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§ Prosireni saZetak xiv

PROSIRENI SAZETAK

Svjetska populacija raste iz dana u dan, prema nedavnim modelima UN-a do 2050. trebalo bi
biti ¢ak 9 milijardi ljudi na svijetu. Iako je to porast populacije od 30 % u odnosu na brojeve iz
2010-1h godina, pretpostavlja se da ¢e pratece poljoprivredne potrebe porasti znacajno vise.
Odredeni podaci govore kako bi konzumacija mesa i mesnih preradevina mogla porasti ¢ak 50
% u istom periodu. Takav razvoj mesne industrije mogao bi uzrokovati druge nezeljene ishode
poput Sirenja povrSina za ljudsku uporabu, bilo urbanizacijom ili kroenjem preostale divljine
u neposrednoj blizini ljudi, kao i pove¢anu emisiju stakleni¢kih plinova.'! Znanstvena zajednica
pristupa rjeSavanju problema na vise na¢ina, od kojih je uzgoj mesa in vitro, u laboratoriju,’
opcija vrijedna spomena.

Ovaj rad se bavi inicijalnim tehni¢kim aspektima uzgoja mesa in vitro, poglavito razvojem
stani¢nih kultura koje bi se mogle koristiti u tu svrhu. Vecina istraZivanja usmjerena je na
govedo jer se govedarstvo smatra jednim od najve¢ih uzro¢nika porasta kolic¢ine staklenic¢kih
plinova i zauzima najvise prostora u poljoprivrednom sektoru.? Nase istrazivanje usmjereno je
na prociS¢avanje svjeze izoliranih primarnih misi¢nih mati¢nih stanica goveda i njihovu
karakterizaciju s namjerom razvoja stani¢ne linijje u kasnijim istraZzivanjima. Stanice su
izolirane jednom tjedno iz svjezih biopsija goveda dobivenih od lokalne bio-mesnice.
Rezultiraju¢a stani¢na kultura heterogena je populacija stanica. Najzastupljenije stanice u
takvoj kulturi su govede miSi¢ne progenitorske stanice, u nastavku govede misi¢ne satelitske
stanice (engl. Bovine muscle progenitror stem cells ili bMuCs), koje se imunocitokemijskim
testovima 1 fluorescentnom mikroskopijom identificiraju kao stanice koje eksprimiraju protein
jezgre Pax7. Kako bi pokusali povecati selekvinost prema bMuCs-ima usporedeni su sljedeci
premazi posuda za stanicnu kulturu: neoblozene, kolagen tipa 1, Zelatina i laminin. Uz
selektivnost prema Zeljenim bMuCs-ima, usporedujemo i njihov utjecaj na sposobnost
diferencijacije stanica inicirane uskra¢ivanjem seruma. Laminin i laminin pentapeptide
pokazuju se kao najutjecajniji premazi za stani¢no posude. Laminin poboljSava uspjeSnost
izolacije za 50 % relativno naspram prethodno koriStenog premaza kolagena tipa 1. Takoder je
znatno uspjesniji u odrzavanju udjela bMuCSa u stani¢noj kulturi tijekom veéih pasaza.
ProciS¢avanju primarne stani¢ne kulture pristupili smo pomocu fluorescentno aktiviranog

sortiranja stanica (FACS, engl. fluorescent activated cell sorting) koristeci sljedece povrSinske
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markere: CD29, CD31, CD45 i CD56.* FACS omoguéuje poveéanje udjela bMuCSa u kulturi
na vece razine, no $to su bile domah nakon izolacije te su ostvareni udjeli ve¢i od 55 % bMuCSa
u kulturi. U konacnici, istrazujemo uporabu uobicajenog inhibitora SB203580 za inhibiciju p38
MAPK puta, §to je jedan od nacina na koji se transkripcijski faktor MyoD fosforilira uslijed
cega dolazi do pocetka diferencijacije. Ideja je sprijeciti nezeljenu diferencijaciju bMuCs-a
inhibiranjem tog signalnog puta i povecati proliferativne sposobnosti izoliranih bMuCs kultura.
Nazalost koristenje SB203580 inhibitora nije urodilo znac¢ajnim poboljSanjem u spreavanju
diferencijacije bMuCSa u kulturi ili o€uvanju njihovih karakteristika mati¢nih stanica.

Cilj ovog rada uspostavljanje je bMuCS stani¢ne kulture koja ima sljedece karakteristike:
prezivljavanje bez inhibitora smanjenje udjela ne-bMuCS stanica u kulturi, selektivnu
diferencijaciju u misi¢no tkivo (miotube) i poboljSane proliferativne sposobnosti. Koristenjem
odredenih metoda kao Sto su FACS 1 premazi stanicnog posuda lamininom ili lamininom
pentapeptidom optimizirali smo proces izolacije mati¢nih stanica prekursora misi¢nih stanica
iz goveda 1 njihovog uzgoja in vitro. Rezultati 1 metode koristene u ovom radu mogu posluziti
kao dobar temelj za daljnjja istrazivanja koja ¢e i¢i u smjeru uspostavljanja dugoro¢nih kultura

bMuCS i njihovog masovnog kultiviranja u svrhu uzgoja mesa in vitro.
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1. Introduction 1
§

§ 1. INTRODUCTION

The population of the world is still in its growth phase, with the latest UN models predicting
around 9 billion people by the year 2050. And although it is an estimated 30% increase in
population since the 2010s, the accompanying agricultural needs are expected to rise even
faster, with the consumption of meat growing by 50% in comparison to 2010 numbers. Such
development could cause unwanted outcomes; the expansion of the areas under human
influence, be it through urbanization or by taming the remaining wilderness in the immediate
human vicinity; as well as increased greenhouse gas emissions.! The research community is
tackling the problem with a variety of possible solutions, of which the cultivation of in vitro
meat is a notable option.?

This thesis will deal with initial technical aspects of in vitro meat cultivation, especially the
development of cell cultures that could be used for that purpose. Most of the research is focused
on bovine meat, as the cattle (beef) industry is considered one of the biggest contributors to
greenhouse gas emissions and land detractors in the agricultural sector.® Our research is based
on freshly isolated primary bovine muscle progenitor cells and their purification, with the goal
to establish a cell line for in vitro meat cultivation in further research. Cells were isolated once
a week from fresh bovine biopsies secured from a local bio-butcher. The resulting cell culture
is a heterogenous cell mixture. Bovine muscle progenitor cells (or bMuCS for short) are the
most prevalent in such a cell culture, which are identified as cells which express the paired-box
protein 7 (Pax7) and determined using immunocytochemical assays and fluorescence
microscopy. In an attempt to increase the selectivity of dishes for bMuCS, after isolation, we
compared the following coatings for cell culture dishes: uncoated, collagen type 4, gelatine, and
laminin. In addition to the selectivity toward the desired bMuCs, we also compared their
influence on the differentiation ability of bMuCs initiated by "starvation" induced by serum
withdrawal. We decided to try to purify the primary cell culture mixture by using fluorescent
activated cell sorting (FACS), using the following surface markers: CD29, CD31, CD45 and
CD56.* Lastly, we investigated the use of the common drug SB203580 for the inhibition of the
p38 MAPK pathway, which is one of the ways how the transcription factor MyoD is
phosphorylated, and differentiation is initiated. The idea is to prevent unwanted differentiation

of bMuCs by inhibiting this metabolic pathway and to increase the proliferative abilities of our
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§ 1. Introduction 2

culture. Our prime goal is establishing a bMuCS cell culture that has the following
characteristics: survival without antibiotics, depreciation of non bMuCS cells in the culture, and

selective differentiation into muscle tissue (myotubes).
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§ 2. Literature Review 3

§ 2. LITERATURE REVIEW

2.1. Meat industry today and the prospects of in vitro meat cultivation

The number of people living, breathing, and eating on this planet is growing every day and with
it our craving for meat. According to the latest UN projections, the world’s population is going
to increase by approximately 30% of today’s numbers to 9 billion in 2050 followed by a 50%
increase in meat consumption.! The latter has more relevance because it cannot be explained
only by population growth, but also through societal development. And while some argue that
higher meat consumption is a sign of the “westernization” of the developing world, others share
the opinion that higher meat consumption is only a nutritional transition phase throughout the
development of a society from a developing nation to a developed nation.>® This brings
additional concerns to the table if we also consider the climate effects of the agricultural sector,
especially the meat industry, its greenhouse gas emissions and deforestation effects. 13.2% of
all global greenhouse gasses were emitted by the livestock industry in 2018,” in comparison
with only 8% by non-animal foods. Figure 2.1. shows that meat nutritional staples contribute
most of the greenhouse gas emissions in the agricultural sector, compared with a couple of other

selected food items.
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Beef (beef herd)
Lamb & Mutton

99.48 kg

39.72 kg

Coffee 28.53 kg

Prawns (farmed)

Fish (farmed) 13.63 kg
Pig Meat 12.31 kg

Poultry Meat 9.87 kg

26.87 kg

Rice

Tofu

Tomatoes

Wine

Maize

Wheat & Rye
Other Vegetables

Potatoes
0 kg 20 kg 40 kg 60 kg 80 kg
Figure 2.1. Greenhouse gas emissions by food staples, measured as an equivalent of carbon

dioxide mass throughout 100 years per a kilogram of the food staple.’

Land use is another ill effect exacerbated by the growing meat industry, because, as mentioned
above, it is crucial for further development of the human society, but also for the preservation
of the existing biodiversity by safeguarding our existing flora and fauna.® Unfortunately, land
is limited, especially land that is viable for human habitation and agricultural practices. Of the
~150 000 000 km? available land on Earth, around 30 000 000 km? is used for meat production,
accounting for the farmhouses, grazing and growing of animal feed.” Grazing fields are mostly
created by deforestation which inhibits the natural sequestration of carbon dioxide and depletes
biodiversity in the surrounding area. Figure 2.2. shows that meat staples again have significant

impact on the land use of the agricultural sector.
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Figure 2.2 Necessary land surface (measured in square meters, m2) for generating 100g of

protein per food staple.’

Bovine and ovine staples are outliers in both previously mentioned environmental categories.
One reason for it could be the average time needed to raise cattle or a lamb ready for slaughter.
It takes from 10-30 and 6-10 months for bovine and ovine, in comparison to 4 months for
hogs. 01112
With land use in mind, the feed to edible protein ratio should be taken into consideration as
well. The amount of protein fed to and converted to edible protein in the final product is 8.5%
(ovine), 6.7% (grass-fed bovine), 12.1% (bovine), 23.3% (porcine) and 33.3% (pullum).'® The

feed conversion rate is the biggest driver of land use in the meat industry, especially when we

consider the time and food necessary for breeding an animal.

2.1.1. Cell sources for in vitro meat

We begin with the starting cell population on which there is no consensus which species nor
their breeds should have priority. Research is currently focused on bovine, porcine and pullum
with some rare instances of ovine and crustaceans.'*!>!® The end goal is a complex product,
because as we know, meat isn’t formed only by muscle tissue. In addition to muscle fibres,

meat also contains some fat from adipose cells and connective tissue, so it is theoretically
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possible to start from a heterogenous cell culture, but it would certainly weigh on the
proliferation step later. The methodology of cell sourcing also isn’t standardized, some groups
are experimenting with genetically modified somatic muscle cells,!” where they use CRISPR
to knock out the CDKN2'® by causing frameshift mutations which stop the expression of p15
and p16 which both inhibit CDK4 whose overexpression leads the immortalization of the
myogenic cell line.!” Others are investigating the potential reprogramming of fibroblasts into
induced pluripotent stem cell with the abilities to differentiate into muscle fibres by
overexpressing of the MyoD transcription factor using a doxycycline inducible Tet-on dual
plasmid system.>* Contrary to that, we have used a method without genetic modifications for
this thesis by isolating fresh satellite cell cultures and have also experimented with different
coatings for higher selectivity and using FACS for sorting our satellite cells to cultivate a
reliable bMuCS culture that could be used for in vitro meat cultivation further on. Each one of
the forementioned approaches has its own hardships. First, let’s consider the option of
genetically modifying bovine cells for the purpose of in vifro meat cultivation, there isn’t
sufficient genome sequencing data available for all bovine breeds, which can have a significant
impact on the later efficacy and standardisations of cell cultures/lines which can put a burden
on the R&D and fiscal side, although less than for the non-genetically modified options.
Additionally, genetically modified products wouldn’t be suitable for regulatory approval in all
markets and regions, and consumer acceptance still proves to be a hurdle, especially in a region
like the EU where genetically modified food faces low public and consumer acceptance.?!
Besides, the non-genetically modified option of creating cell cultures or cell lines has
problems of its own. For example, the satellite cells that we have used for this thesis are the
bona fide cells responsible for muscle regeneration after.’? Their main disadvantage is
maintaining their proliferative capabilities because they tend to differentiate into myotubes and
myofibrils (even in low confluency) and stop replicating. However, data suggest that there is a
smaller subpopulation of satellite cells in the main satellite cell population, which has far greater
regenerative and proliferative capabilities and efforts are under way to develop selection

protocols for extracting those cells from the primary culture.?
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2.1.2. Cell culture and scale up

Large scale mammalian cell culture has been available since the later part of the 20th century,
due mostly to unintended innovations in cell medium production, incubators and serum
productions and the general awareness of necessary aseptic conditions. Although large-scale
cell culture is available today and has room for improvisation, in vitro meat is in a league of its
own.

Culture medium is the primary challenge when trying to grow in vitro meat, as it is
necessary to provide an equilibrium of numerous parameters (i.e., sugars, ammino acid share,
growth hormones, pH, etc) to promote cell growth, it should be economically feasible for
cultured meat to even be competitive and, above all, safe for people. Foetal bovine serum (FBS)
is another hard to replace component.?* It is collected from the blood of unborn calves in the
last two thirds of gestation, they’re mostly accidentally discovered when slaughtering pregnant
cows.?® It is a vital supplement in human and mammalian cell culture as it contains hormones,
minerals, vitamins, transport proteins and growth factors.?® FBS has its own set of problems, it
has large variations in composition from “lot to lot*, they can also have diverging or unintended
interactions with test subjects (i.e., the results can never be fully reproducible with to different
lots).?’?® An extra factor here to keep in mind is that FBS is a by-product of the meat industry,
ergo its availability is determined by the industry’s market performance. As in vitro meat is set
on being a substitution for the contemporary meat industry it cannot be feasible procuring such
a vital component from a source that is supposed to shrink. Today, there are FBS-free
chemically defined culture media available on the market from multiple vendors but there are
also published protocols for those media for specific cells.?’ Both solutions are quite weary both
in terms of time and fiscal contributions. Transcriptomics are pushing the boundaries by
providing information on cell surface proteomics, which can further help to develop a cell
culture medium for specific breeds or animals with relative connections.>®*! The cells, if
properly cultured, should at least be able to go through 20 and preferably over 30 doubling
cycles during the proliferative stage of production. For the desired higher doubling rate, more
attention should be focused on mechanisms that determine differentiation with the end goal of
having the ability to stop it or initiate it by the composition of cell culture medium.? One of

such potential biochemical mechanisms that was explored is the p38 MAP kinase pathway
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which has the potential for preserving the proliferation and stemness of the satellite cell
culture.*?

The whole culturing process should at one point be automated with minimal human
interactions for mitigating the potential contamination of the cultures.** The establishment of
cultured meat “factories” has been criticized as more of an art project rather than a scientific
undertaking by some.*’ It is true that the initial capital cost can’t compete with the conventional
meat industry, but there is room for improvement. Lowering the cost of the culture medium, a
wave of innovations in the bioreactor manufacturing, tissue engineering advances or other
unforeseeable advancements are all factors that could drive down the final consumer price for

cultured meat and make it a viable option on the market.
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2.2. Satellite cells — biochemical background and their characterisation
2.2.1. C2CIi2 cell line

Cells from the C2C12 cell line are immortalized mouse myoblast cells that have the ability to
initiate myogenesis in low serum conditions (,,serum starvation*).*® During differentiation,
they express the myosin heavy chain protein and form multinucleated myotubes similar to
those found in wild-type cells.’” They are a vital research tool in myogenesis
investigation.*®3*4 The C2C12 cell line was used in this research as a training tool for cell
culture technique and for comparing the morphology and functions of this established cell line

with our isolated bovine muscle progenitor stem cell cultures.

2.2.2. Skeletal muscle and satellite cells

Skeletal muscle is formed by postmitotic multinucleated muscle fibres (the contractile units of
muscle), and they are formed by fusing large numbers of mononucleate myoblasts.*! Later on,
it was discovered that there were quiescent cells lying on the myofiber surface, but beneath its
basement membrane, giving it the name “satellite cell” (from here on ”SC”).*? It was proven
that SC give rise to myoblasts by isolating viable myofibers, using enzymatic digestion, with
cohorting the SC and culturing them to establish a proliferating SC culture.** Their main
objective is the regeneration of muscle tissue during an injury by activating them and
differentiating into myoblasts.** For that, they first must be activated by a signal from the
myofibers, caused usually by exercise, injury, or disease.*’

When SC are activated, they proliferate and yield myoblasts. Those myoblasts
additionally proliferate and later commit to differentiation when they are called myocytes.
Myocytes are mononucleated cells that have the ability to fuse together forming myotubes or
fuse themselves with already existing myotubes.*®*” Myotubes are multinucleate, elongated
cells consisting of at least three myocytes and in the vicinity of a myofibril. Myofibrils are long,
tubular organelles of the myotube, which form the contractile apparatus. During maturation,
myotubes develop into myofibers. Myofibers cytoplasm is filled with myofibrils and their

nuclei are located peripherally.*® Figure 2.3. depicts the forementioned myofiber formation.
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Figure 2.3. Formation of a myofiber with the necessary transcription factor and the time frame
of their expression. Transition steps: (1) activation, (2) proliferation, (3) differentiation, (4)

fusion and (5) maturation. Figure based on and edited.*’

2.2.3. Molecular markers of satellite cells

Figure 2.3. also reveals additional information about the crucial myogenic transcription factors
during distinct stages of myofiber formation. The most prominent SC molecular markers are as
follows: Pax3/ Pax7, MyoD, myogenin and isomers of myosin heavy chain proteins.*’

Pax7, also known as paired box protein 7, is a transcription factor that is involved in the
proliferation of satellite cells, myogenesis and muscle regeneration.’® Pax7 is present in the
nuclei of SCs that are quiescent, and it is the most notable marker for their identification.' It
can bind to DNA as a heterodimer with Pax3.5? Pax7 and Pax3 control the activation signals
that activate the quiescent SCs and are therefore suitable biomarkers for the identification of
SCs.>?

In addition to Pax7, activated SCs also upregulate and co-express the transcription factor
MyoD (a.k.a. myoblast determination protein 1).>* MyoD and Pax7 must maintain an important
balance during SC determination and differentiation. If SCs return to their quiescent state, they
downregulate their MyoD expression and if they fully mature and initiate terminal
differentiation, then Pax7 is downregulated and MyoD expression is maintained.”> Although
MyoD is considered as the main regulator of myogenesis, there is research that suggests that
Myf5 (a.k.a., Myogenic factor 5) could functionally substitute MyoD, as the two are more

homologous to each other than to other myogenic regulatory factors.”® The lack of both
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however, is a major obstacle for myogenic programming as their deficiency in SCs results in
mild differentiation and growth defects during development.®® It is suggested that both have
complementary functions during myofiber development rather than being able to substitute one
another and that Myf5 upregulation precedes that of MyoD.>’ The details of their functions or
the intercorrelated effects of one on the other are yet still to be determined as there are multiple
suggestions how the myogenic progression could work. Some argue that it’s possible that only
MyoD or Myf5 are separately upregulated upon SC activations before initiating the co-
expression of the other; others propose that Myf5 directs myoblast proliferation while MyoD is
responsible for preparing myoblasts for differentiation.>®>® When everything is considered and
despite the unknown regarding the exact functions of MyoD and Myf5 one thing is sure, and
that is the reliability of MyoD as a biomarker for myoblasts that tend to differentiate.

Myogenin (a.k.a. Myf4 or myogenic factor 4) is also a crucial transcription factor during
myogenesis, where it is required for the early differentiation of committed muscle progenitor
cells into myofibers. Its expression directly initiates myoblast differentiation and their fusion
into myofibers and is vital for the regulation of myofiber size.®'*>% It has been shown that
genetically modified mice with mutated Myogenin in large amount do not form multi nucleated
myofibers, which shows that myogenin is a crucial biomarker for terminal myoblast
differentiation.®

Biomarker analysis of SCs wouldn’t be complete without MyoHC (a.k.a. myosin heavy
chain) which is a part of the larger myosin family.® The myosin family makes up around half
of the total protein in skeletal muscle.®®> It is vital in generating contraction, as it is a
mechanoenzyme that binds ATP in its catalytic head domain. The nucleotide binding,
hydrolysis and product release are associated with the induction of conformational change or
contraction in more simpler terms .%¢ The presence of MyoHC in myotubes indicate full
maturation the muscle progenitor cells and their functionality making them a crucial endpoint
marker for myogenesis.®’

In short, Pax3/ Pax7, MyoD, MyoG and MyoHC are all viable suiters for the confirmation
of the different stages during the life of satellite cells. We used exclusively Pax7 for the
conformation of SCs after isolation or sorting and for assessing the purity of the bMuCs culture
over time. For differentiation experiments, we used MyoHC as the main confirmation for the
cell’s full development. The most crucial difference between the two is that Pax7 is a

transcription factor located in the nuclei and MyoHc is a molecular motor protein located in the
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cytoplasm of multinucleated myotubes. One of the drawbacks of these markers is that they can
only be identified with immunocytochemical assays when the cells are fixated and thus the
results will always be gathered retrospectively, which isn’t ideal if such a method is to be used
in quality assurance labs for a scaled up in vitro meat project. But for research purposes, as in

this thesis, it didn’t prove to be an obstacle.

2.2.4. P38 MAPK pathway

Mitogen-activated protein kinases (MAPK from here on) are serine/threonine-specific protein
kinases that are heavily involved cell cycle functions, such as proliferation, gene expression,
differentiation, mitosis and apoptosis. They all share similarities on a base level as they’re
activated by phosphorylation from another protein kinase, termed MAPK kinase (MAPKK),
which is also phosphorylated and activated by a protein kinase, termed MAPK kinase kinase
(MAPKKK). MAPKKK can be activated through a variety of cytokines, growth factors,
cellular stresses or through interaction with the Ras protein family, a subtype of small GTP-
ase proteins.®®

For our research, the most notable member of the MAPK family is the p38 MAPK, of which
four isomers have been identified in mammals, p38-a (MAPK14), p38-f (MAPKI11), p38-y
(MAPK12) and p38-5 (MAPK12).®° They are all expressed widely in the organism with varying
expression patterns in different tissues. P38-a is ubiquitously expressed in all cell types and
tissues, while p38-fB is highly expressed in the brain, thymus, spleen; p38-y is almost
exclusively found in skeletal muscle and p38-9 is found in the pancreas, intestine, adrenal gland
and kidneys.”®"!7? They all catalyse the reversible phosphorylation of proteins when they are
in their active state (dually phosphorylated). The most important phosphorylation, regarding
myogenesis, that is undertaken via the p38 MAPKSs is the phosphorylation of MyoD in the
nuclei. MyoD isn’t the only transcription factor that is being phosphorylated via this metabolic
route, nor is p38 the only way myogenesis can be initiated. A brief graphical summary of the

p38 MAPK pathway is given in Figure 2.4
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Figure 2.4. A simplistic schematic description of the p38 MAPK pathway with the most
common activators on the right in the “bolt” and a simple phosphorylation cascade on the left.

Edited image.”

The phosphorylated MyoD is transcriptionally active and thus myogenesis is initiated.”* We
were hoping to score on that note and investigated potential p38 MAPK inhibitors. We chose
the SB203580 molecule that is described as an inhibitor for the whole p38 family, whose
structure is shown in Figure 2.5. SB203580 is a pyridinyl imidazole compound that competes
with ATP for the catalytic site of the p38 MAPK, thus hampering the phosphorylation of it and
preventing the activation p38 MAPK.”

a) b)

Figure 2.5. a) Crystal structure of p38 with SB203580 occupying the ATP binding site.
SB203580 is shown in green. The activation loop is shown in orange. b) Chemical structure

of pan-p38 inhibitor molecule SB203580.7¢"
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Unfortunately, most of the research on the inhibitor has been performed in other mammals,
such as rats, mice, and rabbits. We wanted to investigate the use of this inhibitor molecule to
examine its influence on the p38 MAPK pathway within the satellite cells of the isolated
bMuCS cultures. The idea was that by inhibiting this pathway in our culture, the
phosphorylation of MyoD would also be inhibited, thus leaving our cells unable to initiate

myogenesis, and enabling them to proliferate for longer.”879-80.81.82.83

2.2.5. Satellite Cell niche and the basal lamina

Stem cells generally tend to “live” in a specific microenvironment within their native tissue,
which is commonly referred to as a “niche”. This niche provides the quiescent stem cells with
a protective environment against depletion, and it transfers signals for their activation,
proliferation and differentiation. Changes to the niche components can result with loss of
stemness from the stem cells throughout the body.* The niche also offers structural integrity to
the cells, physically separating the stem cell pool from the rest of the tissue. Extracellular matrix
components have a major contribution in the niche as they represent the structural and signal
transferring components of the niche.®> Currently, it isn’t possible to replicate the multifaceted
three-dimensional niche in its in vivo presence, but researchers have undertaken steps towards
recreating the niche in vitro and investigating the influence of different ECM components on
the proliferation, migration and differentiation of satellite cells.’¢-8788

In addition to potential in vitro meat production, the satellite cell niche is also of great
interest because of it’s the regenerative capabilities that it provides to the muscle tissue. SCs
provide muscle tissue with the capacity to recover from a variety of injuries (i.e., myotoxin
injection, mechanical crush, prolonged freeze injury and ex vivo mincing and replacement).®
Providing SCs with an environment that more closely resembles their in vivo niche could prove

to be of significance in their in vitro cultivation.”® SCs reside within the basal lamina adjacent

to the plasma membrane of the muscle tissue as it is depicted in Figure 2.6.
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Figure 2.6. A schematic representation of the satellite cell’s location, figure is credited to

Yablonka-Reuveni Z. et al. and edited.”"

The SCs are surrounded by collagens, laminins, fibronectins and glycosaminoglycans that form
proteoglycans together with proteins, they all comprise the SCs ECM in vivo. Yet not all off
the components are part of the basal lamina, some are in the reticular lamina.”> As seen from
Figure 2.7., the biggest constituents of the basal lamina where SCs reside are collagen type 1
and laminin, which both assemble two cross-linked networks, connected by the glycoprotein

nidogen.”?
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Figure 2.7 A detailed schematic diagram of the SC niche and its components, based on and

edited (https://doi.org/10.3109%2F03008207.2014.9473 69).89
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In our research on the coating and scaffolding effects of certain ECM components, we
investigated three common ECM components used in stem cell research; collagen type 1,
Laminin and Gelatine. There is research that suggest that replicating the satellite cells in vivo
surroundings could prove vital for maintaining their stem cell capacity.”

Collagen type 1 is the most common component of the basal lamina that form network-like
structures in the ECM and as such provides a scaffold for the SCs. It is highly conserved in
vertebrates and regulates cell adhesion and migration. It has six a chains and can be found in at
least three hetero-trimeric triple helical form which can later generate dimers, tetramers, and
lateral connections in a supramolecular assembly fashion. Its structural representation is how

in Figure 2.8.94%

e 400nM ———— PR
(1) dimer
e (2) tetramer

(3) Lateral interaction

Figure 2.8. Graphical depiction of various collagen type 1 supramolecular assembly’s,

edited image.”

Laminins are the major non-collagenous components of the basal lamina separating the
epithelia from the connective tissue. There are essential parts of the basal membrane as most of

their null mutations prove to lethal.”

They are heterotrimeric glycoproteins comprised of three
separate chains o, 8, and y which look almost as a “cross”, with one longer and three shorter
arms.”” Laminins have the ability to bind with other laminins, proteins such as collagen type 1,
and to cells via the integrin receptors expressed on their surface.’® The main structure of laminin

is depicted in Figure 2.9.
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Figure 2.9. Schematic depiction a single laminin heterotrimer with its most notable

binding sites, edited image.”

Collagen type 1 and laminin are fairly expensive to be used in mature cultivation process but
are viable options for when it comes to proof-of-concept research. As a more economically
friendly variation for culture dish coating, we have also investigated gelatine. Gelatine is an
industrial biopolymer produced from animal skin and bones using diluted acids, which
thermally denaturalise the collagen within them. It is used in various industries, the food
industry as a solvent (i.e., candy, marshmallow) or for preservation (i.e., frozen dairy foods),
pharmaceutical industry as a drug carrying agent or matrix for implants. One of gelatine’s most
useful properties is its gel formation at lower temperatures due to a collagen fold conformation

which enables it to form hydrogen bonds.!%%1°!

2.2.6. Satellite cell identification using FACS

Fluorescent activated cell sorting (FACS) with the right parameters has proven itself as a
reliable method for the purification of heterogenous cell populations. The biggest advantage of

FACS is that even live cells can be stained and sorted with only minor damage. It uses lasers
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and conjugated antibodies for single cell detection. Each cell is analysed for visible light scatter,
forward and side scatter, and fluorescent parameters. The forward scatter analysis produces
information about cell size and the side scatter analysis provides information about the inner
complexity of the cell, while the fluorescently conjugated antibody analysis provides detailed
102

information on the protein expression in/on certain cells or just identification of a stained cell.

A simplified depiction of the general workings of FACS is shown in Figure 2.10.

Cell Suspension

Sheath Fluid Bandpass Filter

+ ‘ #
FiowChamber —>»- ISy | =  + Ss----z
- o :
S— F +"Fluorescence
/\}‘ - " Detector/PMTs
Side Scatter ,»"
Laser (Light Source) ; Forward Scatter -

Cells pass 4

through ’

in single file

o
-]

o
o

4

Waste or Capture
for Cell Sorting

ﬁ";'hbf!l._

L]
k=)

=]
(=]

oD
o

Figure 2.10. Schematic depiction of a FACS system and its crucial components.'®

The cell suspension is transferred to the cell sorter in a specialised “FACS tube”, it is put in the
sorter which creates a uniform single cell stream by sucking the cells through a nozzle and
mixing them with sheath fluid inside the flow chamber. After exiting the nozzle, the single cells
are illuminated by a light source and both the scattered light and fluorescent emission are
detected by multiple detectors (if a multicolour panel is being used). FACS detectors use light
filters rather than CCDs (charge coupled device). When a signal from a cell is in predetermined
amplitude limits for the detector, a charging pulse is generated and transferred to the electrically
conducting fluid, at the lower end of the nozzle, which in combination with the desired cell

creates a charged droplet. The timing of this charge transfer is precise because of the known
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length of path and the speed with which the cells pass through the nozzle. Depending on the
number of parameters that are being analysed, cells can be charged with multiple positive or
negative charges that later enable their separation. After the cells have been charged, they pass
through an electrostatic field where charged droplets deflect in their separate containers and
non-charged droplets pass through in theirs.'%

For our research, we used direct conjugated fluorescent antibody labelling in contrast to
secondary antibody labelling, as we wanted to further expand our sorted cell culture. We
targeted our satellite cell population with four different labels, two positive and two negative.
CD29 and CD56 were positive labels that and CD31 and CD45 our negative labels. We chose
these four based on previous experiences drawn from S. Ding et al.>* They’ve shown that CD56
is a suitable marker for SC identification, as well as others have previously.!%:106:107

CD29 is a dual marker that is specific for SCs and fibroblasts and thus we’ll use their dual
presence an affirmation of SCs.!” CD31 is a marker of endothelial and CD45 is a marker of
hematopoietic cells, they’ll serve for the negative selection of cells that are present alongside

SCs in our isolated primary cell culture. '%%1%
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§ 3. MATERIALS AND METHODS

3.1. Bovine muscle progenitor stem cell culture

All activities surrounding cell culture techniques that are mentioned in this section were
performed under a laminar flow hood. That and good laboratory practice provide a minimal
hazard environment regarding cell culture contaminations. In addition, before passaging the
cells, it is necessary to warm up/incubate at 37°C all solutions that are going to be used (i.e.,
trypsin, growth medium, PBS). The solution temperature can be crucial for the activity of
certain components within it (i.e., trypsin’s cleavage activity which is used for separating
adhering cells from cell culture surfaces). Table 3.1. also provides useful information on the

volumes of solutions used during cell culture for varying culture dish sizes.

Table 3.1. Volumes of often used solutions for varying culture dish formats in ml.

Flask size | PBS% | Trypsin | Growth medium | Different coating solutions
T12,5 2.5 1.5 2.5 1.5
T25 5 2 5 2
T75 10 4 10 4
T175 20 8 20 8
6-well 2.5 1.5 2.5 1.5

Table 3.2. provides a useful guide on all the mediums used in this research.

Table 3.2. Names and compositions of the most frequently used media in this thesis

Ingredients and composition

Isolation medium 1 DMEM HG#*, 20% FBS**, 2:10* mol/dm? L-GIn*** 10 mg/dm’
Primocin****

Isolation medium 2 DMEM HG, 20% FBS, 2:10* mol/dm® L-Gln, 10 ug cm SB203580, 10
mg/dm® Primocin

Growth Medium 1 DMEM HG, 20% FBS, 2-10* mol/dm? L-Gln
Growth Medium 2 DMEM HG, 20% FBS, 2:10** mol/dm® L-Gln, 10 ug cm SB203580
Growth Mouse RPMI ***** 10 % FBS

Differentiation medium | DMEM HG, 2% Horse Serum, 2-10* mol/dm? L-Gln (for bMuCS)
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* DMEM HG (BioWest, Nuaillé, France, #MS01BO)

** Primocin (InvivoGen, San Diego, CA, USA, ant-pm-2)

*#* FBS (PAN Biotech, Aidenbach, Germany, #200802)

*#%% L-Gln (PAN Biotech, Aidenbach, Germany, #5290321)

*asckx RPMI 1640 (BioWest, Nuaill¢, France, L0498-500)

*ask%* Horse Serum (ThermoFisherScientific, Kandel, Germany, 302200BNZ)
3.1.1. Cell isolation

The SC isolation protocol that was regularly used was established “in house’ by ms. sc. Jannis
Wollschlaeger and performed under sterile conditions using a laminar flow hood. The bovine
satellite cells were always isolated out of a fresh (within 30 minutes of the isolation procedure)
post-mortem biopsy obtained from a local “bio-butcher” (Organic butcher Griesshaber), in
addition all samples were the same age, 2 years. This isolation protocol used the enzymatic
digestion approach for tissue dissociation and cell harvesting. The first step in the isolation
protocol was to prepare the protease solution for the enzymatic digestion. The protease powder
from Streptomyces griseus (Sigma Aldrich, Darmstadt, Germany, #SLCB5965) was weighed
for a final mass concentration of 3 mg ml!, diluted in DMEM HG and Primocin was added for
a final concentration of 10 mg dm™ Primocin, then the prepared solution is sterile filtered
through a 0.2 um mesh and incubated at 37°C. It is necessary to filter every solution, that was
made in house, through a 0.2 um mesh to minimize the contamination risk.

The muscle tissue is then placed on a sterile glass plate and mechanically cut and
separated from the dermis, epidermis, connecting and fat tissue. The size should be 2-5 mm, so
that enough muscle tissue surface area is available for the protease treatment. The final amount
should be between 10-20 g of muscle tissue and placed in a 50 ml tube. Then it is necessary to
add the previously prepared 3 mg ml™! protease solution in a 1:1 volume to weight ratio to the
minced muscle tissue. The 50 ml tubes should then be placed horizontally on a shaker (150
rpm) and incubated at 37°C for three hours.

After the three-hour digestion, the isolation protocol proceeds with further downsizing
of the sample by pushing the homogenic mixture through a 500 pm cell strainer into a urine
cup and then transferring it in the same 50 cm? tubes. The mixture is then centrifuged at 1000
xg for 10 minutes. In the next step, the supernatant is used by decanting it into a fresh 50 cm?

tube and mixed with 10 cm® of erythrocyte lysis buffer (155 mmol dm™ NH4CI, 10 mmol dm
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KHCO3, 0,1 mmol dm™ EDTA, pH 7.3, in distilled H,O) for 5 minutes; after which 10 cm?® of
basal medium DMEM HG is added. The mixture is then again centrifuged at 1000 xg for 10
min. This time, the cell containing pellet is used and the supernatant is discarted. The pellet is
resuspended in 20 ml of basal medium and pushed through a 40 um cell strainer into a fresh 50
ml tube and centrifuged at 1000 xg for 10 min. The supernatant is again discarted and the cell
pellet is resuspended in isolation medium 1 or 2 and transferred in an uncoated culture flask for
three hours for separating the fast-attaching fibroblasts.

After three hours of preplating, the bovine satellite cell solution is transferred into a
collagen type 1 coated culture flask and put into an incubator at 37°C and 5% CO- for further

growth. The coating of cell culture dishes is explained in section 3.1.7.

* For certain experiments, the growth medium was altered to either include the p38 MAPK
inhibitor, SB203580 (Biozol, Eichen, Germany, SEL-S1076). It is vital to note that the cells are
cultivated with Primocin until they reach confluency for the first time and need to be passaged.
During the first passaging procedure, the cells are deprived of the Primocin and continue to be

cultivated without the use of any antibiotics.

3.1.2. Medium exchange

The first medium exchange is due two days after the isolation. The old growth medium is
aspirated, (this is necessary to get rid of unwanted cell types or worse (other organisms), which
might be floating in the isolation medium). 5 ml of PBS+ (containing Mg?" and Ca*" [Corning,
Corning, NY, USA, #0001023471]) is added to the primary cell culture, the flask is gently
rinsed and the PBS+ is aspirated, in the end 2.5 ml of fresh growth medium with Primocin is
added, and the cells are put back into the incubator at 37°C and 5% CO.. This protocol can also
be used for media exchange of growth medium if the cells need more time to reach confluency.
But this protocol should never be used for cross medium exchanges (i.e., exchange of growth

medium 1 for isolation medium 1).

3.1.3. (First) Passaging of cells

The old growth medium is aspirated from the culture dish, add the proper amount of PBS+ and
gently shake it so that the whole culture dish is washed with PBS+.The PBS+ is then aspirated,

Josip Catkovi¢ Diploma Thesis



§ 3. Experimental Section 23

the Trypsin solution (0,05% Trypsin in EDTA) is added , and gently spread over the whole
surface of the culture dish and put in the incubator (5% CO2 and 37°C) for 4 minutes. The
trypsin is used for dissolving the extracellular proteins that attach to the culture dish surface,
enabling the separation of attached cells from the culture dish. After 4 minutes, the cells are
taken out of the incubator, examined under a brightfield microscope to confirm that they have
detached from the surface, and put under the laminar flow hood. Growth medium is added to
the Trypsin solution in a 1:1 volume ratio, the cells are gently resuspended with the medium,
this is necessary for a maximum cell content extraction from the old culture flask. The
suspension culture is transferred into a 50 cm® tube and the cells are centrifuged for 2 min at

500 xg.

3.1.3.1 Cell counting

After the centrifugation, the excess growth medium/trypsin suspension, which doesn’t contain
cells, and floats above the cell containing pellet is aspirated. Caution is advised, as the cell pellet
should be left unscathed from this. The “dry” cell pellet is then resuspended with 2ml of fresh
growth medium. An aliquot of 10 pl is taken and transferred to a 96-well plate for cell counting.
10 pl of trypan blue is added to the aliquot and resuspended with a pipette. A 10 ul aliquot is
taken from the 96-well plate and placed in the “Neubauer counting chamber”. The total number

of cells in the tube is the calculated via the given formula:

n(numberof cells in all quadrants)

Xx10*x2x1
4

Where 7 represents the cell count in each quadrant, 10* is a multiplication factor for converting
the cell concentration in the “Neubaeur counting chamber” from 0,1 mm? to cm™, 2 is the
dilution factor, and 1 represents the initial volume in cm®. After counting the cells, the necessary
cell number that is going to be seeded for the next passage is calculated (i.e., for a T75 0.4*10"6
cells are enough for the bMuCS to grow to confluency in 3 days), also it is needed to seed at
least 3-5 wells of a 48-well plate that are going to be fixated after 24h afterwards for further
analysis and cell identification. Furthermore, the proper amount of growth medium (DMEM

HG, 20%FBS, 2:10* mol/dm? L-glutamine) or (DMEM HG, 20% FBS, 2:10* mol/dm’ L-
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glutamine, 10 pg cm™ p38 inhibitor), is added to the 50 ml tube, the cells are resuspended and

transferred into a newly prepared culture dish. *

*If it is the first passaging of a primary culture after isolation, this is the point where the usage

of Primocin is stopped, and the culture is freed from antibiotics.

3.1.4. Freezing of cells

The procedure for freezing the cells follows the same procedure as in 3.7/.3. and 3.1.3.1, but
after the cell counting, the cells are again centrifuged for 2 mins at 500 xg. The biggest
difference regarding the passaging protocol is the use of and preparation of the freezing medium
instead of the growth medium, because it is necessary to freeze the cells with DMSO, for it
prevents the formation of intra- and extracellular crystals from forming during the freezing
process. Otherwise, the forming crystals could damage or even kill the cells during their
freezing process and even further downgrade their viability potential after thawing.

As forementioned, the same procedure protocol is followed as in 3./.3. and 3.1.3.1. The
freezing medium is prepared with respects to the cells being frozen. Usually, it’s similar to the
growth medium (i.e., DMEM HG, 20% FBS, 10% DMSO, 2:10* mol/dm?L-Gln). For freezing
the cells properly, it is necessary to freeze 0.5 -10°— 1.5 -10°® in 1ml of freezing medium. After
counting, the rest of the growth medium is aspirated from the 50 ml tube, the cells are
resuspended with the freezing medium and distributed in aliquots of 1ml per each cryotube.
Before the cells are stored at -196°C in the liquid nitrogen tank it is necessary to pre-freeze
them at -80°C first for 24h in a special cryo box that gradually decreases the temperature by

1°C per minute.

3.1.5. Thawing of cells

A 50 ml tube with 9 ml of warm growth medium is prepared. The cells are slowly thawed in
the water bath (37°C) until there is only a small ice chunk left in the cryotube. The cells are
transferred into the prepared warm culture medium in the 50 ml tube and the cell solution is

centrifuged for 5 minutes at 200 xg. Afterwards, the excess medium is aspirated, the cell pellet
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is resuspended in fresh growth medium (i.e., DMEM HG, 20%FBS, 2:10* mol/dm?® L-

glutamine) and transferred to the newly prepared and culture dish.

3.1.6. Fixation of cells

Cells that are being fixated have usually been seeded beforehand into a 48-well plate.

Aspirate medium. Wash cells with 500 pul PBS+ three times. Aspirate PBS+, add 200 pl of
Histofix (Carl Roth, Karlsruhe, Germany, Roticlear A538.1) and let it sink in for 15 minutes at
room temperature with the lid closed. Wash cells twice with 500 pl of PBS+, after the second
wash don’t aspirate the PBS+ from the wells so that the fixated cells don’t dry up before
immunocytochemistry staining. Seal the well-plate with parafilm and store the cells in the fridge

at 4°C.*

*don’t store the cells for more than 2 weeks after fixating them.

**1t 1s not necessary to fixate the cells under a laminar flow hood.

3.1.7. Differentiation of cells (serum starvation)
For bMuCS cell differentiation the cells must reach a confluency of at least 90%. Differentiation
is performed in 48-well plates, approximately 4-10* cells per well are needed for staining of
Pax7, MyoHc, control(s), MyoD and MyoG. The cells are passaged and seeded following the
“passaging of cells” protocol from section 3./.3., with the difference being that after cell
counting, the cells are seeded in a 48-well plate with addition of 500 uL of growth medium.
The cells go through a medium exchange after they have firmly adhered to the culture dish
surface and reached the desired confluency (90 %). During the medium exchange, the old
growth medium is exchanged for a differentiation medium, for reference see Table 3.2.
Therefore, the reduction in serum availability leads to cell stress and the cells begin to
differentiate. The experiment is designed so that the cells were fixated at certain time points,
usually day 0 (when the medium exchange to differentiation medium occurs), day 2 and day 7,

when the cells are expected to fully differentiate and form adult muscle fibres.

3.1.8. Culture dish coatings
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To examine the influence of coating solutions on the characteristics of the isolated bMuCS, the
cell culture dishes had to be coated first. Table 3.2. contains the used coating solutions and their
concentration ranges. For the comparison of coating concentrations, each standard
concentration was made from the stock solution, or weighed, to minimize dilution errors later.
The standard gelatine solutions were prepared by weighing precalculated amounts of gelatine
powder under a laminar flow hood, while sterile water (Mili Q) was incubated to 60°C in
parallel. The warmed-up water was used to dissolve the gelatine powder, and to decrease
contamination risks, the solutions were filtered through a 0.2 pm sterile filter mesh. The
standard collagen type 1 solutions from Table 3.3. were prepared by dissolving a calculated and
aliquoted amount of the stock solution in 0.1 % acetic acid (CH3COOH), so that the two amount
to 50 cm?®. The standard laminin solutions were prepared by dissolving a calculated amount of

the stock solution in sterile basal medium (i.e., DMEM HG).

Table 3.3. Used coating solutions and their concentration ranges used in this thesis.

Coating Manufacturer y/mg | y/mg|y/mg|y/mg|y/mg
em® | em?® | em?® | em® | cm?
Gelatine GELITA® Limed Bovine 0.1 0.5 1.0 2.0 5.0

Bone Gelatine; 641919;
GELITA Deutschland GmbH,
Eberbach, Germany

Collagen type 1, rat | Merck, Darmstadt, Germany, 0.1 0.25 0.5 1.0 2.0
tail #3785919
Laminin, Corning, Corning, NY, USA, | 0.001 | 0.005 0.01 0.03 0.05
Engelbreth-Holm- #3290891
Swarm mouse
Laminin ThermoFisherScientific, 0.01
pentapeptide (929- | Kandel, Germany, #N13F023
933)

All coatings were performed in a similar manner. Volumes were added depending on the culture
dish format as per Table 3.1. and the concentrations from Table 3.2., the solution should be
spread evenly with gentle shakes if necessary. The dish is then closed off and put in an incubator
at 37°C for one hour, so that the coating solution can adhere to the culture dishes. After adhesion

during the incubation period, the excess solution is aspirated, and the dishes are sealed off with
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parafilm. The collagen type 1 and gelatine coated dishes are ready for use as such or can be
stored (at 4°C), whereas laminin coated dishes need an additional layer (enough to cover the
whole surface area of the dish) of basal medium if they are going to be stored (at 4°C).
Additionally, the laminin coated dishes need to be washed with sterile PBS+ as per Table 3.1.
before seeding cells on to them.

The excess collagen solution can also be saved for further coatings, but the same solution
shouldn’t be used for more than three separate coating treatments. It is not recommended to
reuse the diluted laminin coating solution more than once because of large concentration
variations following reuse. The collagen type 1 and gelatine coated culture dishes can be stored
at 4°C for up to two weeks, whereas it is not recommended to store the laminin coated culture

dishes for periods longer than two weeks.
3.1.9. bMuCS doubling rate

The doubling rate was calculated using the following formulas:

log(reg))

t* log 2

Where DR is the doubling rate expressed in d”' (or how much the population will grow in 1
day), N(?) is the cell count at a given time point, whereas N (0) is the cell count at the starting
point and ¢ is the time measured in days. The other formula is used to calculate the time
necessary for the doubling of a cell population expressed in hours:

DT = 24 /DR
Where DT is the time necessary for an observed cell population to double, expressed in hours,
24 is a numerical value that has h d! as a unit of measurement attached to it, and DR is the

forementioned doubling rate expressed in d™\.
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3.2. Cell identification

3.2.1. Immunocytochemical biomarker staining

For us to be able to visualise our biomarkers of interest, immunocytochemical staining with
antibodies was performed to visualise the endogenous markers within the bMuCS. The
previously fixated cells were stained within 7 days from their fixation. It isn’t necessary to
perform this procedure under the laminar flow hood as the cells are already dead. It is still
advised to perform it with caution as careless action can result in the dislodging of the cells
from the well surface. The procedure described here is intended for a 48-well plate and the
volumes can be adjusted for other well sizes.

The cells are firstly permeabilized with 200 pl of 0.1% of Triton-X dissolved in PBS+ for 5
minutes. The cells are once washed with PBS+. 200 pl of blocking solution is added (1% BSA
in PBS+) for 30 minutes at room temperature. Primary antibody solutions diluted in blocking
solution are added (150 ul per well) as per Table 3.4. are added to the cells and incubated over
night at 4°C. After incubation, cells should be washed three times with washing solution (0.1%
Tween (VWR International GmbH, Darmstadt, Germany, SAFSP9416) diluted in PBS+) and
put on a shaker for 5 minutes at 60 rpm. The next step is to incubate the cells with the secondary
antibody (150 pul), as described in the Table 1, for 45 minutes. Again, wash cells with washing
solution three times and put them for 10 minutes at 60 rpm on a shaker after each washing cycle.
Incubate the cells for 10 minutes with DAPI (1000x diluted stock solution) for nuclear staining.
Wash cells once with 500 pl of PBS+ and store cells in 500 ul of PBS+ at 4°C in the dark . The
cells were later imaged using a Axio Observer microscope, (Carl Zeiss AG, Jena, Germany)

and the images were analysed as described in the section 3.2.2.

Table 3.4. Antibodies used in this thesis for immunocytochemical analysis.

Protein | Primary 1° Antibody Secondary Dilution
of antibody Manufacturer | antibody in
interest blocking
buffer
Pax7 Monoclonal | University of | Goat IgG anti- 1:4
mouse | lowa, lowa mouse IgG
Pax7 City, IA, USA | (H+L)-Cy3
(y=34 (Dianova,
pg/ml) Germany)
1:200
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MyoD MyoD Mouse | Santa Cruz Goat IgG anti- 1:100
sc-377186 Biotechnology, | mouse IgG
(y = 200 | Dallas, TX, (H+L)-Cy3
pg/ml) USA (Dianova,
Germany)
1:200
MyoG Monoclonal | Proteintech, Goat IgG anti- 1:400
mouse Rosemont, IL, | mouse IgG
Myogenin USA (H+L)-Cy3
McAb (Dianova,
(y=150 Germany)
ug/ml) 1:200
MyoHC | MyoH ' Santa Cruz Goat IgG anti- 1:40
mouse sc- Biotechnology, | mouse IgG
53088 Dallas, TX, (H+L)-Cy3
(y =200 USA (Dianova,
pg/ml) Germany)
1:200
IgG1 Normal Santa Cruz Goat IgG anti- 1:40
mouse IgG1 | Biotechnology, | mouse IgG
sc-3877 non- | Dallas, TX, (H+L)-Cy3
conjugated USA (Dianova,
(y=200 Germany)
ug/ml) 1:200
IgG2a Normal Santa Cruz Goat IgG anti- 1:20
mouse IgG2a | Biotechnology, | mouse IgG
sc-3878 non- | Dallas, TX, (H+L)-Cy3
conjugated USA (Dianova,
(y=200 Germany)
ug/ml) 1:200

*Plates shouldn’t be stored for more than two weeks before imaging.

3.2.2. Imaging by using fluorescence microscopy

The cell images of the fixated cells were captured on a Axio Observer microscope (Carl Zeiss

AG, Jena, Germany), and analysed via ImageJ (National Institute of Health, Bethesda, MD,

USA), a freely available program for processing of images. The cell images were taken under

the conditions described in Table 3.5. and captured in at least two channels, blue for DAPI

stained nuclei and the red channel for our protein of interest. All images that were used for the

data in this thesis are representative images, meaning there were at least three images taken

from each well that were used for establishing an average value for the well. Additionally, for
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Pax7 and other target staining’s (i.e., MyoHC, MyoG...), the average percentage of three
separate wells was taken for the final value. For counting our cells, split channel images are
imported first into ImageJ to get a simple RGB representation as in Figure 3.1. a). The image

is then transformed into an 8-bit image for further processing using; Image — Type — 8-Bit

oder 16-Bit and get an image like Figure 3.1.b)

a) b)
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Figure 3.1. Brief depiction of the image analysis process. a) representative image of a DAPI
stained nuclei shown via the blue channel, captured on a fluorescent microscope. b) an 8-bit
version of image in a). ¢) processed image b) with only nuclei, threshold set to exclude
background noise. d) a screenshot of the “analyse particles” window in /mageJ with the

necessary parameters for automatic cell counting.

Josip Calkovié Diploma Thesis



§ 3. Experimental Section 31

Further on, the threshold is adjusted to get a realistic representation of the stained cells by using
Image — Adjust — Threshold — Apply to get something as depicted on Figure 3.1.c). This
step is more important with the cells that are expressing the proteins of interest rather than the
DAPI labelled cells because not all cells express the protein with the same intensity, depending
on their origin or their maturity stage. The next step is to separate cells that seem to form one
surface using Process— Binary— Watershed. The final step is to initiate the counting of the
cells themselves by using Analyse — Analyse Particles and parameters as depicted on Figure
3.1.d). After the total number of cells per image is counted via the blue channel, the counting
proceeds with counting the cell of interest, in this case the Pax7 positive cells (red channel).
The result is the fraction of PAX7 positive cells in the primary cell culture. In more mature
experiments, the differentiation potential of the bMuCS (muscle satellite cells) is observed via
MyoHC staining. The procedure is the same regarding the total cell count, but it differs in the
way the differentiated cells are confirmed. The major difference with MyoHC staining being

only the cells covered by the MyoHC expressing area are counted as positives.

Table 3.5. Biomarkers and their fluorescence microscopy parameters.

Marker DAPI | IgGl |IgG2a | Pax7 | MyoD | MyoG | MyoHC | 2° Ab ctrl
Channel Blue | Red Red Red Red Red Red Red
Exposure time (ms) | 100 400 400 1500 | 1400 | 250 1100 400
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3.3. FACS antibody staining

Our cells were alive while being stained and sorted, thus extraordinary caution was applied
regarding the speed and quality of the procedures. The uttermost importance was given to
preserving the viability of the cells and their wellbeing.

Before the staining procedure itself, 40 ml of a “FACS-buffer” solution was prepared by mixing
FBS with PBS- for a FBS end concentration of 20% (8ml FBS in 32ml PBS-). After preparing
the “FACS-buffer” solution, it is necessary to sterilely filter it through a 0.2 um mesh, for
contamination risk reduction, and keep it at 4°C until further use.

This protocol follows the passaging cells protocol until afterwards the cells counting, with the
distinction that the cells are washed with PBS- and that the cells are diluted through a 40 um
cell strainer, as well as the culture flask being additionally washed with growth medium to get
as much of the cells out. It is important to mention that from this point onward, the cells should
be kept at 4°C at every step where it is possible to keep the temperature constant. Table 3.6

contains all Fluorescently conjugated antibodies that are used for this thesis.

Table 3.6. FACS conjugated antibodies used in this thesis

Fluorescent labelled antibody Dilution Manufacturer
Mouse anti-sheep CD45: RPE (y=200 pg/ml) 1:50 Bio-rad, CA, USA
Mouse IgG negative ctrl: RPE (y=200 pg/ml) 1:50 Bio-rad, CA, USA
CD56 anti-human, FITC (y=200 pg/ml) 1:50 Miltenyi Biotec, NRW, Germany
REA ctrl human IgG1: FITC (y=200 ug/ml) 1:50 Miltenyi Biotec, NRW, Germany
CD29 anti-human: Vio Bright V423 (y=200 ug/ml) 1:50 Miltenyi Biotec, NRW, Germany
REA ctrl human IgG1: Vio Bright V423 (y=200 1:50 Miltenyi Biotec, NRW, Germany
pg/ml)
Rabbit anti-human CD31: Alexa Fluor 750 (y=200 1:10 Bioss Antibodies, MA, USA
pg/ml)
Human IgG ctrl: Alexa Fluor 750 (y=200 pg/ml) 1:10 Bioss Antibodies, MA, USA

After the counting, it is necessary to calculate the correct proportions of fluorescently labelled
IgG antibody controls, fluorescently labelled CD antibodies for FMO (fluorescent minus one)
controls and for the bulk of the sample that is going to be sorted according to Table 3.7.
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Additionally, it is necessary to split up the cell in accordance with Table 3.7., each control in

its own 15 ml tube sample and the sorting sample into a 50 ml tube if the volume is too much.

Table 3.7. Composition and division of FACS tubes for multicolour analysis.

Antibodies Unstained (negative control) IgG controls
Composition 100 pL “FACS-buffer” 84 uL “FACS-buffer”
2 uLCD29 ctrl
2 uLCD45 ctrl
2 uL CD56 ctrl
10 uL CD31 ctrl
Gating controls
Antibodies CD29 CD29 CD31 CD29 Sample
CD31 CD31 CD45 CD45 cells
CD45 CD5s6 CD56 CD56
Composition | 86 86 uL“FACS- | 86 94 uL“FACS- | 84 uL“FACS-
uL“FACS- buffer” pL“FACS- buffer” buffer”
buffer” 2ul. CD29 buffer” 2uLCD29 ctrl | 2uL.CD29
2ul CD29 2uL CD56 2uL CD45 2uLCDA4S5 ctrl | 2uLCD45
2ul CD45 10uLCD31 2ul CD56 2uL CD56 ctrl | 2uL CD56
10uLCD31 10uLCD31 10uL CD31

Later, the cells are centrifuged for 10 minutes at 300 xg, the supernatant is carefully discarded

using a pipette. Each cell pellet is re-suspended in the “FACS-buffer” and the proper number

of antibodies is added as in the Table 3.7. The content should be properly mixed and incubated

at 4°C for 10 minutes in the dark. Each designated tube is washed with an addition of 2 ml of

“FACS-buffer”, then centrifuged again for 10 minutes at 300 xg. The supernatant is discarded

again carefully, and the cell pellets is resuspended with “FACS-buffer” (1.5-10° cell per 150 pL

and 150 pL for less than that). The samples are then transferred into special FACS tubes and

put in a box filled with ice, for slowing the cells metabolism down and mimimizing stressful

conditions, in which they will be transported to the FACS facility. Cells were sorted at The
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University of Tubingen using a Multiapplication cell-sorter MA900 (Sony, San Jose, CA,
USA).
*Before the sorting itself, it is necessary to add 100x diluted 7-AAD (BD Biosciences, NJ,

USA) in the unstained control for live dead staining.
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§ 4. RESULTS AND DISCUSSION

The aim of the research presented in this thesis is to determine if it is technically possible to
establish a bovine muscle progenitor stem cell (bMuCS) cell culture that could be used as a cell
source for in vitro meat cultivation. This chapter will summarize the performed experiments.
The optimization of the cell isolation process and bovine muscle progenitor stem cells was
performed in tandem. Supply chain issues during the 2020.-2022. COVID-19 Pandemic
hindered the possibility of a logical chronological progression in the research where we would
first optimize the isolation process, and then go further into the cell culture characterization and

purification process.

4.1. bMuCS cell culture isolation

The isolation process was performed as previously described in the section 3.1.1. Cell isolation.
Although the cell isolations were performed on a weekly basis, not all cultures were later used,
as contaminations occurred since there were isolations with insufficient Pax7 positive cells, and
as some isolations had a suboptimal number of total cells for further characterization assays.
The average fraction of satellite cells (Pax7-positive cells) in a bMuCS culture after the first
passage out of all cell isolations is 28.5/+14.25 %, from which only isolations with a fraction
higher than 25% were considered for characterization assays. This value is dissatisfying when
compared to other contemporary published cultured meat research, where groups are claiming
over 90% efficiency when sorting cells via FACS is included.>*!!° It is somewhat consistent
with older publications'!! and when comparing research that only focuses on enzymatic
digestion and preplating as techniques used during isolation.!'%!!* A representative bMuCS cell

culture after isolation alongside a representative C2C12 cell culture is shown in Figures 4.1.

a) b)
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Figure 4.1. a) bMuCS cell culture (left) after the first passage and b) C2C12 mouse myoblast
cell culture (right) captured via brightfield microscopy at 20x zoom with the scale bars set at
100 pm.

The C2C12 cell culture used in this thesis proliferated much faster in comparison to all the
isolated bMuCS cultures. The C2C12 culture doubled every 17.4 h, from passage 33-36. This
value is in conjunction with other data using the same cell line.!'*!!> The isolated bovine
satellite cells have an in vitro reported doubling time range of 30-70h,''%!¢ while the bMuCS
cultures isolated for this thesis had a doubling time range of 26- 40 hours. The doubling rate
was calculated using the following formulas from 3.7.9. The data collected in this thesis
observes the doubling rate only from passage to passage without generating a growth curve. As
mentioned in other publications, one of the reasons for such diverse doubling rates, from culture
to culture, could be the heterogeneity of such isolated bovine cultures, as they are not pure

satellite cell cultures.!'”-!1®

Josip Catkovi¢ Diploma Thesis



§ 4. Results and Discussion 37

4.2. bMuCS identification

As forementioned in section 3.1.2., cells were identified using selected cell markers for certain
development stages. Figure 4.2. shows the C2C12 cell stained for DAPI and for Pax7 co-stained
with Cy3 as the secondary fluorescent antibody.

a) b) c)

Figure 4.2. Fluorescence microscopy images taken of bMuCs alphaG (passagel) with a)
showing the blue channel (DAPI), which shows all nuclei present in the well, b) showing the
red channel (Pax7-Cy3), which shows all the cells positive for the Pax7 protein and c)
showing a merged channel image where all cells (blue) are overlayed with the Pax7 positive

cells. White marker on each figure is 100 um.

In the left picture, we can see all the cells in culture stained DAPI in blue. DAPI binds to AT
rich regions in the DNA and enables us to count the overall number of cells in culture.!'” The
middle picture presents cells that are stained with Pax7-Cy3, our cells of interest. Satellite cells
are represented as purple dots and “only blue” dots are other cell types that don’t express Pax7.
Pax7 proved to be quite a troublesome marker for satellite cell identification as its concentration
varied depending on the stage at which the satellite cells found themselves at the moment of
fixation. Furthermore, it showed quite a weak signal and cells that were imaged for Pax7 were
visualized by longer exposure, as well as the attached secondary antibody, to fluorescent
emitting light.. All of this meant that cell counting was only possible manually.

MyoG and MyoHC staining on the other hand, proved to be quite simple. Additionally,
MyoG staining wasn’t used for quantitative analysis, but rather as a monitoring marker during

differentiation.®® Figure 4.3. shows the results of MyoG staining.
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a) b) c)

Figure 4.3. Fluorescence microscopy images taken of bMuCS alphal. (passage 3, day 2 of
differentiation) with a) showing the blue channel (DAPI), which shows all nuclei present in
the well, b) showing the red channel (MyoG-Cy3), which shows all the cells positive for the
myogenin and c) showing a merged channel image where all cells (blue) are overlayed with

the myogenin positive cells. White marker on each figure is 100 um.

MyoHC was used for quantitative analysis during differentiation assay to measure the fusion
index in our cell culture so that we can estimate how many cells in our culture can mature into

muscle fibres.%°

a) b) |

Figure 4.4. Fluorescence microscopy images taken of bMuCS alphal. (passage 3, day 7 of
differentiation) with a) showing the blue channel (DAPI), which shows all nuclei present in
the well, b) showing the red channel (MyoHC-Cy3), which shows all the cells positive for the
MyoHC and c) showing a merged channel image where all cells (blue) are overlayed with the

MyoHC positive cells. White marker on each figure is 100 um.

MyoHC is shown in figure 4.4, as it is a motor protein expressed in mature muscle fibres that
follows that fibres morphology. The forementioned fusion index is a metric that is calculated
by counting all the nuclei within a fibre (here the blue dots within the red MyoHC) and dividing

them by the total amount of cells in culture. To make a confident estimate, it was necessary to
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take at least three representative images (regarding cell distribution and myofiber formation),

or otherwise known as technical replicates.®’
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4.3. Cell culture dish coatings
4.3.1. Comparison of gelatine, laminin and collagen type 1 coating for bMuCS cultivation

In section 2.2.4., we discussed the use of three different coatings for our cell culture flasks so
that we could compare them and their effect on our bMuCS culture. The extracellular matrix
composition can have profound impact on the behaviour of satellite cells, be it by preserving
their stemness, their proliferation rate or myogenesis initiation.3* All coating experiments were
performed with three technical replicates and two biological replicates (G and ®2). The cells
were thawed, seeded onto a 6-well well plate and cultivated for three passages. Each coating
was tested for a range of 6 concentrations that were found in the research literature. The first
coating that was tested was gelatine, as it is one of the cheapest, most widely available and used

coatings in mammalian cell culture.'?® Figure 4.9.

Lk b B

Fraction of Pax7-positive cells

0 0.01 0.05 .2 0.5

Concentration of gelatine coating solution wy/%
EFl mP2 mP3
Figure 4.9. Graphical plot of Pax7 positive cells within the bMuCS @2 (Passages 1-3). Cells
were cultured for three consecutive passages on culture dishes coated with gelatine solutions,

with a gelatine concentration range: w = 0.01%, 0.05%, 0.1%, 0.2% and 0.5% (*P<0.05).

The gelatine coatings didn’t present a significant advantage when they were compared with
non-coated culture dish surfaces. The highest fraction of Pax7 positive cells was seen in the
first passage of the non-coated dish (0.1440.08) % and the third passage as well (0.04+0.02)%.
They didn’t influence the bMuCS culture cell proliferation in any way, nor did they show any
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selectivity towards the satellite cells within the culture itself. Although gelatine is a readily
available and cheap coating, unfortunately it can’t provide any benefit in the in vitro meat
cultivation. These results are in line with other publications regarding gelatine.'?!

The next investigated coating was collagen type 1. This type of collagen has been mentioned
in other research regarding satellite cells.!?*!* The results of the collagen type 1 coating can be

seen in the Figure 4.10.
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Figure 4.10. Graphical plot of Pax7 positive cells within the bMuCS alpha G (Passages 1-3).
Cells were culture for three consecutive passages on culture dishes coated with collagen typel

solutions, with a collagen type 1 concentration range: 0.1 mg cm™, 0.25 mg cm™, 0.5 mg cm’

3, 1.0 mg cm™ and 2.0 mg cm™. (*P<0.05)

Similarly, to gelatine, collagen type 1 also didn’t present any significant advantage when
compared to non-coated culture dish surfaces. Though in contrast to gelatine, the highest
fraction of Pax7 positive cells for the first and third passage were detected at 1,0 mg cm™
(0.1440.09) % and (0.02+0.01) % respectively. This suggests that collagen type 1 does show a
minimum influence on the satellite cell culture, although its effects aren’t significant. The
concentrations from 0,1-0,5 mg cm™ didn’t have any influence on the proliferation of the
observed bMuCS culture nor on the selectivity towards the satellite cells within. The higher
concentrations of collagen type 1 influenced the observed bMuCS cultures in a manner that

hindered their proliferation, which could be an indication of minimal cytotoxicity. These results

can be compared to similar research, as most of the publications present contradicting results
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in the use of collagen type 1 as a coating for satellite cells. Some argue that this divergence in

results may be attributed to species.'**

The last coating that was investigated was laminin with a concentration range from 1-

3

50 pg cm™, as those were the most common concentrations found in other published

research.'?>126 Results for the laminin coating experiment are shown in Figure 4.11.
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Figure 4.11. Graphical plot of Pax7 positive cells within the bMuCS alpha G (Passages 1-3).
Cells were culture for three consecutive passages on culture dishes coated with laminin
solutions, with a laminin concentration range: 1 ug cm=, 5 pg cm, 10 pg cm™, 30 ug cm™

and 50 pg cm?. (*P<0.05)

In Figure 4.11., it is clearly shown that a 1 pug cm™ laminin coating solution won’t yield any
advantages when compared to a non-coated culture surface, as its Pax7 positive cell fraction
decreases through the three passages. The other laminin concentrations don’t show a significant
advantage when compared to the non-coated culture dish surface, but they do show a robust
trend by which higher laminin concentrations favour higher fractions of Pax7 positive cells in
the culture for longer periods of time and higher passage numbers. When comparing the values
through the passages, the concentrations of 10 pg cm™ and 30 pg cm™ produced the highest
values for the fraction of Pax7 positive cells in the culture, where in the third passage it was
(0.33+0.01) % at 10 and (0.2940.07) % at 30 pg cm™ .This is in conjunction with previous data

available on the use of laminin as a coating in in vitro meat cultivation.’"'?"12® One

Josip Catkovi¢ Diploma Thesis



§ 4. Results and Discussion 43

disadvantage of higher laminin concentrations that we have observed is that cells don’t

proliferate at concentrations of 30 pg cm?

of laminin and higher, although this wasn’t
investigated later. In regards with the results from Figure 4.10., laminin coating at a

concentration of 10 ug cm™ is our choice regarding further bMuCs cultivation optimizations.

4.3.2. Collagen type I vs. Laminin preplating comparison

The next point of interest in the optimization of bMuCS cultivation was the substitution of
collagen type 1 0.5 mg cm™ for preplating using laminin coating at a 10 pg cm™ concentration.
As such, cells were isolated as described in section 3./. /., but the cell mixture was split in two
at the end of the isolation and one null-passage was cultivated in a 10 pg cm™ laminin coated
and the other in a 0,5 mg cm™ collagen type 1 coated culture flask. The preplating is regarded
as an uncomplicated technique used for harvesting satellite cells with a higher yield during
isolation.!2112%130 Pre_plating is mostly used to get rid of the fast-adhering fibroblasts right after
isolation, usually by leaving the isolated cell mixture from 20 minutes to 5 days (4 hours in our
case), in an initial culture flask and then transferring the cell mixture to a new coated culture
flask afterwards. It can also be achieved by shaking the cell mixture on a shaker so that the
fibroblasts attach, and the satellite cells stay suspended in the culture medium.'*! The goal of
this experiment in the thesis was to investigate whether the coating solution used in the culture
flask after the preplating can have an influence on the efficiency of the satellite cell isolation
procedure. This experiment was performed with three biological replicates (aN, aO and aP) to

subdue any donor variations. The result is shown in Figure 4.12.
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Figure 4.12. Graphical depiction of the preplating experiment using collagen type 1 0.5 mg
cm™ and laminin 10 pg cm™ as coating for culture flasks. Cells were divided right after the

isolation and cultivated. *(P<0.05; n=3)

Although the data from Figure 4.12. doesn’t show a significant advantage for the use of laminin
instead of collagen, it does depict a clear trend for the use of laminin. The average yield after
isolation rose to 48.27+£5.73 % when using laminin as a coating, in comparison to the
30.49+10.99 % harvest of satellite cells when using collagen type 1 as a coating. These results
have helped to further optimize the satellite cells isolation protocol used in this thesis.
Unfortunately, these results can’t be compared to other research as there is none available that

specifically discuss the use of laminin coating for preplating during satellite cell isolations.

4.3.3. Myotube formation potential of different coating solutions (gelatine, laminin, and
collagen type 1)

After investigating the influence of different culture dish coating on the optimization of bMuCS
cell culture cultivation, we investigated the influence of those coating during differentiation.
One would be forgiven to presume that different coating materials can also influence the
maturation process of satellite cells, when it has been shown that those coatings have an
influence on their proliferation capabilities. There has been some research on coating and
satellite cell differentiation.'!’"!13132 This experiment followed the procedure described in
section 3./.7., using three technical replicates of the P bMuCS culture. The medium exchange
occurred at Day 0, one set of cells was further fixated on day 2, and lastly, the fixated cells from
day 7 were used for the cell’s differentiation potential using the fusion index, the results of

which can be observed on Figure 4.13.
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% &

Figure 4.13. Graphical depiction of the varying fusion indexes for each coating solution at
their optimal concentration (10 pg cm™ for laminin, 0.5 mg cm™ for collagen type 1 and
0.05% for gelatine). The oP (passage 3) donor was used following the differentiation protocol
(3.1.7.). The cells were stained for MyoHC and their fusion index was analysed via

fluorescent microscopy. (*P<0.05; **P<0.005)

Figure 4.13. shows that laminin coating is again the best coating option even for differentiation,
when as much as 35.994+6.33 % of cells showed the ability of myotube formation, while the
others formed myotubes in the following percentages 2.85+2.01% for non-coated, 6.71+0.42
% for collagen type 1 and 2.14+0.92 % for gelatine coated culture dishes. The myotube
formation (fusion index) analysis has been carried out via fluorescent microscopy and images

of the different coatings’ influence on the myotube formation can be seen in Figure 4.14.

a) b)
c) d)
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Figure 4.14. Representative fluorescent microscopy merged channel images of bMuCS aP
(P3; day 7 of differentiation) stained for MyoHC with Cy3 (red) as secondary antibody and
DAPI (blue). With a) depicting myotube formation on non-coated, b) gelatine, ¢) laminin and

d) collagen type 1 coated culture dishes.

It is necessary to note that the same oP passage, when stained for Pax7 showed only 25 %
positive cells. This suggests that there are other cells in the bMuCS culture that are capable of
myogenesis, and it is in line with contemporary cultured meat research.!**13*135 Additionally,
cells grown and differentiated on laminin seem to show a much more complex nature of their
fusion, where it seems as if multiple fibres are interconnected (Figure 4.14.c), whereas the other
coating don’t seem to produce such complex structures during muscle fibre formation. All of
this is in accordance with other bovine cultured meat research that confirms the use of laminin

coatings during the culture differentiation,?!-!!3:136

4.3.4. Whole laminin vs Laminin pentapeptide

In this thesis, the whole protein laminin was used during the coating material comparison. Upon
further search, we were able to find a cheaper laminin version, which was a pentapeptide,
corresponding to the sequence 929-933 of the B1 chain.!!® This specific part of the B1 laminin
chain is also a cell attachment domain.'*” These findings motivated us to investigate if the
economical laminin pentapeptide would suffice as a viable substitution for the whole laminin
protein when used for coating purposes in cultured meat research. For this comparison, we used
the oG bMuCS culture again for three passages with three technical replicates. The results of

the comparison are visible in Figure 4.15
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m Whole laminin = Laminin pentapeptide
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Figure 4.15. Comparison of the whole laminin protein and a laminin pentapeptide as coating

Fraction of Fax7-positive cells

for culture dish surfaces via the fraction of Pax7+ cells within bMuCS aG (P1-3). For both

coatings a 10 pg cm™ solution was used. (n=3; *P<0.05)

The results of the laminin comparison from Figure 4.15. show that there isn’t any significant
deviation from the collected values. At the beginning of the experiment, there were (0.33+0.9)
% of Pax7 positive cells in the whole laminin coated culture dishes and (0.3540.05) % in the
laminin pentapeptide coated culture dishes, whereas after three passages the whole laminin
coated culture dishes had a (0.32+0.07) % of Pax 7 positive cells in comparison to the (0.34+
0.07) % of the laminin pentapeptide coated ones. These results show again that laminin can
sustain the satellite cell population within the bMuCS culture for multiple passages. It is safe
to say that the pentapeptide version can be used as a viable whole laminin substitute, without
any drawbacks. Unfortunately, these findings can’t be compared with other research, as there
aren’t any available on the use of laminin pentapeptide 929-933 for bovine in vitro meat
cultivation.

Furthermore, all the above-mentioned results position laminin as the most favourable
coating material for in vifro meat cultivation. It showed remarkable advantage during
differentiation, where it enabled the best and most complex structure formation during myotube
formation. It also showed amazing selectivity towards satellite cells for preplating purposes,
but also during further cultivation.

This thesis gathered a lot of positive data for the use of laminin as a coating for bovine in
vitro meat cultivation, but it also only investigated the use of simple materials. This research

could further expand on the possibilities of different coating solutions that are comprised of a
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multitude of materials (i.e., Matrigel). More complex coating matrices that resemble the in vivo

bovine satellite cell niche could prove to be even more beneficial in their cultivation.
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4.4. P38 MAPK inhibitor SB203580
In the section 2.2.3., the reasoning was established to investigate the use of SB203580 as a

promising drug in the p38 MAPK pathway that could lead to higher proliferation as well prove

to be a regulator for myogenic differentiation of satellite cells.
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Figure 4.8. Graphical depiction of the influence of SB203580 on the bMuCS cell culture in
comparison to non-treated bMuCS. The cells were cultured with growth medium 1, as a
control and growth medium 2 as the observed culture. The results are presented as averages

and standardized at the beginning to the value of the average of the control bMuCS cultures.

(n=3)

Three separate biological replicates were used for this experiment, with each having at least
three technical replicates. All three cultures used contained 30 — 40 % of Pax7 positive cells
within them, and all were cultivated for three passages continuously. The data was collected
using immunocytochemical staining of cells with Pax7 primary antibody and Cy3 as the
secondary fluorescent antibody via fluorescence microscopy. All targeted bMuCS cultures for
this experiment were cultured with the same growth medium (DMEM HG, 20%FBS, 2-:10*
mol/dm® L-GIn and 10 pg ml' of SB203580), whereas the control bMuCS cultures were
cultured in the same growth medium without the addition of SB203580. The cells were

followed from the isolation and as such, the control/target conditions in their growth medium
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were established right at the beginning, to minimize any delays of the p38 inhibitors activity,
that could be shown when using frozen cells. The 10 pg cm™ was used as other research, such
as Ding et al.,’! noting that lower concentrations didn’t have any influence on the cells whereas
concentrations of 20 ug cm™ tended to have a negative influence on the culture’s viability. The
values for Figure 4.8. have all been normalized to the average Pax7 positive cell fraction of the
control cultures. The results from Figure 4.8. show that although there is a slightly higher
fraction of Pax7 positive cells at the beginning (1.13+£0.11) %, there isn’t a significant
distinction between the target and the control culture. Moreover, that difference isn’t noticeable
anymore after three consecutive passages where the cultures containing the p38 inhibitor have
a (0.67+0.37) % fraction of Pax7 positive cells, and the not treated cells have (0.66+0.30) %
Pax7 positive cells when compared to the normalized value of the non-treated cultures at the
beginning. During the three passages, the average fraction of Pax7 positive falls for
approximately 10% after each passage. From all of this it can be concluded that using the p38
MAPK inhibitor doesn’t provide any significant benefits in comparison to using the growth
medium without SB203580. There are a few possibilities why SB203580 didn’t show any
benefits regarding preservation of the stemness of the bMuCS cultures. One reason could be
that, although p38 MAPK activity is necessary in the satellite cell myogenesis initiation,'*® it
isn’t the only regulation site in satellite cell. Other possible routes for initiating satellite cell

proliferation and differentiation include the use of the Fibroblast growth factor (FGF),!'*’

transforming growth factor beta (TGF-B),'4

and IGF-2)""' or via the extracellular signal-regulated kinases (ERKI1 and ERK2).!*

and the insulin-like growth factor family (IGF-1

Additionally, the y-p38 isoform is presumed to be responsible in the signal transfer that initiates
myogenesis, as it is the most prevalent p38 isoform found in muscle tissue,”* and as the
SB203580 molecule isn’t described as a specific y-p38 inhibitor. It is also possible that
SB203580 won’t produce a significant inhibition in the muscle tissue, or in other words the
phosphorylation of MyoD will be able to continue as before. Lastly, as mentioned in section
2.2.2., MyoD expression is coregulated with myf5, and thus lower activation of MyoD (via the
SB203580 inhibition of the p38 MAPK pathway) could lead to an upregulation of myf5 as a

substitute.”’

As they are homologues, myf5 could then take over the role of the myogenesis
initiator in the satellite cells with suppressed MyoD activation via the p38 MAPK pathway.>*

When considering the above mentioned, it could be argued that the inhibition or temporary
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downregulation of both MyoD and myf5 could lead to a higher proliferation rate of in vitro

cultured satellite cells.!*?
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4.5. FACS analysis

As mentioned in section 2.2.6, it is expected that bMuCS can be isolated from a heterogenous
cell culture by a multicolour FACS assay, using select cell surface markers (clusters of
differentiation), CD29 and CD56 as positive markers and CD31 and CD45 as negative
markers.>® Figure 4.5. shows the results after sorting of bMuCS alphaK using all 4

forementioned cell surface markers.
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Figure 4.5. FACS plots of isolated bMuCS alphaK. Graphs are further explained in the text.

The first “all events” graph depicts a plot of all cells in the culture. The area of interest is
selected, to eliminate debris from the analysis, and analysed in the “viable cells” graph to select
the single cells and remove double cells out of the analysis. In the “FSC” graph, the living cells
are selected via their approximate size and the cells positive for 7-AAD are removed (dead
cells), as the stain can only penetrate the cells membrane if it is not intact. The “SSC” graph
plots the cells in culture depending on their complexity. Also, we have the “CD31- and CD45-
” plot (third from the left below) where we arbitrary set an intensity threshold below which we
can confidently say that the selected cells don’t express our negative markers, depicted in green,
and those cells won’t be considered further on. Lastly, we have the “CD29+ and CD56+” plot
(furthest to the right below) where we also see a certain intensity threshold above which we
expect to find only double positive cells that express our positive selection markers, depicted
here in blue. The cells depicted in blue were sorted and further cultivated to examine their
cultivation properties. The purified cell culture was further on analysed using Pax7

immunocytochemical staining, which is shown alongside their previous analysis in figure 4.6.

1 I I |
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Figure 4.6. Fraction of Pax7 positive bMuCS oK cells before and after FACS (*P<0.05). The
cells were cultivated for three passages after isolation with growth medium and then sorted,

the fourth passage shows the fraction of Pax7 positive cells after sorting.

As mentioned previously, a large quantity of cells that was required for FACS analysis, thus
the bMuCS had to be cultivated longer and for more passages. Figure 4.6 clearly shows the
influence of FAC-ing on the bMuCS culture purification as there were only (0.16+0.02) % Pax7
positive cells before in comparison to (0.58+0.12) % of Pax7 positive cells after the sorting

procedure. This trend is also visible with the aG culture whose Pax7 changes are shown in
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Figure 4.7. Whereas the FACS gating parameters for aG can be found in Figure A in the
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Figure 4.7. Fraction of Pax7 positive bMuCS oK cells before and after FACS (*P<0.05). The

Appendix.

cells were cultivated for three passages after isolation with growth medium and then sorted,

the fourth passage shows the fraction of Pax7 positive cells after sorting.

Here it can be again observed how the Pax7 fraction changes from (0.06+0.03) % before to a
staggering (0.40+0.14) % of positive Pax7 cells in the culture after the sorting. The most
surprising thing to see is that in both instances, the fraction of Pax7 positive cells after the
sorting exceeds the initial Pax7 fraction obtained right after the isolation, which is (0.4040.02)
% for the aK culture and (0.38+0.11) % for the aG culture. This shows that FACS can be a
promising technique for further bMuCS purifications if necessary. Unfortunately, however,
these results are subpar when compared to data published by other groups, where most claim
that they have achieved a purity of well above 90 % Pax7 positive cells for isolated bovine
satellite cell cultures.®*144

One downside to the use of FACS as a purification technique for cells intended to be
used in in vitro meat cultivation is that the fluorescent antibodies used for cell sorting stay
attached to the cells, although its concentration would drop through higher passages. The end
goal of in vitro meat cultivation is that it can be edible and brought to a consumer market, and
it should withstand all the regulatory health standards of ordinary meat products. There hasn’t
been any research on the influence on human health of such antibodies present in meat. One
possibility is that the conjugated antibodies won’t cause a reaction within the satellite cell
culture during cultivation or further processing as the culture don’t have an immune system of
their own that could react to such stimulus.'** Additionally, the fluorescent molecules found in

the conjugate must be tested for their toxicity as well.'*® It could prove to be an obstacle to

Josip Catkovi¢ Diploma Thesis



§ 5. Conclusion 55

getting regulatory approval for a product that uses this technique. Another downside to the
attached FACS antibodies is that we cannot say how they further on influence the binding of
the primary Pax7 antibodies used for satellite cell identification. Unfortunately, this wasn’t

further investigated due to time restrictions and forementioned cell count demand.
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§ 5. CONCLUSION

This thesis investigated the technical feasibility of in vitro meat cultivation using satellite cells
to establish a viable long term cell culture. The cells were identified by visualising the Pax7
transcription factor using fluorescence microscopy. This enabled us to follow the number of
satellite cells within our bMuCS culture and further examine how we can selectively optimize
their culture conditions.

We investigated if we could purify our bMuCS culture and sort only satellite cells from it.
This proved to be the right way forward, as the sorted cells have a higher fraction of satellite
cells in culture afterwards. FACS has its own downside, as it is economically restrictive and
time consuming if no on-site sorter is available. Additionally, the influence of the attached
antibodies must be investigated in long-term culture as well for human health to provide a
framework towards regulatory approval of such a product. Laminin culture dish coating proved
to a positive and easily implementable technique to nourish the satellite cells in culture. Laminin
coating enhanced the selectivity of the culture dishes towards satellite cells in comparison to
other cell types. It also proved to enhance the myofiber fusion potential of satellite cells during
differentiation. Lastly, the p38 MAPK and its inhibitor SB203580 were investigated as a hope
to develop a simple controlling mechanism with which the cells could be cultivated long-term
and myogenesis initiation regulated. Unfortunately, SB203580 didn’t prove itself as such and
its use in the research was abandoned.

This thesis showed that in vitro meat cultivation has a long way to go, research wise, before
it reaches the consumer market. It points to the right steps that should be taken from here on to
establish a bMuCS culture for in vitro meat cultivation, but it doesn’t solve other problems.
One of the ways how in vitro meat cultivation can further be optimized is finding a cost-saving

alternative growth medium.
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§ 6. LIST OF ABBREVIATIONS AND SYMBOLS

(prema potrebi)

7-AAD 7-Aminoactinomycin D
ATP Adenosine triphosphate
CDKN2 cyclin dependent kinase inhibitor 2
DMEM HG Dulbecco’s modified Eagle medium high glucose
CRISPR clustered regularly interspaced short palindromic repeats
DAPI 4',6-diamidino-2-phenylindole
DNA Deoxyribonucleic acid
ECM Extracellular matrix
FACS Fluorescent activated cell sorting
FBS Foetal bovine serum
GHG Greenhouse gas
GMO Genetically modified organism
iPSC induced pluripotent stem cells
MyoD myoblast determination protein 1

MyoG Myogenin

MyoHC Myosin heavy chain
NCAM Neural cell adhesion molecule
PBS Phosphate buffered saline
UN United Nations
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Figure A. Figure 4.5. FACS gating plots of isolated bMuCS alphaK. Graphs are further

explained in the text.

The first “all events” graph depicts a plot of all cells in the culture. The area of interest is
selected, to eliminate debris from the analysis, and analysed in the “viable cells” graph to select
the single cells and remove double cells out of the analysis. In the “FSC” graph the living cells
are selected via their approximate size and the cells positive for 7-AAD are removed (dead
cells), as the stain can only penetrate the cells membrane if it is not intact. The “SSC” graph
plots the cells in culture depending on their complexity. Further on we have the “CD31- and
CD45-” plot (third from the left below) where we arbitrary set an intensity threshold below
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which we can confidently say that the selected cells don’t express our negative markers,
depicted in green, and those cells won’t be considered further on. Lastly, we have the “CD29+
and CD56+” plot (furthest to the right below) where we also see a certain intensity threshold
above which we expect to find only double positive cells that express our positive selection
markers, depicted here in blue. The cells depicted in blue were sorted and further cultivated to
examine their cultivation properties. The purified cell culture was further on analysed using

Pax7 immunocytochemical staining seen in Figure 4.7.
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