to benchmarkn vitro pluripotent states due to their experimental accessibility and detailed
annotation.

These states are not fixed butepresent a continuum of developmental potential, each with
distinct transcriptional landscapes and lineage competenciggable 1.4).. Naive PSCs, modeled
on the E3.XE4.5 inner cell mass of premplantation blastocyst, exhibit a 'ground state' of
pluripotency characterized by minimal lineage priming, global DNA hypomethylation, and open
chromatin accessibility. These cells rely on LIF/STAT3 signalling and inhibition of MEK and
GSK3 pathways to maintain their undifferentiated status and can integrate into pre
implantation embryos to generate higkcontribution chimeras57z59 ,

Formative PSCs, corresponding to the early pegnplantation epiblast (E5.5E6.5), represent

a transient, developmentally poised state with high competence for germline and
mesendoderm induction. Theg express markers such as OTX2 and TFAP2C, require moderate
FGF/ERK signalling, and exhibit partial DNAmethylation along with the onset of X
chromosome inactivatiorps€0 . Recent advances have captured this staie vitro, highlighting

its relevancefor modelling germline specification and for improving directed differentiation
protocols.

Primed PSCs, reflecting the later epiblast (E6E&7.5), are transcriptionally more restricted,
depend on FGF2 and ActivitNodal/TGFi signalling for maintenance, display full DNA
remethylation, and in female lines, complete Xnhactivationss6162, Although they are the most
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commonly usedhuman PSCs, their reduced developmental plasticity and lineage bias make
them less suitable for certain differentiation strategies.

1.2.2 From embryonic to induced pluripotent stem cells

The initial derivation and maintenance of ESCs relied on mouse emioryic fibroblast (MEF)
feeder layers and serurrcontaining media, which provided a complex mix of growth factors
and extracellular cues necessary for survival and proliferation. In 1988, Smith et al. showed that
leukemia inhibitory factor (LIF) could support the selfrenewal of mMESCs in the absence of
serum and feeder§’. Later, the development of "2i" culture conditions (MEK inhibitor + GSK3
inhibitor) by Ying et al, in 2008 enabled the stabilization of mESCs in a ground state of
pluripotency 9. In contast, hESCs were found to require different culture conditions, typically
relying on FGF2 and Activin A, with a more complex epigenetic and signalling landsczgé

Induced pluripotent stem cells (iPSCs) have redefined the landscape of regenerative bgo
and biotechnology, and are now emerging as a central platform for cellular agriculture. First
introduced in 2006 through the ectopic expression of OCT4, SOX2, KLF4, ard & # in
fibroblast cells, provingthat, through the addition of defined factors, adult cellscould revert to
apluripotent state, iPSCs combine indefinite selfenewal with the potential to differentiate into

all somatic lineages. Their derivation can be tailored to specific individuals or species, offering
a highly adaptable chassis for the pruction of cultivated meat across different animal sources.

In contrast to adult stem cells, such as muscle satellite cells or mesenchymal stromal cells
(MSCs), iPSCs offer unique advantages in generating muscle lineage. Satellite cells are naturally
committed to the myogenic lineage and exhibit high differentiation efficiency, but they have
limited proliferative capacity and rapidly acquire senescent feature&€ I  OMSTOdre easier

to isolate and can differentiate into adipogenic and chondrogenic ling@$5:67, yet their ability

to generate contractile skeletal muscle remains limited and highly variable. iPSCs overcome
both constraints by providing a virtually unlimited source of progenitors that can be directed
toward muscle, fat, or connective tissue, enabling the reconstruction of composite meat
structures from a single, clonally derived origin.

1.2.3 iPSCs as a platform for cultivated meat production: opportunities and challenges

The developmental plasticity of iPSCsis particularly advantageous for establishing
standardized, GMRcompliant or food-grade-compliant cell lines that ensure manufacturing
consistency, safety, and traceability. iPSCs can be genetically characterized, banked, and
expanded under defined conditions while peserving genomic integrity. Importantly,
reprogramming technologies have now been extended to agriculturally relevant species,
including pig, cow, chicken, and fish, facilitating the generation of spectgpecific cell lines and
regionally appropriate food productsseesss, This adaptability supports biodiversity
conservation and opens the door to valuadded applications, such as the use of heritage or
endangered breeds.

19



Despite these promises, the transition of iPSBased technologies from academic settgs to
industrial -scale meat production remains challenged by several technical, economic, and
regulatory bottlenecks.

Foremost among these is the reliance on complex and costly culture media. To maintain
pluripotency, conventional protocols require the daly addition of recombinant growth factors,
particularly FGF2and transforming growth factor-beta (TGFf Q7 ! A O%&7® ki primed
hPSG(comprehendingboth iPSCs and ES , FGF signaling, especiallyia FGF2, plays a pivotal
role in sustaining selfrenewal and preventing spontaneous differentiatiorit. FGF2 exerts its
effects primarily through activation of the MAPK/ERK pathway, which supports the expression
of core pluripotency factors and maintains the epiblastike transcriptional state of primed
PSC#. This dependency distinguishes hPSCs from their mouse naive counterparts, which
instead rely on LIF/STAT3 signaling. Inhibition of FGF/ERK signaling in hPSCs typically leads
to downregulation of NANOG, OCT4, and SOX2, and initiates lineagecific differentiation,
particularly toward neuroectodermal fatesss. The TGF superfamily encompasses a broad
range of ligands, including TGIF g3, Activins, Noda)] and BMPs, which activate canonical SMAD
dependent signaling cascades that are essential for eaynbryonic development and for the

in vitro maintenanceand/or differentiation of pluripotent stem cells. In the context of human
pluripotency, the Activin/Nodal branch of the pathway plays a central roleLigand binding
engagestype Il and type | serine/threonine kinase receptorg374, leading to phosphorylation of
SMAD2/3, which form complexes with SMAD4 and translocate into the nucleus to regulate
transcriptional programs that sustain selfrenewal and suppress differetiation 7576, Unlike the
BMP-SMAD1/5/8 axis, which promotes differentiation toward extraembryonic or mesodermal
fates depending on context, the Activin/SMAD2/3 axis is indispensable for the maintenance of
primed PSCs, particularly in hESCs and hiPSCTsThe reliance of human PSCs on FGF2 and
Activin A was established in landmark studies showing that inhibition of Activin/Nodal
signaling rapidly triggers neuroectodermal differentiation and loss of pluripotency markerss.
More recently, singlecell transcriptomic and epigenomic profiling has revealed that SMAD2/3
not only activates pro-pluripotency genes as ZNF389, but also cooperates with chromatin
modifiers such as EP300 histone acetyltransferase to establish enhancer accessibility in regions
required for self-renewal and early germ layer competenc@. A key target of this pathway is
NANOG, a homeodomain transcription factor that acts as a central hub in the pluripotency gene
regulatory network. In human PSCsNANOQGranscription is directly activated by SMAR/3,
which bind to its proximal promoter and enhancer elements in a ligandand contextdependent
manner. This relationship is both necessary and sufficient: disruption of SMAD2/3 leads to
rapid downregulation of NANOG and subsequent loss of pluripotencyhile ectopic NANOG
expression can partially rescue selfenewal in the absence of Activin/Nodal inpute.
Importantly, the SMAD2/3zNANOG axis also integrates external cues during early lineage
priming: chromatin occupancy studies have shown that NANOG ai®MAD2/3 frequently co
occupy enhancer regions of mesendodermal genes in formathgtage PSCs, supporting their
poised transcriptional state and competence for differentiation upon pathway modulatio?
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Figure 1.3 Schematic of TGP pathway in pluripotency. Created with Biorender

Both these proteing TGF and FGF2are expensive (costing up to several million USD per
gram), thermolabile, and batchvariable. Their inclusion not only escalates production costs but
also introduces safety and compliance concerns, especialhjhen derived from animal sources
or manufactured in nonfood-grade systems. Moreover, they enhance complexity as the
standard protocols for stem cell expansion and differentiation require frequent media
adjustments with multiple growth factors every 24748 hours. These labor and skill-intensive
protocols limit scalability, as they do not easily adapt to standard bioreactors, where full media
changes are wasteful, timeconsuming, and risk contamination. Finally, we need to consider
that if companies do not inegrate their manifacturing into the production pipeline, they will be
forced to rely on third-party manufacturers, exposing themselves to market fluctuations and
supply chain vulnerabilities such as delays and product discontinuations. Eliminating or
replacing these components is a critical priority for coseffective and foodcompatible iPSC
culture.

Differentiation protocols represent an equally pressing limitation. Standard approaches mimic
embryonic development through stepwise exposure to WNT activate (e.g., CHIR99021), FGF
ligands, and BMP/TGH E1 E ® Adui@ingOodlls through mesoderm induction and
subsequent myogenic specification. While biologically grounded, these protocols are
operationally complex and timeconsuming, often extending over liree to four weeks with
multiple media changes and manual selection steps. Moreover, they are difficult to standardize
across different iPSC lines or clones, whose responsiveness to inductive cues can vary
significantly due to differences ingenetic andepigeneticvariability .
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This variability is compounded by the intrinsic heterogeneity of iPSC cultures. Even within
clonal populations, cells exhibit fluctuations in gene expression, chromatin state, and lineage
A E &A.Ghese differences can bamplified during expansion in largescale bioreactors, where
gradients in oxygen, nutrients, or shear stress influence fate decisions. The resulting
populations often contain residual undifferentiated cells, oftarget lineages, or partially
committed intermediates, complicating downstream processing

Furthermore, many iPSC workflows still depend on components incompatible with food
production, as previously discussed, such as feeder layers, serdoased media, or animal
derived matrices like Matrigel. While xenefree alternatives have been developed, their
performance often lags behind legacy systems, particularly in lorgrm culture or during
differentiation. Bridging this gap is essential to enable full regulatory approval and consumer
acceptance.

In summary, iPSCs represent a powerful but currently undeoptimized platform for cultivated
meat. Their biological potential is vast, yet translating thapotential into an industrially viable
process requires a concerted effort in medium simplification, fate control, and scalable
engineering.
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1.3 From embryonic development tan vitro myogenesis:
recapitulating muscle formation from pluripotent stem cells

1.3.1 Trying to reproduce nature

In vertebrate embryogenesis, skeletal muscle arises from the paraxial mesoderm, a segmental
structure that forms on either side of the neural tube andjives rise to somites. These somites
further differentiate into dermomyotomes, transient epithelial domains where myogenic
progenitor cells emerge under the control of early transcription factors such aPAX3and
PAX®B2, These progenitors subsequently actate the myogenic regulatory factors (MRFS)
MYOD1, MYF5, MYO@nd MRF4 which together coordinate the sequential phases of
myogenesis: proliferation and commitment of myoblasts, their fusion into multinucleated
myotubes, and final maturation into contradile muscle fiberss.

QUIESCENT ACTIVATED PROLIFERATIVE COMMITMENT TO FUSION INTO MATURATION INTO
SCs SCs MYOBLASTS DIFFERENTIATION MYOTUBE MYOFIBER
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Figure 1.4 Schematic view of myogenesis. Source: Romagnoli, Cecilia & Brandi, Marig2021). Muscle
Physiopathology in Parathyroid Hormone Disorders. Frontiers in Medicine. 8. 764346. 10.3389/fmed.2021.764346.

Reconstructing thishighly orchestrated developmental processn vitro using PSCsincluding
ESCsand iPSCshas been a central objective in regenerative biology and now represents a
cornerstone in the development of cultivated meat. The earliest strategies for myogenic
differentiation sought to mimic embryogenesis through stepwise modulation of morphogenetic
cues, applying sequential treatments with growth factors and small molecules that guide PSCs
through mesodermal induction, paraxial specification, and commitment to the myogenic
lineage. Protocols of this type typically rely on WNT pathway activation (e.g., with CHIR99021)
to initiate mesodermal fate, followed by FGF2, IGE, and inhibitors of BMP oiTGFf  O1 D OT i T OA
and stabilize myogenic progenitorg*8s. These protocols have achieved important milestones,
such as the generation of PAX7+ muscle progenitors, MYOG+ myotubes, and even contractile
fibers ET  OHdWéyeér, their implementation remainslimited by several factors. First, the
differentiation timeline is long, typically spanning three to five weeks, and involves numerous
media changes, timed interventions, and frequent cell handling. This complexity limits
throughput and makes protocols peorly suited to scaling. Second, the outcome is often
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heterogeneous, with mixed populations of cells including offarget mesodermal lineages (e.qg.,
endothelial, chondrogenic) and undifferentiated PSCs. This variability affects not only yield and
purity, but also safety and reproducibility, all critical concerns in fooejrade manufacturing.

A major contributor to this heterogeneity is the clonal variability of iPSCs. Despite being
genetically identical, individual clones can exhibit distinct propensities towrd specific lineages
due to differences in epigenetic memory, transcriptional noise, or stochastic activation of
signaling pathways, as previously discussed. Moreover, spontaneous emergence of -non
myogenic cells complicates downstream processing and maypmpromise the functional or
sensory gualities of the final product.

1.3.2 Biotechnology approaches to achieve faster and more complete differentiation

These limitations have spurred the development of alternative approaches aimed at simplifying
and accéerating differentiation while improving cell identity and batch-to-batch consistency.
Among these, a very interesting strategy is that of forward programming, which involves the
ectopic expression of lineageadefining transcription factors to directly induce a desired cell fate.

In the context of skeletal muscle, the master regulator MYOD1 has long been known to drive
myogenic conversion across a wide range of cell types, including fibroblasts, ESCs, and
iPSC&:87, MYOD1 functions by binding to #box motifs across the genome and activating a
myogenic transcriptional cascade that culminates in the expression of contractile proteins,
membrane fusion markers, and structural components of mature myofibers.

Compared to developmental protocols, forward programmig offers a number of advantages:
it reduces culture time to %10 days, bypasses intermediate states, and promotes synchronous
differentiation across the populatiorg8. These features are especially valuable in the context of
cultivated meat, where short pioduction cycles and high lineage purity directly translate to
improved economic feasibility and product consistency. Forward programming also facilitates
adaptation to suspensionbased formats, allowing muscle differentiation to occur in stirred
tank bioreactors or microcarrier-based systems compatible with largescale manufacturing, as
demonstrated by the company Meatable withpatent in licence W02024170696A1 and its
patent US2024174957A1.

Furthermore, this approach could be compatible with caculture systems, enablinghe parallel
generation of adipogenic and connective tissue elements from the same pluripotent population.
By engineering PSCs to carry additional lineaggpecific switches, it may become possible to
produce multilineage musclelike tissues that better mimic the composition and texture of
conventional meat. While the full recapitulation of native tissue complexity remains a challenge,
the modularity of forward programming provides a foundation upon which more sophisticated
tissue constructs can be built. Matable has, for example, patented in the last year two different
strategy for enhancing forward programming, one involving the expression of MYOD1
accompanied by MYOG (patent W0O2024170696A1), and the other involving MYOD1 plus PAX7
(patent W0O2024170702A1),thus demonstrating that finding the right master transcription
regulators we could aim to achieve more and more structured tissues thanks to forward
programming.
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In summary, myogenesis from PSCs can be achieved through either recapitulation of embryonic
development or direct transcriptional programming. The former offers mechanistic insight and
developmental fidelity but is hindered by complexity and variability. The latter simplifies and
accelerates differentiation, providing a more pragmatic route toward industrial-scale

production.
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1.4 Genetic engineering and synthetic biology

1.4.1 Sitespecific genome engineering

Genetic engineering and synthetic biology are rapidly transforming the field of cellular
agriculture by enablingprecise, programmable control over the behavior of stem celi& In the
context of cultivated meat, these technologies offer the opportunity to construct modular, self
regulating systems in which cell expansion, differentiation, and maturation can be orcsieated
through genetic logic rather than manual intervention. This shift is particularly relevant for
induced pluripotent stem cells, which, owing to their clonogenic nature and amenability to
genome editing, representgood test groundfor implementing synthetic regulatory programs
at an industrial scale.

One of theadvantages of iPSCs over primary stem cells is their compatibility with sitgpecific

and stable genetic modification Using tools such as transcription activatclike effector
nuclease (TALENS), Clustered Regularly Interspaced Short Palindromic Repeats and Cas9
(CRISPRCas9), and recombinas®ased systems, synthetic cassettes can be inserted into well
characterized genomic safe harbors (GSHs) such A8VS1ROSA260r CLYBE?9, These loci
provide predictable expression and minimize the risk of disrupting endogenous genes, thus
offering a reliable platform for longterm culture and manufacturing. Importantly, such
insertions can be designed to remain stable over extended passagesl to be traceable under
food-grade conditions.

1.4.2 Inducible gene expression systems: the T&N framework

Synthetic biology extends the potential of classical genetic engineering by enabling the
construction of genetic circuits that process signalsintegrate multiple inputs, and control
cellular states with temporal precision. A widely used framework is based on inducible gene
expression systems, such as the tetracycline (Teiducible system. It is a widely used tool for
controllable transgene expession in eukaryotic cells, offering temporal precision, reversibility,
and tunability. It originated from the tet operon of Escherichia coliwhich encodes a repressor
(TetR) that regulates resistance to tetracycline antibiotics. In its synthetic formhe system was
adapted for mammalian use by fusing TetR to viral transactivation domains such as VP16
activation protein domain from herpes simplex virus (VP16AD), enabling drugnducible
control over transcription 91.92,

Two main configurations exist: TetOff and TetOn. In the TetOff system, the tetracycline
controlled transactivator (tTA) binds to tet operator sequences (TetO) in the absee of
tetracycline or its analog doxycycline, activating transcription from a minimal promoter.
Conversely, in the TefOn system, a reverse transactivator (rtTA) only binds DNA and activates
transcription in the presence of doxycycline, providing superiocontrol in contexts where gene
induction is required rather than repressiorf2.9s,

Over the years, multiple generations of TeOn systems have been developed to address
limitations in leakiness, sensitivity, and dynamic range. The secofgkneration rtTA2SM2
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incorporated mutations that reduced basal activity and increased doxycycline
responsiveness$3. A third-generation transactivator, TetOn 3G, further improved expression
control by enhancing the rtTA's DNAbinding affinity and transcriptional potency while
minimizing background noise?49. These transactivators are typically expressed under a
constitutive promoter (e.g., CA& T O % gvhile the inducible gene of interest is placed
under a tetracyclineresponsive promoter (TRE), consisting of TetO repéa upstream of a
minimal cytomegalovirus (CMV) or hybrid promoter. The CMV promoter is a strong,
constitutive viral promoter derived from human cytomegalovirus, widely used in molecular
biology to drive robust gene expression in mammalian cel8. The TREhas been widely used in
inducible expression systems due to its modularity and responsiveness to doxycycline.
However, first-generation TRE promoters often suffer from leaky basal activity and silencing in
long-term culture, particularly in mammalian stemcells or differentiated progeny. To address
these issues, Loew et aglin 2010 systematically engineered a panel of TRE variants (termed
Ptet-T1 to PtetT7) by altering the number and arrangement of TetO operator sites and
modifying the downstream minimal CMV promoter. These modifications resulted in
significantly reduced background expression and improved induction ratios across various cell
lines, including human cells, providing an effective strategy to enhance the dynamic range and
stability of the Tet-On system over timé&. More recently, efforts have also focused on
minimizing silencing of TREdriven constructs during longterm culture. For instance,
promoter silencing has been mitigated through the use of chromatin insulators, epigenetic
modulation, and posttranscriptional strategies such as the incorporation of Csy4 cleavage sites
that enhance transcript specificity and reduce leaky expression in the uninduced state These
advances have greatly expanded the applicability of Tdtased systems, eabling tighter
temporal control and improved reliability for both basic research and translational
applications. Importantly, the Tet system is compatible with diverse cell types and species and
is widely used in PCS for controlled differentiation, linege tracing, and reprogramming. Its
reversibility and dose-dependence make it particularly suitable for synthetic biology
applications, such as logkgated circuits, inducible knockdowns, and dynamic cell
programming. This enables precise control over therset of differentiation and allows stem
cells to be expanded under pluripotencymaintaining conditions before being synchronously
directed toward a specific fate. In the context of myogenesis, inducible expressionMi¥OD1
has proven particularly effective enabling rapid and robust conversion of iPSCs into myogenic
progenitors and terminally differentiated myotubes without the need for lengthy stepwise
protocolsgs. MYODIcan, as discussed, also be combined with other factor to further enhance
muscle commiment or improve the maturity of such cells, likeMYOG.

1.4.3 Posttranscriptional regulation with artificial microRNAs (amiRNAS)

Transcriptional programming alone may not fully suppress theesidual activity of pluripotency
networks. For this reason, synthetic circuits can be extended with pogtanscriptional
regulatory elements, such as artificial microRNAs (amiRNA®}, designed to silence
endogenous genes that maintain the stem cell statamiRNAs are engineered RNA interference
(RNAI) tools that mimic endogenous microRNA (miRNA) processing pathways to achieve
potent and specific gene silencing. Unlike short hairpin RNAs (shRNAs), which are transcribed
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as extended sterdoop structures and processed predominantly by Dicer, amiRNAs are
embedded within the scaffold of a naturally occurring pdmiRNA, typically from the miR30 or
miR-155 families. This design allowsamiRNAs to enter the endogenous miRNA biogenesis
pathway seamlessly, resulting in more physiological processing, reduced toxicity, and
improved knockdown consistency across different cell type8!. The first demonstrations of
amiRNA technology emerged inite mid-2000s, as researchers sought to improve upon the
limitations of conventional shRNA systems, which include saturation of the exportib
pathway, induction of cellular stress responses, and high eférget effects at elevated
expression level$02. By embedding the silencing sequence within a prmiRNA context and
driving expression under RNA polymerase Il (pol Il) promoters, amiRNAs offer superior control
over expression timing and tissue specificity, particularly when coupled with inducible or cell
type-specific promoters. Functionally, amiRNAs are transcribed as primary miRNA mimics,
processed by the canonical Drosh®GCR8 complex, and loaded into the RNAduced silencing
complex (RISC) following Dicetmediated cleavage The choice of backbone and loop structure
plays a critical role in determining processing efficiency and silencing potency. The mIR
backbone, an optimized miR30 derivative developed by Fellmann et al.in 2013, has been
widely adopted due to its high processing fidelity and compatibility with a broad range of
promoters and expression platforms. Compared to shRNAs, mIRbased amiRNAs exhibit
lower cytotoxicity and more predictable knockdown kinetics, making then especially suitable
for long-term or inducible expression systems in sensitive cellbke iPSC&3. By targeting key
factors such asNANOG, OCT4dr LIN28, amiRNAscould accelerate lineage commitment and
improve the homogeneaty and fidelity of differentiation. When co-expressed with inducible
lineage drivers, these toolswould establish a dualcontrol architecture that simultaneously
activates desired fates and represses conflicting ones, thus enhancing both the efficiencyg an
reproducibility of cellular transitions 104,
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Figure 1.5 Schematic of miRNA pathway. Created with biorender.

1.4.4 Multicistronic constructs and 2A peptide systems

Another advantage of syntheticbiology approaches lies in the ability to integrate multige
genetic elements within a single transcriptional unit, streamlining the engineering process. A
widely adopted strategy for achieving this is the use of 2A peptides, short virdlerived amino
acid sequences (182 amino acids) that mediate ribosome skipfmg during translation. Unlike
internal ribosome entry sites (IRES), 2A peptides enable the @xpression of multiple open
reading frames (ORFs) at nearly equimolar levels from a single promoter. Originally derived
from picornaviruses such agoot-and-mouth disease viru§F2A) andThosea asignairus (T2A),
OEAOA PAPOEAAO-I EEBOA ADADAI BDEBAACHAI AAGAG AAAE Al
product without the need for proteolytic processing©.16, One of the most influential
demonstrations of this approach came from Szymczak et al. (2004), who used a multicistronic
retroviral vector with 2A peptides to co-express the four CD3 subunits and restore -€ell
function in CD3deficient micelo?. Since then2A peptides have become widely adopted for eo
expression of transcription factors in reprogramming, immune engineering, and synthetic
biology applications. In the context of forward programming, 2A peptides offer a powerful
solution for delivering combinations of master transcription factors that synergistically drive
lineage specification. By using a single construct encoding different factors (as, for example,
MYOD1 + MYQGeparated by 2A peptides, researchers can reduce the number of required
genome edting steps, enhance reproducibility across clones, and limit heterogeneity in
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transgene expression levels. This strategy also reduces the risk of insertional mutagenesis
compared to multi-vector systems.
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Figure 1.6 The mechanism of 2A peptide -mediated s elf-cleavage. Source:Donghan Li, Jianhui Liu, Lingxuan Sun,
Jin Zhang, Jin Hou, Developing polycistronic expression tool in Yarrowia lipolytica, Synthetic and Systems
Biotechnology, https://doi.org/10.1016/j.synbio.2024.09.010.

(@) Through an event known as "®p-carry on", the 2A peptide allows a single mRNA in eukaryotes to produce
multiple peptides. The protein upstream of the 2A peptide contains most of the 2A peptide sequence, while
the protein downstream contains only an additional Pro. (b) When the ribasme translates the NPGP
sequence at the @erminus of the 2A peptide, the secondary structure formed by the translated 2A peptide
sequence prevents the formation of the peptide bond between the terminal Gly and Pro.

1.4.5 Functional customization and regiatory landscape of genetic engineering

Beyond lineage control, synthetic biology opens the door to functional customization of
cultivated meat products. Engineered iPSCs could be implemented with traits that improve
bioprocessing performance, such as resiance to shear stress or tolerance to suspension
culture, or that enhance the nutritional and sensory properties of the final product, including

the synthesis of omegeB fatty acids, flavor precursors, or antioxidant compounds. While these
applications remain largely prospective, they exemplify the broader potential of synthetic

biology to move beyond mere replication of conventional meat and toward the development of
next-generation food systems with improved health, sustainability, and adaptability proies.

The regulatory status of genetic modification represents a critical determinant in the
development and commercialization of cultivated meat, as it directly influences both the design
of engineered cell lines and the strategies adopted to enhance thgderformance. In the
European Union (EU), the regulation of genetically modified organisms (GMOSs) is governed by
a processbased framework. According to Directive 2001/18/EC, any organism whose genetic
material has been altered in a way that does not occuraturally by mating and/or natural
recombination is classified as a GMO. In 2018, a landmark ruling by the Court of Justice of the
European Union (CJEU) reaffrmed that organisms developed through sitirected
mutagenesis, including CRISPR/Cas9 and otheew genomic techniques (NGTs), must also be
subject to full GMO legislation, regardless of whether the genetic modification results in the
insertion of foreign DNA or a singlenucleotide change (CJEU, Casé28/16; EPRS, 2023).
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A nuanced but essential tinction in this context is that between cisgenesis and transgenesis.
Cisgenic modifications involve the transfer or editing of genetic elements derived from the
same species or from a sexually compatible organism, without introducing exogenous
sequences In contrast, transgenesis entails the incorporation of foreign genetic material,
typically from unrelated organisms, thus generating combinations not achievable through
conventional breeding. While cisgenic edits are often seen as less disruptive and makin to
traditional breeding at the molecular level, EU legislation does not currently differentiate
between the two in terms of regulatory requirements. Both are treated as GMOs under existing
law, subject to the same authorization, traceability, and keling mandateg©8.109, However, a
policy shift could be underway soon. In July 2023, the European Commission introduced a
proposal for a new regulation on plants obtained through certain NGTs, aiming to distinguish
between insertion-free, cisgenic modifiations and conventional transgenesis. If adopted, this
could exempt a subset of genomedited organisms, those indistinguishable from traditionally
bred counterparts, from full GMO regulation. Although the proposal currently targets only plant
species, itsignals a broader rethinking of risk assessment frameworks within the EU (European
Commission, 2023; EPRS, 2023). Supporting this direction, Italy has recently implemented
TAGETT ATl 1 ACEOI AGEITT 11 O4AATT 11 CEA cankolleOl 1 OUET 1
field testing of genomeedited plants. Crucially, the Italian TEA framework acknowledges a
regulatory distinction between cisgenic and transgenic edits, provided no foreign, extigiece
DNA is introduced. While still limited to the agriculturd context, this legal recognition of
cisgenesis may lay the groundwork for analogous differentiation in animal cell applications,
particularly relevant for cultivated meat, where insertion-free genome edits could reduce
regulatory burdens and improve publc acceptance. This uniform treatment has drawn
criticism from segments of the scientific community, who argue that such a processsed
system is overly restrictive and fails to account for the molecular nature or risk profile of the
final product. InpradlODEAAh OEA %580 bi OEOCEIT EAO AOAAOAA A O¢
genetic engineering in food applications, including cultivated meat. Developers aiming to bring
engineered cell lines to market in Europe must either pursue full GMO authorizah, a process
that is lengthy, costly, and politically sensitive, or adopt nointegrative strategies such as
transient RNA delivery, episomal vectors, or clonal selection without genomic edits.
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Figure 1.7 schematic of difference between cisgenesis and transgenesis. Created with biorender

By contrast, regulatory frameworks in other jurisdictions take a more produciriented stance.

In the United States, the Food and Drug Administration (FDA) eweltes cultivated meat and its
components based on compositional safety, functional equivalence, and absence of harmful
substances, rather than on the method used to derive the product. This allows for the use of
both cisgenic and transgenic modificationsas long as the resulting cells are not found to
present safety risks (US FDA, 2022). Singapore, the first country to approve the commercial sale
of cultivated meat, has adopted a similar approach under its novel foods framework, assessing
genetic modificaions caseby-case as part of a comprehensive risk dossier (SFA, 2021).
Elsewhere, countries such as Argentina, Brazil, Japan, and Australia have introduced
differentiated regulatory pathways for geneedited organisms, especially those that do not
contain foreign DNA (cisgenic edits), or that could theoretically be obtained through
conventional mutagenesis. In China, cultivated meat and synthetic biology have been explicitly
designated as key strategic sectors in the national 14th Fivéear Plario. While aformal
cultivated meat regulatory framework is still in development, early signals suggest a potentially
more permissive stance toward genetic engineering compared to the EU.

In sum, the global divergence in GMO regulation has profound implications for djetic biology
applications in cellular agriculture. While permissive jurisdictions enable the integration of
sophisticated engineering strategies, including autocrine signaling, inducible gene circuits, and
multicistronic constructs, European developers e constrained to more conservative
approaches, limiting the scope and pace of innovation. Harmonizing regulatory frameworks or
at least adopting a riskbased model that distinguishes cisgenesis from transgenesis could
significantly enhance the feasibilityof safe and effective cultivated meat production within the
EU.
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1.5 Sustainability and Food Security Motivations

1.5.1 Environmental sustainability and resource efficiency

The global food system is facing unprecedented pressure. Population growth, climate change,
geopolitical instability, and the intensification of resource use are converging into a critical
challenge: how to provide adequate, safe, and nutritious protein for nearly 10 billion people by
2050, without exceeding planetary boundaries. Livestock agriculture, long considered the
backbone of protein supply, is increasingly recognized as a key contributoo environmental
degradation and systemic inefficiency. In this context, cultivated meat has emerged not only as
a technological innovation but as a strategic imperative for both sustainability and global food
security.

The environmental burden of animal agculture is well documented. According to the Food and

Agriculture Organization (FAO), livestock is responsible for approximately 14.5% of global
anthropogenic greenhouse gas (GHG) emissions, a contribution on par with the entire
transportation sector. Runinants, particularly cattle, are major emitters of methane, a potent

(' xEOE A CITAAl xAOi ET ¢ bDi. Bdydnd EnfissiongEaninal AGAAAAE
agriculture accounts for the majority of land use change globally, driving deforestation, soll

erosion, and biodiversity loss. It is also a leading consumer of freshwater and a source of

nitrogen and phosphorus pollution due to fertilizer and manure runoffil,

The inefficiencies of the system are stark: producing 1 kg of beef may require over 15,066rks
of water and up to 25 kg of feetl2. These figures reflect not only the energetic and nutritional
losses of trophic conversion but also the vulnerability of animabased production to external
shocks. Epidemics such as avian influenza and African swi fever, climateinduced crop
failures, and disruptions to global trade networks further expose the fragility of current protein
supply chains.

Cultivated meat offers a disruptive alternative. By decoupling meat production from live
animals, it has the peential to reduce GHG emissions, water and land use, and the risk of
zoonotic disease outbreaks. Life cycle assessments (LCAs) have become essential tools in
evaluating the environmental potential and limitations of cultivated meat. Early work by
Tuomisto and Teixeira de Mattosin 2011 painted a highly optimistic picture, suggesting that
cultivated meat could reduceGHGemissions by up to 96% compared to conventional be&s.
However, these conclusions were based on idealized assumptions, including the use of
cyanobacteria hydrolysates as input and full reliance on renewable energy, that remain far from
industrial feasibility. More recently, Humbird in 2021 offered a more ®bering view, arguing
that when current bioprocessing constraints are realistically modeled, particularly the high
energy demand and the cost of producing amino acids at scale, the environmental impact of
cultivated meat may actually match or exceed thatfdraditional beefls. Between these two
poles stands Risner et al. (2024), whose comprehensive cradie-gate LCA outlines a range of
scenarios, from pessimistic pharmagrade inputs to more plausible hybrid media formulations.
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In one of the most realisticand promising scenarios, Hybrid Growth Medium (HGM), the
authors report a potential 80% reduction in GHG emissions relative to beiét. While the paper
emphasizes lingering challenges such as fossil fuel depletion, antibiotic usage, and fagility
related impacts, its findings are, in fact, encouraging. Notably, this scenario assumes fgodde
components produced with conventional technologies, without the need for biotecHerived
amino acids. This is significant, as it demonstrates that cultivated meat couélready deliver
net climate benefits using accessible, regulated materials. Although some issues remain, such
as energy sourcing, contamination risks, and the embedded footprint of production
infrastructure, none appear insurmountable. Indeed, these verlmitations highlight concrete
opportunities for further optimization. When interpreted with a forward -looking lens, the
Risner et al. study underscores not only the feasibility but the urgency of improving media
formulation, cell line robustness, and suply chain integration to unlock the full environmental
potential of cultivated meat.

1.5.2 Food security, public health, and systemic transformation

Equally significant is the contribution of cultivated meat to food system resilience. Bioreactor
based poduction can be established independently of climate, geography, or arable land
availability. In principle, facilities can be located in urban centers or regions currently
unsuitable for agriculture, supporting decentralization and reducing reliance on gbalized
supply chains. Moreover, cultivated meat does not require antibiotics, or will require them in
minimal, negligible quantities, thereby addressing one of the most urgent public health threats
of our time: antimicrobial resistance. It also minimizeghe risk of pathogen contamination and
foodborne illnesses such af. colji Salmonella and Listeria, which are endemic in industrial
slaughterhouseg15.116,

From a food security perspective, cultivated meat can help stabilize supply and reduce
exposure b global volatility. Localized, controlled production systems are inherently more
adaptable to geopolitical tensions, climate disruptions, and pandemics. If deployed
strategically, they could complement traditional agriculture by providing a consistent basdine

of high-quality protein, especially in regions with limited natural resources or high import
dependency.

However, realizing this potential depends on overcoming current technological and economic
limitations. As highlighted in previous sections, thenigh cost of recombinant growth factors,
energy-intensive bioreactor operation, and the complexity of culture media are significant
bottlenecks. If left unresolved, these factors could offset the environmental gains and
undermine the viability of cultivated meat at scale. Moreover, the energy mix used in
production remains a crucial variable: renewablepowered systems offer far greater
sustainability benefits than those relying on fossil fuels.

In summary, cultivated meat should not be seen as a luxury oliame innovation, but as a
strategic technology to address intersecting crises in climate, health, and food access. Its
successful implementation requires not only advances in cell biology and engineering, but also
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a systemic rethinking of how food is prodeed, distributed, and consumed. The synthetic
biology tools and cell platforms developed in this thesis aim to contribute to this broader
transformation by offering a concrete pathway toward scalable, sustainable, and ethically
robust protein production.
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Aim of the thesis

The overarching aim of this thesis is to explore whether growth facteindependent

maintenance of pluripotency and efficient lineagespecific differentiation in hiPSCs can be

achieved through the engineering of amutonomous gene regulatory network. Specifically, we

hypothesize that pluripotent stem cell behavior, normally reliant on exogenous cues such as

FGF2and TGEF h AAT ET OOAAA AA CI-Atdriedsisteds composedafi OEAOE A
constitutively expressed core pluripotency factors, whose repression is synchronized with the

activation of master regulators of differentiation.
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Figure 1.8 Schematic representation of the aim of the thesis

To test this hypothesis, we developed a modular and scalable strategy based on the sequential
integration of three synthetic regulatory cassettes into defined genomic safe harbor loci of
hiPSCs. Each castte was designed to operate independently yet functionally converge on the
dynamic regulation of stem cell fate. The engineered architecture consists of:

1. A constitutively expressed TetOn 3G transactivator, integrated into thdhROSA2focus, to
provide a tightly regulated and reversible system for inducible gene expression upon
doxycycline addition;

2. A constitutive expression cassette for key pluripotency transcription factors, such as
NANOG inserted into theCLYBLUocus, aimed at maintaining selfenewal in the absence of
exogenous TGF 7! AOEOET OECT Al ET ¢n

3. A doxycyclineinducible expression cassette for lineagspecific master regulators, such as
MYOD1 for myogenesis, operatively linked to artificial microRNAs tgeting endogenous
pluripotency factors, integrated into the AAVS1ocus. This dualaction cassette is designed
to simultaneously drive differentiation and suppress residual pluripotency, thereby
enhancing lineage fidelity.
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By distributing the elements acpss orthogonal safe harbor loci, the system allows for
independent tuning, functional testing, and potential interchange of individual components,
offering a platform for rapid prototyping and application-specific customization.

In parallel with this genetic engineering effort, the thesis also addresses key technological
barriers limiting the scalability of pluripotent stem cell bioprocessing, including medium cost
and composition, threedimensional tissue maturation, and crossspecies applicability. These
additional aspects were developed to demonstrate that the proposed genetic system can be
effectively coupled with optimized, animalfree culture conditions and translated toward food
relevant species, thus aligning the entire work with the longerm goal of sustainable cultivated
meat biomanufacturing.

Achemically defined, costeffective medium was developed and validated to support hiPSC self
renewal and genome editing in the absence of exogenous growth factors. The formulation,
assembled fromcommercially available components, was benchmarkedagainst pre-mixed
media and shown to sustain pluripotency, efficientgenome editing, and adaptation to
suspension culture, providing an essential foundation for scalable production.

Furthermore, the engineered hiPSCs were directed toward the myogenic liage to form
structured and functional three-dimensional muscle tissues, thereby establishing a first proof
of concept for the integration of synthetic gene regulation with tissudevel outcomes.

This engineered regulatory framework is intended not only to decouple hiPSC behavior from
expensive and variable gowth factors, but also to improve scalability, reproducibility, and cost
effectiveness, all key requirements for industrial applications such as cultivated meat
production. We chose to use human pluripotent stem cells to validate our strategy for several
reasons. First and foremost, the human model is extensively characterized at the molecular
level, with a wealth of data available on gene expression profiles, signaling pathways, and
epigenetic regulation. This depth of knowledge makes it significantly e&s to troubleshoot
experimental outcomes and to distinguish biological failure from technical or methodological
biases, an advantage that is less pronounced in leskaracterized systems such as porcine or
bovine cells. Moreover, the core pluripotency netork, including critical components such as
OEA 4" &1y DAOExAU AT A OEA OOAT OAOCEDPOEIT EAAOI O
with well -defined orthologous genes and regulatory mechanisms. This evolutionary
conservation supports the translational rdevance of findings in the human system and
provides a robust foundation for adapting the strategy to other species in future work.

Throughout this thesis, each module is experimentally validated through a combination of
molecular, functional, and phenotypic assays, and the system is ultimately tested in scalable
suspension cultures and 3D tissue constructs. Together, these efforts @&sish a unified
framework that integrates medium optimization, genetic circuit design, and crosspecies
translation, contributing to the development of reproducible and ethically sustainable
platforms for cultivated meat biomanufacturing.
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Figure 1.9 Description of the strategy involving three genomic safe harbors
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Chapter 2: Materials and Methods

hPSC culture

Healthy male hiPSCs with a TTMEGFPknock-in reporter (Allen Institute for Cell Science

#AICS0048 cl.39) were cultured on hESQualified Geltrex-coating using Essential8 (both

from Gibco). Cells were passaged everyBidays as small clumps aftetreatment with 0.5mM

EDTA in PBS (without A1 AEOI AT A | AcCT iRdepetdengyBasséys, QiPSLCS Mere

cultured in Essential 6 (Gibco) supplemented onlwith 100 ng/mL FGF2145aa (Qkine Qk040)

z E6F, and compared with the same mediAl 01 OOPDPI Ai AT OAA xEOE ¢ 1 C7TI
Qk010)7%@p &4 8 4 ' & EperioddEnEEH slippleméried with 10 uM SB31542 7

E6FSB.

Home-brew media culture

Homemade weekendfree media was prepared with DMEM/F12, tglutamine and HEPES

(Gibco, #31330038), and was supplemented with a 100x grativ factors supplement prepared

in-house. The final concentrations of the supplement components in the media were as folkw

for homemade E8 (hE8): 64 ug mil 2-PhosphaoL-ascorbic acid trisodium st (Sigma, #49752

10G), 14 ng mkt sodium selenite (Sigma, #S52625G), 1743 ug mE sodium bicarbonate
(SigmaAldrich, #58875500G), 10 ug mkl transferrin (Optiferrin z Invitria, #777TRF029-1G),

19.4 pg mltinsulin (Gibco, #A11382I1), 5 ng mi2 t-FGF2G3 (145aa, Qkine, #Qk052), 2 ng mL

1TGFf p 0, 53 j 1EET Ah N1 E n g 2eRhopphdl-aScorbigatid,trisodium salt,C |

20 ng mL! sodium selenite (Sigma, #S5265G), 1743 ug mk sodium bicarbonate, 5 pg mtt

transferrin, 5 pg mL2insulin, 5 ng mL-1 t-FGF2G3, 1ngmE TGFrf ¢ | 1 EET Ah N1 Emnut gh
mL-1 NRG1 (Qkine, #Qk045). Note that since DMEM/F12 already contains sodium bicarbonate

at 1,200 pg mL-1 concentration, the supplement contains only enough sodium bicarbonate to

increase the concentration to the final one described above. In initial optimization experiments,

B8 formulations had alternative sources of FGF2 or TGF OECT Al 1 ET ¢ PAOExAUh O
FGF2G3, tFGF2, or Activin Al (Qkine, #Qk027, #Qk053, #Qk025 or #Qk001, regpigely). The

weekend-free media were compared to commercial E§ cE8 (Gibco, #A1517001) that was

changed dalily.

Adaptation of the cells into the weekend -free media

Adaptation of WTC11 iPSCsFor each adaptation round, a vial from the sampassage cells
expanded in cE8 was thawed and transferred to 2 mL of DMEM/F12, centrifuged at 100 g for 5
min, then resuspended in 2 mL of cE8 with thiazovivin and seeded into 3 wells of axg@ll plate
(Corning, #353046), seeding 50, 25, or 12.5% of the suspension, respectively. The cells were
then grown in cE8. The next passage was done in cE8, replacing the medium the day after
passage with cE8:hE8 or cE8:B8+ at 1:1 proportion. The following day the medium sva
replaced with the respective weekend free media (hE8 or B8+). After that, these cells were
grown and passaged in hE8 or B8+. In parallel, cells from the same vial were grown in cE8 and
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passaged at the same time as cells in weekefirdte media. Cells weraggrown for at least five
passages before performing any assays.

Adaptation of H9-HESG: for the adaptation of H3hESCs into weekendree media, avial of

H9 cells expanded in cE8 was thawed and transferred to 2 ml of DMEM/F12, centrifuged at
100g for 5 min, then resuspended in 2 ml of cE8 with-27632 and seeded into 3 wells of a-6
well plate (Corning, #353046). The cells were then grown in cE8. Emext passage was done in
cES8, replacing the medium the day after passage with cE8:hE8 or B8+ at 1:1 proportion. The
following day the medium was replaced with the respective weekenffee media (hE8 or B8+).
After that, these cells were grown and passaged hE8 or B8+. In parallel, cells from the same
vial were grown in cE8 and passaged at the same time as cells in weekdrek media. Cells
were grown for at least five passages before performing any assay and maintained in a hypoxia
incubator (02 /CO2 MC@L70M) during cells culturing.

Single cell sorting

Single cell sorting Cells were harvested using TryplE:0.5 mM EDTA solution (3:1) and inctdzh

at 37 °C for 3 min. To ensure single cell dissociation, the cell suspension was passed through a
40 pm cell strainer (Pluriselect, #4310100-40). After centrifugation at 100 g for 5 min, cells
were resuspended in sorting buffer: PBS + 1% Penicillin/Séptomycin (Euroclone,
#ECB3001D) + 2% FBS + 10 mM HEPES (Fisher Bioreagents, #10756254). Fixable Viability Dye
eFluor 780 was added at 1: D00 concentration to the sorting buffer to label dead cells. Live
cells were singlesorted on Matrigelcoated (Cornirg, #356277) 96 well plates (Corning,
#353072), coated according to the dilution factor provided by the manufacturer. Plates were
prepared with the 3 different media (cE8, hE8 or B8+) supplemented with CEPT cocktail. CEPT
cocktail has been prepared with 50nM Chromanl (MedChem Express, #HY¥5392), 5 uM
Emricasan (Selleckchem, #S7775), Polyamine supplement 1:1000 (Sigkrich, #P8483),

0.7 uM TransISRIB (Tocris, #5284. SH800S Sony cell Sorter with 100 um Chip and single cells
(3 drops) setting have be@& used for the single cell sorting and cells have been seeded at a
maximum speed of 100 events per sec. 72 h after sorting, media were replaced to remove CEPT
components and then changed every other day for 1 week. The resulting colonies were stained
with Crystal Violet (Sigma, #C6158). For the staining, cells were washed with 200 uL of PBS and
fixed with 100 pL of PFA 4% at RT 10 min, washed 2 times with 200 pL of PBS, stained with 100
pL of 0.5% Crystal Violet at RT for 10 min and washed 6 times with 2QQ. of deionised water

to remove the excess dye. Then, the colonies were counted.

Copy number variation analysis

Cells were cultured as described above for 20 passages after the adaptation into the media. An
80-90% confluent well of a 6 well plate was detdeed as described above, resuspended in PBS
and centrifuged at 100g for 5 min. The pellet was resuspended in 100 pl of 4celd PBS.
Genomic DNA was extracted using the Monarch Genomic DNA Purification Kit (New England
BioLabs, #T3010L), following the probcol for cultured cells (Instruction Manual, Ver
4.1 _08/24, page 11 and page 13 - https://www.neb.com/en/ -
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/media/nebus/files/manuals/manualt3010.pdf?rev=624b140ff2834dcb9eecffa430909083&
hash=0F214BCD60CC6C285C9A119136B13B12&srsltid=AfmBOop5RrnWXPue0oMY oBWV4
bOrdFLmbwA4FtkpTL1ek6e_hiDgMDd5) and eluting the DNA in the TE buffer. The DNA was
then subjected to low resolution karyotyping, using the Illumina microarray containing 700k+
markers. This analysis was performed by Life & Brain company (Bonn, GermanyhelSNP
array data was analysed in GenomeStudio 2.0.5 with the cnvPartition 3.2.1 plugin installed
(https://femea.support.illumina.com/array/array_software/genomestudio/downloads.html).
Using the cnvPartition plugin, the data was analysed for copy number vations with the
default parameters, changing minimal probe count to 6 and Confidence Threshold to 40. The
data was exported as Bookmark Analysis as an .xml file. XML file was parsed and filtered using
custom scripts in R. In short, the CNVs were filterefibr confidence threshold (above 85) and
the size of the CNV (above 350kbp, or above 100kbp if in the hotspot region).

Analysis of trilineage differentiation markers

STEMdIff Trilineage Differentiation Kit (StemCell Technologies, #05230) was used to
differentiate the hiPSCs, following the protocol (kit manual, Document #DX20659, Version
1 1 0 https://cdn.stemcell.com/media/files/pis/DX20659 -PIS_1 1 0.pdf). Briefly, celgere
seeded as single cells into wells of a 24 weblate (400 000 for ectoderm and edoderm
differentiation, 100 000 for mesoderm) with media containing 10 uM ROCK inhibitor (27632
dihydrochloride - Cayman Chemicals, #004CA16644). Every day, the media were changed to
the respective ectoderm, mesoderm or endoderm differentiation media pnaded in the kit. The
cells were harvested at the day 5 (endoderm and mesoderm) or day 7 (ectoderm) of the
differentiation.

Directed differentiation in a _monolayer towards cardiomyocytes

Cardiomyocytes were differentiated using the previously published protocol10. Briefly, hiPSCs
were seeded on the wells of 12vell plate (Corning, #353043), 1.53 x 105 cells per well in their
respective medium (cE8, hE8 oB8+) with 2 uM thiazovivin. The next day, cells were primed
for differentiation with 1 mL of their respective medium containing 1 uM CHIR99021 (Cayman
Chemicals, #004CA13122). The day after (day O of differentiation), cells were induced towards
mesoderm with 2 mL of RBA medium, containing RPMI 1640 (Gibco, #11875093), 0.5 mg-mL
1 BSA (SigmaAldrich, #A8412-100ML) and 213 pg mkl L-ascorbic acid 2phosphate
trisodium salt (Fujifilm, #321-t t ygcoqh OODBDI Al AT OAA xEOQE v (- #():
the differentiation towards cardiac mesoderm was continued by adding 2 mL of RBA
OO6DPDP1 Al AT OAA  x-E50 KCaygnantChemicdals 4#16644). On day 4, medium was
replaced with 2 mL RBA. From day 6, cells were fed with 2 mL of RPMI 1640 supplemented with
B27 (Thermo Fister Scientific, #17504044) every other day.

Cardiac differentiation in left ventricle organoids

Differentiation towards left ventricle cardiac organoids was performed as published11. Briefly,
hiPSCs were dissociated as single cells and seeded 5 x 104 cells per well on-aw&i plate
(Greiner, #GR662160) in a respective medium (cE8, hE8 or B8+) withuM ROCK inhibitor (¥
27632 dihydrochloride - Cayman Chemicals, #004CA16644). 24 h after the seeding, the
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medium was replaced with Mesoderm induction media. After 36 h, the cells were detached with
TryplE Express incubation at 37 °C for 2 min, then resuspded in Cardiac Mesoderm Induction
medium with 5 pM ROCK inhibitor. The cells were seeded in a low attachment-@&ll plate
(Thermo Scientific, #15227905) at 1.5 x 104 cells per well and centrifuged at 140 g for 4 min.
The next day, the cells are fed witRardiac Mesoderm Induction medium. For the following two
days, the medium was changed to Cardiac Mesoderm Induction medium. For the following two
days, the medium was changed to Cardiomyocytes Induction mediuffihe media were based
on CDM that consisted 100.4% mg mL-1 BSA (Stem Cell Technology, #160177) in 50% IMDM

i" EAATh Ncpwynnouvq DI OO vnbp (A 80 &pg . OOOEAT O
supplemented with 1% concentrated Lipids (Gibco, #11905031), 0.004% monothioglycerol
(Sigma, #M6145100ML) AT A p v -1 toftrarisferrin (Optiferrin z Invitria, #777TRF029-
1G). The Mesoderm induction media consisted of CDM supplemented with 6 ng-hEGF2G3
(Qkine, #QKk035), 5 uM LY294002 (Selleckchem #1105), 5 ng riLActivin A (Qkine, #Qk001),

8 ng mL-1 BMP (Qkine, #Qk038), and 5 uM CHIR99021 (Cayman Chemicals, #004CA13122).
Cardiac Mesoderm Induction medium consisted of CDM supplemented with 8 ng fiilBMP4,
1.6 ng mlk1 FGF2G3, 10 pg mtl Insulin (Thermo Scientific #A11382ll), 2uM WntC59
(Cayman Chemicals #16644) and 50 nM of retinoic acid (Sigma Aldrich, #R2625).
Cardiomyocytes Induction medium consisted of CDM supplemented with 8 ng rILBMP4, 1.6

ng mL-1 FGF2G3 and 10 ug mil Insulin.

Plasmids

Unless stated otherwise, cut and paste cloning was performed using restriction enzymes from
NEB/ThermoScientific and T4 DNA ligase from ThermoScientifiavhile Gibson cloning was
performed using NEBuilder HiFi DNA Assembly Master Mix (NEB). Blunt ending was done with
Fast DNA End Repair Kit (Thermo Scientific). PCR was performed using Q5 Hot Start High
Fidelity DNA Polymerase (NEB). Vectors were dephosphidated before ligation using Fast
Alkaline Phosphatase (Thermo Scientific). All oligonucleotides were ordered from Eurofins
Genomics as desalted lyophilized products. QIAEX Il Gel Extraction Kit (QIAGEN) was used for
DNA extraction from agarose gels, andNucleospin Gel and PCR Cleamp (MACHERWNAGEL)

for purification of PCR products. Recombinant plasmids were transformed into chemically
competent E. Coli. QIAGEN Plasmid Miniprep, Midiprep, and Maxiprep Kits were used for
plasmid preparations (using endotxin free protocols for plasmids to be used for genome
AAEOET ¢cqs !'11 OEAOA POl AARAOOAO xAOA DPAOAEN Of AA
Additional molecular biology procedures, such as electrophoresis anfl. Coliculture, were
performed accordingto standard protocols. All the plasmids were fully sequenceerified by
Plasmidsaurus

hROSA26 locus gRNA/Cas9n expression plasmids pSpCas9n(BB)_R26 and
pSpCason(BB)_R2& were obtained as previously described (Bertero et al., 2016). AAVS1
locus ZFNexpression plasmids and CLYBL locus TALEN expression plasmids were obtained
from Addgene (#159297, #159298, # 62196 and #62197).
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pR26-Bst CAGTet-On-3G was generated starting by replacing the EGFPd2 cDNA of pR26
Bst CAGEGFPd2a kind gift of Ludovic Vallier) with a synthetic TetOn® 3G cDNA fragment
using Mlul and BamHlI.

pCLYBLNeo CAGNANOG_2A_mcCherryvas generated by cloning two synthetic fragments in
PC13NHCAG.copGFP (Addgene #66578) cut with BsrGl and Mlul: (1) a BsrGl and Baruiil
fragment encodingfor human NANOG cDNA (RefSeq NM_024865.4) but containing silent point
mutations to eliminate potential m6A sites and (2) a BsrGl and Mludut fragment encoding
T2A-P2A-mCherry.

pAAV-Puro_ TREEGFPand pAAV-Puro_ TREMYOD1were synthetized based on the published
sequences of pAAV_TREGFP angAAV_TREMYOD1

pAAV-Puro_ TREEGFP(miR-E) was generated by cloing a miRE cassette from

, 4pp' &0 2AT 8xpo jA EETA CEEO 1T &£ *1 ERud ARE : OAAOQ
EGFP. miFE was amplified as two fragments to insert paired Aarl restriction sites for

subsequent  cloning of seed  sequence hairpins MAOACI AT O pd v o
CATGGACGAGCTGTACAAGTAAGCGTACGGCGGGE®CCTC AT A Lo
CAGGTGAGTCAGTCCACCTGCAECC# 4 # ! # 4 ##EOACTH BAlbdNcd uvb

Qu

CAGGTGGACTGACTCACCTGCACCTTGCCTACTGOAICGG v
GATTATGATCCTCTAGAGATATCAATTACGCGTCAATTGATGGATT®

pAAV-Puro_ TREEGFP was cut with EcoRI and EcoRYV, and the three fragments were Gibson
assembled. Seed sequence hairpins were synthetized as complementary pairs of single
stranded oligonucleotides (Table 1), annealed, phosphorylated, and ligated into Aarlit pAAV-
Puro_ TREEGFR(mIR-E), all according toa published protocol (Bertero et al., 2016)

Table 1.
Seed target 3ANOAT AA G v b
Human CD46 AGCGCAGCCAAGCAGTTTCTTTCAAATAGTGAAGCCACAGATGTATTTGAAA

GCTTGGCTA

GGCATAGCCAAGCAGTTTCTTTCAAATACATCTGTGGCTTCACTATTTGAAAG
GCTTGGCTG

AGCGCGCCTCAAGTACCTGCTGTTTATAGTGAAGCCACAGATGTATAAACAG
CTTGAGGCA
Human CD151

GGCATGCCTCAAGTACCTGCTGTTTATACATCTGTGGCTTCACTATAAACAG(
TTGAGGCG

AGCGCAGGAATTATAATGCTTATCTATAGTGAAGCCACAGATGTATAGATAA(
TAATTCCTA
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Renilla luciferase GGCATAGGAATTATAATGCTTATCTATACATCTGTGGCTTCACTATAGATAAG
TAATTCCTG

AGCGCTCCGACTGTAAAGAATCTTCATAGTGAAGCCACAGATGTATGAAGAT]
CAGTCGGAT
Human NANOG

GGCAATCCGACTGTAAAGAATCTTCATACATCTGTGGCTTCACTATGAAGATT
CAGTCGGAG

Oligonucleotides for miRNA cloning.

pAAV-Puro_ TREMYODZ(miR-E-NANOG)was obtained by inserting mirE NANOG from pAAV
Puro_ TREEGFP(miR-E-NANOG) irpAAV-Puro_ TREMYOD1 usingecoRV and EcoRl.

pAAV-Puro_TRE(intron -miR-E-ENANOGIMYOD1was obtained in three steps: (1) insertion of
BssHI and PacHigested and bluntended chimeric intron from pAAV:Puro_siKO Addgene #
86696) in Spelcut pAAV-Puro TREMYOLL; (2) insertion of EcoRV and Notdigested and
blunt-ended miRE from pAAVVPuro_ TREEGFR(mIR-E) in Mrel-cut plasmid from step 1; and
(3) insertion of NANOG seed sequence in Aarl cut plasmid from step 2 according to the
procedure described above.

pAAV-Puro_ TREBEGFP(miR-E-NANOG) MYOD1as obtained by Gibson assembly of two
fragments in Spel and PspXt¢ut pAAV:Puro_TREMYOD1: (1) PCRamplified EGFP and miR E

NANOG cassette from pAAYuUro_TREEGFRP(MIiR-E-NANOG) Exd - v
GTGAACCGTCAGATCGBGTGCCACCATGGTGAGCAAGGN OAOq
GTGGGCTCTATGGTCACTCGAATGCATTCAG®TO TGN  jamplifiedbitdrectional TRE3G
promoter from Ptre3G-bi-| -chain (Addgene # 133730) Ex q, v o
CCTTGCTCACCATGGTGGCACTAGGCGATCTGACGBBIQAC q idOA Oq, -

ACAGTAGCTCCATGGTGGCACTAGTTTACGAGGGTAGGARS

pCLYBLEPuro_CAG_Tebn 3G_TRH#intron -miR-E-NANOGIMYODJwas obtained in two steps:

(1) amplification of plasmid backbone, CLYBL homology arms and UCOE from CLYBL hOMP
(Addgene #112499) andinsertion of TRE(intron -miR-E-NANOG)MYOD1 from plasmid pAAY
Puro_TRE(intron -miR-E-NANOG)MYOD1 digested with PsPxl and Spel; (2) digestion of the
intermediate vector with Swal followed by blunt ligation of Spel and Sall restriction fragment,
Tet-On 3Gfrom plasmid pR26-Bst_CAGTet-On-3G.

pCLYBLPuro_CAGBNANOGTet-On3G_TRHEintron -miR-E-NANOG)MYOD1was obtained in
two steps: (1) Gibson Assembly of four fragments in Sall and Miaut MSX_BidirectionalCAG
(Addgene # 78175): (1.1) PCRamplified NANOG cDNA from pCLYBNeo CAG
NANOG_2A mCherry; (1.2) P&nplified beta globin Poly(A) from pCLYBINeo CAG
NANOG_2A mCherry; (1.3) P&mnplified plasmid backbone, CLYBL homology harms, and
UCOE fragment from CLYBL hOMP (Addgene #112499): (1.4) PCR amplified@et3G from
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pR26-Bst_ CAGIet-On-3G; (2) digestion of the intermediate plasmid with Kpnl and blunt
ligation of PsPxl and Aflll restriction fragment, TREintron -miR-E-NANOG)MYOD1, from
PAAV-Puro_TRE(intron -miR-EENANOG)MYOD1.

Gene editing

Targeting of the hROSA2QIrion et al. 2007) and AAVS1(Hockemeyer et al. 2009) loci was
performed by lipofection. hiPSCs were passaged in-well plates at a density of 200,000
cells/well and transfected 24 h after seeding. Transfection was performed for 4 hours in Opti
MEM (Gibco) supplemented with Lipofectamine Stem Transfection Reagent (2 pl/well,
ThermoScientific)and a total of 2 ug of DNA (a ratio 2:1:1 of targeting vector and the two locus
specific nucleases). After ~3 days, genorredited hPSCs were selected for ~4 days lagding 4
pg/mL Blasticidin S (SigmaAldrich) or 1 pg/mL Puromycin Dihydrochloride (Gibco), for
hROSA26 and AAVS1 targeting, respectively. Targeting of tB&YBLlocusl15 was done by
nucleofection. hiPSCs were single cell dissociated using StemPro Accutase (Gibco), and 2 x 10
cells were nucleofected (100 ul reaction volume; 10 pg of total DNAvith a ratio 2:1:1 for the
targeting vector and the two nucleases) using the Lonza P3 Primary Cell-4icleofector X kit
and program CA137 of the Lonza 4ucleofector System. Nucleofected cells were placed in
recovery media composed of Essential 8 pIuSEPT cocktail [polyamine supplement (Sigma
Aldrich), 50 nM Chroman 1 (Medchem biochem), 5 uM Emricasan (SigmaAldrich), and 0.7 uM
trans-ISRBB (Sigma&Aldrich); Chen, Y., Tristan, C.A., Chen, L. et al 202hd replated in a 24
well plate. 24 h post nuckofection, recovery medium was changed to Essential 8. At ~70%
confluency, cells were passaged in a 10 cm petri dish, grown for ~3 days, and selected for ~5
days with 50 ug/mL Geneticin (Gibco).

Individual pseudo-clones were manually picked, expnded, and analyzed by genotyping (Table

2). Briefly, hPSC clones were screened by genomic PCR to vesfle-specific ontarget

integration of the genetic cassette and to detect random integrations of the targeting plasmid
elsewhere in the genome. StODPAAE £ZEA AAOOAOOA ET OACOAOQEIT ). 4
PCRs. For this purpose, one primer is locatddi OEA AAOOAOOA uvd T O o6 A
primer maps to the genomic locus outside of the homology arm. Wild type (WT) PCR is then

performed using the two primers mapping to the genomic locus outside of the homology arms

to determine if only one or bdh two alleles have been edited (PCR fails for alleles containing

large cassettes, particularly those containing the Gfich CAG promoter used in most of our

targeting plasmids). For monitoring possible offtarget random integration, two additional

backborA j " " q 0#20 AOA DPAOAE Oi AAg uvd"" AT A 6d"" 0#2
the cassette and the second primer located on the plasmid backbone outside of the homology

arms. Upon successful HDR only the homology arms are be incorporated in the GShhlenthe

rest of the plasmid backbone is be lost; therefore, BB PCRs reveal other events of random

integration of the linearized plasmid. PCRs were performed with LongAmp Tag DNA

Polymerase (New England Biolabs, Ref#BM0323L)Jn a reaction mixture containing 1x

,TTcribd 4AN 2AAAQEIT " OAEAEAO | . ®HBNU44TLERS6BM]h omm
forward primer, 250 nM reverse primer, 2% DMSO :99.7% (Fisher scientific #BP231100),

and 2 U of LongAmp Taq DNA Polymerase (NEB #M0323L). The reaction volume was adjusted

_)D
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Table 2.

Table 2.

Locus PCR type Primer Sequencej vddd

EW GAGAAGAGGCTGTGCTTCGG
ROSA WT (locus)

REV ACAGTACAAGCCAGTAATGGAG

EwW GAGAAGAGGCTGTGCTTCGG
ROSA 5"INT

REV AAGACCGCGAAGAGTTTGTCC

FwW GAGAATAGCAGGCATGCTG
ROSA 3'INT

REV ACAGTACAAGCCAGTAATGGAG

EW CGTTGTAAAACGACGGCCAG
ROSA 5'BB

REV AAGACCGCGAAGAGTTTGTCC

FW GAGAATAGCAGGCATGCTG
ROSA 3'BB

REV TGACCATGATTACGCCAAGC

FwW TAAGTGACCCCTGGCGAGAC
CLYBL WT (locus)

REV AGATGGAGCAGTGGATGACA

FW TAAGTGACCCCTGGCGAGAC
CLYBL 5"INT

REV AAGACTTCCTCTGCCCTCTC

FW TCCAGGACGGAGTCAGTGAG
CLYBL 3'INT

REV AGATGGAGCAGTGGATGACA

FW CACAGGAAACAGCTATGACC
CLYBL 5'BB

REV AAGACTTCCTCTGCCCTCTC

FW TCCAGGACGGAGTCAGTGAG
CLYBL 3'BB

REV TTTTCCCAGTCACGACGTTG

FW CTGTTTCCCCTTCCCAGGCAGGTCC
AVVS1 WT (locus)

REV TGCAGGGGAACGGGGCTCAGTCTGA

FW CTGTTTCCCCTTCCCAGGCAGGTCC
AAVS1 5"INT

REV TCGTCGCGGGTGGCGAGGCGCACCG

FW GAATTCGAGCTCGGTACC
AAVS1 3'INT

REV TGCAGGGGAACGGGGCTCAGTCTGA
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FW GCTTGTCTGTAAGCGGATGC
AAVS1 5'BB
REV TCGTCGCGGGTGGCGAGGCGCACCG
FW GAATTCGAGCTCGGTACC
AAVS1 3'BB
REV ATGCTTCCGGCTCGTATGTT

Oligonucleotides for genotyping .

5'HA
5HA  3'HA
—
77/ N
ocus [ PCR 5'BB Transgene
Cassette
- S'HA Transgene — 3'HA
PCRS5 INT = PCR3'INT 2 HA
Edited locus Donor plasmid

Figure 2: schematic of genotyp ing strategy.

Skeletal myocyte forward programming

hiPSCsxpressing TetOn 3G and inducible MYOD1 were singleell dissociated with $emPro
Accutase (Gibco) and plated onto hESqualified Geltrexcoated dishes at a density of 200,000
cells per well of a 12well plate. Unless stated otherwise, the induction was performed in DMEM
high Glucose supplemented with GlutaMAX (Gibco), 1X insuliransferrin -selenium (ITSG,
Gibco), 40 ng/mL FGF245aa (Qkine), 1 uM retinoic acid (Sigm&ldrich), 3 uM CHIR99021
(Cayman Chemicals), and 1 pg/mL doxycycline hyclate (Sigpdddrich). Induction was started
24 h after seeding, and media was replaced every day.

Suspension culture expansion and differentiation

hiPSCsvere expanded in suspension culture using 125 mErlenmeyer flasks containing 20 mL

of in-house hE7 medium, seeded at an initial density of 150,090800,000 cells/mL and

i AET OAETAA 11 AT 1 OAEOAI ) Caldvielk passaged eyary80&d | ox J #h
as small clumps after treatment with 0.5 mM EDTA in PBS (without calcium and magnesium)

and incubation at 37°C for 10 minutes, with gentle pipetting every 5 minutes, followed by
neutralization with DMEM/F12, centrifugation (100 g, 5 min) in conical tubes, and

resuspension in fresh hE7 medium supplemented with Thiazovivin for immediate rseeding.

Thiazovivin was removed 24 hours postsplitting via complete medium exchange. For
differentiation, cells were cultured for 3 days postexpansion before transitioning to

differentiation media under continuous orbital agitation (70 rpm).
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Quantitative real -time PCR (gRT-PCR)

Total RNA was extracted using Quick RNA extraction kit (Zymo), and cDNA synthesis was
performed with High Capacity cDNA Reverse Transcription Kit (Invitrogen). PowerUp gPCR
mix was used for gRTPCR using 10 ng of cDNA and 0.3 uM of each primer (Table 3). Samples
were run on the Applied Biosystems QuantStudié 6 Flex RealTime PCR System machine. All
samples wee analyzed in technical duplicates and normalized to the housekeeping genes
HPRTLorRPLPM.2 AOOI 0O xAOA AT Al UUAA xEOE OEA 33#0

Table 3.

Gene Orientation Primer Sequence j vdd6

Fw ATGCAACCTGAAGACGTGTGA
NANOQEndogenous)

Rev ACCATACTCCACCCTCCATGA

Fw GGGCAACGTGCTGGTTATT
NANOGExogenous)

Rev CAGTCTCCGTGTGAGGCAT

Fw AGTGAGAGGCAACCTGGAGA
POUSF1

Rev ACACTCGGACCACATCCTTC

Fw CTTTGCTTGGGAAATCCGAG
PAX6

Rev AGCCAGGTTGCGAAGAACTC

Fw GTTCCACTGCAAAAAGTACCTCT
GBX2

Rev GGGACGACGATCTTAGGGTTC

Fw Quiagen Quantitect Primer Assay QT00215299
SOX1

Rev

Fw GTAAAAAGAGCTGCCCCAGTGA
TTN

Rev GCTAGGTGGCCCAGTGCTACT

Fw TGGGCGTGTAAGGTGTGTAA
MYOG

Rev CGATGTACTGGATGGCACTG

Oligonucleotides for RT -qPCR.

Flow cytometry
Flow cytoemtry of iPSCs

48

(@}

T



For analysis of EGFP expressiosingle cells were dissociated with 0.5% trypsin at 37°C,
washed with PBS, incubated 10 min at room temperature in PBS supplemented with fixable
viability dye EF450 (Invitrogen), incubated, and washed twice in FACS Buffer (5% FBS in PBS).
Cells were analyzed using BD FACSVepfs€ell Analyzer to determine the levis of EGFP
expression of viable cells (EF450 negative). EGFP levels in Fioduced (not doxtreated) cells
were indistinguishable from wildtype cells and served as negative control. FITC (EGFP)
acquisition settings were set to enable plotting of the highedevels of EGFP expression.

For analysis d CD151 and CD46 gxessionfor analysis of EGFP expressiosingle cells were
dissociated with 0.5% trypsin at 37°Cwashed with PBS, incubated 10 min at room temperature
in PBS supplemented with fixable viability dye EF450 (Invitrogen), incubated, and washed
twice in FACS Buffer (5% FBS in PB®kells were stainedor 1 h at room temperature with APG
conjugated antibodies for CD151 and CGI5 (Biolegend #350405 and #352405 used 150) and
corresponding isotype (Biolegend #400121)resuspended in FACS BuffeCells were washed
three times with FACS Bufferresuspended in FACS Buffer, and analyzed using BD FACS¥Yerse
Cell Analyzer. All samples analyzed thrah this method were also separately stained with
isotype control antibodies that served as negative control for gating purposes. Flow cytometry
data analysiswas performed with FlowJo (v10).

For analysis of NANOG and OCT4 expressisingle cells were dissociated with TrypLE Select
(Gibco), washed with PBS, stained with viability dye EF450 as described above, and fixed with
4% PFA in PBS. Cells wereepmeabilized with PBS supplemented with 0.1% Triton XL.00 for

30 min and stained for 1 h at room temperature with AP&€onjugated and PEconjugated
antibodies for NANOG and OCT4 (BD #561300 used 1:50 and #560186 used 1:15, respectively),
and corresponding isotypes (BD#557714 and #556650), resuspended in FACSBuffer with
0.75% Saponin (SigmaAldrich). Cells were washed three times with FACS Buffer with 0.75%
Saponin, resuspended in FACS Buffer, and analyzed using BD FACS¥etsd Analyzer. All
samples analyzed through this method were also separately stainedith isotype control
antibodies that served as negative control for gating purposes. Flow cytometry data analysis
was performed with FlowJo (v10).

For analysis of cell cycle progressionClickiT EdU AF 647 Flow Cytometry Assay Kit
(ThermoFisher Scientifc, #C10424) was used. Cells were fed with respective medium (cE8, hE8
or B8+) containing 10 uM of EdU and incubated in 37 °C for 2 h. Then, cells were washed with
PBS and incubated with Trypl Express (Thermo Scientific, #12605010): 0.5 mM EDTA in 3:1
proportion at 37 °C for 2 min. Cells were then dissociated in respective cell medium, centrifuged
at 100 g for 5 min, resuspended in 200 pL of 1% BSA (Bovogen, #BSM¥4S in PBS and
transferred to a 96 well plate with a round bottom (Euroclone, #ET3196). Nextcells were
centrifuged at 4 °C, 250 g for 5 min, resuspended in 100 pL of eBioscience Fixable Viability Dye
eFluor 780 (Invitrogen, #65-0865-14) diluted 1:1,000 in 1% BSA/PBS and incubated on ice for
15 min and centrifuged again at 4 °C, 250 g for 5 miAfter washing in 200 pL 1% BSA/PBS and
centrifugation at 4 °C, 250 g for 5 min, cells were fixed in 40 pL of Clickfixative (component

D) at RT for 15 min, washed in 200 pL of 1% BSA/PBS and centrifuged at RT, 250 g for 5 min.
Then, the pellet was resapended in 100 pL of 1x saponibased permeabilization and wash
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reagent (Component E), incubated at RT for 15 min. 150 ul of ClickiT reaction cocktail was
added, mixed well and incubated at RT for 30 min. Then, cells were centrifuged at RT, 250 g for
5 min and washed with 200 pl of component E. The cells were suspended in 200 pL of FxCycle
Violet Stain (Molecular Probes, #F10347) diluted 1:000 in component E and incubated at RT
for 30 min in the dark. Without washing, the cells were analysed on FACSVef3ell Analyzer
flow cytometer (BD Biosciences).

Flow cytometr y analysis of cardiomyocytes

On the 14th day of differentiation, cardiomyocytes were washed with 1 mL of 0.5 mM EDTA in
PBS, then treated with 0.5 mL of 0.25% trypsin (Euroclone #£ECB3051D) in 0.5 mM EDTA in 37
°C for up to 10 min. The cells were trituragéd and 0.5 mL of stop solution (RPMI + 10% FBS)
was added. After resuspension, cells were centrifuged at 190 g for 5 min, resuspended in 600
uL of PBS and transferred on a 9éell plate with a round bottom (Euroclone, #ET3196). The
cells were centrifuged @ 200 g for 5 min, resuspended in 100 yL of Fixable Viability Dye eFluor
450 diluted 1:1000 in PBS and incubated at RT) for 10 min. After three cycles of washes
consisting of resuspending cells in 200 pL of FACS buffer and centrifuging at 200g for 5 e, t
cells were fixed in 100 uL of 4% PFA at RT for 10 min. Then, the cells were washed three times
as above with FACS buffer and permeabilized in 100 uL FACS buffer with 0.75% saponin at RT
for 40 min. After centrifuging at 200 g for 5 min, the pellet wasasuspended with 50 pL of
antibodies diluted in permeabilization buffer. For each sample, TNNT2 staining and respective
isotype control staining were performed. In addition, single stained controls were performed

on the pooled samples. Antibodies used fohe stainings: AF 647 Mouse AnCardiac Troponin

4 "% OEAOIEITCATh nNueuxttq AO pdpnm AEI OOEITh !
Pharmingen, #566011) at 1:100 dilution. The stainings were performed at RT for 40 min. After

a wash in 150 pL FACS buffevith 0.75% saponin and 0.1% Triton X100 and a wash in 200 pL

of FACS buffer with 0.75% saponin, the cells were resuspended in 400 pL of FACS.
Cardiomyocytes were analysed on FACSVerse Cell Analyzer or FACSCelesta Cell Analyzer flow
cytometers (both from BD Biosciences).

Flow cytometry analysis of organoids

After 7.5 days of organoiddifferentiation, the organoids were pooled together (for each
condition, 8 for TNNT2 staining, 8 for isotype staining) and washed two times with 0. 5mM
EDTA in PBS, then incubated with 0.5% trypsin in 0.5 mM EDTA in 37°C for 15 min, triturated
every 5 min.After adding a stop solution, the cells were centrifuged at 4°C, 200 g for 5 min. The
pellet was resuspended in eFluor 450 viability dye, diluted 1:1000 in 1% BSA in PBS and
incubated on ice for 18 min. After centrifugation at 4°C, 240 g for 5 min, thellsawere fixed in

4% PFA at RT for 15 min, washed in 1% BSA/PBS and centrifuged at 4°C, 240 g for 5 min. Then,
the cells were suspended in a permeabilization buffer (0.75% saponin in FACS buffer),
centrifuged at RT, 240 g for 5 min, resuspended in antibogk diluted in permeabilization buffer

and incubated at RT. Antibodies used for the stainings: AF 647 Mouse A@ardiac Troponin T
i"$ OEAOIETCATh nNueuxttq AO pdgpmnm AEI OOEITh ! &
Pharmingen, #566011) at 1:100 dilution.After a wash with permeabilization buffer, the cells
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were resuspended in 1% BSA/PBS and analysed on the FACSVerse Cell Analyzer flow
cytometer.

Immunocytochemistry

Cells were fixed for 20 min at room temperature in 4% PFA in PBS, washed three times with
PBS, permeabilized for 20 minutes at room temperature with 0.1% Triton-X00 in PBS, washed
once with PBS, and blocked for 1 h at room temperature with PBS 5% BSA. Cells were washed
and stained at 4°C overnight with the primary antibodydiluted in PBS 1% BSA. After three
washes with PBS, cells were incubated for 1 hour at room temperature with cosponding
speciesspecific fluorophore-conjugated secondary antibodies in 1% PBS BSA. Nuclei were
visualized with 4',6-diamidino-2-phenylindole (DAPI, ThermoScientific). mMEGFP, mCherry, and
immunostainings were imaged using a Zeiss Apotome microscope (Lejca

Bulk RNA sequencing z muscle cells

Bulk RNA sequencing was performed on day forward-programmed samples generated using

the different GERALT circuit architectures and the Opbx MYOD1 system, together with
undifferentiated hiPSCs included a a pluripotent reference. Libraries were prepared using the

TruSeq® Stranded mRNA Library Prep Kit (lllumina, #20020594) in combination with IDT for

lluminaz4 O03AN 2.1 5% )T AAGAO jnNegnngnovwpqh A T11TxET
Approximately 39 million reads were allocated to each library, and sequencing was carried out

in paired-end mode (PE100) on an MGI DNBSE®&100 flow cell using 10 bp dual indexing and

100 bp read length. Demultiplexing was performed by Negedia using the standard workflow

for the DNBSEQG400 platform.After demultiplexing, raw reads were processed with a custom
STAR/Rbased pipeline. Adapter trimming was performed in pairedend mode to remove the

lllumina adapter sequence ¢ €TGTCTCTTATACACAT®TS followed by the removal of 5

T OA1 AT OEAAO AO OEA ve AT A AT A p 1 OAI AT OEAA AO O
artifacts introduced by the terminal A added during adapter ligation. Trimmed reads were

aligned with STAR against a custom GRCh38.112 referengenome, generated by appending

the exogenous sequences encoding F&tin 3aGNANOGMYOD1 mCherry and rtTA to both the

reference FASTA and GTF annotation files. GeheA OAT AT 01 0O xAOA A@OOAAQD/
ReadsPerGene.out.tab output using the unstraed column (V4),.Gene lengths were obtained

from STAR index files and later used for TPM calculationSene identifiers were annotated \a

i OAT Al OOEiT ¢ AEI i A20h AT A AT ET OACOAOAA ATTT OA
associate Ensembl IDs and custom transgenes with gene symbols and biotypes. Initial quality

control included the assessment of total read counts per sample, the pertage of

mitochondrial reads, the distribution of gene biotypes, and library complexity and gene

detection curves. With the exception of one OptDx replicate showing lower library size and

slightly higher mitochondrial content, all samples passed the prexfined QC criteria. For

downstream analyses, only proteircoding and custom genes were retained DESeq2 dataset

was then constructed from the filtered count matrix and the corresponding sample metadata.

Sizefactor normalization (median-of-ratios method) and dispersion estimation with empirical
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Bayes shrinkage were applied, and varianestabilizing transformation (VST) was used to
obtain normalized expression values. VShormalized counts served as input for exploratory
analyses, including Principal Compoent Analysis (PCA) and sampléo-sample Pearson
correlation. PCA was performed on the 1,000 most variable genes, and no batch correction was
applied, as biological replicates clustered tightly and no systematic batch effects were detected.
PCA loadings wee extracted to identify the genes contributing most to PC1 and PCZo
interpret the biological meaning of the principal components, the top loading genes (both
positively and negatively associated with PC1 and PC2) were subjected to functional
enrichment analyses. Gene Ontology (GO) Biological Process enrichment and Gene Set
Enrichment Analysis (GSEA) were performed with the clusterProfiler package (enrichGO and
gseGO), and results were visualized using dotplots, ridgeplots and enrichment curves
(gseaplotgseaplot?2). These analyses were used to characterize differences between
pluripotent and myogenic samples along PC1, and to investigate more subtle distinctions
between GERALT and OptiOxzderived myocytes along PC2Differential gene expression
analysis was carried out with DESeg2. Metadata columns encoding pairwise contrasts (e.g.
GERALT vs OptDx, TTN2MN vs TTM, TTN2MNb vs TTM, TTN2MNi vs TTM, and the
corresponding GERALTZGERALT comparisons) were used to subset the global dataset for each
comparison ard define a two-group design. For each contrast, a negative binomial generalized
linear model was fitted and Wald tests were applied to estimate differential expression
between groups Unless otherwise stated, genes were considered differentially expressed if
they displayed an adjusted pvalue (Benjaming( | AEAAOC &$2qQqQ I m8nuv AT A Al
A E AT C Aolchno plots were generated using EnhancedVolcano to visualize the distribution

I £ 1T CF £ 1A AEATCAO AT A OE Gir EBIER AnDE@Aedigda® A1 O £l O
1 EOOOh CATAO xAOA 1T OAAOAA AU 11 CF alEwithyseBE AT CA Al
(GO Biological Process ontology), and significant terms (FDR < 0.05) were exported and
visualized by dotplots and enrichment curves. In parallel, a curated collection of custom gene
sets was assembled, including signatures for cell cycle aridosomal activity, glycolytic versus
oxidative muscle fibers, myogenic regulators, satellite cell and neuromuscular junction
markers, extracellular matrix components, and pluripotency and early lineage markers. These
sets were encoded as TERM2GENE listsd used in additional custom GSEA runs to compare
GERALT variants and OptDx-derived myocytes.Finally, TPM (Transcripts Per Million) values
were computed from raw counts by normalizing for gene length (in kilobases) to obtain reads
per kilobase (RPK) ad scaling to the total RPK per sample. VSirmalized counts and TPM
values were used to visualize the expression of selected marker genes, including MYOG, TTN,
endogenous and exogenous MYOD1, POU5F1/OCT4 and NANOG, across the different circuit
configurations. Expression distributions were summarized by boxplots and jitter plots, and,
where appropriate, statistical differences between conditions (e.g. among GERALT variants or
between GERALT and OptDx) were assessed using neparametric tests (Wilcoxon rark-
sum).

Single cell RNA sequencing

Single cell suspensions were obtained using TrypLEsibco) for 5 minutes followed by four

washes with PBS 1% BSA in PBS. 1.5 x 106 cells for each sample were labelled using cell

i Ol OEPI AgET ¢ TI1EGCI O j#-/10q OOEI ¢ OEA 66 #A1101/
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instructions. TheNGS library was pairedend sequenced on an lllumina NextSeq 1000 using P2

reagents (100 cycles). CMO libraries were loaded at 1:6 molar ratio to the gene expression

libraries, resulting in ~57 M reads for CMOs and ~343M reads for gene expression libraries

Analyses were performed using CellRanger v7.0 and Loupe Browser (10X Genomics).

3D engineered muscle tissues (3D EMTSs)

For preparation of 3D EMTs, TTN2MN hiPSCs were seeded and cultivated as described in the
OOCEAI AGAT 1T Ul AUOA &I OxAOA POIT COAI T ETCé OAAOEITh
in 3D EMTs using the Mantarray system (Curi Bio), following the manufactuted © DB OT OT AT I £
tissue casting with myoblasts and fibroblasts. Briefly, casting plates were prepared by

preparing thrombin (Sigma T4648, 100 U/mL) in DMEM medium, adding 3 pl of Thrombin in

47 pl DMEM per well, which was placed in prechilled wells and kén the refrigerator for a

maximum of 3 hours. For each EHT, 675,000 myoblasts and 75,000 fibroblasts were detached

and mixed in myogenic induction medium supplemented 2 g/L @minocaproic acid (Sigma

A2504), 33% Matrigel (Corning 356231). The cell suspeaion was then supplemented with 10

ul fibrinogen (Sigma F8630, 50 mg/mL), placed in thrombircontaining wells, and mixed by

pipetting. Seeded cells were then transferred to the incubator for 80 minutes at 37°C to enable
gelification. Silicon posts were the lifted and carefully transferred to a 24well plate containing

myogenic induction medium supplemented with 2 g/L aminocaproic acid. Medium was then

changed every other day. Contractiie measurements were taken at the end of the
differentiation, measuring total force with a biphasic pulse program: briefly, tissues where

stimulated in two phases, with phase 1 involving a stimulus of 5 milliseconds with a current of

100 mA, followed by a phase 2 involving a stimulus of 5 milliseconds with a current €f00 mA

Pulse frequency increased every cycle by 1 Hz, going frorB0Hz.

Crystal violet

Staining Cells were seeded into a 96 well plate at a density of 2,500 cells/well, in triplicate for

AGAOU ATTAEOEITh AT A cOl xI ET E%y j addbl Al AT O
doxycycline) supplemented with varying glucose concentrations. Media was refreshed dalily,

and at 24 h, 48 h, and 72 h after seeding, cells were washed with PBS and fixed in 50 pl of 4%

PFA in PBS for 10 minutes at RT. Samples were theashed once and stained with 0.5% crystal

violet staining solution (Sigma 32675) for 20 min at room temperature under gentle rocking.

Samples were then washed five times with PBS to eliminate excess dye. After drying for at least

2h, the dye was dissolvedvith 200 pL of a solution of 10% acetic acid 30 minutes under gentle

rocking. Optical density was measured at 600 nm with GloMax (Promega).
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Chapter 3: Homebrew media for costeffective stem
cell culture

3.0 Statement of source

The data and text described in this chapter are largely based upon the following first author
manuscript written by the author of this dissertation. Therefore, some segmenthave been
taken verbatim or with minor changes from this source.

Truszkowski L *, Bottini S*, et al. Refined and benchmarked homemadhedia for coskffective,
weekendfree human pluripotent stem cell culturdversion 2; peer review: 1 approved, 2
approved with reservations]. Open Res Europe 2025, 4:192 DQ:
(https://doi.org/10.12688/openreseurope.18245.2)

* equal contribution

3.1 Introduction

As discussed in the General Introduction, one of the most significant barriers to the industrial
application of pluripotent stem cells (PSCs) lies in the high cost, proprietary nature, and limited
flexibility of commercial culture media. Widely used formulations such as BE& and its bovine-
adapted derivative Beefy917 have been instrumental in standardizing feedeffree, xencfree
conditions for PSC culture. However, both rely heavily on expensive recombinant growth
factors, partE AOT AOTI U &' &c¢ /& idcludé urtlefiped prdprietary domponents,
which restrict their scalability, transparency, and adaptability for foodgrade or experimental
purposes.

The E8 formulation was originally designed for human ESCs and iPSCs, antlides a minimal

AT 1T AET AGETT T &£ RAOOAT OEAT EAAOI OO j $- % T&pch ET OO
sufficient to sustain selfrenewal and pluripotency under defined conditions. While highly

effective, its commercial nature and cost pose a sulasttial challenge for routine or largescale

use, particularly in emerging fields such as cultivated meat. Similarly, Bee®ywas adapted to

support the expansion of bovine iPSCs, reflecting the need for speeg®ecific media in cellular

agriculture. Nevettheless, both media share the same fundamental limitations: lack of user

control, high price point, and dependence on animaand/ or pharma-grade inputs.

In order to test the core hypothesis of this thesis, that it is possible to generate PSCs that are

ET AADAT AAT O £EOT 1 A diviaAdndtidedginderingrwe UGl A inddilng

that was not only costeffective but also modular and fully defined. The abilityto precisely

iTAOI AOA OEA DOAOGAT AA T 0 AAOGATAA T &£ ET AEOEAOAI
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evaluating the functional consequences of genetic perturbations. Commercial media, with their
opaque formulations and fixed composition, are poorly suité to this purpose.

To overcome these constraints, we took inspiration from two foundational e subsequent

studies that aimed to simplify and democratize hPSC culture conditions, both led by Paul
Burridget18.119 who developed B8, a robust, chemically defidemedium capable of sustaining

long-term hiPSC culture (>100 passages) for only ~3% of the cost of commercial alternatives.

B8 retains essential components, insulin, transferrin, selenium, and recombinant FGF2

i OEAOI T OOAAT Aq AT A 4 &ipel additlvds lankl en&blig iweekehdde | ¢ O1 A
feeding schedules. Critically, B8 was shown to suppamtaintenance without depriving cells of

subsequent differentiation capacity.

These studies provided not only a cosgffective alternative to commercial media but also a

flexible framework for systematic optimization, allowing users to add or remove specific

components and evaluate their role in maintaining pluripotency or guiding differentiation. We

adopted a similar philosophy in designing ourO OA £E1T AMOAET 1TAAAEOI hd A A&l O ¢
tailored to support human iPSC expansion under feeddree, xencfree conditions while
AlT1TxETC £O0iI1 AgpAOEI AT OAT AT1 06011 1T OAO AOEOEAA
presents the development, benchmarking and functional validation of this medium, with

particular attention to its compatibility with genome editing, longterm culture, and

differentiation capacity, a necessary foundation for subsequent chapters focused on growth

factor independence and geneti programming.

3.2 Results

3.2.1 Medium formulation

To determine whether a B8derived medium could be effectively adopted and adapted within
our laboratory setting, we initially designed and tested seven distinct formulations. These were
inspired by the con@ntrations and components described irKuo et al. (2020),with the specific
goal of optimizing pluripotency maintenance in a weekendree culture system.To this end, we
initially employed the WTC11 cell line, avell-characterized hiPSC line derived from a healthy
adult male donor's dermal fibroblasts and reprogrammed using integratiosfree episomal
vectors. WTC11 is widely adopted as a reference line due to its stable karyotype, high
pluripotency, and amenabilityto precise genome editing.

yl OEAOA DPOAIEI ET AOU & Oi 01 AGETT O6h xA OAOEAA OEA
AAAOT 008 3PAAEALZEAAT T Uh xA OAOOAA 4asrignal O OEA |
proposed by Burridge as well as atenfold i  EAO AT OA jp T Cx¥i,qh ET DPAOAI
ng/mL and Activin A at 10 ng/mL. Additionally, four different FGF2 variants were evaluated:

both thermostable and nonthermostable forms, each in the fullength (154 amino acids) and

truncated (145 amino agds) versions. All media shared a basal formulation comprising insulin,
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transferrin, sodium selenite, ascorbic acid (AA2P), neuregulit (NRG1), and chemically
defined lipids, based on previously validated minimal conditions.

As shown in Figure3.1-A, nonel £ OEA &I Oi 601 AGET 16 AT 1 OAETET C 11
(Conditions 1z4) were able to maintain full pluripotency in our culture conditions, with
OCT4+/NANOG+ populations ranging from 0 to 38.6%. This suggests that, at least in our

specific system and undeweekendZ EFOAA A OI OOOAhR OEEO 1 ETEI Al AT TA.
insufficient to support self-renewal. Notably, the formulation based on notthermostable FGF2

(Condition 3) led to the most severe loss of pluripotency, as expected given the known

instability of this growth factor when media changes are infrequent.

#1 T AEOEITO v ATA oh xEEAE Al 1T OAET AA EECEAO 1 AOAI
respectively, vyielded the best performance in terms of maintaining pluripotency
(OCT4+/NANOG+ >50%). These aditions were therefore selected for further refinement.

We next tested both the fulllength and truncated forms of thermostable FGF2 in these
formulations. We adapted the cells for 4 passages, and then checked OCT4+/NANOG+
expression through flow cytomety. All combinations at this stage were able to support robust
pluripotency and were compatible with cardiac differentiation in 2D monolayer. Notably, all b8
conditions in this setting outperformed commercial E8 (cE8) control.

56



w) OCTA4(PE)

Count

Figure 3.1 initial validation of in

final dilution (ng/ml) 1 2 3 4 5 6 7
FGF2-G3 (154aa) 40 X X x | x
FGF2-G3 (145aa) 40 x
FGF2 (154aa) 40 x
FGF2(145aa) 40 X
TGFB3 0.1 X X X | x
TGFB3 1 X
TGFB1 2 X
Activin 10 X
NRG1 0.1 X X X X X X X
sodium selenite 20 X X x | X X X x
transferrin 5000 X X X | X X X X
AA2P 200000 X X X | X X X X
Insulin 5000 X X X | X X X X
30 | 386 0 185| 504 704 | 312
% of OCT+/Nanog+ cells
E ion for 4 4
xpansion for . .
passa es in FC screening for Cardiac FC screening for
P & . NANOG - OCT4 . . cardiac Troponin
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o
| a = |
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|— l " 1 g
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B8,1: B8,2: B8,3: B8,4:
E8 control FGF2-G3 154aa 40ng/mL,  FGF2-G3 154aa 40ng/ml, FGF2-G3 145aa 40ng/ml, FGF2-G3 145aa 40ng/mL,
TGFB1 2ng/mL TGFB3 1ng/mL TGFB1 2ng/mL TGFB3 1ng/mlL
1,20 78,7 0 96,2 95,4 +:0,31 89,8 92,2

047

1t

TNNT2 (APC)

-house media
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(A) Table describing the content of different formulations of B8 medium, with percentage of OCTMANOG double
positive cells when analyzed through flow cytometry. Highlighted in yellow are the two formulations that ylded
the highest number of doublepositive cells.(B) Workflow of the experiments. (C) Flow cytometry for OCT4ANANOG
expression results of cells kept for 4 passages in differeB8 formulations. (D) Flow cytometry for TNNT2(cTnT) of
cells differentiated following cultivation in the corresponding medium formulation described in C.

Interestingly, however, the formulation containing the truncated FGF2 variant (145aa)
consistently resulted in reduced cell viability, leading us to hypothesize that this version might
possess higher potency, potentially inducing premature ifferentiation or cellular stress. To
evaluate this further, we tested a gradient of concentrations (5, 10, 20, and 40 ng/mL) of both
the long and short FGF2 variants in otherwise identical media. The resulfSigure 3.2) showed

that even at the lowest tested concentrigon (5 ng/mL), the short FGF2 was sufficient to sustain
OCT4 and NANOG expression, suggesting that reduced doses may indeed be preferable. For the
longer variant, dose could be lowered down to 10ng/mL. We decided to proceed with the
shorter form, since itpermits to lower the dose of FGF2 significantly.

i Control FGF-145aa FGF-154aa
E8 40ng/mL 20ng/mL 10ng/mL 5ng/mL

Oct4 (PE)

621 ) 19
Nanog (APC)

Figure 3.2 Flow cytometry analysis of different FGF -2 conformation and dosages
Cells were kept for 4 passages in different dosages of F& both truncated (145aa) and complete (154aajorm
before being analyzed for OCTNANOG double positivity

These findings informed the final optimization of our formulations, which we named hE&nd

B8+, which we tested with a weekendree, feed skipping strategy thanks to the presence of
thermostable FGF2. The ability to modulate the presence and concentration of individual

AT i Bl 1TAT OOh DPAOOEAOI AOI U 4' &r h idgGnhe dnGiizdiihgO E A |
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of growth factor-independence, and reinforced the strategic importance of an open and flexible
medium design.

A B
[ Component | NREGHNREE T
Ascorbic acid, 64 pg/ml 200pg/ml Mon Tue Wed Thu Sat Sun
trisodium salt = = : : :
Sodium solenits ryye— T 20 na/mi cE8 Morning Medium | Afternoon | Medium | Medium | Medium
9 g split Change split Change | Change
NaHCO3 1743 pg/mi 1743 pg/ml : Pa— N g No
Transferrin 10 pg/mi 5 pg/ml ' o " aplit e No change change
Insulin 19.4 yg/ml | 5 pg/mi : No
t-FGF2-G3 5 ng/ml | 5ng/ml No change change
TGF-p 2 ng/ml (TGF-B1) |1 ng/ml (TGF-B3)
NRG-1 - 0.1 ng/mi

Figure 3.3 Strategy and media formulation .

(A) Final concentrations of components in the supplements for two weekenftee media compositions (both based
on DMEM/F12). (B) Weekly schedule of hiPSC culture in three different media. Days highlighted in colour involve
media changes

3.2.2 Adaptation of hiPSCsd home-brew medium

To validate the robustness of the newly formulated homdérew media for long-term culture of
hiPSCs, we implemented a progressive adaptation protocol over three passages. Cells were
initially expanded in standard commercial E8 medium (c8) and then gradually transitioned to

the experimental formulations hE8 and B8+, both supplemented with thermostable FGF2. After
adaptation, cells were continuously maintained in the new media for up to 15 passages under
two distinct handling conditions: (i) standard daily medium replacement (for cE8 control) and

(ii) reduced-handling schedules with medium changes every 48 or 72 hours, including fully
weekend-free culture regimens.

Throughout the adaptation and extended culture period, hiPSCs retained theypical
morphological hallmarks of pluripotency. Colonies appeared compact and densely packed, with
well-defined borders (Figure 3.4-A). No signs of spontaneous differentiation, detachment, or
altered growth dynamics were observed in either medium. These @lrvations suggested good
cellular tolerance to the novel formulations and their reduceehandling schedules.

To quantify the maintenance of the pluripotent state, we assessed the expression of core
transcriptional markers, OCT4 and NANOG, through flow cyteetry. In all conditions tested,
the percentage of OCT4+/NANOG+ cells remained consistently above 85% (Fig8ré BzC),
with cells grown in B8+ exhibiting increased levels of NANOG expression (n = 3 independent
adaptations). Furthermore, normalized medianfluorescence intensity (MFI) values for both
markers were comparable to, or slightly higher than, those obtained with commercial E8
(Figure 3.4-D), indicating strong and homogeneous expression across the population.

59



B C NANOG OCT4 D Median intensity
cE8 hES B8+ double-positive cells
Ao 85.0/ 145 85.5//3.06 95.9 120+ p=0.032 £207 p=0.008 =0.262
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% 1004 Pp=0.129 P S |p=0950 A p=0.531
S 5 A =157
Q 2 g0+ 2
o °© 3
z < 60 E .
S ; 60 Bio]e, o
g 40 2 " .
128 273/ 0 0064092 0.15 204 £ 5
Bl
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magenta: isotype controls green: NANOG OCT4 double-stained samples cé8 h'Es B'8+ L4 N A;JOG oé‘r 4

Figure 3.4 iPSCs maintain morpholog y and pluripotency markers expression after adaptation. In
collaboration with Lukasz Truszkowski

Phasecontrast images of representative hiPSC colonies 72 h after passage. Scale bar: 200 um. (B) Representative
flow cytometry analyses of OCT4 and NANOG expression in hiPSCs grown in different med@D)&low cytometry
guantifications of the percentageof NANOG+ OCT4+ cells (C) and the normalised median fluorescence intensity
value of NANOG and OCT4 (D). Median values were normalised through division by the median intensity value of the
respective isotype control. n = 3 independent adaptations of the kg into the media. Statistical analyses by oreiay
.76t ETTTxAA AU $011AG80 101 OEPI A A1 PAOEOIT O OAOOS

3.2.3 Cell growth and expansion kinetics

To assess the impact of the hombrew media on cell proliferation, we performed cell cycle
profiling by flow cytometry using EdU incorporation in combination with DNA content staining
(Figure 3.5-A). hiPSCs cultured in hE8 and B8+ exhibited cell cycle dibutions highly

AT i DAOAAT A O OET OA 1 AET OAET AA ET A%wyh xFOE
61%), a hallmark of actively cycling pluripotent populations. Quantification across biological
replicates confirmed no statistically significantdifferences in the proportions of cellsin G1 or S
phase between conditions (Figure3.5 BC), suggesting that cell division kinetics remain
unaltered upon adaptation to the homebrew formulations.

To evaluate the longterm impact of these culture conditims on genomic integrity, we
conducted copy number variation (CNV) analysis afte20 passages in each medium. The results
showed that both hE8 and B8+cultured cells maintained a CNV profile similar to that of the
parental WTC11 line, with no newly acquird large-scale chromosomal aberrations (Figur&.5-

D). Interestingly, the few minor CNV events detected were already present in the reference
sample, which had been maintained in cE8 for over 30 additional passages, indicating that the
changes were likely pe-existing and not induced by the homéorew media.
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Figure 3.5 proliferative profiling of iPSCs in home -brew media. In collaboration with Silvia Becca & Lukasz

Truskowski
(A) Representative flow cytometry cell cycle analyses in Edtdeated cells stainedfor DNA content.(BzC) Flow

cytometry quantifications of the percentage of cells in G1 (B) or S (C) phase. n = 2 independent adaptations of the

cells into the media. Statistical analysesbyore AU ! . / 6! Ai i i1 xAA AU $011 oywépp i Oi OEPI A
number variation (CNV) analysis of cells after 20 passages in the media. Colored bands represent the number of

copies of detected CNVs (or loss of heterogeneity OH). n = 2 independent media adaptations.

3.2.4  Compatibility with genome editing andsingle-cell sorting

To assess the suitability of hE8 and B8+ media for applications involving genetic manipulation,
we evaluated two key aspects: (i) CRISPR/Cas®ediated genome editingvia homology-
directed repair (HDR), and (ii) survival and clonogenic expansion following singleell sorting.
These functionalities are critical for synthetic biology workflows, including reporter line
generation and clonal isolation after editing.

For the gene editing assay, hiPSCs were electroporated with a plasmid encodidc finger
nucleases ZFN) and a donor cassette targeting theAAVS1safe harbor locus, designed to
integrate an EGFP reportevia HDR. Following electroporation, antibiotic selection was applied
to enrich for targeted clones. The number of EGHpositive colonies was quantified as a
measure of targeting efficiency through Incucyte instrument. Cells cultured in hE8 and cES8
yielded comparable numbers of puromycirresistant colonies, while cells grown in B8+
displayed a moderately higher targeting efficiency (Figure3.6 AzB), Next, we examined
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whether the home-brew media supported survival and expansion of single hiPSCs following
single-cell sorting, a commonly used approach for isolating edited clones. Single cells were
sorted into 96-well plates and cultured without feeder layers or ROCK inhibitor
supplementation beyond the initial 24 hours. After one week, colony formation efficiency was
assessed. Across all conditions, including cE8, hE8, and B8+, clonality rates were approximately
30% (Figure 3.6-C), indicating that neither reducedhandling nor the absence of proprietary
supplements compromised singlecell outgrowth.

These results demonstrate that both homdorew media formulations are fully compatible with
gene targeting protocols and clonal selection strategies. The ability to perform efficied-N-
mediated HDR and to recover singleell clones under feedeifree, chemically defined
conditions further validates hE8 and B8+ as practical alternatives to commercial media for
hiPSC engineering. Importantly, the weekenétee format does not interfere with these
demanding protocols, enabling streamlined genetic mapulation workflows without
sacrificing performance.

B

Positive colonies post selection Single cell sorting efficiency
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Figure 3.6 Applications of hiPSCs adapted to weekend -free media. In collaboration with Federica Sozza and
Kirsten Snijders.

(A) Representative images of GFpositive iPSC colonies after puromyciselection of AAVS1 genomedited cells.
(B) Quantification of the positive colonies. n = 2 media adaptations. (C) Quantification of hiPSC clonality after single
cell sorting into 96-well plate. n = 2 media adaptations

3.2.5 Differentiation potential of hiPSCsultured in home-brew media

To evaluate whether longterm culture in home-brew media preserves the developmental
competence of hiPSCs, we assessed their ability to differentiate into the three embryonic germ
layers using a standardized trilineage assay. Cells expanded for over terspages in cE8, hES,
or B8+ were subjected to directed differentiation into endoderm, mesoderm, and ectoderm
using a commercial kit. The expression of lineaggpecific transcription factors was then
assessed by quantitative reverse transcription PCR (RIJP(R), enabling precise evaluation of
fate commitment at the molecular level.
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As shown in the heatmap Figure 3.7-A), all tested conditions supported robust and selective
upregulation of germ layer markers. Endodermal induction led to increased expression of
FOXA2and SOX17 mesodermal differentiation activatedTBXT (Brachyury) and CDX2 while
ectodermal commitment resulted in high levels o0PAX6 and SOXIConcurrently, expression of
core pluripotency factors POU5F1(OCT4) and NANOGdecreased upon differentiation,
confirming successful exit from the pluripotent state. Importantly, no significant impairment or
bias was observed in cells cultured in hE8 or B8+, indicating that both formulations fully
support trilineage differentiation comparable to the commercial E8 medium.

In addition to general lineage competence, we tested whether these media could support
efficient mesodermal patterning and terminal differentiation into cardiomyocytes. Using a
chemically defined monolayer protocol based on temporamodulation of WNT signaling,
hiPSCs were induced toward the cardiac lineage in 2D. All pealture conditions enabled
spontaneous beating by day 10 of differentiation confirming functional cardiomyocyte
differentiation.

Flow cytometry analysis for cardiadroponin T (TNNT?2), a specific cardiac sarcomeric marker,
revealed differentiation efficiencies exceeding 60% in all groups, with B8&xpanded cells
consistently producing the highest percentage of TNNT2+ cells (~67%), followed by hE8
(~65%) and cE8 (~61%) (Figure 3.7 B). While differences were modest, they suggest that
minimal formulations like B8+ do not compromise, and may even enhance, lineage
responsiveness during cardiac induction, potentially by maintaining a less primed pluripotent
state during pre-differentiation culture.

To evaluate the ability of these media to support early selfrganizing morphogenetic
processes, we applied a simplified cardioidike differentiation protocol. After pre-culture in
cES8, hES8, or B8+, cells were transferred to uli-low attachment conditions and subjected to
mesodermal induction. All conditions supported the formation of beating, cavitfjorming 3D
structures, with similar percentages of NNT2 by Flow Cytometry (Figure3.7-GD), indicating
that neither hE8 nor B8+ compromise early cardiac morphogenesis. However, we observed
marginally lower levels of expression of cardiac troponin in cells grown in B8+ (Figur@.7-E)
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Figure 3.7 Applications of hiPSCs adapted to weekend -free media . In collaboration with Mirko Scrivano,
Silvia Becca, Kirsten Snijders.

(A)Z-scores of gene expressiofevels in hiPSCsadapted to WF media and the cells differentiated into three germ
layers, as measured by RGPCR. n = 2 media adaptation$B-C) Representative flow cytometry analyses of TNNT2
expression in hiPSCs differentiated towards cardiomyocytes in monolayer (B) or organoids (C).-&) Flow
cytometry quantifications of the percentage of TNIT2-positive cells (D) and the normalised median TNNT2 value
(E) in cardiac organoid differentiations. Median values were normalised through division by the median intensity
value of the respective isotype control. Circles and triangles represent 2 indepaent media adaptations, while the
different types of symbol filling represents 4 repetitions of the experiment. Statistical analyses by mixed effects
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3.2.6  Qoss-Line and CrossLaboratory Validation of HomeBrew Media

To further validate the robustness of our media formulations, the adaptation protocol was
independently tested in two additional human embryonic stem cell{ESC) lines H1 and H®
across collaborating laboratories. Both cell lines are widely used and wetharacterized
reference standards in pluripotent stem cell research. H1 (WAO1) is a matkerived hESC line
established in 1998 by the Thomson lab, while H9 (W09) is a femalederived line from the
same source. These lines differ in sex, genetic background, and passage history, making them
valuable tools to test the generalizability of culture systems.

Cells were gradually transitioned to hE8 and B8 using the same fourpassage adaptation
scheme as described for WTC11 hiPSCs. Adaptation and downstream maintenance were
conducted entirely by collaborators in external labs, providing an independent validation of the
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medium performance. In all tested conditions, bdt H1 and H9 cells retained their characteristic
morphology and expressed high levels of OCT4 and NANOG following four passages in the new
media, as confirmed by flow cytometryFigure 38). These results demonstrate that the home
brew formulations support robust maintenance of pluripotency across multiple cell lines and
experimental settings, strengthening their potential for broader application.
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Figure 3.8 Flow cytometry staining of H1 and H9 cells after 4 passages in B8+ and hE8 media. In
collaboration with Mirk o Scrivano, Giulia Ferrari Raimondo.

Top: Flow cytometry analyses of OCT4 and NANOG expression in H1 cells grown in different media. The results are
shown for two independent adaptations of cells into the media. Bottom: Flow cytometry analysis of OCamd
NANOG expression in H9 cells grown in different media.

3.2.7 Costefficiency and practical considerations
A comparative cost analysis revealed that the horAerew medium is approximately 70z85%
less expensive per liter than E8, depending on the suppliand scale of production.

This reduction primarily results from the decreased concentration of FGF2 and the substitution
of proprietary additives with publicly available alternatives.

In addition to cost savings, the formulation is fully defined and anie-free, eliminating xenc
derived inputs present in formulations like Beefy9 and aligning with regulatory and ethical
expectations for cultivated meat products. Its later demonstrated compatibility with
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suspension culture and lowfrequency media changes makes it a promising candidate for
industrial -scale hiPSC expansion and differentiation.

hE8 medium Final concentration (mg/L) Cost per mg (£) Source Supplier Cost per1L(£)
DMEM/F12 (basal medium) [nfa (1X)] 7.00 Thermo Fisher 7.00
Ascorbic acid, trisodium salt 64.00 0.01 Sigma-Aldrich (100 g) 0.34
NaHCO3 543.00 0.0001 Sigma-Aldrich (500 g) 0.05
Sodium selenite 0.01 0.0025 Sigma-Aldrich (100 g) 0.00
Insulin 19.40 0.24 Gibeo (1 g) 4.56
Transferrin 10.70 0.30 In vitria (1 g) 3.21
FGF2-G3 (145 aa) 0.005 900.00 Qkine {1 mg) 4.50
TGF-beta 1 0.002 4200.00 Qkine (1 mg) 8.40
Cost per liter 28.06
B8+ medium Final concentration (mg/L) Cost per mg (£} Source Supplier Costper1lL(£)
DMEM/F12 (basal medium) [nfa (1X)] 7.00 Thermo Fisher 7.00
Ascorbic acid, trisodium salt 200 0.01 Sigma-Aldrich (100 g) 1.05
NaHCO3 543 0.00 Sigma-Aldrich (500 g} 0.05
Sodium selenite 0.02 0.00 Sigma-Aldrich (100 g) 0.00
Insulin 5 0.24 Gibco (1 g) 1.18
Transferrin 5 0.30 In vitria (1 g) 1.50
FGF2-G3 (145 aa) 0.005 900.00 Qkine (1 mg) 450
TGF-beta 3 0.001 4200.00 Qkine (1 mg) 4.20
NRG1 0.0001 900.00 Qkine (1 mg) 0.09
Cost per Liter 19.48

Figure 3.9 Price comparison of media formulation per liter.

3.3 Conclusions

In summary, we report the successful development, optimization, and validation of twwome-
brew culture media, hE8 and B8+, capable of supporting lostgrm human iPSC maintenance
under feederfree and weekendfree conditions. Through extensive morphological, molecular,
and transcriptomic assessments, we demonstrated that hE8 and B8+ maimdiey features of
pluripotency, including typical colony architecture, stable expression of core transcription
factors (OCT4, SOX2, NANOG), and high proliferation ratémong the formulations tested, hE8
emerged as the most faithful to commercial E8, both functionally and transptionally. This
close match justifies its use as a seamless and economical substitute for standard conditions.

In addition to its biological robustness, hE8 offers significant advantages in terms of cest
efficiency, ease of preparation, and compatibility with weekendree workflows, making it well-
suited for scaleup and integration into biomanufacturing pipelines. Its compatibility with
suspension culture, genome engineeringnd differentiation workflows further supports its use
as a foundational platform for the development of advanced genetic circuits, myogenic forward
programming, and scalable tissue generation.

Taken together, ttese findings establish hE8 as a practical and reliable alternative to
commercial media, providing a standardized and animdiree baseline for the engineering of
next-generation PSbased systems in the context of cultivated meat. B8+ could even lower the
costs, but for the development of the system described in this theses, hE8+ will be dse

66



Chapter 4: Development of a growth facter
independent IPSC platform capable of forward
programming

Statement of source

The data and text described in this chater are largely based upon the following canventor
patent written by the author of this dissertation. Therefore, some segmentsave been taken
verbatim or with minor changes from this source.

GROWTH FACTORREE STEM CELL EXPANSION AND DIFFERENTIATION
Inventors: Alessandro Bertero, Sveva Bottini

Patent assignee: University of Torino

Number of Application: PCT/IB2025/055837

Priority date: June 10, 2024

Date of deposit: June 6, 2025

4.1. Introduction

As discussed in the preceding chapterPSCoffer a renewable and versatile cell source for the

scalable production of cultivated meat. However, their industrial adoption is constrained by

reliance on exogenous growth factors, particularly FGF2 and TgFh  O1 O-teGe@dl&nl OA1 &£
genomic stability. These factors are not only expensive and difficult to produce at scale, but also
contribute to batch-to-batch variability and pose regulatory challenges for foodjrade

applications.

This section focuses on the development of a genetibakengineered iPSC platform capablef

maintaining pluripotency in the absence of exogenous TGF OECT Al ET C8human AT T OA1
PSC cultures, the TGFT! AOEOET T. 1T AAI PAOExAU bPI AUO A AAIl
pluripotent state by activating SMAD2/3,which in turn upregulate transcription factors such

as NANOG, OCT4, and S@¥2120,. Among these, NANOG is a critical node thatinforces the

core pluripotency network, represseddifferentiation -associatedtranscriptional programs, and

stabilizes geneexpression dynamicgz21.122

Inhibition or withdrawal of TGF-f OEC1T A1 ET ¢ OUPEAAI T U OAOGOI 60 EI

O N

e

AT A ObPT 1T OAT AT 00 AEAAAOAT OEAOQET 1 Ax, Kbivévdy,Gthdles OET ¢ OE

have shown thatNANOGSs a key downstream effector of TGF 7! AOEOET OECIT Al ET Ch
overexpression can partially compensate for the loss of these signals, helping to stabilize the
pluripotent state under otherwise differentiation-inducing conditions?.120, This suggest that

TGFr | AU A @ AlOrpoted) Effeds @afgely through transcriptional control of NANOG
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and that bypassing the pathway via genetic overexpression B ANOGould substitute for the
exogenous input.

Based on this rationale, we hypothesized thatonstitutive overexpression of NANOGwould
enable the derivation and longterm expansion of TGH -independent hiPSC lines, providing a
more costeffective and standardized platform for biomanufacturing. To test this, we designed
a genetic construct for sable NANOGexpression and characterized the resulting clones across
multiple passages. This strategy was further validated by molecular and phenotypic analyses,
including pluripotency marker expression, cell morphology, and the absence of spontaneous
differentiation.

The transition from pluripotency to lineage-specific differentiation represents a critical step in
the forward programming of hiPSCs. While much progress has been made in optimizing
protocols for directed differentiation using cocktails of morghogens and growth factors, such
approaches often suffer from variability, incomplete silencing of pluripotency networks, and
limited scalability. One promising avenue to achieve synchronized exit from pluripotency is
through the use of RNA interferencébased strategies. In this work, we focused on amiRNAsS,
specifically using the optimized miRE backbonéo3, Unlike canonical shRNAs, mHE structures
AOA A@POAOOAA mEOITIT 2.!' DHPITUI AOAGA )) bDOiTiiT 0OAOO
OACEIT 1T | oeebreldgdne,ledbblidg c@xdbm@ssion and concurrent silencing activity.
This allows for tight temporal control, minimal toxicity, and direct tracking of miRE expression
via fluorescence reporters, if needed. These features are particularly valuable for ajaltions
where spatial and temporal precision is required, such as in inducible forward programming.
We hypothesized that sustainedNANOGoverexpression could hinder effective forward
programming viainducible MYOD1 expression unless properly silenced. Trefore, we focused
on identifying an artificial miRNA capable of strongly downregulating exogenousANOGwith
the aim of facilitating pluripotency exit.

The engineered platform presented here forms the foundation for a fully integrated system in
which self-renewal, differentiation, and maturation can be precisely controlled through genetic
switches.
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4.2 Results

4.2.1 Generation of a myogenic reporter hiPSC line with inducible
transcriptional control

To establish a genetically defineglatform suitable for studying growth factor independence
and myogenic differentiation, we began with a weltharacterized human induced pluripotent
stem cell (hiPSC) line derived from a healthy male donor (WTC11). This line had previously
been genomeedited to carry an inframe Gterminal knock-in of monomeric enhanced GFP
(mEGFP) into the titin (TTN) locus. As titin is a musclespecific sarcomeric protein, this reporter
allows for straightforward identification and quantification of terminal myogenic
differentiation. The TTN-mEGFP line (clone #39, Allen Institute AIC8048) has been widely
used in stem cellbased cardiac and skeletal muscle studies due to its stable karyotype and
consistent expression of the myogenic reporter.

To enable inducible gene exmssion within this background, we implemented the first step of
our engineering strategy (Figure4.1) by integrating the TetOn-3G transactivator under the
control of the constitutive chimeric CAG promoter at thddROSA26genomic safe harbor. This
configuration enables robust and ubiquitous expression of the TeDn-3G protein, which in turn
can activate doxycyclineinducible promoters in a tightly regulated manner. The integration
was achieved by adapting a previously published stratedi? based on the use bCas9 nickase
(Cas9n) pairs to stimulate sitespecific homologous recombination. To enable the use of
neomycin resistance for CLYBLIlocus editing, we modified the selection cassette in this
construct to confer blasticidin resistance instead, thereby avoidg overlap and improving
overall editing efficiency and selection workflow.

Tet-On 3g
) oo aclmmonly—

NANOG
@ CLYBL mm}
@ MYOD1
@ AAVST ’ '
TREm NANOG

miR-E

Figure 4.1 Schematic of an exemplary genome editing strategy to implement the gene regulatory network
depicted in Figure 1. 9.
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Top construct: TetOn-3G (doxinducible transactivator) under the control of a constitutive CAG promoter, inserted
in the hROSA2docus.Middle construct: our chosen master pluripotency factor, NANOG, placed under the control of
a constitutive CAG promoterand expressed together with an mCherry fluorescent reporter linked through a self
splicing T2A-P2A sequence, inserted in theCLYBL locus. Bottom construct: our chosen master myogenic
differentiation factor, MYOD1, operatively linked to an artificial micr&RNA against the NANOG pluripotency factor,
all under the control of a doxycycline inducible promoter and inserted in théAVS1locus.

Following lipofection and blasticidin selection, multiple clones were screened for proper

targeting by PCR (Figure4.2-A) and confirmed by Sanger sequencing. We selected one
heterozygous clone with stable and homogeneous expression of Tetr+3G, confirmed by gRT

PCR (Figure4.2-B). This clone harboring both the TTN-mEGFP reporter and the hROSA26

targeted TetOna' AAOOAOOAh 42#AO0OARAOCBORAOCAA OEA DPAOAT OAI
engineering steps. The TT hiPSCs retained typical colony morphology and consistent
proliferation across multiple passages.

This engineered line provided a robust foundation for building a fully inducible genetic circuit
by decoupling the core components across independent genomic loci. In this architecture, the
Tet-On-3G transactivator acts as the master ut layer, driving downstream modules such as
inducible lineagespecifying factors and/or posttranscriptional silencers in a temporally
precise manner. Importantly, by first generating the TT line, we ensured that the integration of
inducible systems in hter steps would not be confounded by variability in transactivator
expression, enabling clearer interpretation of downstream experiments.

clones

e Tet-On-3G monoclonal cel line

LOCUS 3kbr vy 10—
(ROSA26) o o W W WT (2186bp) = NANOG

1.5k v Tet-On-3G
SINT g 1274bp + T
R =Z

1kb

3" INT 1020bp

%HK Log10

5’ BB 1035bp

3'BB  750b

919bp

1 1
NANOG Tet-On-3G

Figure 4.2 TET-ON-3G cell line generation and characterization.
A) genotyping of TTNMEGFPWTC11 reengineered with the CAGTet-On-3G construct in the hROSA26 locus.
After preliminary screening, four different clones were rescreened for correct integration through genomic
PCR and clone 6 was selected (TT hiPSCs). The first primer pair (LOCIT&SA&R6) amplifies the wild type
hROSA26 locus; the band is absent if the construct is inserted in both alleles, as the CAG promoter does not
DAOI EO Ai Pl EEEAAOEI 18 4EA OOAOANOGAT O Ox1 DOEI AO PAEOO j vl
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OEAATUB o8 AT A 1T &£ OEA A1 OOOOAOR OAOPAAOGEOGAI U8 , AOOI Uh
integrations of the construct.
B) gRT-PCR validation of transgenic TeOn-3G and endogenous NANOG expression in TT hiPSCs.

4.2.2 Engineering of a NANOG overgression cassette for
constitutive pluripotency support

Following the establishment of the TT hiPSC line, we sought to render the cells independent of
exogenous4 ' &by genetically stabilizing the expression of a key downstream effector of the
pathway. Among the core pluripotency factors NANOGwas identified as the most promising
candidate due to its established role as a master regulator of the undifferentiated state and its
documented ability to maintain pluripotency even in the absence of Activin/Nodasignaling
under specific conditions. EndogenousNANOGexpression is tightly regulated at both the
transcriptional and post-transcriptional levels, and its downregulation is one of the earliest
events during spontaneous or induced differentiation of hiPSC To overcome this limitation
and achieve robust, stable overexpression, we designed an engineered version of HENOG
coding sequence. Specifically, we used the humsNANOGCDNA (RefSeq NM_024865.4) as
template, introducing a series of silent point mutéions to eliminate all predicted N6

i AGEUIT AAATT OETA jioe!tq AT T OAT OO0 11 O0EADO j 22! #(h
altering the amino acid sequence. This modification aimed to prevent methylatiedependent
transcript destabilization mediated by the n6A machinery (METTL3/METTL14/WTAP
complex), which has been shown to negatively regulate NANOG expression through YTHDF2
mediated mRNA decay4127. The resulting sequence, which preserved the amino acid
composition of wild-type NANOGwhile eliminating the potential for m6A modification, was
cloned downstream of a strong, ubiquitous synthetic promoter (CAG) to ensure consistent
transcription across diverse culture conditions (Figure4.1, point 2).

To enable facile tracking and quantification of transgene expssion, the NANOGcoding
sequence was linkedvia self-cleaving 2A peptides (T2A and P2A) to an mCherry fluorescent
reporter. This design permitted bicistronic expression of NANOG and mCherry from a single
open reading frame, yielding equimolar amounts oboth proteins while avoiding potential
interference from internal ribosome entry sites (IRES) or fusion proteins. The entire expression
cassette was flanked by homology arms targeting theLYBLocus, a genomic safe harbor (GSH)
previously validated for transgene integration in human PSG@% To facilitate selection of
successfully modified clones, the construct also included a gene trap neomycin resistance
cassette driven by a splice acceptor (SA) upstream of a polyA signal, enabling antibiotic
resistance mly upon correct HDRmediated insertion.

We codelivered the targeting vector together with a pair of TALENSs specific for the CLYBL
locus into TT hiPSCs using electroporation. Transfected cells were plated under feediere
conditions and subjected to G41&election after 72 hours. Resistant colonies emerged within
10 days and were manually picked, expanded, and screened by junction PCR for correct
monoallelic or biallelic targeting. Two clones were selected for further characterization: a
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heterozygous line(designated TTN) and a homozygous line (designated TTN2). Integration at
the intended locus was confirmed by sequencing across the homology arms, and absence of
random integration was verified by PCR with vectoispecific primers outside the homology
arms (Figure 4.3-A).

Fluorescence microscopy and flow cytometry analysis confirmed robust and homogeneous
expression of mCherry in both TTN and TTN2 lines, with TTN2 showing ~®ld higher median
fluorescence intensity, consistent with biallelicexpression (Figure4.3-B,D).

The TTN2 clone, being homozygous for the transgene and exhibiting the most robust
ADOAOOEI T bDOIT £EI Ah xAO OAI AAOGAA AO OEA- 1T AAA
independent conditions. Additionally, this clone undervent karyotypic analysis bycomparative

genomic hybridization (CGH,Figure 4.3-C), confirming the absence ofjyross chromosomal
abnormalities and suitability for long-term culture experiments.

& CITTN CITTNZ
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Figure 4.3 Generation and Characterization of NANOG -overexpressing cell lines.

(A) Genotyping of TT hiPSCs rengineered with the CAGNANOG2A-mCherry construct in the CLYBL locus. After
preliminary screening, we selected two clones, 12 (TTN) and 18 (TTN2), that were -sereened fa correct
integration through genomic PCR, employing strategies conceptually identical to those described for Figdr@-A.

(B) Flow cytometry for mCherry expression in TTN (NANOG +Y and TTN2 (NANOG +/+) hiPSCs. (C) GCH analysis
profile of TTN2 cell line (D) Microphotography of mCherryexpressing (changed to magenta) TTN2 cell lines
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18¢80 &O1T AOET 1 AlinddpdntieBcA ih érgihekeredl £ 4
hiPSCs

Having established TTN and TTN2 hiPSC lines expressing constitutive NANOG, we next sought
toevaluateOEAEO £O01 AOET T Al AAPAAEOU O1 1 AET OAET bl OOE
In standard conditions, the maintenance of selfenewal and repression of differentiation in

EE03#0 OAIT EAO i1 OEA OUT AOCEOOEA ABBEDBEBUI T IEL&4S &
signaling is known to cause rapid downregulation of NANOG and the induction of early lineage

markers, particularly of the neuroectoderni®120128 \We aimed to determine whether

constitutive expression of transgenic NANOG could preservedtpluripotent state despite this

perturbation.

1O Al ET EOEAI AOOAOOI AT Oh 44h 44.h AT A 44.c¢ AAITI

SB431542 in Essential 6 medium supplemented with FGF2 (E6FSB) for up to 48 hours. This

short-term assay allowed interrogation of both the stability of NANOG expression and the early

transcriptional response of the Activin/Nodal pathway. Analysis oNODALand LEFTY] two

canonical SMAD2/3dependent outputs, showed a marked reduction in transcript levels across

all genaypes within the first 24z48 hours of treatment (Figure 4.4), indicating effective

suppression of ALK4/5/7-mediated signaling at the transcriptional level. EndogenouslANOG

was similarly reduced in all three lines, while the exogenous NANOG cassette renagirstably

expressed in TTN and TTN2 cells (Figure&t4). These measurements confirm that the

Activin/Nodal transcriptional module is efficiently suppressed by SBmediated receptor

inhibition, whereas transgenederived NANOG expression remains unaffected.
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Each symbol represents a different biological replicate. Statistical analysis was performed using a tway ANOVA
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D I n8annnp j 3EAAESO 1 Ol OEPI A AelllinAOEOT T OAOO 00 m E xEOEEIT

Building on these findings, we proceeded to a more extended time course to evaluate laéagn

responses TT, TTN, and TTN2 cells were cultured for up to 8 days in three defined media

AT TAEOEITOd jpq e I AAEOI OODPDI Ai AT OAA xEOE &' &c
&' &¢ AITTTA jwe&h 4' &r xEOEAOAxtAd pquht cATjA%q@j&BA h%@t ' >
inhibition), with analyses performed at days 4 and 8.

Flow cytometry analyses revealed a marked loss of NANOG and OCT4 expression in TT cells

cultured in E6F or E6FSB, consistent with spontaneous differentiation. In contrast, both TTN

and TTN2 hiPSCs retainedigh expression of NANOG and OCT4 across all conditions and time

points. Notably, TTN2 hiPSCs maintained a more homogeneous expression profile, with over

70% of cells ccA @D OAOOET ¢ AT OE DI OOEDT OAT AU I AOEAOO AOAI
(Figure 4.5and 4.6-A). These findings were further validated by gRIPCR, which confirmed the

downregulation of POU5F1(also known asOCT4 in TT cells, and its sustained expression in

TTN and TTN2 lines (Figuret.6-B).

To investigate whether the observed maintenanceof pluripotency was accompanied by
suppression of differentiation, we assessed the expression of early neuroectodermal markers
SOX1 PAX6 and GBX2 SOXL1 is recognized as one of the earliest specific markers of
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neuroectoderm lineage commitment, while PAX6egulates neural progenitor specification and

anterior neural identity; GBX2 is also associated with early neural patterning. These genes are
OUPEAATI T U OPOACOI AGAA OPIT 4'&r xEOEAOAxAI h AOEO
TT cells cultured in E6For E6FSB, we observed robust induction of all three markers, indicating

initiation of neuroectoderm specification. Conversely, TTN and TTN2 cells displayed no

significant upregulation of these genes under the same conditions, supporting the notion that

co OOEOOOEOA . ! . /' A@GPOAOOEITT AEEZAAOEOAI U ET EEAEC
withdrawal (Figure 4.6-B).

"T OE 44. AT A 44.¢ 1| AET OAETAA bl OOEDPT OAT AU OT A
demonstrating that constitutive NANOGexpression is sufficiert to uncouple seltrenewal from

| AOEOCET ¥4' &1 OECT AT ET C8 44.c¢ OEI xAA OIECEOI U E
expression, although this trend did not translate into a robust functional difference between

the two genotypes. Nonetheless, given its bialie configuration and more consistent transgene

expression profile, TTN2 was selected as the lead line for all subsequent experiments.
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Figure 4.5 Flow cytometry analysis of NANOG and OCT4 expression in TT, TTN, and TTN2 hiPSCs cultured
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Representative dot plots showing NANOG (APC) and OCT4 (PE) staining in parental TT cells and engineered TTN

AT A 44. ¢ EE03#0 AZOAO 1t AAUO j'qQq T O w AAUOC 4qQ &lf £EA BIEAEGA OE
i 4" &r EQq8 ' OAU AOGAT 6O AT OCAOPITA O EOT OUPA AiT 60110 AANOEOR
within each quadrant. Mean + SD values from biological replicates are shown in the corresponding quantification

(Figure 4.6-A).
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Figure 4.6 functional validation of TGFB independence of iPSCs
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Statistical analysis was performed usingatwex AU | . / 6! xEOE /EE @A O MAMREOEG 1BGA 141G U 8 Ay
40EAUB8O Al OOAAOGEIT & O 101 GEPI A AT PAOGEOITO j4 E m8nuqQ

4.2.4 Longterm culture and stability of NANOG
overexpressing iIPSCs

While short-term assays provided strong evidence that constitutivéNANOGexpression could

sustain pluripotency inOEA AAOAT AA T £ 4' & OECIT AT EICh xA TA@
this phenotype could be maintained stably over extended culture. This was a critical

requirement to validate the robustness and practical viability of the engineered platform,

especially n view of potential scaleup for biomanufacturing.

To this aim, TTN2 hiPSCs, the beperforming line in previous assays, were cultured

ATl 1T OET O1 601 U ET %o 1 AAEOI 00BPDPI AT AT OAA T11U xEO
signaling. Cultures were passage@very 4z5 days and monitored for morphology, growth

kinetics, and expression of pluripotency markers over a period of40 days, corresponding to

10 passages and an estimated 460 population doublings. TT cells cultured in parallel under

the same E6F condions were used as a control.

As expected, TT cells rapidly lost the classical hiPSC morphology after passage 2, adopting a
flattened, spreadout phenotype indicative of differentiation. Cell growth was also significantly
impaired, and these cultures coulahot be maintained beyond passage 4 (Figu#7 AandB). In
stark contrast, TTN2 hiPSCs maintained stable growth and morphology (Figude7 A andB)
throughout the entire culture period. Colonies remained compact and wellefined, with no
signs of spntaneous differentiation or cell death.

To confirm maintenance of the pluripotent state at the molecular level, we performed flow
cytometry at passage 10 (day 40 of continuous culture) to assess expressionNANOGand
OCT4. TTN2 hiPSCs showed a homogens@nd strong signal for both markers in over 95% of
cells. These results were highly reproducible across three independent replicates of the leng
term culture experiment (Figure 4.7 A and C). The adapted cells were banked as biological
triplicates for further downstream analyses. In parallel, TT hiPSCs failed to maintain NANOG
and OCT4 expression (Figurd.7 A andB), confirming that the observed effect was dependent
on the genetic modification and not an artifact of medium adaptation.

These findings demonstrée that NANOGoverexpressing hiPSCs retain phenotypic and
iT1T AAOI AO OOAAEI EOU AOOET -gee Bodditibnk. T AAEN2 And1in0OOOA  OT ,
particular, displayed consistency and homogeneity, further justifying its use as the base
platform for the downstream genetic engineering strategies described in the following

chapters.
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Figure 4.7 long-term culture and stability of NANOG -over expressing iPSCs

A&I T x AUudi i AGOU A& O /| #41 Al A -deprived mediutn (E6E)4or dotal@fBpadSsaged DO ET 4 ¢
AT A 1T /FE 44. ¢ EE odaptived niediBnQEGE) for adtdtakaf 10 passages. (B) Microphotographs of hiPSC
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4.2.5 Singlecell transcriptomic profiling confirms
pluripotency and represses neuroectodermal drift

To rigorously assess the transcriptional state dNANOGoverexpressing hiPSCs cultured in the
AAOCAT AA T £ 4' &1 OECIT AkIRNAsBquendingsbRNAEd) niTANR ardET C1 A
TT lines under different conditions. This analysis aimed to (i) confirm the maintenance of
pluripotency at the transcriptomic level, (ii) evaluate potential celito-cell heterogeneity, and

(iif) detect early signatures of lineage piming, particularly toward the neuroectoderm, which

EO ETT xT OI AOEOA ObPil 4'&r xEOEAOAxAI 8

Four experimental groups were included: TT hiPSCs cultured in E8 medium (equivalent to
EG6FT), TT hiPSCs adapted to E6F for 3 passages, TTN2 hiPSCs cultured anBS, TN2 hiPSCs
adapted to E6F for over 10 passages. Each group was prepared as a biological triplicate, and
cells were processed using a droplebased scRNAseq platform (10X Genomics). After quality
control, dimensionality reduction, and clustering, theranscriptomes of over 25,000 single cells
were analyzed.

Principal component analysis and UMAP projections revealed that the four groups formed
distinct clusters, reflecting their transcriptomic divergence. The four groups clustered
separately, as could b expected, but the transcriptional shift in TTN2 hiPSCs was much less
marked. Notably, TTN2 cells cultured in E6F shozd two distinct clusters, even if very close to
each other, suggesting that these groups are not completely identical and further studies!

be needed to assess these differences. TT cells cultured in E6F showed a dispersed and
heterogeneous clustering pattern, with subsets of cells displaying early signs of lineage priming
(Figure 4.8-A). Marker gene analysis confirmed these observationdNANOGexpression was
strong and homogeneous in all TTN2lerived clusters but significantly reduced in TT cells
adapted to E6F (Figure4.8-B). Similarly, POU5F1(OCT4) was stably expressed in TTN2 cells
regardless of condition, while TT cells in E6F displayed reduced and heterogeneous expression
(Figure 4.8-C).

We next focused on neuroectodermal markers. Genes suchM#&P2, NRP2and PTN known
indicators of neuroectoderm commitment, were specifically upregulated in TT cells cultured in
E6F, but not in TTN2 cells. MAP2 (Microtubuléssociated Protein 2) is a cytoskeletal protein
critical for the stabilization of microtubules in neuronal dendrites and is widely usd as a
marker of neuronal differentiation and maturation. NRP2 (Neuropilin2) is a transmembrane
co-receptor involved in axon guidance and angiogenesis, typically enriched in neural
progenitors and early neurons. PTN (Pleiotrophin) is a secreted growth fear implicated in
neurogenesis, particularly in neural stem cell proliferation and early differentiation. The
coordinated upregulation of these genes in TT cells suggests a transcriptional drift toward
T AOGOT AAOGT AAOI A1 1T ET AACAO réspthdse signailirps werE dbsedt @A x A1 8 )
TTN2 cells, indicating that constitutiveNANOQverexpression effectively suppresses this drift
(Figure 4.8-B).
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Taken together, these results confirm that theoluripo tency of NANOGoverexpressing hiPSCs
is stably maintained during longO A O1 -ihde@endent culture. The engineered platform not
only preserves the core pluripotency network but also prevents unwanted lineage priming,

thus validating its suitability as a foundation for further differentiation and biomanufacturing
applications.
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Figure 4.8 Single-cell transcriptomic profiling confirms pluripotency and represses neuroectodermal drift

(A) Uniform Manifold Approximation and Projection (UMAP) dimensionality reduction of singlecell RNA sequencing

AAOGA A O 44.c¢c j.1V.1" 16%2q ATA 44 | 74QqQ EE-dprived mdddinOOOAA
(E6 FGF). Data aggregated from 3 independent biological replicatéB) Heatmaps of gene expression plotted on the

UMAP clusters @scribed in A(C) Violin plot of OCT4 expression in individual replicates of the same $RNAseq data

described in A.
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4.2.6 Establishment of an inducible mifE silencing system

To enable the positranscriptional repression of pluripotency factors in our engineered hiPSCs,
we implemented a strategy based on the expression of amiRNAs using the riRackbonéos,

We began by testing the functionality of this system in human iPSCg Hesigning a reporter

construct encoding EGFP followed by a miE hairpin targeting a defined surface protein. The

construct was placed under the control of a tetracyclingesponsive promoter (TRE), enabling
doxycycline-dependent activation via the previasly introduced constitutive TetOn3G

transactivator in our TTN2 platform. For proofof-concept validation, we selected two well

characterized surface antigens, CD151 and CD46, as targets, and used a Renilla luciferase

targeting miR-E as a negative contrio(Figure 4.9-A). All constructs included the miRE element

xEOEET OEA 0@ 542 1 &£ OEA % &0 OOAT OAOCEDPOK All1 xE
cells based on EGFP expression.

We then integrated these inducible miRE constructs into the AAVSlocus using zinefinger
nucleases (ZFNs) to promote targeted homologous recombination, followed by puromycin
selection to enrich for edited clones. After expansion, cells were treated with doxycycline for 5
or 10 days, and analyzed in bulk by flow cytomeyto assess the cexpression of EGFP and the
targeted surface marker (Figure4.9-B). As expected, only the EGHpbsitive (i.e., doxinduced)
population showed a marked and progressive downregulation of the target protein, with
reductions ranging from 10 to 100-fold (Figure 4.9-C). Importantly, uninduced cells or those
expressing the control Renilla-specific mIRE retained normal levels of CD151 and CD46,
confirming that silencing was both efficient and specific.

This set of experiments established the swessful implementation of an inducible miRE
silencing system in hiPSCs, demonstrating its functional activity and dalependent regulation

in the TTN2 background. The platform enabled a rapid and homogeneous knockdown of surface
antigens in response to daycycline, and served as the foundation for subsequent experiments
targeting endogenous transcription factors such aBlANOG

83



A B

aavs—EHTEGER > f 3,
CD46/CD151

miR-E )transfection
C CD46 CD151 )selection

doxo
induction

Normalized To Mode
Normalized To Mode

cytometry

i v
T

10 102 10° 10 10 10! 10% 10° 10 10° ®

Comp-APC-A :: APC-A Comp-APC-A :: APC-A

) flow

=mDetector

GFP+

GFP+ VS GFP- TARGET EXPRESSION

Figure 4.9 Establishment of an inducible miR -E silencing system

(A) Schematic of the AAVS1 targeting construengineered in TT iPSCs to enable derducible expression of EGFP
operatively linked to an artificial mMiIRNA against surface protein CD46 or CD151. (Bxperimental strategy to test

the functionality of inducible artificial miRNAs in TT iPSC lines. (Gylow cytometry for CD46 or CD151 of the
experiment described in A. Genome edited pools of cells were subsetted by EGFP expression (GFP+, encoding also
the miRNA, versus GFPnot encoding the miRNA) and compared taon-transfected (NT) positive control TThiPSCs.

4.2.7 Identification of effective artificial miRNAs against
NANOG

Encouraged by the performance of the inducible mHE system in silencing cell surface proteins,
we next applied the same strategy to target a key transcription factor essential for maaihing
pluripotency: NANOGThe rationale behind this approach was to enable a controlled and timely
repression of exogenousNANOGiIn engineered hiPSCs, thereby permitting the exit from
pluripotency and transition toward lineage commitment upon induction
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To this end, we designed a panel of artificial miRNAs specifically targetibltANOGNRNA, using
an in silico prediction pipeline (SplashRNA?9) that considered thermodynamic stability, target
site accessibility, and minimization of offtarget effects. Eaclpredicted miR-E hairpin sequence
was cloned into the same inducible TRE:EGHRIR-E vector used previously, inserting the

EAEOPEl xEOEE1T OEA o 542 1 &£ % &08 4EEO Al 1 £ZECOO.

and efficacy of each amiRNA by correlsty EGFP intensity with the downregulation of
transgenic NANOG which is ceexpressed with an mCherry fluorescent reporter from a CAG
driven cassette in TTN2 hiPSCs.

We transfected these constructs into TTN2 hiPSCs using ZBBbkisted homologous
recombination at the AAVS1 locus and selected puromyehesistant clones. After dox induction
for 577 days, we performed flow cytometry to assess the relationship between EGFP expression
(induction of the amiRNA) and NANOG expression, using NANGgcific antibody cajugated

to an APC fluorophore (Figure4.10-B). Among the candidates tested, one specific miR
construct consistently induced strong, homogeneous EGFP expression and robust
downregulation of the mCherry reporter in all cells. Fluorescence microscopy provet! visual
confirmation of this effect: EGFFpositive colonies displayed a marked loss of red fluorescence,
indicating efficient and uniform repression of transgenidNANOGexpression (Figure4.10-A).

This candidate was therefore selected as the optimaNANOGargeting amiRNA for all
subsequent experiments and referred to as MHE-NANOG. Its ability to silence NANOG
expression, despite the high levels driven by a constitutive CAG promoter, underscores the
potency of the miRE platform and validates its applicéion for post-transcriptional control of
master regulatory genes.

These results established the feasibility of induciblyepressing a central pluripotency factor in
hiPSCs through an engineered RNAI strategy, providing a key functional module for subsequent
forward programming applications.
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Figure 4.10 Identification of effective artificial miRNAs against NANOG

(A)Representative fluorescence microphotographs of TTN2 cells genome edited in pool with miRNA against NANOG
and analyzed after 5 days of doxycycline treatment. miRNA expression: EGFP; NANOG expression: mCherry. (B) Flow
cytometry for NANOG expression frontells treated as explained in A.

4.2.8 Integrated Forward Programming via Coupled MYOD1
Expression and NANOG Silencing

Building upon the independent validation of inducibleMYOD2loverexpression and miRE-
mediated NANOGsilencing, we next engineered a unified forward programming platform in

which lineage induction and pluripotency exit could be synchronously triggered via a single
doxycycline-responsive genetic circuit. In this initial configuration,MYOD1was placed uner
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the control of a TRE promoter, followed by an artificial microRNA targetinglANOQocated in
OEA o0& O1 OOAT 01 AOAA OACEIT joe 542q 1 &£ OEA
expression ofMYODland the miRE from a single transcript, while reying on endogenous
mMiRNA processing machinery to postranscriptionally repress NANOG.

The construct was targeted to the AAVS1 genomic safe harbor of TTN2 hiPSCs using-ZFN
mediated homologous recombination, resulting in a new cell line termed TTN2MNTN2 +
MYOD1+ anti-NANOGmIR-E, Figure4.11-B). To rigorously assess this configuration, we
generated and characterized multiple independent TTN2MN clones. As controls, we also
generated TTN2derived clones carrying an identical cassette in which thanmiR-E was
redirected against the irrelevant surface markeilCD151 designated TTN2MC, and a Tderived
clone only bearingMYOD1in AAVS1 locus, named TTM (Figure11-A).

Following doxycycline induction under standard differentiation conditions, supplementd with
FGF2, CHIR99021, and retinoic acdit§ TTN2MN cells exhibited rapid and robust conversion into
skeletal myocytelike cells. By day 7, the vast majority of cells had acquired an elongated, often
multinucleated morphology consistent with terminal myogenesis and displayed strong
activation of the TTNMEGFP reporter (Figuret.11-C).

In contrast, TTN2MC controls showed impaired differentiation capacity, with a significant
fraction of cells retaining a compact morphology and persisteflNANOGNCherry expresson.
These cells failed to induce homogenous TFMEGFP, indicating a block in myogenic
commitment (Figure 4.11C). Importantly, this phenotype was not observed in TTM cells, which
carry a similar MYOD1inducible cassette in aNANOGwild-type background. TTM cells
differentiated efficiently upon doxycycline treatment, confirming that the requirement for
active NANOGrepression is specific to the TTN2 context, wherdNANOGis constitutively
overexpressed as part of the engineered plurigtency-support cassette.

Flow cytometry confirmed this differential behavior: TTN2MN clones showed a strong and
homogeneous induction of the TTNMEGFP reporter, expressing it in >98% of the population
after 7 days,while TTN2MC clones retained a subpoputaon of misdifferentiated, mEGFP
negative cells (Figure4.11-D). These results underscore the necessity of actiANOGilencing
to achieve full and efficient forward programming, adYODIexpression alone was insufficient
to override the pluripotency network in a robust fraction of the cells.

In summary, the TTN2MN system demonstrates that coupling transcriptional activation of
MYOD1x E OE -ersbBdtléd miRE silencing ofNANOGenables robust, synchronized, and
reproducible forward programming of hiPSCsnto skeletal myocytes. This strategy laid the
foundation for subsequent circuit refinements, including intronic miRE repositioning, which
are explored in the next chapters.
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(A) Schematics of AAVS1 targeting constructs engineered in TT hiPSCs (AQRP) and TTN2 hiPSCs (Nan@@VER).
In the latter, inducible NANOG artificial miRNA was expressed together with MYOD1 (TTN2MN). As a control, an

artificial miRNA against CD151 was employé (TTN2MC). (B) Genotyping of a TTN2MN hiPSC clone, performed

using genomic PCR strategies as done in figude2 and 4.3. (C) Representative phase contrast microphotographs
TTN2MN cels (left, MYOD1 + NANOG miRNA) and TTN2MC cells (right, MYOD1 + CD151AniiRNowing 7 days of

forward programming in dox-containing supportive culture media. Green signal represent MYOD1 and red signal

represent NANOGmMCherry. (D) Flow cytometry quantification of TTN-mEGFP expression in cells engineered with
the constructs depicted in A and analyzed after 7 days of doxyxcycline administration. From left to right: TTM cells;
TTN2MN cells; TTN2MC cells.
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4.3 Discussion

The work presented in this chapter addresses one of the fundamental bottlenecks in the

industrial application of pluripotent stem cells for cultivated meat production: the dependency

1T A@i CATT OO0 4' &r OECT Al ETC O 1| Amtad@elizinga D1 OOEDI
genetically engineered hiPSC line in which the pluripotency network is stabilized through

constitutive NANOGexpression, we provide a robust alternative that removes the need for

AGi CAT1 60 4" &r EIDOO8 7A Al Olc stradgdih ledalehphst AT A OAI
transcriptional silencing of pluripotency in hiPSCs using artificial microRNAs of the miE

family, and we demonstrated its functional integration with inducibleMYOD2based forward

programming.

Recent advances in the fieldncluding the experimental work by Stout et al. (2024) and patent
filings from Prolific Machines (EP4373941A1) and Wild Type (EP3634152A1have proposed
alternative strategies to reduce reliance on exogenous growth factor supplementation in
pluripotent and progenitor cell cultures.

The system developed by Stout et al. (2024) is based on the-expression of FGF2 and a
constitutively active KRAS"G12V mutant in immortalized bovine satellite cells, enabling
autocrine stimulation of the MAPK/ERK pathway in the abence of added FGR2. While the
approach successfully reduces medium costs and maintains proliferative capacity, it relies on
oncogenic signaling and receptotevel activation, which raises concerns for food safety,
regulatory approval, and longterm phenotypic stability.

A different approach, described in EP4373941A1 by Prolific Machinesjtroduces synthetic
receptors, such as lightresponsive variants of FGFR or EGFfRat dimerize upon exposure to
blue light and trigger downstream signaling. This system enables external, reversible control
over proliferation without chemical inputs. However, it depends on the availability of
specialized photobioreactors capable of delivering uniform illumination in largevolume
cultures, a challenge that is far from trivial in 3D systems. Moreover, optogenetic receptors
remain subject to internalization anddesensitization, which could reduce signal fidelity over
time, especially in prolonged manufacturing runs.

The strategy outlined in EP3634152A1 by Wild Type involves constitutive overexpression of
pluripotency-maintaining transcription factors, followed by their excision through site-specific
recombination to initiate differentiation. While conceptually simple, this approach assumes
that recombination occurs efficiently and synchronously across the population. In practice,
incomplete excision can lead to éterogeneous outcomes, with residual pluripotency factors
interfering with differentiation or creating mixed cell identities, an issue particularly
problematic in forward programming protocols aimed at high purity and yield.

89



The platform presented in this work addresses many of these limitations. By stabilizing
pluripotency through constitutive expression of NANOGa non-oncogenic core factor, and
implementing a miRE-based posttranscriptional silencing module to decouple exit from
pluripotency, we establsh a system that supports stable selfenewal with the ability to switch
rapidly and synchronously into a differentiated state upon induction. Forward programming is
triggered via inducible expression of MYOD1 enabling rapid and synchronous myogenic
conversion without relying on growth factor supplementation, oncogene activation, or
permanent genetic switches. This approach minimizes reliance on complex regulatory systems
or hard-to-reverse modifications, potentially supporting reproducible cell expansionand
differentiation in contexts where scalability and control are essential.

We named this platform GERALT Genetically Enhanced Renewal and Autonomous Lineage
Transdifferentiation.

In summary, this chapter establishes a flexible and scalable strategy fgmchronous activation
of differentiation and repression of pluripotency in hiPSCs, forming the core of the regulatory
architecture that will be further refined and validated in 3D systems and suspension cultures
in the next chapter.
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Chapter 5z Circuit Refinement, 3D Muscle Tissue
Engineering and Suspension Adaptation

Statement of source

The data and text described in this chapter are largely based upon the following-goventor
patent written by the author of this dissertation. Tterefore, some segmentfiave been taken
verbatim or with minor changes from this source.

GROWTH FACTORREE STEM CELL EXPANSION AND DIFFERENTIATION
Inventors: Alessandro Bertero, Sveva Bottini

Patent assignee: University of Torino

Number of Application: PCT/IB2025/055837

Priority date: June 10, 2024

Date of deposit: June 6, 2025

5.1 Introduction

In the previous chapter, we established that cexpression ofMYODland aNANOG&argeting
miR-E is sufficient to drive efficient myogenicdifferentiation of hiPSCs under doxycycline
control. While the construct, driven by a single inducible promoter, was highly effective in 2D
culture, it presented some limitations in terms of modularity and design flexibility.

A central concern was the posioning ofthe miR% A1 AT AT O ET OEA oce O1 O0OAT O
of the MYOD1transcript. Although this ensured synchronous induction, it also introduced a

wellET T xT OO01 1T AOAAEI EOUd Al AAOACA Au OEA 1 EAOI POT A
interfere with transcript stability, particularly by removing the polyadenylation signal. This

results in rapid degradation of the mRNA due to loss of polyA tail protection, as reported in

both mammaliant30 and plant systemsg3L. In our initial design, this effet was likely tolerated

thanks to the strong transcriptional activity of exogenous MYODJ which also promotes

expression of endogenous MYODlestablishing a feedorward loop. However, such a

configuration could become problematic in more comm@x circuits or when using weaker

transcription factors.

Another limitation was the lack of modularity: since both components were expressed from the
same mRNA, adjustingr replacing one element required redesigning the entire construct. This
becomes a significant bottleneck when envisioning multiplexed lineage programming or fine
tuning of individual modules.
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To overcome these issues, we explored two alternative desigiiat preserve coordinated

induction but decouple miR% B OT AAOOET ¢ &£O0I i OEA o0=®5428 4EA EEO
intron within the MYOD1pre-mRNA to host the miRE, enabling cetranscriptional but

independent processing. For this, we adapted the ahieric intron of the CAG promoter, which

AT 1T OAET O OANOAT AAA® EAOTAT -4bHBEMAABSEND i known to support

efficient splicing and transcript maturation®s8 51 1 E EbBsedoasebitdcfures, this design

avoids interference with polyadenylation and should be less prone to transcript destabilization.

The second approach relies on a bidirectional promoter, in whicMYODland EGFPMIR-E are
expressed in opposite directions from independent transcription units. This layout allows full
separdion of the silencing and programming modules at the RNA level while preserving
synchronous induction.

Both strategies were tested with the goal of improving construct robustness and adaptability
to scalable applications. The experimental work described ithis chapter follows this rationale,
progressing from construct design and molecular validation to functional testing in 3D culture,
suspension adaptation, and simplified media conditions.

TTN2MNi ) 44 v37_ﬁ§§-(—ﬂ—)

CAG intron
miR-E

TTNZMNb) AavsT — o orPRE m

miR-E

Figure 5.1 Schematics of constructs with alternative molecular  strategies for artificial mMiRNA expression.

On the top, the amiRNA is placed inside a chimeric intron derived from CAG promoter, in the InRNA of MYOD1.
On the bottom, utilization of a bidirectional doxinducible promoter which drives on one side a EGFfporter
followed by the artificial mMIRNA and on the other side MYOD1 alone.
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5.2 Results

5.2.1 Refinement and Validation of Alternative miHE Circuit
Architectures

The TTN2MN hiPSC line, which we initially developed by integrating a single dmducible
construct encoding bothMYODland an artificial microRNA targetingNANOGmIR-E), proved
highly effective in driving forward programming toward skeletal myogenesis. Pon
doxycycline induction, TTN2MN cells consistently achieved high expression of TFhNEGFP,
efficient NANOG silencing, and robust morphological and transcriptional conversion into
skeletal myocytes. Despite this strong performance, we sought to explore wher alternative
circuit architectures could further optimize the design for broader applicability and longterm
modularity.

The original architecture, while efficient, positioned the miRE stemi T T B OOOOAOOOA
untranslated region (UTR) of theMY@1 transcript. This choice, while straightforward, may
present drawbacks in other settings. It is known that the processing of miRNAs embedded in
UTRs can negatively affect mRNA stability and translational efficiency, particularly when the
primary transcri pt encodes a critical transcription factor. In scenarios involving weaker master
regulators, different target miRNAs, or more demanding cellular contexts, this interference
might compromise the efficiency of differentiation. Therefore, we explored two refied designs

aiming to physically decouple miRE processing fromMYOD1translation, while preserving
inducibility and coordination of expression.

In the first strategy, intronic miR-E configuration (TTN2MN:i), we inserted the miRE stemloop
within a synthetic intron (the CAG promoter intron) engineered into theMYOD1pre-mRNA.
This design allows for cetranscriptional processing of the miRNA within the nucleus, upstream
of splicing, and theoretically avoids any interference with mRNA stability or translatioof the
mature MYODL1 transcript. In the second strategy, bidirectional miRE configuration
(TTN2MNDb), we employed a bidirectional doxycyclingnducible promoter to simultaneously
drive expression ofMYODJland an EGF®niR-E transcript in opposite orientations. This design
permits spatial and functional separation of the two RNA products while maintaining
synchronized induction kinetics.

Each of these constructs was targeted to the AAVS1 genomic safe harbor locus in TTN2 hiPSCs
using ZFNmediated homologousrecombination, followed by puromycin selection. We isolated
three independent clones for each configuration (TTN2MNi and TTN2MNDb), and systematically
characterized their performance in forward programming experiments. Cells were cultured in
standard 2D coritions and treated with doxycycline for seven days, paralleling the conditions
used in earlier TTN2MN and TTM benchmarking.
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Morphologically, both TTN2MNi and TTN2MNDb clones (3 clones for each design) exhibited the
hallmark features of skeletal myocyte dferentiation: an elongated, spindleshaped
morphology and alignment in fiberlike bundles. These features were comparable to those seen
in the original TTN2MN and TTM lines (Figure 5-2).

To validate these observations at the molecular level, wperformed quantitative reverse
transcription PCR (QRTFPCR) to assess expression of key myogenic markers at day 7 of
induction. MYOGa direct MYOD1 target and marker of skeletal myogenic commitment) was
induced in TTN2MNi and TTN2MNbD cells, reaching levedgjuivalent to those observed in TTM
control. Even if we could appreciate a trend by looking at the expression means) statistical
significance wasdetectedin MY OGexpression.Importantly, transgenic NANOGxpression was
nearly abolished in all miRE-containing lines, demonstrating that both refined architectures
retained full silencing capability despite the repositioning of the miRE sequence (figure 5.2B).
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Figure 5.2 Optimization of the genetic circuit

(A) Bright field microphotographs of three different clones for each strategy at day 7 of differentiation. From top to
bottom: TTM cells; TTN2MC cells; TTN2 cells with MYOD1 and NANOG miRNA in an intron (TTN2MNi); TTN2 cells
with MYOD1 and NANOG miRNA usingdiiectional promoter (TTN2MNb); TTN2MN cells. (B) gRIPCR analysis of
cells from the experiment described in A. N = 2 independent biological replicates, 3 independent clones for each
strategy. Dotted line represents gene expression of TTM control cells.

To comprehensively assess the transcriptional identity, reproducibility, and functional
outcomes of the three GERALT architectures, we performed bulk RNA sequencing on-day
forward -programmed samples generated from TTN2MNi, TTN2MNb, TTN2MN, tieentrol
TTM construct, and undifferentiated hiPSCs. Principal component analysis (Figure 5A3
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showed a clear and dominant separation between pluripotent cells and all differentiated
populations along PC1, which accounted for 78.5% of variance. Forwapdogrammed samples
formed two different clusters, even if close together in PC1, one including TTM replicated, and
the other all GERALT variantsirrespective of circuit design All differentiated cells present
similar myogenic transcriptional identity. The three GERAL architectures (TTN2MNi,
TTN2MNb, TTN2MN) overlapped nearly perfectly with one another, showing no circuit
dependent divergence in global transcriptome topology.

Consistently, the Pearson correlation matrix (Figure 5-8) revealed uniformly high within-
group correlations across all differentiated samples. The GERALT constructs displayed
exceptionally tight replicate-to-replicate similarity, while TTM was similarly coherent overall,
though one replicate (TTM_R1) exhibited a mild reduction in correlation reftive to TTM_R2
and TTM_R3. These results indicate that forward programming is highly reproducible across
all systems, with GERALT exhibiting the greatest internal consistency.

Differential expression analysis (Figure 5.8) further confirmed the global smilarity of the
induced states. Comparisons among GERALT variants yielded only small numbers of DEGs,
demonstrating that the architectural refinements introduced in GERALT do not perturb the
transcriptional outcome. Comparisons between each GERALT varigor the pooled TTN2MN
group) and TTM identified slightly higher numbers of DEGs, though still representing a small
fraction of total expressed genes. This suggests that GERALT ardM differ only subtly at the
transcriptomic level, despite achieving indisinguishable global myogenic identities.

We next evaluated the expression of the exogenous transcription facttY OD1(Figure 5.3-C).
As expectedMYODIwas absent in hiPSCs and robustly expressed in all differentiated samples.
GERALT and'TM showed comparable overallMYODJllevels; however, within GERALT alone,
the intronic miR-E configuration (TTN2MNi) consistently achieved the highest expression,
surpasOET C O Ednbeddsb defign. This supports the hypothesis that placing miR
within an intron improves transcript stability and allows efficient co-expression of MYOD1 and
the miRNA, making TTN2MNi the optimal architecture for downstream applications.

To assess functional pathway differences between constructs, we first performed GSEA using
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displayed highly overlapping enrichment profiles with no statistically signifcant differences
(nominal p = 0.950.55), indicating that the core myogenic program is equivalently activated
across all designs. We then extended the analysis to broader GO terms (FigureG)3 This
revealed a clear and biologically interpretable pattem: mitotic cell-cycle programs were
significantly enriched in TTM, consistent with its higher expression of glycolytic and
proliferative markers, whereas GERALT samples showed the opposite trend, with reduced
proliferation signatures. A second term, tighfunction organization, was modestly but
consistently enriched in GERAL Trather than in TTM, suggesting a higher degree of structural
organization in the GERALT population. Importantly, none of the myogenic differentiation
pathways differed significantly between systems at this level, underscoring the shared muscle
identity
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To explore these transcriptional nuances more deeply, we performed custom geset
enrichment using curated musclespecific modules (Figure 5.3H). GERALT (TTN2MN all) was
enriched for slow-twitch oxidative fiber signatures, sarcomerecore components, excitation
contraction coupling genes, and neuromusculajunction markers, pathways associated with a
more mature and structurally organized phenotype. In contrast, TTM exhibited enrichnm for
glycolytic fastfiber programs, cellcycle pathways, satellitecell proliferation modules, and
early myogeniccommitment signatures, consistent with a more progenitoilike, metabolically
glycolytic, and less mature myogenic state. These trends wefelly aligned with the DEG
specific volcano plots (Figure 5.&, 1), which showed reciprocal upregulation of glycolytic
enzymes and proliferationassociated genes in TTM, and enhanced expression of oxidative,
sarcomeric, and contractile markers in GERALT.

Finally, a focused comparison between the two refined GERALT constructs (TTN2MNi vs
TTN2MNDb; Figure 5.3J) revealed a coherent enrichment of fiber type lla, fiber type | slow,
sarcomerecore, excitatiorgcontraction, and neuromuscularjunction pathways in TTN2MNi.
These findings are consistent with its higheexogenousMYOD1 expression levels and support
the biochemical expectation that an intronic miRE cassette minimizes interference with
MYODL1 transcript stability and translation.

In summary, bulk RNAseqprofiling demonstrated that all GERALT architectures and th&TM
system converge on a robust and coherent skeletatuscle identity by day 7. GERALT designs
exhibit superior reproducibility, fewer off -target transcriptional shifts, and a tendency toward
amore mature oxidative phenotype, whereag TMretains a modest proliferative and glycolytic
signature. Among the GERALT variants, the intronic miR configuration (TTN2MNi)
maximizes MYOD1 expression and subtly enhances structural and functional musslgedfic
programs, supporting its selection as the standard architecture for all subsequent experiments.
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Figure 5.3 Bulk RNA-seq analysis of the refined genetic circuits . In collaboration with Elisa Balmas

(A) Principal component analysis (PCA) olndifferentiated hiPSCs and day forward-programmed samples
generated with the three GERALT architectures (TTN2MNi, TTN2MNb, TTN2MN) and the @px MYOD1 system
(TTM). (B) Pearson correlation heatmap of all samples showing replicat®-replicate similarity across conditions.

(C) Quantification of exogenous MYODL1 transcript levels (TPM) across undifferentiated and differentiated samples.
(D) Ssummary of differentially expressed genes (DEGS) identified in all pairwise comparisons between GERALT
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